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Whnioskuje¢ — na podstawie art. 221 ust. 10 ustawy z dnia 20 lipca 2018 r. Prawo o szkolnictwie
wyzszym 1 nauce — aby komisja habilitacyjna podejmowata uchwate w sprawie nadania stopnia
doktora habilitowanego w glosowaniu tajrymm/jawnym=*?

Zostatem poinformowany, ze:

Administratorem w odniesieniu do danych osobowych pozyskanych w ramach postgpowania w
sprawie nadania stopnia doktora habilitowanego jest Przewodniczqgcy Rady Doskonatosci Naukowej
z siedzibg w Warszawie (pl. Defilad 1, XXIV pietro, 00-901 Warszawa).

Kontakt za posrednictwem e-mail: kancelaria@rdn.gov.pl , tel. 22 656 60 98 lub w siedzibie organu.
Dane osobowe bedq przetwarzane w oparciu o przestanke wskazang w art. 6 ust. 1 lit. ¢)
Rozporzgdzenia UE 2016/679 z dnia z dnia 27 kwietnia 2016 r. w zwigzku z art. 220 - 221 orazart.
232 — 240 ustawy z dnia 20 lipca 2018 roku - Prawo o szkolnictwie wyzszym i nauce, w celu
przeprowadzenie postgpowania o nadanie stopnia doktora habilitowanego oraz realizacji praw i
obowigzkow oraz srodkow odwotawczych przewidzianych w tym postepowaniu.

Szczegotowa informacja na temat przetwarzania danych osobowych w postegpowaniu dostepna jest
na stronie www.rdn.gov.pl/klauzula-informacyjna-rodo.html

(podpis wnioskodawcy)

1 * Niepotrzebne skreslic.
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1. Imie i nazwisko.

Autoreferat

Autoreferat

Piotr Marcin Bazarnik

2. Posiadane dyplomy, stopnie naukowe lub artystyczne —z podaniem
podmiotu nadajgcego stopien, roku ich uzyskania oraz tytutu rozprawy

doktorskie;.

DOKTOR NAUK TECHNICZNYCH 2017 r., Wydziat Inzynierii Materiatowej,

MAGISTER INZYNIER

Politechnika Warszawska

, Rola granic ziaren w ksztattowaniu wiasciwosci
mechanicznych stopu Al 5483 otrzymywanego
metodami duzego odksztalcenia plastycznego™
Promotor:  Prof. dr hab. inz. Malgorzata

Lewandowska

2010 r., Wydziat Inzynierii Materiatowej,
Politechnika Warszawska

,,Stabilnos¢  termiczna  ultradrobnoziarnistego
stopu Al-Mg otrzymanego roznymi technikami”
Promotor:  Prof. dr hab. inz. Malgorzata
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3. Informacja o dotychczasowym zatrudnieniu w jednostkach naukowych lub
artystycznych.

11. 2017 - 10. 2019 specjalista naukowo-techniczny
Wydziat Inzynierii Materiatowej, Politechnika

Warszawska

10.2019 - 06.2025 adiunkt badawczo-dydaktyczny

Wydziat Inzynierii Materiatowej, Politechnika

Warszawska

07.2025 — teraz adiunkt badawczy
Wydziat Inzynierii Materiatowej, Politechnika

Warszawska

Informacja o odbytych stazach naukowych znajduje sie¢ w punkcie 5.

4. Omowienie osiggniec, o ktorych mowa w art. 219 ust. 1 pkt. 2 ustawy z dnia
20 lipca 2018 r. Prawo o szkolnictwie wyzszym i nauce (Dz. U. z 2021 r. poz.
478 z pdzn. zm.).

Jako osiggniecie naukowe wynikajace z art. 219 ust. 1 pkt. 2 ustawy z dnia 20 lipca 2018
r. Prawo o szkolnictwie wyzszym 1 nauce (Dz. U. z 2021 r. poz. 478 z p6zn. zm.) i1 stanowigce
podstawe ubiegania si¢ o uzyskanie stopnia naukowego doktora habilitowanego wskazuje

jednotematyczny cykl 9 artykutow.

Artykuty zostaty opublikowane w latach 2019-2025 w czasopismach z listy JCR nalezacych
do TOP10 najwyzej punktowanych czasopism. W 7 artykutach jestem pierwszym lub
korespondencyjnym autorem. Wszystkie sg efektem wspotpracy migdzynarodowej i powstaty

w ramach 3 kierowanych przeze mnie projektow:

e SONATINA-1 pt. “Synthesis of novel hybrid materials using High-Pressure Torsion”
(artykuty Al, A3, A6, A8, A9)

e OPUS-19 pt. «“ Metal matrix composites fabricated by high-pressure torsion and
reinforced with 2D and 3D nano-particles” (artykuty A2, A4, Ab)
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e Technologie Materialowe-1 — POB PW Inicjatywa Doskonatos$ci, Uczelnia Badawcza,
pt. ,,Stabilno$¢ termiczna 1 mechanizmy odksztatcania hybrydowych materiatow
nanokrystalicznych wytwarzanych technikami skrecania pod wysokim ci$nieniem

(HPT)” (artykulty A7)

Dla kazdej publikacji wskazano catkowitg liczb¢ cytowan wg. bazy Web of Science (Zwos)
I Scopus (Zs) - w nawiasach liczba cytowan po odrzuceniu cytowan wilasnych, impact factor
(IF) czasopisma obowigzujacy w roku opublikowania artykutu oraz liczbe punktow zgodnie z
lista Ministerstwo Edukacji Narodowej obowigzujaca w roku opublikowania artykutu MEN.
Sumaryczny Impact Factor cyklu publikacji wynosi 53,271.

4.1.Tytut osiggniecia naukowego

,INowoczesne nanomaterialy o podwyzszonej wytrzymalosci ksztaltowane technikg

skrecenia pod wysokim cisnieniem (HPT- high pressure torsion)”
4.2 .Wykaz publikacji stanowigcych osiggniecie naukowe

Przedstawiony cykl powiazanych tematycznie 9 publikacji nie ma charakteru
chronologicznego, a ujety jest zagadnieniowo. Wynika to z faktu, ze prace badawcze nad
dwoma grupami materiatow — hybrydowymi i kompozytowymi otrzymywanymi w procesie

HPT — byly prowadzone rownolegle.
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[A.1] Huang Yi, Bazarnik Piotr, Wan Diging, Luo Dan, Pereira Pedro Henrique R.,
Lewandowska Malgorzata, Yao Jin, Hayden Brian E., Langdon Terence G.; ,,The fabrication
of graphene-reinforced Al-based nanocomposites using high-pressure torsion”, Acta Materialia
164 (2019) 499 - 511

IF-2019 — 7.656, punkty MNiSW — 200, Zwos — 142, Zs — 147

W tym artykule petnitem rolg jednego z dwoch wiodgcych autorow (wspélnie z dr Yi
Huang). Po pierwsze bytem pomystodawca wytworzenia nanokrystalicznego materiatu
kompozytowego na osnowie aluminium wzmacnianego grafenem. Grafen byt wtedy
stosunkowo nowym materialem i brak byto publikacji na temat kompozytéw wzmacnianych
takim dodatkiem. Opublikowana praca, byla pierwsza opisujaca tego typu kompozyt
wytwarzany technikg HPT. W artykule bylem odpowiedzialny za:

e opracowanie metodyki badan,

e przeprowadzenie obserwacji mikrostruktur otrzymanych nanokompozytow, uzywajac
skaningowej i transmisyjnej mikroskopii elektronowej oraz mikroskopii jonowej wraz z
analizg uzyskanych wynikow,

e napisalem 1 zredagowalem czgsci artykutu poswigcone badaniom strukturalnym
otrzymanych kompozytow,

e wszystkie rysunki zwigzane z badaniami strukturalnymi sg mojego autorstwa.

[A.2] Bazarnik Piotr, Emerla Maria, Bartkowska Aleksandra, Huang Yi, Lewandowska
Matgorzata, Langdon Terence G.; ,,Using direct high-pressure torsion synthesis to produce
aluminium matrix nanocomposites reinforced with carbon nanotubes”, Journal of Alloys and
Compounds, 968 (2023,) 171928 i
10.1016/j.jallcom.2023.173067

IF-2023 - 6.371, punkty MNiSW — 140 Zwos — 11, Zs — 12

Bytem pomystodawca koncepcji badania wptywu czystosci uzytego stopu na stopien
dyspersji nanorurek weglowych (CNTSs) podczas procesu HPT i ich wptywu na rozdrobnienie
struktury oraz stabilno$¢ cieplng takich nanokompozytéw. W tym artykule bylem

odpowiedzialny za:


https://doi.org/10.1016/j.jallcom.2023.171928
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e opracowanie calosciowej koncepcji artykutu,
e opracowanie metodyki badan mikrostruktury i wlasciwosci mechanicznych,
e wykonanie obserwacji mikrostruktury przy uzyciu transmisyjnej mikroskopii elektronowej
oraz analiz¢ uzyskanych mikrostruktur,
e analize wynikéw badan wytrzymatosciowych,
e zredagowanie i przygotowanie publikacji.
Materialy beda przedmiotem tego artykutu zostaly wytworzone przeze mnie podczas stazu

zagranicznego na Universytecie Southampton.

[A.3] Bazarnik Piotr, Nosewicz Szymon, Romelczyk-Baishya Barbara, Chmielewski Marcin,
Strojny Nedza Agata, Maj Justyna, Huang Y1, Lewandowska Matgorzata, Langdon Terence G.;
“Effect of spark plasma sintering and high-pressure torsion on the microstructural and
mechanical properties of a Cu-SiC composite”, Materials Science and Engineering A 766
(2019) 138350  https://doi.org/10.1016/j.msea.2019.138350

IF-2019 — 4.652, punkty MNiSW — 140, Zwos — 33,Zs — 37

Bytem pomystodawca wytworzenia nanokrystalicznego materialu kompozytowego na
osnowie miedzi wzmacnianego czastkami SiC poddanego procesowi HPT. Opublikowana
praca byla jedng z pierwszych na $wiecie opisujacych ta tematyke. W artykule bylem
odpowiedzialny za:

e opracowanie catosciowej koncepcji artykutu,

e opracowanie metodyki badan,

e przeprowadzenie obserwacji mikrostruktury przy uzyciu skaningowej i transmisyjnej
mikroskopii elektronowej oraz mikroskopii jonowej wraz z analizg uzyskanych wynikéw,

e przeprowadzienie pomiarow mikrotwardosci oraz analiza wszystkich wynikéw badan
mechanicznych, jakie byly ujete w artykule,

e napisatem i zredagowatem artykut,

e wszystkie rysunki w artykule sg mojego autorstwa,


https://doi.org/10.1016/j.msea.2019.138350
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[A.4] Emerla Maria, Bazarnik Piotr, Yi Huang, Wojciechowska Anita, Ciemiorek Marta, Pura
Jarostaw, Wieczorek-Czarnocka Monika, Kenichi Purbayanto Muhammad Abiyyu, Jastrzgbsta
Agnieszka, Lewandowska Matgorzata, Langdon Terence G.: ,,The influence of graphene oxide
on the microstructure and properties of ultrafine-grained copper processed by high-pressure
torsion”, Journal of  Alloys and Compounds, 2024, 1005, 176208
https://doi.org/10.1016/j.jallcom.2024.176208.

IF-2024 — 5.8, punkty MNiSW — 100 Zwos — 2, Zs — 2

W tym artykule pehlitem role wiodacego autora. Jest to kontynuacja badan z 2019 nad
kompozytami wzmacnianymi grafenowymi dodatkami. Bytem pomystodawca koncepcji
badania wplywu tlenku grafenu na stopien rozdrobnienia struktury i stabilno$¢ cieplng w
kompozytach na osnowie miedzi, wytworzonych technika HPT. W tym artykule bylem
odpowiedzialny za:
e opracowanie catosciowej koncepcji artykutu,
e opracowanie metodyki badan mikrostruktury i wtasciwosci mechanicznych,
e wykonanie obserwacji mikrostruktury przy uzyciu transmisyjnej mikroskopii

elektronowej oraz badaniami sktadu chemicznego,
e analizg uzyskanych mikrostruktur i wykonanie rysunkéw dotyczacych badan strukturalnych
¢ analiz¢ wynikow badan wytrzymato§ciowych,

e pisanie i zredagowanie publikacji.

[A.5] Bazarnik Piotr, Emerla Maria, Yi Huang, Wojciechowska Anita, Ciemiorek Marta,
Bednarczyk Wiktor, Jastrzebsta Agnieszka, Lewandowska Malgorzata, Langdon Terence G;
,Enhanced thermal stability of nanocrystalline Cu composites processed by high-pressure
torsion: The pinning effect of Al.Os, GO, and rGO/AlL.Os nanoparticles” Journal of Alloys and
Compounds, 2025, 1033, 181283, https://doi.org/10.1016/j.jallcom.2025.181283,

IF-2025 - 5.8, punkty MNiSW — 140, Zwos — 0, Zs — 0
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Jest to rozwinigcie badan z poprzedniego artykutu. Bylem pomystodawcg koncepcji badania
wptywu trzech typoéw nanonapetniaczy na stopien rozdrobnienia struktury i stabilno$¢ cieplng
w kompozytach na osnowie miedzi, wytworzonych technika HPT. W tym artykule bylem
odpowiedzialny za:
e opracowanie catosciowej koncepcji artykutu,
e opracowanie metodyki badan mikrostruktury i wtasciwos$ci mechanicznych,
e wykonanie obserwacji mikrostruktury przy uzyciu transmisyjnej mikroskopii

elektronowej oraz badaniami sktadu chemicznego,
¢ analize uzyskanych mikrostruktur i wykonanie rysunkow dotyczacych badan strukturalnych
¢ analiz¢ wynikéw badan wytrzymatosciowych,

e pisanie i zredagowanie publikacji.

[A.6] Bartkowska Aleksandra, Bazarnik Piotr, Huang Yi, Lewandowska Malgorzata,
Langdon Terence G.; “Using high-pressure torsion to fabricate an Al-Ti hybrid system with

exceptional mechanical properties”, Materials Science and Engineering A 799 (2021) 140114

IF-2021 —5,96, punkty MNiSW — 140, Zwos — 11, Zs — 12

Jest to pierwszy z cyklu artykutow poswieconych wytarzaniu technika HPT metalicznych
materiatow hybrydowych. W tym artykule bytem odpowiedzialny za:
e opracowanie catosciowej koncepcji artykulu oraz opracowanie czgsci artykutu
poswieconej badaniom strukturalnym,
e Wytworzenie materiatdbw podczas mojego stazu zagranicznego na Universytecie
Southampton,
e opracowanie metodyki badan mikrostruktury i wtasciwosci mechanicznych,
e wykonanie obserwacji mikrostruktury przy uzyciu transmisyjnej mikroskopii elektronowej
oraz analiz¢ sktadu chemicznego badanych materiatow,
e analiz¢ uzyskanych mikrostruktur,

e analiz¢ wynikéw badan wytrzymatosciowych,


https://doi.org/10.1016/j.msea.2020.140114
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[A.7] Bazarnik Piotr, Bartkowska Aleksandra, Huang Yi, Szlgzak Karol, Adamczyk-Cie$lak
Bogustawa, Sort Jordi, Lewandowska Malgorzata, Langdon Terence G.; ,,Fabrication of hybrid
nanocrystalline Al-Ti alloys by mechanical bonding through high-pressure torsion”, Materials
Science and Engineering A 833 (2022) 142549  https://doi.org/10.1016/j.msea.2021.142549

IF-2022 — 6.4  punkty MNiSW — 140,  Zwos — 13, Zs — 13

Jest to drugi z cyklu artykuldow poswigconych wytarzaniu technika HPT metalicznych
materiatdéw hybrydowych. W tym artykule bytem odpowiedzialny za:
e opracowanie catosciowej koncepcji artykulu oraz opracowanie czgsci artykutu
poswigconej badaniom strukturalnym,
e wytworzenie materiatow podczas mojego stazu zagranicznego na Universytecie
Southampton
e opracowanie metodyki badan mikrostrukturalnych,
e wykonanie obserwacji mikrostruktury przy uzyciu transmisyjnej mikroskopii elektronowej
oraz analiz¢ uzyskanych mikrostruktur,
e analize¢ wynikéw badan mikrotwardosci,

e napisanie artykutu,

[A.8] Bazarnik Piotr, Bartkowska Aleksandra, Romelczyk-Baishya Barbara, Adamczyk-
Cieslak Bogustawa, Dai Jiaoyan, Huang Yi, Lewandowska Matgorzata, Langdon Terence G.;
,ouperior strength of tri-layered Al-Cu—Al nano-composites processed by high-pressure
torsion”, Journal of  Alloys and Compounds 846 (2020) 156380

IF-2020 —5.316, punkty MNiSW — 100, Zwos — 22, Zs — 27

Jest to trzeci z cyklu trzech artykutéw poswigconych wytarzaniu technika HPT metalicznych
materiatow hybrydowych. W tym artykule bytem odpowiedzialny za:

e opracowanie catosciowej koncepcji artykutu,

e wytworzenie materialdw podczas mojego stazu zagranicznego na Universytecie

Southampton

10


https://doi.org/10.1016/j.msea.2021.142549
https://doi.org/10.1016/j.jallcom.2020.156380

dr inz. Piotr Bazarnik Autoreferat

e opracowanie metodyki badan mikrostruktury i wlasciwosci mechanicznych,

e wykonanie obserwacji mikrostruktury przy uzyciu transmisyjnej mikroskopii elektronowej
oraz analiz¢ uzyskanych mikrostruktur,

e analize¢ wynikéw badan wytrzymatosciowych,

e redagowanie i przygotowanie publikacji wytworzenie wszystkich rysunkow,

[A.9] Mousavi Tayebeh, Dai Jiaoyan, Bazarnik Piotr, Pereira Pedro Henrique R., Huang Yi,
Lewandowska Malgorzata, Langdon Terence G.; “Fabrication and characterization of
nanostructured immiscible Cu—Ta alloys processed by high-pressure torsion”, Journal of Alloys
and Compounds 832 (2020) 155007 https://doi.org/10.1016/j.jallcom.2020.155007

IF-2020 — 5.316, punkty MNiSW —100, Zwos — 25,Zs — 26

Artykut ten byt efektem wspoéltpracy, jaka nawigzatem z dr Dai Jiaoyan i dr Pedro Pereirg
podczas mojego stazu naukowego w zespole Prof. Terrenca G. Langdona na Universytecie
Southampton. Byta to kontynuacja i rozwinigcie badan nad hybrydowymi uktadami
metalicznymi o ukltady niemieszalne z uktadu Cu-Ta. Z mojej strony byly to badania wstepne,
ktore pozwolily mi napisa¢ wniosek o nowy projekt. Badania z tego zakresu bede kontynuowat
w ramach nowego projektu OPUS finansowanego przez NCN: ,,Synthesis of immiscible
systems exhibiting unique physical and mechanical properties using high-pressure torsion

technique”. W tym artykule bytem odpowiedzialny za:

e wykonanie badan strukturalnych hybrydowych materiatéw Cu—Ta, uzywajac mikroskopii
jonowej oraz skaningowej transmisyjnej mikroskopii elektronowej
e analiz¢ TEM mikrostruktury po procesie HPT

o zredagowatam czg$ci artykutu poswigcone badaniom mikrostrukturalnym: fragmenty
Introduction (1) oraz Materials and methods (2), Results from TEM and STEM

observations (3.3) oraz czesci dyskusji (4)

Publikacje [A1-A9] zestawitem W Zalgczniku 5, zas oswiadczenia wspotautorow o ich

zakresie prac w publikacjach wspotautorskich zawartem w Zatgczniku 6.
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4.3.0mdéwienie celu naukowego ww. prac i osiggnietych wynikow wraz z
omowieniem ich ewentualnego wykorzystania

4.3.1. Wprowadzenie
Materialty o rozdrobnionej mikrostrukturze, w tym ultradrobnoziarniste (UFG, ang.

ultrafine-grained) oraz nanokrystaliczne (NC, ang. nanocrystalline), stanowig nowoczesng
klase materiatow konstrukcyjnych i funkcjonalnych, ktoére od wielu lat przyciagaja uwage grup
badawczych na catym $wiecie.

Materialy te wykazuja istotnie wyzsze wtasciwosci mechaniczne — nierzadko obserwuje
si¢ nawet 300% wzrost wytrzymatosci w poréwnaniu z materiatem gruboziarnistym [1-6].
Zjawisko to wynika przede wszystkim z mechanizmu umocnienia granicami ziaren, ktore
stanowig bariery dla ruchu dyslokacji. Im wigkszy udzial granic ziaren (czyli im mniejsza
wielko$¢ ziarna), tym wigcej przeszkdd dla ruchu dyslokacji, co prowadzi do wzrostu granicy
plastycznosci materiatu. Ilosciowo zalezno$¢ t¢ opisuje rownanie Halla-Petcha, zgodnie z
ktérym granica plastyczno$ci materialu wzrasta liniowo wraz z odwrotno$cig pierwiastka
$redniej wielko$ci ziarna [7,8].

Gtowna grupg technik pozwalajacych na wytworzenie tak silnie umocnionych materialow
sg techniki duzego odksztalcenia plastycznego (SPD- ang.-severe plastic deformation). Ich
zasada dzialania opiera si¢ na przeksztalceniu mikrokrystalicznej Struktury materialu w
nanokrystaliczng poprzez reorganizacj¢ struktur dyslokacyjnych powstatych w wyniku
intensywnego odksztatcenia plastycznego. W pierwszych etapach odksztatcenia technikami
SPD w materiale generowane sg glownie dyslokacje, ktore poczatkowo sa przypadkowo
rozmieszczone. Po przekroczeniu pewnej krytycznej wartosci odksztalcenia dyslokacje ulegaja
przegrupowaniu, tworzac komorki 1 Sciany dyslokacyjne. Wraz ze wzrostem odksztatcenia
zmniejsza si¢ odleglo$§¢ pomiedzy tymi granicami, a ich kat dezorientacji zwigksza si¢. W ten
sposob powstaje nowa struktura o silnie zmniejszonych rozmiarach ziaren.

Do najwazniejszych technik SPD naleza:

e Skrecanie pod wysokim cisnieniem (high-pressure torsion, HPT),

e Przeciskanie przez zagiety kanal katowy (equal-channel angular pressing, ECAP),

e Cykliczne walcowanie materialu wielowarstwowego (accumulative roll bonding,

ARB).

Technika HPT zasluguje na szczegdlng uwage ze wzgledu na swoja zdolno$¢ do

wytwarzania mikrostruktur o wyjatkowo matych rozmiarach ziaren — czg¢sto w zakresie

nanometrycznym. Jest to jedna z najczesciej stosowanych metod SPD ze wzglgedu na mozliwo$¢
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zadawania ekstremalnie duzego odksztatcenia — np. dla 10 obrotéw na krawedzi probki
rownowazne odksztatcenie skumulowane wynosi ponad 100. Dla poréwnania podobne
odksztatcenie technika ECAP wymagatoby okoto 100 przeci$nig¢ probki przez kanat matrycy.
Poczatkowe prace z zakresu wykorzystania metody HPT do wytwarzania materiatéw UFG 1
nanokrystalicznych dotyczyly czystych metali i jednofazowych stopéw metali [1-5]. Pierwszy
raz zetknalem si¢ z ta technika podczas realizacji rozprawy doktorskiej. Badatem w niej wplyw
rozdrobnienia mikrostruktury na ksztalttowanie wlasciwo$ci mechanicznych stopu aluminium
5483. Szczegdlng uwage poswiecitem wptywowi charakteru powstajacych granic ziaren na
wlasciwosci  wytrzymatoSciowe materiatu, czyli zmianom wspotczynnika nachylenia
zalezno$ci Halla-Petcha. Wykazatem, ze udzial granic o duzych i matych katach dezorientacji
bedzie miat istotny wplyw na ksztattowanie wtasciwosci mechaniczne metali [9,10].

Liczne badania procesu rozdrobnienia struktury podczas procesow SPD wykazaty, ze
pomimo mozliwosci zadawania bardzo duzego (w teorii nieograniczonego) odksztalcenia,
mozliwo$¢ rozdrobnienia ziarna w poszczegdlnych materiatach jest ograniczone i przejawia si¢
efektem stabilizacji mikrostruktury (z ang. saturation effect) [11,12]. W praktyce oznacza
to, ze po przekroczeniu pewnej Krytycznej wartosci odksztatcenia dalsze zmniejszanie rozmiaru
ziarna staje si¢ niemozliwe, a twardo$¢ materialu przestaje rosnaé. Wynika to z faktu, ze przy
bardzo drobnej, nanokrystalicznej strukturze dalsze generowanie dyslokacji staje si¢
energetycznie nieoplacalne. Z termodynamicznego punktu widzenia zaczynajga wowczas
dominowa¢ procesy mniej energochlonne, takie jak anihilacja dyslokacji, dynamiczne
zdrowienie czy czeSciowa rekrystalizacja. Prowadzi to do stabilizacji mikrostruktury mimo
kontynuacji odksztalcenia, ograniczajac mozliwos¢ dalszego umocnienia materiatu. Zwykle
koncowa wielko$¢ ziarna jest porownywalna z wielko$cig subziarn tworzacych si¢ w
klasycznych metodach odksztalcenia plastycznego.

Wspolczesne badania koncentrujg si¢ na probach przesunigcia granicy wynikajacej z efektu
stabilizacji mikrostruktury i1 osiggnigcia jeszcze drobniejszych rozmiarow ziaren. Jednym z
obiecujacych podejs¢ jest wprowadzanie do materialu nanoczastek drugiej fazy. Obecno$¢
takich czastek sprzyja intensyfikacji rozdrabniania mikrostruktury, ograniczajac mobilno$¢
dyslokacji oraz hamujac procesy dynamicznego zdrowienia i rekrystalizacji [13-15]. W
szczegdlnosci zastosowanie nanoczgstek wzmacniajacych — takich jak wegliki, azotki czy
tlenki — pozwala na dalsze zmniejszenie rozmiaru ziarna, cz¢sto ponizej warto$ci uzyskiwanych
w klasycznych procesach SPD [14-16]. Dodatkowo, czastki te mogg przyczyniaé si¢ do
zwigkszenia stabilnosci cieplnej struktury, poprawy twardosci, odporno$ci na pelzanie czy

zuzycie S$cierne. Tego rodzaju rozwigzania znajduja zastosowanie m.in. w klasycznych

13



dr inz. Piotr Bazarnik Autoreferat

gruboziarnistych stopach metalicznych, materiatlach kompozytowych czy funkcjonalnych
nanomateriatach.

Mimo rosngcego zainteresowania tym kierunkiem, wcigz brakuje kompleksowych i
systematycznych badan dotyczacych wplywu czastek drugiej fazy na stopien rozdrobnienia
struktury w warunkach intensywnego odksztalcenia. Wymaga to zaré6wno dalszych
eksperymentow, jak i analiz z wykorzystaniem technik wysokorozdzielczej mikroskopii
elektronowe;j.

Kolejnym z kluczowym ograniczeniem nanometali pozostaje ich niska stabilno$¢ cieplna
[3,6,17-21]. Wynika ona z wysokiej energii zgromadzonej w materiale w formie defektow
strukturalnych takich jak granice ziaren czy dyslokacje. W rezultacie sita napgdowa wzrostu
ziarna jest kilkakrotnie wigksza niz w przypadku konwencjonalnych metali gruboziarnistych,
co sprawia, ze ich wygrzewanie w relatywnie niskiej temperaturze prowadzi do rekrystalizacji
i wzrostu ziarna. W konsekwencji nastgpuje znaczny spadek wiasciwosci wytrzymatosciowych
materiatu, co ogranicza jego zastosowanie w elementach pracujacych w wysokich
temperaturach. Stabilno$¢ cieplna nanometali jest szczeg6lnie istotna w zastosowaniach
przemystowych, takich jak lotnictwo, motoryzacja czy energetyka, gdzie materialy musza
zachowywac¢ swoje wlasciwosci w podwyzszonych temperaturach.

W swojej pracy podjatem wiec watek badawczy polegajacy na analizie wplywu dodatku
nano-czgstek drugiej fazy w metalicznych nanomaterialach kompozytowych na stopien
rozdrobnienia struktury oraz ich stabilno$¢ cieplna. Zagadnieniu temu po$wigcone sg
publikacje (A.1-A.5). Przed rozpoczgciem moich prac z tego zakresu badania nad stabilno$cig
cieplng nanokompozytéw byly nieliczne. Wykazano w nich, ze technika HPT pozwala na
wytworzenie nanokompozytow z réwnomierne rozmieszczonymi stabilnymi cieplna nano-
czastkami w metalowej osnowie [14-16]. Efekt stabilizacyjny, okreslany jako pinning effect,
polega na blokowaniu migracji granic ziaren w podwyzszonej temperaturze, co zapobiega
rozrostowi mikrostruktury [22-24]. Efekt stabilizacji mikrostruktury pokazano dla takich
nanoczastek jak NbC, Al2O3 czy CNTSs [14-16].

W ostatnich latach pojawilto si¢ takze nowe podejscie do formowania tzw. hybrydowych
metalicznych materialéw wielowarstwowych z wykorzystaniem techniki HPT. Koncepcja ta,
zaproponowana przez prof. T.G. Langdona, zostata po raz pierwszy przedstawiona w pracy
opublikowanej w 2014 roku [25], w ktorej badano mozliwos¢ trwatego taczenia dyskow ze
stopéw aluminium i magnezu za pomocg procesu HPT. W przeprowadzonym eksperymencie
zastosowano uktad kilku naprzemiennie utozonych dyskéw o zblizonej grubosci, ktére poddano

intensywnemu odksztatceniu technika HPT. Wyniki badan wykazaly, ze mozliwe jest
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uzyskanie jednorodnego i trwatego potaczenia miedzy warstwami obu metali, przy
jednoczesnym znacznym rozdrobnieniu mikrostruktury w kazdym z komponentow.

Potaczenie materiatow o réznych wihasciwosciach — jednych wykazujacych efekt
umocnieniowy, a innych efekt mieknigcia — doprowadzito do powstania nowego hybrydowego
materiatu. Dzigki swojej wielowarstwowej strukturze taczyt on wysoka wytrzymatos¢ z dobra
plastyczno$cig. Dodatkowo, zarowno w tej, jak i w poOzniejszych pracach wykazano, ze
intensywne mieszanie podczas procesu HPT moze prowadzi¢ do formowania si¢ twardych faz
mig¢dzymetalicznych, ktoére dodatkowo wzmacniaja powstaty materiat. W efekcie uzyskano
materiat o zlozonej, wielowarstwowej nanostrukturze oraz korzystnych witasciwosciach
mechanicznych, wynikajacych zar6wno z efektu umocnienia ziarnami, jak i z oddzialywan
miedzyfazowych. Uzyskane wyniki sugerowaly, ze intensywne mieszanie mozna wykorzysta¢
nie tylko do wzmacniania hybrydowych uktadow za pomoca faz migdzymetalicznych, ale takze
do syntezy materiatow, ktore w naturze nie tworzg stabilnych uktadow rownowagi fazowej —
takich jak systemy niemieszalne [26,27].

Dane literaturowe wskazuja na duzy potencjat tej metody w tworzeniu nowych
hybrydowych ukladéw metalicznych. Jednak ze wzgledu na nowatorski charakter tego
podejscia liczba dostgpnych danych literaturowych byta poczatkowo ograniczona, a testowane
uktady obejmowaly jedynie kilka konfiguracji. Ponadto, koncentrowano si¢ gléwnie na opisie
zmian mikrostruktury otrzymanych zlaczy, pomijajac zagadnienie ich wlasciwosci
mechanicznych. Dlatego w moich badaniach zaproponowatem wykorzystanie techniki HPT do
syntezy hybrydowych ukladow metalicznych na bazie Al, Cu i Ti oraz niemieszalnych
ukladéw Cu-Ta. Zagadnieniu temu poswigcone byty publikacje (A.6-A.9).

Wymienione watki dotyczace nanostrukturalnych materialéw wytwarzanych technikg HPT
wpisujg si¢ prezentowane przeze mnie osiggniecie. Celem ogélnym prowadzonych badan
bylo projektowanie budowy oraz skladu chemicznego materialow: metalicznych,
hybrydowych i kompozytowych wytworzonych technika HPT i zrozumienie wplywu
elementow mikrostruktury na wlasciwosci mechaniczne, stopien rozdrobnienia struktury

czy stabilnos¢ cieplna tych materialow.
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4.3.2. Wptyw nano-czastek na stopien rozdrobnienia struktury, efekt
stabilizacji struktury, wtasciwosci mechaniczne i stabilnos¢ cieplng
(A.1-A.5).

Zagadnieniem, ktore podjalem w mojej pracy, byly badania nad ksztattowaniem struktury i
wlasciwosci mechanicznych nanokompozytéw metalicznych z wykorzystaniem techniki HPT.
Prace koncentrowaty si¢ na dwoch gléwnych aspektach:

1) analiza wplywu czastek dyspersyjnych w skali nano- i mikrometrycznej na stopien
rozdrobnienia struktury oraz przesunig¢cie efektu nasycenia struktury w kierunku
mniejszych rozmiar6w ziarna.

2) badanie wplywu nanododatkéw na stabilno$¢ cieplng struktury i wiasciwosci

mechaniczne tych nanokompozytow.

Pierwszym watkiem, ktorym si¢ zajmowalem, bylo zbadanie mozliwosci wytwarzania
technikg HPT nowej klasy nanokompozytéw na bazie aluminium domieszkowanego grafenem
(GNP — graphene nanoplates) [A.1]. Grafen (GNP- z ang graphene nanoplates), dzi¢ki swoim
unikalnym wtasciwo$ciom, takim jak:

e wysoka wytrzymato$¢ (130 GPa) i modut Younga (1 TPa),

e wysoki wspdlczynnik przewodnosci cieplnej (4000 W/mK),

e doskonate przewodnictwo elektryczne (15 000 cm?/V:s),
wydawat si¢ idealnym materiatem do wzmacniania kompozytow metalicznych.

Temat kompozytow AI-GNP byt wczeSniej poruszany w literaturze [28-30], jednak
dotyczyt on tylko grubokrystalicznych materialow, a badania wskazywaly, ze brak jest
odpowiedniej techniki umozliwiajgcej rownomierne rozmieszczenie grafenu w osnowie
aluminiowe] bez konieczno$ci stosowania wysokich temperatur, ktére prowadza do jego
degradacji. Zastosowanie techniki HPT do syntezy tych uktadéw oraz analiza wptywu grafenu
na ich strukture stanowily oryginalny wktad w rozwdj tej tematyki.

W eksperymencie wykorzystano mieszank¢ proszku aluminium (99,5%) 1 5% wagowych
grafenu (wielowarstwowego, 5-10 warstw atomowych), ktorg poddano skrgcaniu technika
HPT pod cisnieniem 6,0 GPa w temperaturach: pokojowej (25°C) i podwyzszonej (125°C) i
200°C). Liczba obrotow wynosita 0, 1, 5, 10 1 20.
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Badania przeprowadzilem we wspotpracy z prof. Terence G. Langdonem oraz dr Y1 Huang
z Uniwersytetu Southampton. Wykazatem, ze w wyniku odksztatcenia technikg HPT doszto do
intensywnego wymieszania aluminium z grafenem — efekt ten nasilat si¢ wraz ze wzrostem
liczby obrotow. Ponadto, srednia wielko$¢ ziarna aluminium ulegta znacznemu zmniejszeniu —
z kilkudziesigciu mikrometrow do 70 nm (dla probki po 20 obrotach w 25°C) i 155 nm (dla
probki po 20 obrotach w 200°C) (Rys. 1). Dla pordwnania, w przypadku czystego aluminium
(99,5%) minimalna wielkos$¢ ziarna uzyskana po odksztalceniu technika HPT wynosita ~300
nm [31]. Dowiodlo to, ze zastosowane ptatki grafenu jako nanododatek do kompozytow
wspomagat spowalnianie procesow dynamicznego zdrowienia i rekrystalizacji, przesuwajac

efekt nasycenia struktury w kierunku mniejszych wielkosci ziarna.

HPT HPT

Rys. 1 Obrazy STEM i Z-contrast przedstawiajgce mikrostruktury prébek przetworzonych metodqg HPT w
temperaturze 125°C i 200°C dla (a) N=1, (b) N=5i (c) N=20. [A.1]

Moje obserwacje pokazaly, ze w wyniku intensywnego odksztatcenia dochodzito nie tylko
do réwnomiernego rozmieszczenia aglomeratow GNP w osnowie aluminium, ale i do

rozbijania tych aglomeratow. Wysokorozdzielcze analizy przeprowadzone dla probek
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poddanych 20 obrotom w temperaturach 25°C i 200°C wykazaty, ze pojedyncze ptatki grafenu
odrywaja si¢ od aglomeratow i wigza z osnowa (Rys. 2).

Wraz ze wzrostem liczby obrotéw ptatki grafenu ulegaty znacznemu wygieciu, co byto
efektem silnych naprezen wewnetrznych generowanych przez odksztatcenie $cinajagce. Pomimo
intensywnej deformacji grafen nie ulegt rozpadowi ani nie tworzyt faz Al«Cs w kontakcie z
osnowg aluminiowa, co jest typowe dla uktadu Al-C. Fakt ten zostat potwierdzony zarowno w
obserwacjach mikroskopowych, jak i w spektroskopii Ramana.

Wytworzone nanokompozyty, dzigki jednorodnemu rozmieszczeniu nanoczastek GNP,
wykazywaly znaczacy wzrost twardos$ci, osiggajac wartosci w zakresie 90-110 Hv (w
poréwnaniu do ~50 Hv dla czystego aluminium po procesie HPT i 25 Hv dla gruboziarnistego
Al), a takze zwickszong wytrzymalo$¢ na rozcigganie, przekraczajacag 300 MPa. Dodatkowo,
obecno$¢ GNP wptynela na poprawe przewodnosci elektrycznej uzyskanych kompozytow,
ktéra w najlepszym przypadku wynosita 66,7 +4,0% IACS — dla poréwnania, czyste

aluminium charakteryzuje si¢ przewodnoscia na poziomie 62% IACS.
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Rys. 2 Wysokorozdzielcze obrazy STEM przedstawiajgce probke po 5 obrotach HPT w temperaturze 200°C,
pokazujqce interfejs miedzy GNP a osnowg Al., (a) obecnos¢ GNP nie tylko na granicy ziaren, ale rowniez
W osnowq Al, (b) czesciowe wyginanie platkéw grafenu. [A.1]

W moich dalszych badaniach kontynuowatem temat wytwarzania nanokompozytow na
osnowie aluminium wzmacnianych weglowymi nanododatkami — tym razem wykorzystatem
nanorurki weglowe (CNTs — carbon nanotubes). W literaturze istnieje stosunkowo duza liczba
prac dotyczacych nanokompozytéw na bazie technicznie czystego aluminium wzmacnianego
CNTs, ktore nastepnie poddawane sg procesom mielenia, spiekania i dalszej obrébki za pomoca
technik SPD [32,33]. W mojej pracy zaproponowalem wykorzystanie nowego podejscia do

syntezy tych kompozytow oraz analiz¢ wplywu czysto$ci uzytego aluminium (99.5% i
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99.99%) na efekt stabilizacji struktury oraz stabilnos¢ cieplna tych kompozytéw zawierajacych
0,511% CNTs [A.2].

Nowy sposob syntezy nanokompozytow polegal na umieszczeniu nanorurek weglowych
migdzy dwiema plytkami aluminium, a nastepnie odksztatceniu technikg HPT pod ci$nieniem
1.0 GPai przy 10, 20 i 50 obrotach. Takie rozwigzanie pozwolito mi na ominigcie klasycznych
etapow metalurgii proszkOw stosowanych przy wytwarzaniu tego typu kompozytow, takich jak
mielenie proszkéw, ich zageszczanie 1 spiekanie.

Badania strukturalne, jakie przeprowadzitem na testowanych uktadach, wykazaty, ze w obu
analizowanych materiatach dodatek nanorurek weglowych pozytywnie wplynalt na
rozdrobnienie ziarna aluminiowej osnowy (Rys.3). Zaobserwowalem przesuni¢cie nasycenia
struktury do poziomu ponizej 200 nm zaréwno dla aluminium o mniejszej jak i wigkszej
czystosci. Nanorurki weglowe ograniczaty ruch dyslokacji w pasmach poslizgu 1 hamowaly
procesy dynamicznego zdrowienia, co prowadzito do aktywacji innych systeméw poslizgu,

intensyfikujac rozdrobnienie strukturalne. W rezultacie nastepowato rozbijanie aglomeratow

Rys. 3 Obrazy STEM i HAADF a), b) pokazujqce mikrostruktury probek A199,99 + 0,5 %CNTS po 50 obrotow
HPT (z zaznaczonymi ciemnymi obszarami najwigkszych aglomeratéow CNTS), wraz z obrazem STEM o
wysokiej rozdzielczoSci c) pokazujgcym interfejs pomiedzy CNTS a osnowg Al. Dodatkowo rozklady
twardosci liniowej po Srednicach przekrojow poprzecznych probek: a) kompozyty Al 99,99, b) kompozyty Al
99,5. [A.2]
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nanorurek, oddzielanie pojedynczych CNTSs oraz ich rownomierne rozmieszczenie w osnowie
(Rys. 3c), co sprzyjalo ograniczeniu mobilnosci dyslokacji oraz hamowalo procesy
dynamicznego zdrowienia i rekrystalizacji. Dla poréwnania dla probek referencyjnych bez
dodatku nanorurek weglowych efekt nasycenia strukturalnego wynosit odpowiednio 450 nm
(dla Al 99.5%) i 800 nm (dla Al 99.99%). Zaskakujacym wynikiem okazal si¢ fakt, ze w
kompozytach dla aluminium 99,5% po procesie HPT udzial i wielko$¢ aglomeratow byty
wigksze niz w przypadku kompozytow z aluminium 99,99%. Zjawisko to przypisano wigkszej
plastycznosci stopu Al 99,99%, co utatwialo rownomierne rozmieszczenie aglomeratow CNTS
oraz pojedynczych nanorurek w osnowie.

W swoich badaniach wykazatem, ze kluczowym czynnikiem determinujgcym wlasciwos$ci
mechaniczne i stabilnos$¢ cieplng nanokompozytow zawierajacych CNTS jest rozmieszczenie
nanorurek weglowych w osnowie. Dodatek CNTSs i intensywne rozdrobnienie struktury
powodowato zwigkszenie twardo$¢ nanokompozytu po procesie HPT, jednak efekt ten byt
widoczny wytacznie przy wysokim stopniu rozproszenia czastek wzmacniajacych w osnowie
(Rys. 3). W nanokompozytach Al 99,99%, gdzie zaobserwowano najbardziej jednorodne
rozmieszczenie CNT, wartosci twardoSci przewyzszaty twardos¢ czystego aluminium po HPT
(nawet trzykrotnie) juz po 10 obrotach. Natomiast w nanokompozytach na bazie Al 99,5%
istotny wzrost twardos$ci, wynikajacy z lepszego rozmieszczenia CNTS, byt zauwazalny
dopiero w obszarach krawedzi dyskow po 50 obrotach.

Jednorodne rozmieszczenie CNTs w osnowie aluminiowej miato kluczowe znaczenie nie
tylko na stopien rozdrobnienia struktury i poprawe wiasciwosci mechanicznych
nanokompozytow, lecz takze na ich stabilnos¢ cieplng. Moje badania wykazaty, ze kompozyty
na osnowie aluminium 99,99% charakteryzowaly si¢ znakomitg stabilno$cig cieplng. Dopiero
wygrzewanie w temperaturze 400°C spowodowato niewielki rozrost ziarna, co skutkowato
spadkiem twardo$ci z 75 HV do okoto 65 HV. Dla poréwnania, w kompozytach na bazie
technicznie czystego aluminium 99,5% anormalny rozrost ziarna nastgpowal juz w
temperaturze 250-300°C. Zjawisko to przypisalem bezposrednio niejednorodno$ciom
strukturalnym w rozmieszczeniu CNTs w osnowie.

W kompozycie na bazie aluminium o czystosci 99,99% udato si¢ skutecznie rozbié
wigkszos$¢ aglomeratow nanorurek weglowych, co pozwolito na ich wzglgdnie réwnomierne
rozmieszczenie. Pojedyncze nanorurki, zlokalizowane gléwnie w poblizu granic ziaren,
skutecznie hamowaty ich migracje i przeciwdziataty rozrostowi ziarna. Zjawisko to mozna
interpretowac jako dziatanie efektu Zenera, polegajacego na blokowaniu ruchu granic ziaren

przez czastki drugiej fazy, co przyczynia si¢ do stabilizacji mikrostruktury, zwlaszcza w
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podwyzszonych temperaturach [23,34]. Z drugiej strony, w probkach aluminium o czysto$ci
99,5% obecnos¢ duzych aglomeratow CNTS prowadzita do powstawania obszarow
pozbawionych pojedynczych nanoczastek, ktore mogltyby skutecznie ogranicza¢ ruch granic
ziaren. W rezultacie tylko cze$¢ granic byta efektywnie blokowana, natomiast inne mogty
przemieszczac si¢ swobodnie, co prowadzito do anormalnego wzrostu ziarna [35]. W efekcie,
w osnowie Al 99,5% obserwowano wyraznie niejednorodng mikrostrukturg, cechujaca si¢
wspotistnieniem zaréwno drobnych, jak i znacznie rozro$nigtych ziaren.

Kolejng grupa materiatow kompozytowych, jakie byly przedmiotem moich zainteresowan
naukowych, sg kompozyty na bazie miedzi. Pierwsza praca poswigcona byta kompozytom Cu-
SiC i ksztaltowaniu ich struktury technika HPT [A.3]. Kompozyty Cu-SiC stanowig
interesujaca grupg materiatow, taczacych doskonata przewodnosé elektryczng i cieplng miedzi
z wysoka wytrzymato$cig mechaniczng oraz odpornoscia na $cieranie, wynikajaca z obecnosci
twardych czastek SiC. Mimo licznych zalet, kompozyty te wykazuja pewne ograniczenia
zwigzane z metodami ich wytwarzania [36]. Wiele technologii ich wytwarzania, opartych jest
na metalurgii proszkoOw 1 nastgpnie spiekaniu technikami hot pressing, natryskiwaniem
cieplnym czy spiekaniem impulsowym. Wiaza si¢ one ze stosowaniem wysokiej temperatury,
co z kolei prowadzi do intensywnego rozrostu ziarna w osnowie miedzi i obnizenia jej
wytrzymatosci. Dodatkowo, istotnym problemem jest obecnos$¢ porowatosci szczatkowej,
delaminacji czastek SiC od osnowy oraz ich nierownomierne rozmieszczenie w materiale.

Aby przezwycigzy¢ te ograniczenia, zaproponowatem wykorzystanie techniki HPT do
zageszczania probek wytworzonych metoda SPS, a takze do rozdrobnienia struktury zar6wno
osnowy, jak i czastek SiC, co wpltyngtoby pozytywnie na ich wlasciwosci mechaniczne. W
badaniach wykorzystatem dwa typy kompozytéw, zawierajace 10% 1 20% objetosciowych
czastek SiC oraz probke referencyjng z czystej miedzi po procesie SPS. Udalo mi si¢ wykazac,
ze technika HPT praktycznie catkowicie eliminuje porowatos¢ szczatkowa powstata w procesie
SPS oraz problem delaminacji pomigdzy czastkami SiC a osnowg (Rys. 4). Ponadto, naprezenia
wygenerowane w probce podczas odksztatcenia technikg HPT doprowadzity do fragmentaciji
wickszych czastek SiC (Rys. 4). Powstala duza frakcja czastek SiC (ponad 10* mm) o
nanometrycznych rozmiarach, ktére zostaly rownomiernie rozmieszczone w oOsnowie.
Jednoczesnie we wszystkich probkach struktura miedzi ulegla rozdrobnieniu, a $rednia
wielkos$¢ ziarna byta zblizona dla wszystkich kompozytow i wynosita ~300 nm,. Wynika z tego,
ze udzial nanometrycznych czastek SiC byl zbyt maty, zeby doprowadzi¢ do przesunigcia

efektu nasycenia struktury w kierunku mniejszych rozmiar6w ziaren.
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Dodatek czastek SiC przyczynit si¢ do zwigkszenia twardosci o blisko 15% w poréwnaniu
do czystej miedzi po procesiec HPT. Zageszczanie struktury w polaczeniu z jej
nanostrukturyzacja doprowadzito do zwigkszenia wytrzymatos$ci kompozytéw z poziomu 70-
100 MPa po procesie SPS do ponad 400 MPa po odksztatceniu technikg HPT. Dodatkowo,
materiaty po procesiec HPT wykazywaty zwickszong przewodnos¢ cieplng w porownaniu do

materialow wyjsciowych.

Watek nanostrukturyzacji i stabilizacji wtasciwos$ci mechanicznych materialow na bazie
miedzi kontynuowatem dla nanokompozytéw na bazie miedzi wzmacnianej tlenkiem grafenu
(GO -z ang. grafen oxide) [A.4]. GO jest tatwiejszym i tanszym w produkcji materiatem niz
grafen. Co wiecej dane literaturowe wskazuja, ze ma on wigekszy potencjat do tworzenia silnego
wigzania z metaliczng osnowa niz grafen. Wynika to z obecnosci grup tlenowych na
powierzchni GO, ktore maja tendencje do tworzenia silnego wigzania z metalem osnowy [37].
Kompozyt Cu-GO zawierajacy 1% wagowy nanoptatkow GO byl wytworzony poprzez
mielenie proszkow, spiekanie technika SPS i nastepnie skrecanie technikg HPT pod ci$nieniem
6.0 GPa i przy 20 obrotach.

W wyniku procesu HPT udato mi si¢ uzyskaé znaczace rozdrobnienie struktury miedzi i
przesunigcie granicy nasycenia struktury z 210 nm dla czystej miedzi bez nanododatkéw do

poziomu 55 nm dla kompozytu Cu-GO. Mikrostruktura po procesie HPT sktadala si¢ glownie
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z nanoziaren miedzi oraz drobnych fragmentow platkow grafenu (o wielkosci od 5 do 30 nm),
ktore byly rownomiernie rozmieszczone w osnowie (Rys. 5). Jednoczes$nie spektroskopia

Ramana potwierdzita, ze struktura tlenku grafenu jest silnie zdefektowana, jednak nadal

zachowywala charakterystyczne wlasciwosci GO.

Rys. 5 Obrazy SEM BSE czystej miedzi po HPT a); obraz SEM BSE Cu-GO po HPT b); obraz STEM Cu-GO w
jasnym polu (BF) c) i obraz STEM Cu-GO w trybie HAADF d);. oraz obraz STEM kompozytu Cu-GO po procesie
HPT i wyzarzeniu w temperaturze 500 °C z widocznymi strukturami rdzenia i powloki w osnowie Cu: a) BF i b)
HAADEF, c¢) i d) Obraz STEM punktéw pomiaru EDS [A.4]

Poglebienie efektu nanostrukturyzacji osnowy miedzianej w potaczeniu z umocnieniem
drobnymi rownomiernie rozmieszczonymi nanoczgstkami miato istotny wptyw na wlasciwosci
mechaniczne takich kompozytoéw oraz ich stabilno$¢ cieplng. Wartos$¢ twardosci dla kompozytu
Cu-GO siggaty 250 HV, co stanowilo wzrost o ponad 75 jednostek w poréwnaniu do czystej
miedzi poddanej procesowi HPT oraz niemal pigciokrotnie wyzsza warto$¢ niz w przypadku
czystej, grubokrystalicznej miedzi. Kompozyt ten wykazywat wytrzymato$¢ na poziomie 700
MPa, jednak ze wzgledu na silne umocnienie oraz niewielkie rozmiary probek probki te zawsze
ulegaty zerwaniu w zakresie sprezystym.

Ponadto, badania stabilnosci cieplnej wykazaty, ze wytworzony kompozyt Cu-GO
charakteryzowal si¢ wysoka stabilno$cia strukturalng nawet przy wygrzewaniu w temperaturze
500°C (Rys. 5). W tej temperaturze nastgpil jedynie ograniczony wzrost ziarna, co

spowodowato pewien spadek twardosci (z 250 Hv do ~200Hv), jednak struktura wcigz
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pozostawata w zakresie ultradrobnoziarnistym. Dla porownania, czysta miedz po HPT ulegata
calkowitej rekrystalizacji juz po wyzarzaniu w temperaturze 200-300°C. Wyjatkowa stabilno$¢
strukturalna nanokompozytu Cu-GO wynika z réwnomiernego rozmieszczenia nanoczastek
GO, ktore skutecznie hamujg ruch granic ziaren i blokujg ich wzrost. Warto jednak podkresli¢,
7ze w probce wyzarzanej w temperaturze 500°C zaobserwowano charakterystyczne zmiany
mikrostrukturalne. W miejscach, gdzie pierwotnie znajdowaty si¢ czastki GO, powstata
struktura rdzenia i osnowy (core-shell), sktadajaca si¢ z rdzenia bogatego w wegiel oraz
powloki bogatej w tlen i miedz (Rys. 5). Zjawisko to powigzatem z termicznym rozktadem grup
tlenowych obecnych w ptatkach GO. Pod wptywem wysokiej temperatury grupy funkcyjne
rozkladajg si¢, uwalniajac tlen [38], ktory nastepnie dyfunduje w materiale, prowadzac do
powstania warstwy tlenkow miedzi otaczajacych rdzen bogaty w wegiel. Pomimo rozpadu GO,
powstata struktura core-shell nadal stabilizuje mikrostrukture kompozytu, ograniczajac rozrost
ziaren w podwyzszonej temperaturze.

Watek tworzenia nowych nanokompozytéw na bazie miedzi kontynuowatem w kolejnej
pracy [A.5], w ktorej zaproponowatem poréwnanie wptywu trzech réznych nanonapetniaczy
na mikrostruktur¢ oraz wilasciwosci mechaniczne takich kompozytow. Byly to: klasyczny
nanododatek Al:Os (czgsto opisywany w literaturze i wykorzystany jako probka referencyjna),
tlenek grafenu (GO) omawiany w poprzedniej pracy oraz nowej klasy napetniacz rGO/ALOs
0 strukturze typu hybrydowego - ptatki GO byly pokrywane nanoczastkami Al.Os. Tlen obecny
na powierzchni GO zostal wykorzystany w procesie reakcji do powstania silnego wiazania z
Al:Os, w wyniku czego doszto do redukcji GO do rGO. Struktura typu hybrydowego miata na
celu zwigkszenie sztywnosci ptatkow GO oraz poprawg ich stabilnos$ci cieplnej] w wyzszych
temperaturach, co przetozyloby sie¢ na lepszg stabilno$¢ cieplng wytworzonych z nim
nanokompozytéw. WSszystkie kompozyty zawieraly 1% wagowy nanododatkow i byly
wytworzone poprzez mielenie proszkoéw, spiekanie technikg SPS 1 nastgpnie skrgcanie technika
HPT pod ci$nieniem 6.0 GPa i przy 20 obrotach.

Wyniki badan przeprowadzonych w celu charakterystyki mikrostruktury otrzymanych po
procesie HPT nanokompozytow wykazaty, ze zastosowane nanododatki sa dobrze potaczone z
osnowg i rdwnomiernie rozmieszczone w calej objetosci — nie zaobserwowano obecnosci
duzych, mikrometrycznych aglomeratow. Widoczne s3 jednak wyrazne roznice w wielko$ci
oraz udziale objetosciowym mniejszych aglomeratow/nanoczastek, zalezne od rodzaju
zastosowanego nanonapeitniacza (Rys. 6). W probce zawierajacej Al.Os, aglomeraty cechowaty
si¢ najmniejszymi rozmiarami (120445 nm) oraz najnizszym udzialem powierzchniowym

aglomeratow — zaledwie 0,5%. Dla kompozytu Cu-GO zaobserwowane aglomeraty
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pokrywajace okoto 1% powierzchni probki. a ich srednia wielko$¢ wynosita 200+ 160 nm.
Natomiast w przypadku kompozytu Cu-rGO/Al:Os, aglomeraty zajmowaly ponad 2,5%

powierzchni analizowanego obrazu, a ich $rednia wielko$¢ wynosita okoto 290 + 160 nm.

SEM HPT

Twardos¢ HPT Twardos¢ wygrzewanie

Rys. 6 Obraz SEM BSE a) Cu po HPT; b) Cu-GO po HPT; c¢) Cu-Al,03 po HPT; d) Cu-rGO/Al,O3 po HPT.
Pomiary twardoSci wytworzonych materiatow w funkcji odlegtosci od srodkow dyskow, wraz z twardoscig jako

funkcja temperatury wyzarzania.[A.5].

W wyniku procesu HPT uzyskano znaczace rozdrobnienie struktury miedzi oraz
przesuniecie efektu stabilizacji struktury. Srednie rozmiary ziarna dla kompozytow oszacowane
na podstawie obrazow STEM wynosito ~55 nm, ~65 nm i ~75 nm odpowiednio dla
kompozytow Cu-GO, Cu-Al;03 i Cu-rGO/AI>O3. Dla poréwnania czysta miedZz po procesie
HPT miata ziarna o $redniej wielkosci < 300 nm. W pracy potwierdzitem teze, ze wprowadzenie
stabilnych, twardych nanonapetniaczy oraz ich jednorodne rozmieszczenie w 0Snowie

metalowej moze skutecznie stabilizowaé granice ziaren. Nanoczgstki skutecznie hamujg
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procesy dynamicznej rekrystalizacji i zdrowienia podczas intensywnego odksztatcania
plastycznego, co w konsekwencji przesuwa granice nasycenia strukturalnego i przyczynia si¢
do dalszego rozdrobnienia ziaren. Potwierdzitem takze, ze efekt przesunigcia stabilizacji
strukturalnej zalezy w duzej mierze od stopnia aglomeracji napetniaczy i ich rozmieszczenia w
osnowie. Obserwowane rdoznice w wielko$ci ziarna w duzej mierze zalezaly od ilosci
aglomeratow, ktora byta najwicksza dla hybrydowego napetniacza.

Pogtebienie efektu nanostrukturyzacji osnowy miedzianej w polaczeniu z umocnieniem
drobnymi rownomiernie rozmieszczonymi nanoczgstkami miata istotny wplyw na wlasciwosci
mechaniczne takich kompozytow oraz na ich stabilno$¢ cieplng. Kompozyty wytworzone w
ramach niniejszej pracy wykazywaty unikalne wartosci mechaniczne (Rys. 6) w poréwnaniu
zardbwno z gruboziarnista, jak i nanokrystaliczng czysta miedzig. Zaobserwowano istotny
wzrost twardosci: o okoto 150 jednostek Hv dla kompozytu Cu—-rGO/Al:Os, 170 jednostek Hv
dla Cu—ALOQO:s oraz ponad 200 jednostek Hv dla kompozytu Cu—GO, w odniesieniu do warto$ci
twardosci dla gruboziarnistej miedzi (50 Hv).

Za wyrazne zwigkszenie wlasciwosci mechanicznych odpowiada kilka wspotdziatajacych
mechanizmow:

a) Znaczne rozdrobnienie ziarna, zgodne z =zalezno$cia Halla—Petcha [9], [10],
b) Obecnos¢ twardych, jednorodnie rozmieszczonych nanoczgstek (GO, Al:Os oraz
rGO/Al:03) w 0snowie, ograniczajac mobilnos¢ dyslokacji [13-15].
C) Zwiekszona gestos¢ dyslokacji, wynikajaca z obecnosci licznych przeszkod
mikrostrukturalnych oraz intensywnego odksztatcenia plastycznego.

Roéznice w poziomach mikrotwardosci pomigdzy poszczegdlnymi kompozytami mozna
przypisa¢ odmiennemu stopniowi rozdrobnienia ziarna, zrdéznicowanemu rozkladowi fazy
wzmacniajacej w osnowie oraz réznym poziomom aglomeracji nanoczastek.

Dodatek nanoczastek wptywa nie tylko na rozdrobnienie mikrostruktury i poprawe
wlasciwosci mechanicznych, lecz rowniez znaczaco zwigksza stabilno$¢ cieplng
wytworzonych kompozytow. Jak przedstawiono na Rys. 6, wszystkie opracowane materiaty
wykazuja efekt podwyzszonej stabilnosci cieplnej do poziomu co najmniej 400°C, co stanowi
istotng popraw¢ wzgledem czystej miedzi po procesie HPT, ktora ulega rekrystalizacji juz przy
200°C.

W miarg dalszego wzrostu temperatury pojawiajg si¢ wyrazne rdznice w zachowaniu
poszczegbdlnych kompozytow. Kompozyt Cu—AlOs wykazuje najwyzszg stabilnos¢ cieplng —
zachowujac stabilng mikrostrukture i mikrotwardo$¢ az do 500°C. Efekt ten przypisuje si¢

obecnosci jednorodnie rozprowadzonych ceramicznych nanoczastek Al.Os w osnowie, ktore
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dzieki swojej wysokiej stabilno$ci cieplnej i niewielkim rozmiarom ($rednio 6,5 nm) skutecznie
hamuja migracj¢ granic ziaren [14].

Dodatek GO skutkowatl najsilniejszym rozdrobnieniem struktury sposréd wszystkich
wytworzonych kompozytow, co przetozyto si¢ na najwyzszg twardos¢ tego materiatu (260 Hv).
Kompozyt Cu-GO wykazal jednak ciagly niewielki spadek twardo$ci w miar¢ wzrostu
temperatury wyzarzania. Po wyzarzaniu w temperaturze 500°C twardo$¢ materiatu wynosi juz
jedynie 190 jednostek Hv. Efekt ten przypisatlem termicznemu rozpadowi GO i tworzeniu
struktury core-shell, co zaburzyto efekt hamowania rozrostu ziarna i doprowadzito do jego
rozrostu do okoto 150 nm.

Kompozyt z dodatkiem rGO/Al-Os wykazuje stabilno$¢ cieplng do temperatury 400°C K.
Jednak wyzarzanie w temperaturze 500°C prowadzi do anormalnego rozrostu ziarna oraz
formowania si¢ heterostruktury sktadajacej si¢ z duzych, zrekrystalizowanych ziaren i
regiondw, gdzie nanostruktura dalej jest obecna. Powstanie heterostruktury przypisatem
niejednorodnemu rozmieszczeniu czastek rGO/Al.Os w osnowie miedzianej. Stabilizowanie
ptatkow GO nanoczgstkami Al.Os w istotny sposob zwigkszyto sztywno$¢ oraz wytrzymatosci
mechaniczno-termiczne ptatkéw rGO/Al:Os (nie tworza one struktury core-shell w
podwyzszonej temperaturze), jednak z drugiej strony uniemozliwito ich fragmentacje podczas
intensywnego odksztalcania HPT. W efekcie w mikrostrukturze pozostaty stosunkowo duze
aglomeraty, a w rezultacie zmniejszyla si¢ efektywna liczba przeszkod blokujacych migracje
granic ziaren, umozliwiajac lokalny wzrost ziaren i prowadzac do czeSciowej rekrystalizacji.

Przeprowadzone przeze mnie w tej czesci badania dowodzg, ze efekt nasycenia
strukturalnego 1 stabilnos¢ cieplna nanometali moze by¢ kontrolowane poprzez wprowadzanie

roznego rodzaju stabilnych nanododatkéw 1 ich rownomierne rozmieszczenie w osnowie.

4.3.3. Okreslenie wptywu architektury, sktadu warstw i parametrow
procesu HPT na strukture i wiasciwosci mechaniczne hybrydowych
materiatdw metalicznych (A.6-A.9).

W ramach tego watku badawczego postawitem sobie za cel zrozumienie mechanizmow
oraz opisanie wplywu techniki HPT na mozliwosci wytwarzania nowych hybrydowych
uktadow metalicznych. Moje prace koncentrowaly si¢ na wykorzystaniu nowatorskiej
koncepcji wielowarstwowych materiatdéw, otrzymywanych poprzez naprzemienne uktadanie

dyskow réznych metali, a nast¢pnie ich skrecanie z zastosowaniem techniki HPT. Na owe czasy
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idea tworzenia technikg HPT hybrydowych materiatow wielowarstwowych byta stosunkowo
nowym podejsciem w projektowania materiatéw 1 pozostawiala wiele pytan bez odpowiedzi,
m.in.: jakie kombinacje materiatow sa mozliwe do potaczenia oraz jaki wptyw na wtasciwosci
mechaniczne be¢dzie miata struktura takiego uktadu?

W moich badaniach koncentrowalem si¢ nad opisaniem wptywu takich czynnikow, jak:
typy taczonych metali, architektura takich potaczen (liczba warstw 1 ich wzajemna grubo$¢)
czy parametréw procesu HPT (ci$nienia $ciskajgcego, liczby obrotow, wygrzewania miedzy
procesami) na mikrostrukture i whasciwosci wytrzymatosciowe takich hybrydowych uktadow.
Sposrod wszystkich badanych przeze mnie uktadéw najciekawsze wyniki uzyskatem dla trzech
systemow: Al-Ti (artykuly A.6, A.7), Al-Cu (artykul A.8) i Cu-Ta (artykul A.9).

W moim podejsciu badawczym w pierwszej kolejnosci skupitem si¢ na wplywie
architektury uktadéw, takich jak liczba warstw (dwie, trzy oraz ponad dziesigc), sposob
utozenia i ich grubosci, a takze na parametrach procesu HPT (np. ci$nienie i liczba obrotow) na
mozliwo$¢ uzyskania trwatego potaczenia.

Pierwszym zaproponowanym przeze mnie uktadem byl system AIl-Ti, w ktorym
wykorzystane metale zostaly dobrane tak, aby cechowaly si¢ duza r6znicg we wlasciwosciach
mechanicznych. W poczatkowej fazie badan wykorzystatem klasyczny uktad trojwarstwowy,
z réwng gruboscia kazdej warstwy wynoszaca 0,3 mm. Przeanalizowatem wptyw ci$nienia
$ciskajacego oraz konfiguracji warstw (Al-Ti—-Al oraz Ti-Al-Ti) na efektywnos$¢ procesu
faczenia. Moje badania pokazaly, ze przy niskim ci$nieniu (1.0 GPa) nie dochodzito do
utworzenia potaczenia w zadnym z badanych uktadow. W zwigzku z tym w dalszych etapach
prac, rowniez dla innych systemow, stosowano wytacznie wysokie cisnienie (6.0 GPa) i liczbe
obrotow rzedu 50. Ustalitem rowniez, ze konfiguracja warstw miata istotny wptyw na przebieg
procesu. Uklady zawierajagce dwie warstwy twardego tytanu oraz jedng warstwe migkkiego
aluminium umieszczong centralnie nie wykazywaty efektu tworzenia potaczenia — migkkie
aluminium pehito funkcje warstwy smarujacej, po ktorej tytanowe dyski $lizgaly sie, co
potwierdzaja dane takze literaturowe dla innych uktadéw. Z kolei w konfiguracji zawierajace;j
jedng warstwe tytanu zaobserwowano intensywne wyginanie blaszKi tytanowej, jej
fragmentacj¢ oraz cze$ciowe mieszanie si¢ z aluminium, jednak proces ten zachodzit jedynie
w zewngtrznych partiach dyskéw. Poziom wymieszania oraz ewentualnego tworzenia si¢ faz
mi¢dzymetalicznych byt niewielki, dlatego zaproponowalem zmian¢ podejscia: grubosé
warstwy tytanu zostala zmniejszona do 0,15 mm, co miato utatwi¢ jej deformacje, szybsze
pekanie oraz intensyfikacje procesu mieszania z aluminium, sprzyjajac powstawaniu faz

migdzymetalicznych.
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Zagadnienie to stanowilo temat pierwszego artykulu w prezentowanym w niniejszym
rozdziale cyklu publikacji [A.6]. Przeprowadzone przeze mnie obserwacje strukturalne (Rys.
7) ujawnity silng fragmentacj¢ wewnetrznej tytanowej warstwy i jej mieszanie z aluminiowa
osnowa. W rezultacie powstala typowa dla tego typu podej$cia warstwowa budowa, w ktorej
mozna wyr6zni¢ pasma osnowy aluminiowej o sredniej wielkosci ziarna wynoszacej okoto 160
nm oraz stref¢ mieszania, oznaczong strzatka (obrazy STEM Rys. 7a). Dalsze badania
strukturalne wykazaty, ze obszary te sktadajg si¢ z cienkich warstw o bardzo drobnych ziarnach,
ktorych srednia wielko$¢ wynosi okoto 20 nm, co zilustrowano na Rys. 7c. Jest to wielkos¢
ziarna niespotykana w poréwnaniu do materiatow wyjsciowych po procesach SPD [31,39]. W

porownaniu do czystego aluminium po procesie HPT jest ona o rzad wielko$ci mniejsza.

Obrazy STEM Analiza XRD

Obrazy SEM
Rozklady mikrotwardosci

Rys. 7 Mikrostruktura hybrydowego materiatu z uktadu Al-Ti: a, b, c) zdjecie STEM, d) SEM wraz z analizq sktadu
chemicznego e) oraz badaniami sktadu fazowego XRD i rozkladami mikrotwardosci dla uktadow hybrydowych i

materiatéow wyjsciowych [A.6].

Obserwacje SEM/EDX (Rys. 7¢) wykazaly, ze obszary o silnie rozdrobnionej strukturze sa
bogate w tytan i aluminium, co sugeruje tworzenie si¢ tam faz migdzymetalicznych z uktadu
Al-Ti. Potwierdzily to analizy XRD (Rys. 7), ktore wykazaly powstawanie twardych faz
miedzymetalicznych TisAl i AlsTi. Niespotykany dla tego typu materialow efekt rozdrobnienia
struktury w polaczeniu z formowaniem si¢ twardych faz miedzymetalicznych z uktadu Al-Ti

skutkowaly silnym wzrostem twardo$ci wytworzonych przeze mnie materiatéw (Rys. 7).
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Mikrotwardos¢ dla badanego hybrydowego ukltadu po 50 obrotach HPT w zewngtrznych
cze$ciach dyskow (a wigc w obszarach najintensywniejszego mieszania) przekraczata 300
jednostek Hv, a wiec byta niemal 10-krotnie wyzsza niz dla czystego gruboziarnistego
aluminium i o blisko 50 jednostek Hv wyzsza niz dla czystego grubokrystalicznego tytanu. Nie
udato si¢ osiggna¢ jednak twardo$ci nanokrystalicznego tytanu. Niemniej, warto podkresli¢, ze
w wytworzonym materiale hybrydowym uzyto okoto ~24% wagowych tytanu, a reszte
stanowito migkkie aluminium.

Aby zintensyfikowac tworzenie si¢ wzmacniajacych faz migdzymetalicznych oraz uzyskac
jeszcze wyzszy stopien rozdrobnienia mikrostruktury, w kolejnych etapach badan
zaproponowatem zwigkszenie udziatu tytanu w sktadzie warstwowym uktadu. Jednakze, biorac
pod uwage wcezesniejsze wyniki eksperymentalne, zastosowanie blaszki tytanowej o grubosci
0,3 mm okazato by si¢ nieefektywne — jej wysoka wytrzymatos¢ powodowata jedynie znaczne
wyginanie oraz ograniczong fragmentacj¢ i mieszanie, glownie w zewngtrznych partiach
dyskow. W zwigzku z tym zaproponowatem zastosowanie nowej architektury uktadu, dzielac
blaszke tytanowa o grubosci 0,3 mm na dwie ciensze, kazda o grubosci 0,15 mm. Ostatecznie
powstat uktad sktadajacy si¢ z trzech warstw aluminium i dwéch warstw tytanu, 0
sumarycznej grubosci 1,2 mm, ktéry zostat poddany procesowi skrecania metoda HPT pod
cisnieniem 6,0 GPa, przy réznych liczbach obrotéw — az do 50. W trakcie tego procesu
aluminium, jako metal o wigkszej plastycznosci, wyptywato z ukladu, zamykajac tytanowe
blaszki. Badania nad takim uktadem stanowity temat drugiego artykulu w prezentowanym w
niniejszym rozdziale cyklu publikacji [artykul A.7].

Badania mikrostrukturalne wytworzonego materialu przeprowadzitem w szerokim
zakresie skali wymiarowej. Obserwacje wykonane za pomoca mikroskopii $wietlnej (MS) na
przekrojach poprzecznych (Rys. 8) wykazaly, ze w probkach poddanych niewielkiej liczbie
obrotow dominujg wygiete i pofragmentowane plytki Ti osadzone w osnowie Al, bez
wyraznego mieszania obu sktadnikow. Zwigkszenie liczby obrotéw do 50 prowadzi stopniowo
do rozdrobnienia faz, ich wzajemnego mieszania oraz do niemal catkowitej eliminacji peknieé
I delaminacji w obregbie dyskow. Mimo to, nawet po 50 obrotach metoda HPT struktura
pozostaje niejednorodna, z wyraznymi réznicami pomi¢dzy brzegiem a centrum dysku. W
probee poddanej 50 obrotom, fragmenty Ti 1 Al stajg si¢ nierozroéznialne w strefie brzegowe;j,
co wskazuje na intensywne mieszanie si¢ obu pierwiastkow.

Uzupehieniem tych badan byla mikrotomografia rentgenowska (MicroCT) (Rys. 8).
Uzyskane wyniki potwierdzaja, ze przy niskiej liczbie obrotow proces skrgcania prowadzi

glownie do zginania, przewezania, a w koncu do fragmentacji fazy tytanu (oznaczonej kolorem
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czerwonym) wzdhuz Srednicy dysku. Efekt ten wyraznie narasta wraz ze wzrostem liczby
obrotow, co szczegdlnie dobrze widoczne jest po 50 obrotach HPT — wdwczas obserwuje si¢
silng fragmentacj¢ tytanowej blaszki oraz tendencj¢ do rownomiernego rozmieszczenia jej
fragmentéw w osnowie aluminiowej. Nalezy jednak zaznaczy¢, ze zarowno mikroskopia
$wietlna, jak 1 mikrotomografia rentgenowska nie pozwalajg na obserwacje elementéw o
rozmiarach ponizej 1-2 um. W zwiazku z tym, w dalszej czeSci badan strukturalnych

zastosowatem techniki o wyzszej zdolnosci rozdzielczej, takie jak SEM oraz TEM/STEM.

Obrazy MS Obrazy SEM 50 obrotow

ALTi-ALTiA HPT: 6 GPa, RT, 1rpm

Rozklady mikrotwardoSci

a)

Analiza XRD

MicroCT 50 obrotow

b)

Obrazy STEM 50 obrotéw

(A
{002)Ti

112)ALTi

(100)Ti

(103)Ti

Rys. 8 Mikrostruktura hybrydowego materiatu piecio-warstwowego z uktadu Al-Ti badana technikami mikroskopii
Swietlnej, tomografii komputerowej oraz mikroskopii SEM i STEM/TEM wraz z analizq skladu fazowego XRD
uzupelniong o badania dyfrakcji elektronowej SAED i rozktadami mikrotwardosci dla uktadow hybrydowych i
materiatow wyjsciowych [A.7].

31



dr inz. Piotr Bazarnik Autoreferat

Obserwacje SEM potwierdzily efekt wyginania blaszek tytanowych przy matej liczbie
obrotéw, ale i obecno$¢ licznych delaminacji i niecigglos$ci pomigdzy tytanem a aluminium.
Zwigkszenie liczby obrotow do 50 prowadzi do silnej fragmentacji dyskéw Ti, domknigcia
peknie¢ oraz do jednorodnego rozmieszczenia fragmentow Ti w osnowie Al, szczegolnie w
obszarach brzegowych, co zilustrowano na Rys. 8 przedstawiajagcym obrazy SEM probki Al—
Ti po 50 obrotach. Wyraznie wida¢, ze po 50 obrotach dominujaca czgs¢ probki stanowia
stosunkowo drobne, pofragmentowane cze¢sci dysku Ti w osnowie aluminiowej. Zwigkszenie
liczby obrotow do tego poziomu umozliwia wigc zmniejszenie rozmiardw obszaroOw
wzbogaconych w Ti. Widoczne sg rowniez obszary o podwyzszonym stopniu wymieszania
sktadnikow, w ktorych obserwuje si¢ zmiany kontrastu w obrazach BSE, co sugeruje
zachodzenie procesu mieszania si¢ Al i Ti oraz tworzenie faz migdzymetalicznych.

W celu analizy procesu rozdrobnienia ziaren oraz mieszania sktadnikéw w probce po 50
obrotach przeprowadzitem badania z wykorzystaniem mikroskopii TEM/STEM oraz dyfrakcji
elektronow (SAED) (Rys. 8). Analiza obrazow STENM pokazata, ze w obszarach bogatych w
aluminium $rednia wielko$¢ ziarna wynosita okoto 200 nm 1 ponizej 100 nm w strefach tytanu.
Widoczne sg rowniez liczne pasmowa (mieszania), w ktorych ziarna maja rozmiary ponizej 30
nm. Warto podkresli¢, ze srednia wielkos$¢ ziarna dla materiatow wyjsciowych po procesie HPT
wynosita odpowiednio 700 nm dla aluminium 1 100 nm dla tytanu. W tym kontekscie
zastosowanie takiego hybrydowego uktadu doprowadzito do dalszego rozdrobnienia struktury.
Przeprowadzone przeze mnie badania SAED potwierdzity obecno$¢ faz miedzymetalicznych
w strefach mieszania (Rys. 8). Analiza obrazéw dyfrakcyjnych potwierdzata obecnos¢ faz
miedzymetalicznych AlTi, AlsTi oraz AlTis co zostato dodatkowo potwierdzone badaniami
XRD (Rys. 8).

Zwickszenie stopnia rozdrobnienia struktury, a wigc przesunigcie nasycenia strukturalnego
w kierunku mniejszych rozmiaréw ziaren, w polaczeniu z formowaniem si¢ twardych faz
migdzymetalicznych miato duzy wptyw na wlasciwosci mechaniczne otrzymanych materiatlow
hybrydowych. Wyniki pomiaré6w mikrotwardosci dla opracowanego materialu hybrydowego
(Rys. 8) wykazaty, ze w zewngtrznych obszarach dyskéw warto$ci twardosci siggaja okoto 200
jednostek Hv, a miejscami dochodzg nawet do 250 Hv. Oznacza to niemal 10-krotny wzrost w
porownaniu z czystym, gruboziarnistym aluminium (26 Hv). Dla poréwnania, po procesie HPT
twardos$¢ aluminium wzrasta do 51 Hv, co nadal stanowi warto$¢ niemal 5-krotnie nizszg niz
maksymalne wyniki uzyskane dla hybrydowego uktadu Al-Ti. Co wigcej, mikrotwardos¢
materiatu hybrydowego jest tylko nieznacznie nizsza niz w przypadku gruboziarnistego tytanu
(219 Hv).
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Na podstawie przeprowadzonych badan zaproponowatem mechanizm mieszania 1
formowania struktury lamelarnej w uktadach, w ktorych réznice wlasciwosci mechanicznych
pomigdzy sktadnikami sg znaczne. Wraz ze wzrostem liczby obrotow HPT ogdlna twardos¢
materialu hybrydowego ros$nie, co zwigzane jest z postgpujacym rozdrobnieniem struktury
poszczegbdlnych warstw 1 prowadzi do silnej lokalizacji odksztalcen $cinajacych. Na
poczatkowym etapie deformacji twardy dysk tytanowy ulega wyginaniu i pekaniu, a nast¢pnie
Z jego powierzchni odrywajg si¢ drobne fragmenty, ktore przechodza do osnowy aluminiowe;.
Fragmenty te sa dalej intensywnie deformowane, tworzac struktur¢ przypominajacg wir,
ztozong z bardzo cienkich warstw tytanu naprzemiennie rozmieszczonych w osnowie z
aluminium. Po przekroczeniu pewnego krytycznego poziomu odksztatcenia dochodzi do
mechanicznego wymieszania Ti i Al, co prowadzi do powstania charakterystycznej struktury
lamelarnej. W rezultacie, po 50 obrotach HPT, w obszarach brzegowych dyskow udato mi sig
uzyska¢ niemal jednorodng struktur¢, a w obrgbie utworzonych struktur lamelarnych
dochodzito do powstawania licznych faz migdzymetalicznych z uktadu Al-Ti. Ich formowanie
byto mozliwe dzigki intensywnym procesom dyfuzyjnym zachodzacym podczas deformacji
HPT. Procesy te wynikaja ze zwickszonej gestosci defektow sieciowych — takich jak wakanse,
dyslokacje oraz znaczacego rozdrobnienia mikrostruktury, ktére prowadza do skrocenia
sciezek dyfuzji. Skrocenie drogi dyfuzji sprzyja reakcjom w stanie statym, co z kolei utatwia
tworzenie si¢ twardych faz migdzymetalicznych.

Watek syntezy materiatdw hybrydowych kontynuowalem w kolejnej pracy [A.8], w
ktorym podjatem dwa watki badawcze:

J zbadanie mozliwosci wytworzenia technikg HPT hybrydowego uktadu Al-Cu.
o okreslenie wplywu stopnia odksztatlcenia metoda HPT na mikrostrukture i
zachodzace przemiany fazowe, a przez to wlasciwosci mechaniczne uzyskanych
dyskow. Trzywarstwowe uktady Al/Cu/Al (grubos¢ kazdej warstwy to 0.8 mm)
byly skrecane technikg HPT pod cisnieniem 6.0 GPa przy ro6znej liczbie obrotow:
20, 50, 100 i 200.
Badania strukturalne, jakie przeprowadzitem na tym uktadzie, wykazaly znaczace roznice
w mikrostrukturze w zaleznos$ci od liczny obrotéw. Juz po 20 obrotach struktura sktada si¢ z
ultra-cienkich warstw bogatych w aluminium (Al) i miedz (Cu) (Rys. 9), z wyraznymi
oznakami znacznego rozdrobnienia ziaren we wszystkich warstwach. Analiza strukturalna
wykazala, ze ziarna w warstwach Al sa wydtuzone i zdecydowanie mniejsze (ok. 230 £+ 20 nm)
niz w pasmach Cu, gdzie ich wielkos¢ silnie zalezata od grubo$ci poszczegolnych warstw i

wynosita 310 = 70 nm. Ponadto zaobserwowatem, ze w wyniku procesu HPT na styku warstw
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Al i Cu widoczna jest strefa dyfuzyjna (Rys. 9(c)), co zostalo rowniez potwierdzone liniowag
analiza EDX. Zjawisko dyfuzji zaobserwowano na niemal wszystkich granicach warstw Al—
Cu. Dodatkowo, w niektoérych miejscach najciensze warstwy Cu ulegly catkowitemu

wymieszaniu z aluminium tworzgc strukture o silnie rozdrobnionej wielkosci ziarna (Rys. 9(b))

ok. 30 £ 20 nm.

Rys. 9 Obrazy mikrostruktury wykonane w trybie STEM (jasne pole) na krawedzi dysku po 20 obrotach HPT: (a)
w malym powiekszeniu oraz (b) w duzym powigkszeniu. (c) Obraz HAADF mikrostruktury z zaznaczonym miejscem
liniowego skanu EDX, ktorego wyniki przedstawiono na wykresie (d) w postaci udziatu procentowego atomow w
funkcji odlegtosci skanowania dla pierwiastkéow Cu i AL[A.8].

Zastosowanie 200 obrotow doprowadzito do dalszego rozdrobnienia ziarna, (Rys. 10) z
zachowaniem struktury warstwowej. Otrzymana struktura miata bimodalny charakter — w
warstwach bogatych w Al wystepuja ziarna o rozmiarze ok. 95 + 15 nm (Rys. 10), natomiast
w strefach bogatych w Cu ziarna majg rozmiar rzedu ~5-20 nm. Pier$cienie dyfrakcyjne na
obrazach dyfrakcji elektronow (SAED), przedstawione na Rys. 10, potwierdzily obecnos¢ Al i
Cu oraz powstanie faz miedzymetalicznych ALCu i Al«Cus. Obrazowanie w ciemnym polu z
pierscienia Al.Cu (110) (Rys. 10) potwierdzito, ze faza ta wystepuje gltownie w
nanometrycznych pasmach bogatych w Cu i Al. Formowanie faz migdzymetalicznych zostato
rowniez potwierdzone za pomoca dyfrakcji rentgenowskiej (XRD) (Rys. 10). Na
dyfraktogramach wyrazne wida¢ poszerzenie pikow, spowodowane silnym rozdrobnieniem
struktury, przy czym intensywnos¢ tego zjawiska wzrasta wraz z liczbg obrotow. Widoczne sg
piki dla Al i Cu oraz faz migdzymetalicznych AlCu i Al:«Cus. Obecno$¢ faz
mi¢dzymetalicznych mozna zaobserwowaé juz po 20 obrotach, a wzrost intensywnosci
odpowiadajacych im pikow dyfrakcyjnych wraz z dalszym zwigkszaniem liczby obrotow

wskazuje na rosngcy udzial tych faz w mikrostrukturze.
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Kluczowa okazata si¢ analiza kinetyki powstawania faz miedzymetalicznych w tym
uktadzie. Oba pierwiastki wykazuja wzajemng dyfuzyjno$¢ i mozliwo$¢ formowania
przesyconych roztwordw stalych Al(Cu) i Cu(Al). Poniewaz granica rozpuszczalnosci Cu w Al
jest niemal dwa rzedy wielkoSci mniejsza niz rozpuszczalno$¢ Al w Cu [40-42], nalezy
oczekiwa¢, ze w pierwsze] kolejnosci bedzie formowatl sie roztwor Al(Cu). Co wiecej,
wspolezynnik dyfuzji Cu w Al jest znacznie wyzszy niz dyfuzji Al w Cu (Dcy = 1,78 x 107%
m?/s, D = 6,54 x 107 m?/s) [41]. Atomy Cu mogg szybko dyfundowaé¢ w Al, co prowadzi
do przesycenia tej strony reakcji i w rezultacie do tworzenia si¢ fazy AlL.Cu w strefie
miedzyfazowej. Jednocze$nie faza Al:Cu charakteryzuje si¢ najbardziej ujemna warto$cia
entalpi¢ tworzenia, dlatego z punktu widzenia termodynamiki bedzie to pierwsza faza
powstajaca w strefie miedzyfazowej Al-Cu [42]. Faza Al.Cus bedzie mniej uprzywilejowang
faza pod wzgledem kinetyki formowania. Wyjasniato to wigksza intensywnos¢ pikow dla fazy

AlLCu na spektrach XRD i obrazach SAED.
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Rys. 10 Obrazy STEM wykonane na krawedzi dysku po 200 obrotach HPT przedstawiajq: (a) ogdlny widok
struktury lamelarnej, (b) obraz HAADF ukazujqcy rozktad pierwiastkow Al i Cu w tej strukturze lamelarnej, (c)
obraz w duzym powigkszeniu przedstawiajgcy strukture bimodalng. Obrazy dyfrakcyjne SAED wykonane na
krawedzi dysku po 200 obrotach HPT oraz (b) obraz w ciemnym polu pochodzqgcy z pierscienia Al:Cu (110).
Spektra dyfrakcyjne XRD dla ukiadu AI-Cu—Al w stanie poczgtkowym oraz po obrobce HPT dla 20, 50, 1501 200
obrotow. [A.8]
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W wytworzonych przeze mnie materiatach hybrydowych zaobserwowano skrajnie
wysokie wzrosty twardo$ci i wytrzymatosci (Rys.11). Twardos$¢ uktadu Al-Cu po obrobce HPT
osiggneta warto$¢ okoto 450 Hv po 200 obrotach, co jest warto§cig znacznie wyzszg niz
twardos$¢ nanokrystalicznego aluminium (ok. 50 Hv) oraz miedzi (ok. 130 Hv). Dodatkowo, po
200 obrotach zaobserwowano wysoka jednorodnos¢ strukturalng wzdhuz $rednicy dysku, co
miato istotny wptyw na rozklad mikrotwardosci Vickersa — wartosci te byly wzglednie
jednorodne w calym przekroju dysku. Wytrzymato$¢ na rozcigganie materiatu hybrydowego
przekroczyta 900 MPa, co stanowi warto$¢ 0 rzad wielkosci wyzsza niz dla gruboziarnistego
aluminium (ok. 90 MPa) i ponad trzykrotnie wyzsza niz dla gruboziarnistej miedzi (ok. 280
MPa).
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Rys. 11 Mapy rozktadu mikrotwardosci dla uktadu AI-Cu—Al po obrobce HPT z zastosowaniem 20, 50, 150 i
200 obrotéw wraz z krzywymi ze statycznej proby rozciggania mini-probek dla stopéw AI-1050 i Cu 99,95% w
stanie poczqtkowym oraz po obrébce HPT, wraz z krzywymi dla uktadu AI-Cu-Al po 20, 50, 150 i 200 obrotach.
[A.8]

Na podstawie uzyskanych wynikow wykazalem, ze w ukladach hybrydowych
otrzymanych metodg HPT, ogdlna wytrzymato$¢ materiatu nie jest determinowana wytacznie
przez rozdrobnienie ziarna zgodnie z zaleznos$cia Halla-Petcha [9,10], lecz wynika takze z
kombinacji réznych mechanizmow umacniania, takich jak umocnienie roztworowe oraz
umacnianie przez twarde fazy miedzymetaliczne [43].

Zastosowanie efektu mieszania mechanicznego przy uzyciu techniki HPT bylo
przedmiotem wspotpracy jaka nawigzatem z dr Jiaoyan Dai z Ningbo University of Technology
(Chiny), ktora poznatem podczas mojego stazu na University of Southampton w 2018 roku. W
ramach wspdlnej pracy zajeliSmy si¢ zagadnieniem syntezy niemieszalnych ukladow
metalicznych z uktadu Cu-Ta, wykorzystujgc podejécie opracowane wczesniej wraz z prof.

Langdonem w badaniach nad metalicznymi materiatami hybrydowymi [artykut A.9].
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Wyniki przeprowadzonych badan strukturalnych wykazaly wyrazne roznice w
mikrostrukturze w zaleznosci od liczby obrotéw zastosowanych w procesie HPT. Juz po 5
obrotach obserwowano poczatek fragmentacji tantalowych blaszek. Powyzej 100 obrotow
fragmentacja i intensywne mieszanie byly na tyle zaawansowane, ze w mikroskopii optyczne;j
nie byto mozliwe rozroéznienie poszczegolnych komponentow uktadu.

Badania przeprowadzone przeze mnie z uzyciem skaningowej mikroskopii elektronowej
wykazaty (Rys. 12), ze zardowno w centralnej czgsci dyskow, jak i przy ich krawedziach, obecna
jest wyrazna struktura warstwowa. W zewnetrznych cze$ciach dyskéw mikrostruktura byta
drobniejsza, a warstwy przyjmowaly pofalowany ksztalt, czgsto tworzac wirujace uktady
charakterystyczne dla hybrydowych uktadow. W czesci centralnej natomiast warstwy byty
niemal prostoliniowe i réwnolegle. Zjawisko to przypisano gradientowi odksztatcenia
powstajagcemu podczas procesu HPT — intensywno$¢ odksztatcenia rosnie w kierunku od srodka

ku krawedzi dysku.

Rys. 12 Obrazy SEM przekroju poprzecznego probki po 150 obrotach wraz z mapami rozkiadu pierwiastkow Cu
i Ta i liniowymi analizami, oraz obrazami STEM, HAADF i tymi o rozdzielczoSci atomowej przedstawiajgcy

interfejs pomiedzy obszarem bogatym w Ta i osnowq bogatg w Cu. [4.9]

Badania SEM zostaly uzupetnione o obserwacje wykonane za pomocg mikroskopii
TEM/STEM. Na podstawie przeprowadzonych przeze mnie analiz strukturalnych metoda

STEM stwierdzono, ze mikrostruktura we wszystkich badanych obszarach sktada si¢ z osnowy
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bogatej w miedz, w ktorej rozmieszczone sa obszary bogate w tantal. Dodatkowo, wielkos$¢
ziarna w tym niemieszalnym ukladzie miescila si¢ w zakresie od 20 do 200 nm.

Wykonane przeze mnie obserwacje w duzym powigkszeniu (Rys. 12), wykazuja obecnos¢
bardzo drobnych ziaren i skupisk tantalu w osnowie Cu, o rozmiarach rzedu ~5-10 nm. Obrazy
STEM w rozdzielczo$ci atomowej, ukazujace granice miedzyfazowe, bez oznak porowatosci
czy mikropekniec.

Wytworzony uklad charakteryzowal si¢ unikalnymi wiasciwosciami mechanicznymi.
Pomiary wykazatly, ze po 150 obrotach HPT mikrotwardo$¢ byta niemal jednorodna w catej
srednicy dysku, a jej Srednia warto§¢ wynosita okoto 350 Hv. Dla poréwnania, czysta miedz o
rozmiarze ziarna ~300 nm wykazuje twardo$¢ na poziomie jedynie ~100 Hv [26].

Wytrzymato$¢ na rozcigganie badanego uktadu osiggala niemal 1300 MPa przy
zachowaniu znacznego wydluzenia rzedu 40%. Dane literaturowe pokazuja, ze wytrzymato$¢
czystego tantalu i czystej miedzi po obrébce metoda HPT wynosi odpowiednio ~1300 MPa
[44] i ~460 MPa [45], co oznacza, ze wytrzymato$§¢ wytworzonego przez nas ukladu
hybrydowego Cu-Ta jest porownywalna z tg uzyskiwang dla czystego nanokrystalicznego
tantalu. Warto podkresli¢, ze zardwno dla czystego Cu, jak i Ta po procesie HPT wydtuzenie
do zerwania nigdy nie przekraczalo 4%. Oznacza to, ze w wytworzonym przez nas
niemieszalnym systemie inne mechanizmy si¢ odpowiedzialne za plastycznos¢ uktadu.
Postulowanym mechanizmem jest poslizg po granicach Cu-Ta, ktérych charakter sprzyja
przenoszeniu naprezeh oraz inicjacji dyslokacji. Zjawiska te moga prowadzi¢ finalnie przy
wiekszych niepr¢zeniach do poslizgu wzdluz granic ziaren, a w efekcie — do znacznego
zwigkszenia wydtuzenia do zerwania.

Pomimo ze w opisywanym artykule bylem gléwnie odpowiedzialny za badania
strukturalne, nawigzana wspotpraca pozwolita mi na znaczace poglebienie wiedzy na temat
uktadow niemieszalnych oraz otworzyla nowa perspektywe¢ w zakresie ich syntezy technika
HPT. Bezposrednim efektem tych dziatan bylo przygotowanie wniosku projektowego w
konkursie OPUS 27 pt.: ,, Synteza metodq skrecania pod wysokim cisnieniem niemieszalnych
uktadow wykazujgcych unikalne wiasciwosci fizyczne i mechaniczne”, ktory uzyskat
finansowanie i ktorego realizacje rozpoczynam (rok 2025). W ramach projektu planuje
prowadzenie badan nad mechanizmami syntezy r6znych uktadow niemieszalnych na bazie
miedzi, co pozwoli na dalsze poglebienie wiedzy o ich mikrostrukturze, wtasciwosciach oraz
potencjale aplikacyjnym.

Wyniki zamieszczone w pracach [A.6-A.9] wykazuja, ze metoda HPT ma duzy

potencjat do wytwarzania hybrydowych materialtow metalicznych 1 ksztaltowania ich
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wiasciwosci mechanicznych poprzez odpowiednie dobranie architektury uktadéw i parametrow

procesu.

4.3.4. Podsumowanie

Na podstawie analizy wynikow badan przedstawionych w przedtozonym cyklu ,,Nowoczesne

nanomaterialy o podwyzszonej wytrzymalosci ksztaltowane technika skrecenia pod

wysokim ci$nieniem (HPT- high pressure torsion)” sformutowatem nastepujace wnioski:

Whioski ogdlne

Skrecanie pod wysokim cisnieniem jako efektywna metoda syntezy nanokompozytow.

HPT wumozliwia intensywng deformacj¢ plastyczng prowadzaca do znacznego
rozdrobnienia ziarna oraz jednorodnego rozmieszczenia faz wzmacniajgcych w osnowie
metalicznej. W badanych systemach na bazie Al i Cu, proces ten skutkowat wytworzeniem
stabilnej nanokrystalicznej struktury. Nanododatki w istotny sposob ograniczajg mobilno$é
dyslokacji oraz hamuja procesy dynamicznego zdrowienia i rekrystalizacji, w efekcie
intensyfikujac procesy rozdrobnienia strukturalnego przesuwajac okno nasycenia struktury
w kierunku mniejszych rozmiaréw ziaren. HPT wykazuje wiec duzy potencjat w inzynierii

materiatlowej, szczeg6lnie w zastosowaniach wymagajacych ultrawytrzymatych struktur.

Wphw dodatkow weglowych (grafen, GO, rGO, CNT) na wlasciwosci kompozytow
metalicznych

Dodatek nanostrukturalnych form wegla, takich jak grafen, tlenek grafenu czy nanorurki
weglowe, w znaczacy sposob wplywa na poprawe wytrzymatosci, twardosci oraz
stabilnos$ci cieplnej takich nanomateriatéw. Dowiodlem, ze kluczowym czynnikiem jest
rownomierne rozmieszczenie nanododatkéw, mozliwe dzigki intensywnej deformacji
HPT. Ponadto, nanododatki wegglowe poprawiaja stabilno$¢ strukturalng w
podwyzszonych temperaturach, czynigc takie kompozyty atrakcyjnymi dla zastosowan w
ekstremalnych warunkach eksploatacyjnych. Wykazatem, ze zastosowanie odpowiednich
nanonapetniaczy istotnie zwigksza stabilno$¢ cieplng wytworzonych nanostruktur do

poziomu nawet 600°C.
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Zastosowanie techniki HPT do wytwarzania hybrydowych materiatow

Wykazatem, ze nowa koncepcja zastosowania techniki HPT umozliwia wytwarzanie
hybrydowych materiatow metalicznych z uktadow Al-Ti, Al-Cu i Cu-Ta. Co wazniejsze
powstata struktura zalezy od wielu czynnikow, jak: architektura uktadu czy parametry
procesu. Struktury te wykazuja synergiczne wtasciwosci wynikajgce z obecno$ci twardych
faz miedzymetalicznych oraz nanokrystalicznej osnowy, co skutkuje zwigkszeniem

twardos$ci | wytrzymalosci.

Whioski szczegotowe

Synteza nanokompozytow Al-grafen

Synteza kompozytow Al z grafenem technika HPT pozwolila na réwnomierne
rozmieszczenie grafenu w calej objetosci materiatu. Badania wykazaty, ze juz niewielki
dodatek (5% wag.) prowadzi do znacznego wzrostu twardosci i zmniejszenia wielkosci
ziarna ponizej 100 nm. Dzigki temu kompozyt wykazuje lepsza wytrzymatosé, a dodatek
grafenu w pozytywny sposob wptywa na przewodnos¢ elektryczng takich kompozytow.
Bezposrednia synteza technikqg HPT kompozytow Al-nanorurki weglowe

Nowatorska metoda bezposredniej syntezy kompozytow Al z nanorurkami weglowymi za
pomoca HPT pozwolita na uzyskanie jednorodnej mikrostruktury i znaczng poprawe
wlasciwosci mechanicznych w porownaniu do tradycyjnych materiatéw. Na rozdrobnienie
struktury w kompozytach aluminiowych wzmacnianych nanorurkami weglowymi w istoty
sposob bedzie wpltywato zaréwno udzial obje¢tosciowy nanododatkéw jak 1 czystos$¢
uzytego stopu.

Wphw polgczenia techniki SPS 1 HPT na strukture kompozytu Cu-SiC

Wykorzystanie techniki HPT pozwala na wyeliminowanie wad kompozytéw po procesie
SPS. W przypadku kompozytow Cu-SiC technika HPT prowadzi do likwodacji
porowatosci 1 delaminacji pomiedzy osnowa, a wzmocnieniem. Dodatkowo struktura ulega
ujednorodnieniu, a duze czastki SiC fragmentacji na mniejsze nawet nanometrycznej
wielkosci co ma pozytywny wptyw na wlasciwoséci mechanicznych i przewodnosé cieplng
materiahu.

Kompozyty na bazie miedzi wzmacniane nowoczesnymi nanododatkami

Rodzaj nanonapeltniacza i jego rozmieszczenie w osnowie miedzianej ma znaczacy wpltyw
na mikrostrukture, wlasciwo$ci mechaniczne i stabilno$¢ cieplng kompozytu. Analiza

mikrostruktury pod wzgledem wielkos$ci ziarna wykazala, Ze najwigksza rdéznice
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przypisuje si¢ obecnosci nanonapelniaczy, poniewaz w czystej miedzi bez dodatkow
minimalna wielko$¢ ziarna mozliwa do uzyskania byla rzedu ~210 nm, podczas gdy
kompozyty Cu-GO, Cu-Al203 i Cu-rGO/Al;O3 mialy odpowiednio wielko§¢ ziarna
~55nm, ~65nm i ~75nm. Dodatek tlenku grafenu w miedzi pozwala nie tylko na
poprawe whasciwoséci mechanicznych, ale tez stabilnosci cieplnej. GO, dzigki obecnos$ci
grup funkcyjnych, lepiej integruje si¢ z osnowg miedziang. Kompozyty te wykazujg tez
mniejsze ziarna oraz wigksza twardo$s¢ w poréwnaniu do czystej miedzi po procesie HPT.
Ponadto wszystkie kompozyty wykazywaly roéwniez zwigkszong stabilno$¢ cieplna,
przekraczajaca ponad dwukrotnie ta dla miedzianej osnowy bez nanonapetniaczy.
e  Materialy hybrydowe z uktadu Al-Ti i Al-Cu
Zastosowanie HPT do tworzenia hybrydowych materiatow Al-Ti skutkuje powstawaniem
struktur warstwowych bogatych w fazy migdzymetaliczne, co przektada si¢ na wyjatkowe
wiasciwosci mechaniczne tych materiatow. Proces HPT tych bimetalicznych uktadéw
prowadzi do znacznego rozdrobnienia ziarna nawet do rozmiaréw ~10-20 nm. Ponadto
synteza mechaniczna prowadzi do powstawania twardych faz migdzymetalicznych Al>Cu,
AlsCug, AITi, AlsTi i AlTis. W rezultacie dochodzi do potaczenia mechanizmu halla-
Petcha i powstawania twardych faz miedzymetalicznych, co prowadzi do uzyskania
niespotykanej twardo$ci i wytrzymatosci tych systemoéw. W niektorych przypadkach
wlasciwosci te sa o niemal rzad wielkosci wyzsze niz te dla materialow wyjsciowych
e Synteza nanokrystalicznych systeméw niemieszalnych Cu-Ta

Technika HPT umozliwia skuteczne wytworzenie systeméw niemieszalnych Cu-Ta o
nanokrystalicznej strukturze. W wyniku odksztatcania w systemie Cu-Ta powstaja silne
naprezenia sprzyjajace intensywnej fragmentacji tantalu. Czastki tantalu intensyfikuja
procesy rozdrobnienia struktury (pinning effect). W rezultacie wielko$¢ ziarna w
miedzianej osnowie wynosi 35-45nm, natomiast tantal tworzy roéwnomiernie
rozmieszczone w osnowie klastry o wielkosci czastek ~10 nm. Tak silne rozdrobnienie
struktury skutkuje znacznym wzrostem twardosci (300 Hv) 1 wytrzymalo$ci na rozciagganie
(1300 MPa) i jednoczesnym zachowaniu niespotykanie wysokiego jak na nanokrystaliczne

metale wydluzenia do zerwania, rzedu 40%.
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4.4.Wktad w rozwdj dyscypliny

Przedstawiony do oceny cykl publikacji zawiera oryginalne wyniki i opisuje
wykorzystanie techniki HPT do projektowania struktury i syntezy nowoczesnych
nanokompozytow, uktadow hybrydowych i systemow niemieszalnych.

W toku badan wykazalem, Ze zastosowanie HPT umozliwia otrzymywanie
kompozytow i materialow hybrydowych o strukturach niedostepnych tradycyjnymi
metodami — w tym jednorodnych nanostruktur w uktadach o ograniczonej mieszalnosci (np.
Cu-Ta), przesyconych roztworow statych oraz regularnych struktur warstwowych
zawierajacych fazy miedzymetaliczne (np. Al-Ti, Al-Cu). Istotnym elementem mojego wktadu
jest udowodnienie, ze mechanizmy dyfuzji w stanie stalym, zachodzace podczas intensywnej
deformacji, umozliwiajg synteze faz migdzymetalicznych juz w temperaturze pokojowe;j.

Szczegblng uwage poswigcitem badaniom nad kompozytami z dodatkami
nanostrukturalnych form wegla (grafen, tlenek grafenu, nanorurki weglowe), ktore
wprowadzane do osnowy Al i Cu znaczaco poprawiajg wlasciwosci mechaniczne, termiczne i
elektryczne materiatow. Opracowana przeze mnie metoda integracji nanododatkow z
metaliczng osnowgq przy uzyciu HPT pozwala unikng¢ aglomeracji i prowadzi do jednorodnego
rozmieszczenia faz wzmacniajacych, co zostalo potwierdzone licznymi analizami
mikrostrukturalnymi (SEM, TEM, EBSD).

Wklad mojej dzialalno$ci naukowej w rozwdj dyscypliny inzynieria materialowa

mozna podsumowa¢ w trzech kluczowych obszarach:

1. Dowiodlem, ze poprzez zastosowanie nanododatkow do wytworzenia
nanokompozytéw badz tez wlasciwe projektowanie architektury hybrydowych
ukladéw mozliwe jest osiagniecie wyzszego stopnia rozdrobnienia struktury,
przesuwajac efekt nasycenia w kierunku mniejszych rozmiarow ziaren. Efekt ten
moze by¢ na tyle intensywny, Ze w niektorych uktadach minimalna wielko$¢ ziarna byta
nawet o rzad wielko$ci mniejsza niz w przypadku czystych metali po procesie HPT.
Zjawisko to wynika z obecnosci twardych nanoczastek lub formowania si¢ faz
migdzymetalicznych, ktore ograniczaja mobilno$¢ dyslokacji oraz hamuja procesy
dynamicznego zdrowienia i rekrystalizacji, co z kolei intensyfikuje mechanizmy
rozdrobnienia i umozliwia dalsze przesuwanie granic nasycenia struktury ku mniejszym
wymiarom ziaren. Wykazatem, ze ma to znaczacy wpltyw na zwigkszenie twardos$ci i

wytrzymatos$ci takich materiatow.
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2. Zaprezentowane przeze mnie podejscie do syntezy materialéw hybrydowych bylo
innowacyjne na tle dotychczasowych prac, poniewaz wykraczalo poza klasyczne
zastosowania techniki HPT (gléwnie do jedno- lub dwuskladnikowych materialow
jednorodnych) i otworzylo nowe mozliwosci syntezy materialéow o zlozonej
architekturze z ukladu Al-Ti, Al-Cu czy Cu-Ta. W szczego6lnosci skoncentrowatem
si¢ na zalezno$ci pomiedzy architekturg uktadu (liczbg i1 gruboscia warstw, ich
kolejnoscig), parametrami procesu HPT (cis$nienie, liczba obrotow), a efektywnoscia
procesu laczenia 1 wlasciwosciami mechanicznymi otrzymanych materialow
hybrydowych. Mechaniczna synteza wiclosktadnikowych uktadéw z wykorzystaniem
techniki HPT prowadzita nie tylko do intensywnego rozdrobnienia ziarna, lecz rowniez
do powstawania twardych faz mig¢dzymetalicznych. Dodatkowo, moje badania
strukturalne wykazaty, ze mechaniczna synteza z uzyciem HPT umozliwia formowanie

uktadow dotad uznawanych za niemieszalne.

3. Wykazalem, Ze zastosowanie nanododatkéw w roli fazy wzmacniajacej istotnie
zwigksza stabilno$¢ cieplna kompozytow metalicznych. Kluczowe w tym kontekscie
okazato si¢ réwnomierne rozmieszczenie nanonapeiniaczy w osnowie. W swoich
badaniach udowodnitem, zZe istnieje szereg czynnikow strukturalnych 1
technologicznych, ktére determinujg poziom ujednorodnienia struktury. Na pierwszym
planie znajduje si¢ typ zastosowanego napetniacza oraz czysto$¢ osnowy metalowej.
Zbyt sztywne czastki (np. rGO/AlL0s) lub mniejsza czysto$¢ osnowy (np. CNTs w Al
99,5%) prowadza do tworzenia wigkszej gestosci aglomeratow, co skutkuje obnizeniem
stabilnosci cieplnej kompozytu. Kluczowym czynnikiem wptywajacych na jednorodne
rozmieszczenie nanonapelniacza jest skumulowane odksztalcenie plastyczne w
metodzie HPT, zalezne od liczby obrotow w procesie. Ponadto dowiodtem, ze rozne
typy nanonapelniaczy w odmienny sposob reaguja z osnowag podczas wyzarzania.
Stabilne nanoczastki, takie jak ceramiki czy stabilizowane rGO/Al:Os, nie wchodza w
reakcje z osnowa miedziang w trakcie wygrzewania. Natomiast materiaty zawierajace
grupy tlenowe, jak GO, moga reagowac z osnowa, ulegajac termicznemu rozpadowi i
tworzac charakterystyczng strukture typu core-shell. Mimo tych przemian, struktura ta

nadal skutecznie stabilizuje kompozyt w warunkach podwyzszonej temperatury.

43



dr inz. Piotr Bazarnik Autoreferat

4.5.Inne osiggniecia

Oprocz przedstawionego cyklu publikacji wskazanego jako osiagniecie, posiadam
réwniez inne osiggniecia przedstawione w zalaczniku 7. W swojej karierze szczegodlna
uwage polozyltem na wspotprace z zagranicznymi naukowcami zajmujgcymi si¢ technikami
SPD, wytwarzajac i charakteryzujgc liczne materialy metaliczne wytworzone tymi technikami.
W rezultacie jestem autorem badz wspotautorem 29 publikacji zwigzanych tematycznie z
technikami SPD, opublikowanych w migdzynarodowych czasopismach naukowych (w tym
wykluczajac publikacje wskazane do osiaggnigcia, 13 po uzyskaniu stopnia doktora).

Wsrdd nich na szczegdlng uwage zastuguje watek badawczy dotyczacy wykorzystania
techniki HPT do wytwarzania hybrydowych materiatow z uktadu Mg/Mg (AZ31/MgGd).
Zagadnienie to bylo przedmiotem wspoélpracy, jaka nawigzalem z Prof. Azzeddine Hiba
(Universytet Mohamed Boudiaf, M'sila w Algierii) podczas mojego stazu naukowego w
zespole Prof. Langdona na Uniwersytecie Southampton (2019). Przeprowadzone badania
wykazaty poprawe takich wiasciwosci jak podatno$¢ na rozdrobnienie struktury, lepsza
formowalnos¢ w niskich temperaturach oraz zwigkszong wytrzymatos¢ 1 odpornos¢ na petzanie
w podwyzszonych temperaturach. Ponadto odpowiednia obrébka cieplna takich stopéw moze
prowadzi¢ do powstania w stopie wydzielen bogatych w pierwiastki ziem rzadkich, ktore
wykazujg efekt stabilizacji struktury w podwyzZszonych temperaturach, hamujac procesy
rekrystalizacji i rozrost ziarna. Efektem tej wspoltpracy jest cykl czterech publikacji opisujacych

strukturg, wtasciwosci mechaniczne i procesy rekrystalizacji tych materiatow:

o Ould Mohamed Quarda, Bazarnik Piotr, Huang Yi, Azzeddine Hiba, Baudin Thierry,
Brisset Frangois, Langdon Terence G.; “A Comparative Study Between AZ31 and Mg-
Gd Alloys After High-Pressure Torsion”, Journal of Materials Engineering and
Performance 33 (2024) 2860 - 2874
IF-2024 —2.52, punkty MNiSW — 70,

o Ould Mohamed Quarda, Azzeddine Hiba, Huang Yi, Baudin Thierry, Bazarnik Piotr,
Brisset Frangois, Kawasaki Megumi, Langdon Terence G.; “Investigation of
Microstructure and Texture Evolution in an AZ31/Mg-Gd Alloy Hybrid Metal Fabricated
by High-Pressure Torsion”, Advanced Engineering Materials, 2023, 25(11), 2201794

IF-2023 — 3.6, punkty MNiSW — 100,
o Ould Mohamed Ouarda, Bazarnik Piotr, Huang Yi, Azzeddine Hiba, Baudin Thierry,

Brisset Frangois, Kawasaki Megumi, Langdon Terence G.; “Primary recrystallization of
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a magnesium hybrid material fabricated by high-pressure torsion”, Materials Today
Communications, 38 (2024) 108305 https://doi.org/10.1016/j.mtcomm.2024.108305
IF-2024 —1.859, punkty MNiSW — 70,

o Azzeddine Hiba, Avettand-Fénoél Marie-Noélle, Bazarnik Piotr, Baudin Thierry,
Huang Yi, Langdon Terence G.; “Recrystallization and grain growth activation energies
in a hybrid magnesium material fabricated by high-pressure torsion”, Thermochimica
Acta, 738 (2024) 179805, https://doi.org/10.1016/].tca.2024.179805 IF-2024 - 3.1,
punkty MNiSW — 100

W przedstawionych pracach bylem odpowiedzialny za badania strukturalne zaréwno
materialdow wyjsSciowych, jak i wytworzonych materiatéw hybrydowych oraz oceng stabilnosci
tych struktur w podwyzszonej temperaturze. W prowadzonych analizach zastosowatem szeroki
wachlarz technik, takich jak SEM, STEM i EDX, aby wykazaé, w jaki sposob dodatek metali
ziem rzadkich, a takze obecno$¢ pierwiastkéw stopowych (takich jak Al, Mn czy Zn), wplywa
na podatno$¢ stopéw magnezu na odksztatcenie plastyczne metoda HPT.

Udowodnitem, ze obecno$¢ gadolinu w roztworze statym sprzyja intensyfikacji
rozdrabniania mikrostruktury, ograniczajac mobilno$¢ dyslokacji oraz hamujac procesy
dynamicznego zdrowienia i rekrystalizacji. Dodatkowo, podczas badan stabilnosci cieplnej,
zaobserwowalem, ze w strefach wzbogaconych w gadolin pierwszym etapem wygrzewania
byto zarodkowanie wydzielen bogatych w ten pierwiastek na granicach ziaren, co skutecznie
hamowato rozrost ziarna. Natomiast w przypadku stopu AZ31, gdzie dominowaty wydzielenia
Mgi7Ali2, Mg2Zn oraz AlsMns, efekt ograniczania rozrostu ziaren w podwyzZszonej
temperaturze byl znacznie slabszy.

Waznym osiggniegciem w mojej dotychczasowej karierze naukowej byto okreslenie
wplywu nanostrukturyzacji na wlasciwosci stopu aluminium z serii Sxxx domieszkowanego
skandem. Tematyka ta byla przedmiotem wspotpracy z dr. Pedro Henrique R. Pereirg z
Uniwersytetu Federal de Minas Gerais (Brazylia), nawigzanej podczas mojego stazu
naukowego w zespole prof. Langdona na Uniwersytecie w Southampton. Probki stopu Al-
3Mg-0,2Sc poddano intensywnej obrobce plastycznej metoda HPT, realizowanej w dwdch
temperaturach: pokojowej (~25°C) oraz podwyzszonej (175°C). Wyniki badan wykazaty, ze
oba warianty materiatu wykazywaty zdolno$¢ do intensywnego odksztalcenia nadplastycznego,
jednak probki przetworzone w temperaturze 175°C cechowaly si¢ znacznie wyzszym
wydluzeniem wzglednym — 1880% w poréwnaniu do 850% uzyskanych dla materiatu

formowanego w temperaturze 25°C.
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Celem moich badan bylo =zidentyfikowanie mikrostrukturalnych czynnikow
odpowiedzialnych za to zr6znicowanie wlasciwosci nadplastycznych. Analiza mikrostruktury
wykazata, ze $rednia wielko$¢ ziarna w obu przypadkach byla poréwnywalna i wynosita
odpowiednio 140 nm dla obrobki w 25°C oraz 150 nm dla HPT w 175°C. Istotne rdznice
zaobserwowano jednak w morfologii ziaren: po przetwarzaniu w temperaturze pokojowej
ziarna miaty wydtuzony ksztatt, natomiast po obrobce w 175°C byly rownoosiowe. Kluczowym
wnioskiem plynagcym z badan bylo stwierdzenie, ze w wyniku formowania w wyzszej
temperaturze w strukturze materiatu pojawiaja si¢ drobne, stabilne wydzielenia fazy AlsSc,
ktére skutecznie hamuja rozrost ziaren podczas testOw w warunkach nadplastycznych.
Obecno$¢ tych wydzielen przyczyniala si¢ do zwigkszenia stabilno$ci mikrostrukturalnej oraz
umozliwiala bardziej intensywng deformacj¢, co tlumaczy wyraznie wyzszy poziom
nadplastycznosci uzyskany dla materialu obrabianego w temperaturze 175°C. WyniKi

przeprowadzonych w tym zakresie badan zawarte sg w dwoch publikacjach:

e Pereira Pedro Henrique R., Bazarnik Piotr, Huang Yi, Lewandowska Malgorzata,
Langdon Terence G., ,,The role of processing temperature for achieving superplastic
properties in an Al-3Mg-0.2Sc alloy processed by high-pressure torsion” Materials
Science and Engineering: A, 916 (2024) 147320.
https://doi.org/10.1016/j.msea.2024.147320 1F-2024 —6.8, punkty MNiSW — 140

e Pereira Pedro Henrique R., Bazarnik Piotr, Huang Yi, Lewandowska Malgorzata,
Langdon Terence G., ,,Flow behaviour and microstructural stability in an Al-3Mg-
0.2Sc alloy processed by high-pressure torsion at different temperatures”, Materials
Science and Engineering: A 887 (2023) 145766.
https://doi.org/10.1016/j.msea.2023.145766 IF-2023 — 6.4, punkty MNiSW — 140

46


https://doi.org/10.1016/j.msea.2024.147320
https://doi.org/10.1016/j.msea.2023.145766

dr inz. Piotr Bazarnik Autoreferat

5. Informacja o wykazywaniu sie istotng aktywnoscig naukowag albo artystyczng

realizowang w wiecej niz jednej uczelni, instytucji naukowej lub instytucji
kultury, w szczegdlnosci zagraniczne;.

Efektem mojej dotychczasowej dziatalnosci naukowej jest 69 publikacji (54 po uzyskaniu
stopnia doktora) w miedzynarodowych czasopismach w zdecydowanej wigkszosci (65) z listy
JCR, z czego 73% z nich zostato opublikowanych w czasopismach z TOP25% (dane ze
Scopus). 57% wszystkich moich publikacji bylo realizowanych we wspoélpracy z
zagranicznymi jednostkami naukowymi (dane ze Scopus).

Po wuzyskaniu stopnia doktora bratem udzial w 13 konferencjach krajowych 1
migdzynarodowych, podczas ktorych wyglositem 9 referatow i zaprezentowatem 4 postery.

Bylem lub jestem kierownikiem 5 projektow finansowanych przez NCN (Preludium,
Etiuda, Sonatina, 2x Opus) 1 3 grantow badawczych finansowanych z subwencji Politechniki
Warszawskiej, a takze bratem udzial w realizacji na Wydziale Inzynierii Materialowej ponad
20 innych projektow finansowanych przez NCN i NCBR.

W mojej pracy klade szczegdlny nacisk na systematyczne poglebianie mojej wiedzy z
zakresu mikroskopii elektronowej, zarowno w wymiarze teoretycznym, jak i praktycznym.
Stale doskonale umiejetnos¢ doboru odpowiednich technik badawczych do analizowanych
materialow, interpretacji uzyskanych wynikoéw oraz rozwijania wtasnych kompetencji w pracy
z zaawansowang aparaturg badawcza. Samodzielnie wykorzystuje szereg mikroskopow
elektronowych dostepnych na Wydziale Inzynierii Materialowej Politechniki Warszawskiej, w
tym m.in.:

» skaningowy transmisyjny mikroskop (STEM) Thermo Fisher SPECTRA 200
wyposazony w detektor EDX Super-X

« skaningowy transmisyjny mikroskop elektronowy (STEM) firmy Hitachi model
HD2700

+ skaningowy transmisyjny mikroskop elektronowy (STEM) firmy Hitachi model S 5500

+ skaningowy mikroskop elektronowy (SEM) firmy Hitachi model SU 8000,

« skaningowy mikroskop elektronowy (SEM) firmy Hitachi model SU 70,

» mikroskop jonowy (FIB) firmy Hitachi model FB-2100,

» mikroskop jonowy (FIB) firmy Hitachi model NB-5000 nanoDUET, na ktoérym
prowadze szkolenia doktorantow 1 pracownikow.

+ transmisyjny mikroskop elektronowy (TEM) firmy Jeol model 1200.
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Jestem promotorem pomocniczym mgr inz. Marii Emerli, ktéra w ramach mojego projektu
OPUS-19 realizuje rozprawe doktorska, pt.: ,,Nowoczesne materialy kompozytowe na bazie
miedzi ksztattowane technikg skrecania pod wysokim ci$nieniem” (obrona przewidywana na
poczatek roku 2026).

Swoja dziatalno$¢ naukowg realizuj¢ w swojej macierzystej jednostce — Politechnice
Warszawskiej oraz w ramach stazy zagranicznych. Juz podczas studiéw doktoranckich, ktére
realizowalem na Wydziale Inzynierii Materialowej Politechniki Warszawskiej odbytem trzy-
miesieczny (09-11 2014) staz naukowy na Uniwersytecie Southampton w Anglii w ramach
Programu Rozwojowego Politechniki Warszawskiej CAS 29. Staz odbytem pod opieka Prof.
Terence’a G. Langdona, ktory jest wybitnym przedstawicielem srodowiska skupionego wokot
technik SPD. Podczas tego stazu przeprowadzatem eksperymenty z wykorzystaniem technik
HPT i ECAP, wykonywatem pomiary mikrotwardosci i badania wytrzymatosci. W efekcie
udato mi si¢ nawigza¢ $cisla wspotprace z grupa Prof. Langdona, ktora trwa do dzisiaj i
skutkowata powstaniem licznych artykutow naukowych (w tym miejscu wymieniam tylko te
nie wymienione wczesniej):

e Piotr Bazarnik, Barbara Romelczyk, Yi Huang, Malgorzata Lewandowska, Terence G.
Langdon, Effect of applied pressure on microstructure development and homogeneity in
an aluminium alloy processed by high-pressure torsion, J. Alloy. Comp. 688 (2016) 736-
745

e Piotr Bazarnik, Yi Huang, Malgorzata Lewandowska, Terence G. Langdon, Structural
impact on the Hall-Petch relationship in an Al-5Mg alloy processed by high-pressure
torsion, Mater. Sci. Eng. A 626 (2015) 9-15

e Katarzyna Sharman, Piotr Bazarnik, Tomasz Brynk, Asli Gunay Bulutsuz, Malgorzata
Lewandowska, Yi Huang, Terence G. Langdon, Enhancement in mechanical properties of
a B-titanium alloy by high-pressure torsion, J. Mater. Res. Tech. 4 (2015) 79-83

e Saad A. Alsubaie, Piotr Bazarnik, Yi Huang, Matgorzata Lewandowska, Terence G.
Langdon, Evolution of microstructure and hardness in an AZ80 magnesium alloy
processed by high-pressure torsion, J. Mater. Res. Tech. 5 (2016) 152-158

e Piotr Bazarnik, Yi Huang, Malgorzata Lewandowska, Terence G. Langdon, Enhanced
grain refinement and microhardness by hybrid processing using hydrostatic extrusion and
high-pressure torsion, Mater. Sci. Eng. A 712 (2018) 513-520

e Hsuan-Kai Lin, Guan Yuan Li, Sarah Mortier, Piotr Bazarnik, Yi Huang, Malgorzata

Lewandowska, Terence G. Langdon, Processing of CP-Ti by high-pressure torsion and the
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effect of surface modification using a post-HPT laser treatment, J. Alloy. Comp. 784 (2019)
653-659

e Hsuan-Kai Lin, Yi-Hong Cheng, Guan Yuan Li, Ying-Chi Chen, Piotr Bazarnik, Jessica
Muzy, Yi Huang, Terence G. Langdon, Study on the Surface Modification of
Nanostructured Ti Alloys and Coarse-Grained Ti Alloys, Metals 12 (2022) 948

e Saad A. Alsubaie, Piotr Bazarnik, Yi Huang, Malgorzata Lewandowska, Terence G.
Langdon, Achieving Superplastic Elongations in an AZ80 Magnesium Alloy Processed by
High-Pressure Torsion, Adv. Eng. Mater. 24 (2022) 2200620

Podczas doktoratu przyznano mi projekt w konkursie ETIUDA organizowanym przez
Narodowego Centrum Nauki, w trakcie ktorego odbylem trzy-miesieczny staz badawczy w
Interdyscyplinarnym Centrum Mikroskopii Elektronowej (Interdisciplinary Centre for
Electron Microscopy - CIME) na L'Ecole Polytechnique Fédérale de Lausanne (Politechnice
w Lozannie) w Szwajcarii, w grupie dr Marco Cantoniego, gdzie zwickszalem swoje
umiejetnosci z zakresu mikroskopii elektronowej. Zdobylem do$wiadczenie w pracy na
dedykowanym skaningowo-transmisyjnym mikroskopie elektronowym FEI Tecnai OSIRIS
oraz FEI TALOS, a takze transmisyjnym mikroskopie elektronowym JEOL 2200FS
wyposazonym w system ASTAR do analizy orientacji ziaren i mapowania fazowego z
rozdzielczo$cia przestrzenng 2-3 nm. Bralem tez udzial w pracach na wysokorozdzielczym
mikroskopie FEI TITAN, ktorego obecnie uzywam na Politechnice Warszawskiej.
Prowadzitem liczne badania fluktuacji sktadu chemicznego w materialach po procesach SPD i
faczeniu wybuchowym. Prowadzilem tez badania zmian charakteru granic ziaren (kata
dezorientacji) w zaleznosci od stopnia odksztalcenia probki w metodzie SPD wykorzystujac
system ASTAR. W efekcie wspolpracy powstat artykut:

e Piotr Bazarnik, Bogustawa Adamczyk-Cieslak, Aleksander Gatka, Barttomiej Ptonka,
Lucjan Sniezek, Marco Cantoni, Malgorzata Lewandowska, Mechanical and
microstructural characteristics of Ti6AI4V/AA2519 and Ti6Al4V/AAL1050/AA2519
laminates manufactured by explosive welding, Mater. Des. 111 (2016) 146 — 157

Bezposrednio po obronie doktoratu przyznano mi projekt SONATINA (UMO-
2017/24/C/ST8/00145), w ramach ktorego ponownie wyjechalem na Uniwersytet
Southampton w Anglii, gdzie odbylem: dwu-miesieczny (02-03. 2018) | miesieczny (08.
2019) staz naukowy w grupie Prof. Langdona. W ramach stazy opracowywatem i
wytwarzalem przy uzyciu techniki HPT nowe typy hybrydowych i kompozytowych
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nanokrystalicznych materiatow o duzej wytrzymatosci. W ramach wspoélpracy opracowalismy
nowe klasy materialdow: nanokrystaliczne aluminium wzmocnione grafenem i nanorurkami
weglowymi oraz nanokrystaliczne uktady wielowarstwowe/hybrydowe: Al-Ti, Cu-Ta, Al-Cu.
Efektem moich dziatan byl udzial w 5 konferencjach mi¢dzynarodowych oraz opublikowanie

licznych artykutéw naukowych wchodzacych w sktad opisywanego w punkcie 4.1 osiggniecia.

6. Informacja o osiggnieciach dydaktycznych, organizacyjnych oraz
popularyzujgcych nauke lub sztuke.

6.1. Osiggniecia dydaktyczne

Roéwnolegle do dziatalnosci naukowej prowadze dziatalno$¢ dydaktyczng adresowang
gléwnie do stuchaczy studiujacych w trybie stacjonarnym zaréwno dla I (inzynierskie) jak i 11
(magisterskie) stopnia ksztalcenia, ale takze w ramach programu studiow anglojezycznych:

e Po uzyskaniu stopnia doktora nauk technicznych, od 2018 roku prowadze zajecia na

kierunku Inzynieria Materialowa realizujac ¢wiczenia z Laboratorium Podstawy Nauk
o Materiatach, laboratorium Mechanizmy Niszczenia Materiatow. Od 2024 prowadzg
¢wiczenia z laboratorium Materialy 1 ich Zastosowanie.

e Od 2020 uczestnicz¢ w realizacji przedmiotu Projekt badawczy - nanomateriaty 1
nanotechnologie, wykonujgc ze studentami realne obrobki technikami SPD réznych
materiatdw metalicznych, hybrydowych i kompozytowych, a nastgpnie badajac ich
strukture 1 wlasciwo$ci mechaniczne.

e (Od 2020 roku prowadzg wyklady: Nanomaterialy 1 nanotechnologie oraz dla
anglojezycznych studentow wyktady Nanomaterials and Nanotechnology.

e Jednoczesnie w 2020 roku prowadzilem laboratorium Structural Materials Laboratory

dla anglojezycznego kierunku na Wydziale SIMR PW.

Pod mojg opieka oraz w ramach prowadzonych przeze mnie projektow zostaly
zrealizowane lub sg realizowane nastgpujace prace inzynierskie i magisterskie:
Promotor prac:
e Jakub Maliszewski, praca magisterska pt.: ,,Wytwarzanie katalizatorow do reakcji
redukcji tlenu stosowanych w ogniwach paliwowych zasilanych kwasem

mréwkowym”, 2023
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e Paulina Jaskulska, praca magisterska pt. : ,Nanodruty InP wytwarzane z
wykorzystaniem ztota oraz indu jako katalizatora wzrostu — poréwnanie wtasciwosci”,
w trakcie realizacji
Opiekun naukowy:
e Mateusz Mostowy praca inzynierska pt.: ,,Mikrostruktura i wiasciwosci blach ze
stopu aluminium 5483 taczonych wybuchowo” 2016
e Aleksandra Bartkowska praca magisterska pt.: “Fabrication of novel Al-Ti hybrid
materials using high-pressure torsion” 2020
e Ewa Moskata praca magisterska pt.: ,,Wplyw obrobki cieplnej na mikrostrukturg 1
wlasciwosci ztacz tytan-aluminium wytwarzanych metoda taczenia wybuchowego”

2015

Bior¢ rowniez aktywny udziat w pracach Laboratorium Mikroskopii Elektronowej na
Wydziale Inzynierii Materiatlowej, prowadzac zajecia ze studentami oraz szkolenia dla
doktorantéw i pracownikow wydziatu z zakresu pracy na mikroskopach elektronowych i
jonowych: Hitachi Su-70, Hitachi Su-8000, Hitachi FB-2100, Hitachi NB-5000, JEOL 1200,
Hitachi HD-2700, SPECTRA 200.

6.2.0siggniecia organizacyjne

Od 2022 jestem cztonkiem Polskiego Towarzystwa Mikroskopii.

0d 2020 roku jestem recenzent Narodowego Centrum Nauki biorgc udziat w recenz;ji projektéw
w konkursie Miniatura.

Cztonek Odwotawcze] Komisji Dyscyplinarnej ds. Studentow Politechniki Warszawskiej,
kadencja 2020-2024 i 2024-2028.

Czlonek rady dyscypliny naukowej Inzynieria Materialowa na Politechnice Warszawskiej w
kadencji 2020-2024.

0d 2022 Cztonek wydziatlowej komisji do spraw oceny srodokresowej doktorantow
Organizacja konferencji naukowych:

e Cztonek Komitetu Organizacyjnego XVI Konferencji Mikroskopii Elektronowej,

Jachranka, wrzesien 2017.
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Od 2015 roku biore co roku udzial w organizacji migdzynarodowej konferencji EMRS

Fall Meeting w Warszawie.

7. Oprocz kwestii wymienionych w pkt. 1-6, wnioskodawca moze podac inne
informacje, wazne z jego punktu widzenia, dotyczace jego kariery
zawodowej.

Nagrody i wyr6znienia:

Laureat stypendium ministra dla wybitnych mtodych naukowcéw, finansowane przez
Ministra Nauki i Szkolnictwa Wyzszego (zaltacznik 12)

W roku 2019 wchodzitem w sktad zespotu, ktory otrzymat Nagrode zespotowa I stopnia
Rektora Politechniki Warszawskiej za osiagni¢cia naukowe (zatgcznik 11)

W roku, 2021 wchodzitem w sktad zespotu, ktory otrzymal Nagrode zespotowg I
stopnia Rektora Politechniki Warszawskiej za osiagnigcia naukowe (zalgcznik 11)

W roku 2023 wchodzitem w sktad zespotu, ktory otrzymat Nagrode zespotowa I stopnia
Rektora Politechniki Warszawskiej za osiggnig¢cia naukowe (z zatgcznik 11)

W roku 2025 wchodzitem w sktad zespotu, ktory otrzymat Nagrodg zespotowa I stopnia
Rektora Politechniki Warszawskiej za osiggnigcia naukowe (wreczenie dyplomow

nastapito po ztozeniu rozprawy habilitacyjnej)

Laureat nagrody uczelnianej w konkursie BEST PAPER za publikacje artykutu “The
fabrication of graphene-reinforced Al-based nanocomposites using high-pressure

torsion” w czasopismie Acta Materialia (zatacznik 11)

Wskazniki bibliometryczne (stan na dzien 03.09.2025)

Wskazniki bibliometryczne

Wg. Scopus Wg. Web of Science
Indeks Hirsha bez autocytowan 22 22
Liczba publikacji 70 68
Liczba cytowan 1474 1391
Liczba cytowan bez autocytowan 1368 1283
Liczba publikacji jako pierwszy autor bgdz 16 15

autor korespondencyjny
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Metal matrix nanocomposites were fabricated by high-pressure torsion (HPT) using 5% graphene
nanoplates as a reinforcement contained within an Al matrix. Powders were mixed and compacted at
room temperature and then processed by HPT at three different temperatures of 298, 373 and 473 K.
After processing, microstructural observations were undertaken to reveal the distributions of graphene
in the matrix, the grain refinement in the aluminium and the nature of the graphene-aluminium in-

terfaces. Tests were performed to measure the microhardness, the tensile stress-strain curves and the
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electrical conductivity. The results show that processing by HPT is advantageous because it avoids the
sintering and high temperature deformation associated with other processing routes.
© 2018 TheAuthor(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

4.0 license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Metal matrix composites (MMCs) are lightweight structural
materials having wide applications in the aerospace, automotive
and electronic sectors [1]. Boron, carbon and silicon carbide (SiC)
are often used as continuous fibre reinforcements and silicon car-
bide (SiCp), alumina (Al;03) and boron carbide (B4C) are conven-
tional particle reinforcements [2]. Aluminium-based MMCs have
attracted much interest due to the strengthening effects from
different reinforcements such as Al;03 and SiC [3]. An alternative
reinforcement is graphene which was discovered in the last 15
years [4] and has a low mass density of 0.77mgm2 [5],
outstanding mechanical properties with a 1 TPa Young's modulus
and 130 GPa tensile strength [6], as well as high thermal conduc-
tivity above 4000 W mK~! [7] and high electronic conductivity

* Corresponding author. Department of Design and Engineering, Faculty of Sci-
ence and Technology, Bournemouth University, Poole, Dorset, BH12 5BB, UK.
E-mail address: yhuang2@bournemouth.ac.uk (Y. Huang).
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above 15000 cm V2 [8]. The 2D geometry of graphene nanosheets
and nanoplates is responsible for producing maximum values for
their surface-to-volume ratios so that graphene appears as an ideal
candidate for incorporation in an aluminium matrix to achieve high
strength and conductivity. Graphene nanoplates (GNPs), which
consist of multilayer graphene, are much cheaper and easier to
produce than single layer graphene [9] but the high van der Waals
forces between the graphene layers tends to limit the uniform
dispersion of GNPs within the metal matrix.

The traditional fabrication routes for MMCs can be divided into
liquid state (liquid metal infiltration and casting techniques) and
solid state (powder metallurgy) methods [10]. Liquid metal infil-
tration and casting involves an incorporation of a dispersed par-
ticulate into a molten matrix metal, followed by its solidification.
However, due to the large density difference between graphene and
the metal matrix, it is difficult to disperse graphene uniformly
within the matrix and the liquid processing methods usually pro-
duce agglomerated particles in the ductile matrix which lead to an
unwanted brittle nature. Furthermore, the agglomeration is more
severe when the particulate size is in the submicrometer or

1359-6454/© 2018 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND 4.0 license (http://creativecommons.org/licenses/by-nc-
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nanoscale range [11] which is the case when using graphene as the
reinforcement. The alternative of powder metallurgy (PM) pro-
cessing techniques generally involve sintering, cold isostatic
pressing, hot isostatic pressing or spark plasma sintering, and in
some cases secondary deformation such as hot extrusion, hot
forging, hot rolling and/or friction stir processing. The PM pro-
cessing has two major disadvantages. The first disadvantage is an
oxidation of the metal matrix and the production of unclean in-
terfaces between the particulates and the matrix which lead to a
weak bonding and consequent low mechanical strength [12]. In
addition, processing at elevated temperatures aids the chemical
reactions between the matrix and particles which may produce
brittle secondary phases [13]. The second disadvantage is that high
temperature sintering can produce unexpected grain growth in the
matrix [14]. Nevertheless, it is generally easier to achieve unifor-
mity of the reinforcement distributions using PM processing rather
than liquid processing [15].

Several recent reports have described the synthesis of
graphene-reinforced Al matrix composites [ 16—28] including using
a liquid method [16], ball milling plus hot isostatic pressing, hot
pressing or hot extrusion [17—21], ball milling plus sintering [22],
sintering or sintering plus extrusion [23—25], spark plasma sin-
tering [26,27] or an ultrasonic treatment plus friction stir pro-
cessing [28]. In practice, these various investigations all involve
high temperature processing steps which may cause oxidation of
the metal matrix and/or reactions between the graphene and the
matrix. Thermodynamic calculations show that the Al and graphite
may react to form AlsCs at high temperature [29]. Therefore, in
order to overcome these technical challenges, it is important to
consider developing the composites using a low temperature
approach. One possibility is to use high-pressure torsion (HPT)
which is a severe plastic deformation technique that introduces
significant grain refinement and corresponding strength enhance-
ment in bulk metals in particular when processing at relatively low
temperatures [30,31]. Currently, there are reports on the HPT pro-
cessing of powder materials such as pure metals [32—36], com-
posites reinforced with Al,O3 and SiC particulates [37—40] and
composites reinforced with carbon-based particles such as fuller-
enes (Cgp) and carbon nanotubes (CNTs) [41—48]. These MMCs can
be effectively processed by HPT at temperatures between 298 and
473K and this range is much lower than the typical sintering
temperatures of 863—893 K for Al alloys. Furthermore, the use of
low temperature HPT processing will avoid oxidation and the for-
mation of second phases. There is also mass transfer within the
samples due to the development of turbulent eddy currents in the
sample cross-sections during HPT processing, as confirmed by
computer modelling [49] and experimental observations in
immiscible alloys [50,51], and this will help in the redistribution of
reinforcements within the metal matrix. In addition, there are
currently no reports on using HPT to fabricate graphene-reinforced
Al-based MMCs (henceforth designated graphene-Al composites).

The present research was therefore initiated in order to evaluate
the use of HPT processing in the fabrication of graphene-Al com-
posites at temperatures ranging from 298 to 473K, to develop a
comprehensive understanding of the microstructural de-
velopments in both the Al matrix and the graphene, and to measure
experimentally the strength and conductivity in the fabricated
composites.

2. Experimental materials and procedures

Aluminium powder with a mean particle size of 125 um was
purchased from Goodfellow (Cambridge, UK). The purity of the
powder, as provided by the supplier, was 99.5% with Cu <200,
Fe <3500, Mn <200, and Si<2500ppm; this composition is

similar to the specifications for commercial purity Al-1050
aluminium in ASTM B491. Graphene nanoplates (GNPs) were pur-
chased from Sigma-Aldrich (Gillingham, Dorset, UK) with Raman
D/G (the ratio of D band peak to G band peak) and D/D’ (the ratio of
D band peak to D’ band peak) values of 0.28 and 5.0, respectively.
The 2D band shape indicates the presence of graphene flakes of a
few layers with an average of ~5—7 atomic layers. Fig. 1(a) shows
the scanning electron microscope (SEM) images of the as-received
GNPs and the higher magnification image in Fig. 1(b) shows an
agglomeration of GNPs.

The aluminium powder was initially mixed with 5% of GNPs in
weight percentage and the mixed powders were then poured into a
glass bottle and rotated on a rotation rack for 30 min to improve the
homogeneity of GNPs in the Al powder. The mixed powders were

Fig. 1. SEM images of as-received GNPs powder at (a) low and (b) high magnifications.
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compacted in a die at room temperature under a pressure ~40 MPa
for 1 min to provide disc-shaped tablets with diameters of 10 mm
and heights of ~1.2 mm.

The HPT processing was conducted at temperatures of 298, 373
and 473 K under quasi-constrained conditions where there is a
small outflow of material around the periphery of the disc during
processing [52]. At each temperature, the pre-compacted disc-
shaped tablets were initially subjected to a pressure of 6.0 GPa for
1 min without any shear deformation where this processing con-
dition is henceforth designated O turns. Thereafter, the samples
were processed by torsional straining through numbers of rota-
tions, N, of 1, 5, 10 and 20 turns.

After processing, each disc was cut into two halves along a
diameter using a diamond wafering saw. The cross-sections of each
disc were examined using SEM with the specimens prepared by
grinding and ion polishing using an Hitachi Ion Milling System IM-
4000. Since ion milling is a damageless process, this polishing
eliminates all deformation and oxide layers and the surface quality
was sufficiently good that the structure was examined by SEM
using channelling contrast. Microstructure examinations were
conducted using an Hitachi SU-8000 SEM operating at 10 kV. The
images were taken in secondary electron (SE) imaging and in back-
scattered electron (BSE) modes. The SEM observations were per-
formed on cross-section planes in the middle region close to the
disc centre and in the edge region at ~0.5 mm from the disc edge.
Detailed microstructural observations from selected areas were
recorded using a Cs-corrected dedicated high resolution scanning
transmission electron microscope (STEM) Hitachi HD-2700 oper-
ating at an accelerating voltage of 200 kV. The STEM thin foils were
extracted from the peripheral parts of each disc using a focused ion

beam (FIB) Hitachi NB 5000 microscope. The STEM observations
were taken in bright-field (BF) and high-angle annular dark field
(HAADF or Z-contrast) modes. The grain size of the HPT-processed
Al matrix was measured using the linear intercept method with
Image ] software based on the SEM and STEM images.

XploRA confocal Raman spectroscopy was used to examine the
structure change of the graphene during HPT processing. The
Raman spectra were acquired with a selected laser wavelength of
532 nm at room temperature.

The mechanical properties of HPT-processed samples were
evaluated using microhardness measurements and tensile testing.
The Vickers microhardness, Hv, was measured along radial di-
rections on the polished disc surfaces using an FM-300 micro-
hardness tester with a load of 200 g (equivalent to 1.96 N) and a
dwell time of 15s. Miniature tensile specimens having gauge
lengths of 1.1 mm, widths of 0.95 mm and thicknesses of ~0.7 mm
were cut from the HPT-processed discs. These specimens were
tested in tension at 298 K using a Zwick 30kN Proline facility
operating at a constant rate of cross-head displacement with an
initial strain rate of 1.0 x 10~ s~ 1. The constant cross-head velocity
testing machine applies a constant strain rate that is the sum of the
elastic and plastic strain rates in the specimen and the strain rate
resulting from the elasticity of the testing machine [53]. The load
and displacement data were converted to engineering stress and
engineering strain using the method described elsewhere [54]
where the influence of the elastic deformation of the testing
apparatus was minimised by equating the elastic portion of the
stress-strain curves to the theoretical elastic modulus of
aluminium. To check on reproducibility, four samples were tested
for each condition.

Fig. 2. The distribution of 5% GNPs in the Al matrix processed by HPT at 298 K with (a) N=0, (b) N=1, (c) N=5 and (d) N=20.
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The bulk electrical resistivity (ohms-cm) of HPT-processed disc
samples was measured on a 4D automatic four-points probe meter
(Model 280) using a linear probe with a probe size of 500 pm and a
probe-to-probe distance of 1 mm. For each disc sample, the bulk
electrical resistivity was measured at 5 or more positions within
the disc half-radius area. The measured bulk resistivity (ohms-cm)
was compared with the bulk resistivity of annealed commercial
pure Cu (172 x 10°8Q-cm), and then it was converted to the
electrical conductivity represented by the IACS (International
Annealed Copper Standard) using the expression IACS
(%) =1.72 x 10~% Q-cm/(the measured bulk electrical resistivity in
ohm-cm) [55].

3. Experimental results

3.1. The evolution of the GNPs distributions in the Al matrix during
HPT processing

The polished cross-sectional surfaces of samples processed by
HPT at 298 K were observed by SEM and the SE images giving the
GNPs distributions in the Al matrix are shown in Fig. 2 after 0,1, 5
and 20 turns, where the GNPs have a black colour in these images.
In the sample compressed under 6.0 GPa for 1 min (0 turns sample),
large cracks with shining reflections appear at the upper and lower
regions of the disc in Fig. 2(a) and the GNPs are in the form of ag-
glomerates displaying flow tendencies. By contrast, no cracks are
visible in samples processed to 1, 5 and 20 turns in Fig. 2(b—d).
Furthermore, with increasing numbers of turns there is less evi-
dence for a flow tendency in the agglomerated GNPs, and the size of
the agglomerates is reduced significantly as N increases from 5 to

20 turns.

Similar polished cross-sectional surfaces were examined after
HPT at 473 K and the results are shown in Fig. 3(a—d). No large
cracks are visible in the 0 turns sample in Fig. 3(a) although there
are some very short cracks in the top area of the SE image but the
agglomerated GNPs have no obvious flow tendency. Comparing
Figs. 3(a) and 2(a), it is apparent that HPT processing at 473 K
promotes diffusion and plastic flow which reduces the cracking in
the O turns sample. The agglomeration of GNPs in the Al matrix also
changes with increasing numbers of turns as shown in Fig. 3(b—d)
such that the agglomerated GNPs are fragmented to much smaller
sizes after 5 and 20 turns by comparison with the samples pro-
cessed at 298 K. This shows that the shear deformation induced by
HPT processing is effective in reducing cracking and in prompting
the material flow and the fragmentation of the agglomerates of
GNPs in the Al matrix.

3.2. Microstructure development in the Al matrix during HPT
processing

The polished surfaces of the 0 turns samples processed by HPT at
298 and 473 K were further observed by SEM at higher magnifi-
cations to reveal the grain structure in the Al matrix and the
occurrence of local bonding between the GNPs and the Al matrix.
Fig. 4(a) and (b) show the same area observed by the SE and BSE
mode for the 0 turns sample processed at 298 K. The SE image in
Fig. 4(a) demonstrates that most of the agglomerated GNPs have
good bonding with the metal matrix and some of them have comet-
tails which confirm the strong flow tendency after compression at
6.0 GPa for 1 min. Some cracks formed around the GNPs and also

Fig. 3. The distribution of 5% GNPs in the Al matrix processed by HPT at 473 K with (a) N=0, (b) N=1, (c) N=5 and (d) N=20.
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Fig. 4. Microstructures of 0 turns sample processed by HPT at 298 K: same area
observed using different SEM modes of (a) secondary electron image and (b) back
scattered image.

some isolated cracks formed within the Al matrix. The BSE image in
Fig. 4(b) reveals the grain structure and the white regions of lines or
dots were identified by EDX analysis as Fe-Si rich phases which is
consistent with the compositional analysis of the Al powder. When
the compact tablet is subjected only to compression as at 0 turns,
the axial compression gives a radial flow tendency so that most of
the grain structure tends to be elongated with a measured average
grain size of ~0.5 um along the shorter axes of the grains. It is
important to note that the cracks and GNPs both appear as a black
colour in the BSE image in Fig. 4(b) so that the cracks and GNPs can
be identified only in the SE image in Fig. 4(a). Similar observations
were recorded for the 0 turns sample processed by HPT at 473 K in
Fig. 5 where the GNPs have no obvious flow tendency and there is a
network-like bonding with the Al matrix. It is evident from Fig. 5(b)
that the grains are reasonably equiaxed in structure with an
average grain size of ~1.5 pm.

Fig. 6 shows the STEM images of samples processed to (a) 1, (b) 5
and (c) 20 turns of HPT at 298 K: each row shows two images where
the left column is a high resolution STEM image so that the GNPs
appear white and the right column is a HAADF image (or Z-contrast
image) of the same area where the GNPs are black based on the
compositional difference. Normally, heavy elements are brighter in
Z-contrast images and, since the carbon atoms in graphene are
lighter than the aluminium atoms, the graphene appears dark in
the Z-contrast images. For convenience, the observable GNPs are
marked with white arrows in both the STEM and Z-contrast images.

Fig. 5. Microstructures of O turns sample processed by HPT at 473 K: same area
observed using different SEM modes of (a) secondary electron image and (b) back
scattered image.

By comparing the two sets of images for each sample, it is apparent
that the presence of GNPs is resolved more clearly in the Z-contrast
images. No cracks or voids exist between the GNPs and the Al
matrix after processing to 1, 5 and 20 turns but with increasing
through 1, 5 and 20 turns at 298 K the average grain size of the Al
matrix is reduced through ~180, ~90 and ~70 nm, respectively. Fig. 7
shows comparable images after processing at 473 K for (a) 1, (b) 5
and (c) 20 turns: as in Fig. 6, the observable GNPs are marked with
white arrows. Thus, the GNPs show good bonding with the Al
matrix without the detection of any cracks or voids. The average
grain sizes after 1, 5 and 20 turns at 473 K were ~700, ~295 and
~155 nm, respectively, and these values are larger than at 298 K.

3.3. The nature of the interfaces between the GNPs and the Al
matrix during HPT processing

Samples processed by HPT at 298 and 473 K were observed
under high resolution STEM to reveal the bonding interface and the
surface features of the GNPs: representative STEM images are
presented in Figs. 8 and 9.

Fig. 8 shows STEM images of 1 turn samples processed by HPT at
298 K. Thus, when the graphene (0001) nanoplates have a different
orientation from the (111) crystal plane of the Al matrix, there is an
interface transition zone in which the C and Al atoms accommodate
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Fig. 6. STEM and Z-contrast images showing the microstructures of samples processed by HPT at 298K for (a) N=1, (b) N=5 and (c) N=20.

each other as shown in Fig. 8(a). The measured layer-to-layer dis-
tance of the GNPs is ~0.35 nm in Fig. 8(a) which is similar to the
layer-to-layer distance reported for carbon nanotubes [48] whereas
the Al (111) interplanar spacing is ~0.23 nm. The GNPs show a long
intact layered structure and there are only slight bends as indicated
by white arrows in Fig. 8(b). These results are reasonable because of
the small amounts of shear strain applied to the graphene-Al
composite in 1 turn of HPT processing.

Comparable STEM images are shown in Fig. 9 for 5 turns

samples processed by HPT at 473 K. Thus, the GNPs exist not only in
the grain boundary area in Fig. 9(a) but also within the Al matrix in
Fig. 9(b) as highlighted by white arrows. The GNPs embedded
within these ultrafine grains are critical for achieving a significant
strength enhancement in the graphene-Al composites. Based on
these observations of samples processed by HPT at 298 and 473 K, it
is concluded that the GNPs display more bending as the numbers of
turns increase and this is consistent with the high levels of internal
stress introduced by the heavy shear deformation.
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Fig. 7. STEM and Z-contrast images showing the microstructures of samples processed by HPT at 473K for (a) N=1, (b) N=5 and (c) N=20.

Raman spectroscopy is a convenient and effective method for
characterizing carbon materials and Fig. 10 shows the Raman spectra
of GNPs in the 20 turns sample processed by HPT at 298 K. The
characteristic peaks of the disorder-induced D band (~1353cm™!)
and G band (1580 cm™!) were detected, where the D band is asso-
ciated with non-sp? disorders (sp>-hybridized carbon) which are
present in the network of sp?-hybridized carbon, whereas the G
band is a typical ordered graphite structure that is attributed to the
degree of crystallinity of sp>-bonded carbon materials [56]. The in-
tensity ratio of the D band to G band (Ip/Ig) is a measure of the de-
fects present in the GNPs after HPT processing, where a high ratio

indicates a higher defect density in carbon materials [57]. In Fig. 10,
the ratio is ~1.15 indicating that some defects exist in the GNPs after
20 turns, where this is consistent with the observed bends of the
GNPs in the STEM images in Figs. 8 and 9.

3.4. Mechanical properties of HPT-processed graphene-Al
nanocomposites

Fig. 11 shows the evolution of microhardness in the composites
processed by HPT at (a) 298, (b) 373 and (d) 473 K, respectively. At
298 K, there is no large difference in hardness between the 0 turns
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Fig. 8. High resolution STEM images of 1 turn sample processed by HPT at 298 K
showing the interface between GNPs and the Al matrix under the condition of (a)
graphene nanoplates and Al matrix having different orientations, (b) the existence of
long straight and slightly curved GNPs in the Al matrix.

and 1 turn samples in Fig. 11(a) and all values are in the range
~40—60 Hv which shows that 1 turn of HPT introduces no signifi-
cant deformation in the Al matrix. As the numbers of turns in-
creases to 5 and 10, the hardness distributions show the typical
trends observed in most bulk metals with lower hardness values in
the disc centre areas and higher hardness values in the disc outer
areas [58]. With a further increase in the numbers of turns to 20,
the centre area shows only a slight increase in hardness but from
the half-radius position to the disc edge the hardness values lie
around a plateau with a value of ~110 Hv which confirms that heavy
straining introduces a saturation state. At 373K, hardness

Fig. 9. High resolution STEM images of 5 turns sample processed by HPT at 473K
showing the interface between GNPs and the Al matrix under the condition of (a) the
existence of GNPs not only in the grain boundary area but also within the Al matrix, (b)
part of the curved graphene nanoplates having the same orientation with Al matrix.

distributions in Fig. 11(b) are similar except there is no well-defined
plateau distribution after 20 turns. In Fig. 11(c) for HPT at 473 K the
maximum hardness values are ~90 Hv after 20 turns and the
hardness values for the samples processed to 10 and 20 turns are
almost identical.

Tensile testing was conducted at room temperature with an
initial strain rate of 1.0 x 10~ s~! on samples processed by 20 turns
at three different temperatures. As shown in Fig. 12, the strength of
the graphene-Al nanocomposite decreases with increasing pro-
cessing temperature and the maximum strengths are ~350, ~340
and ~290 MPa after processing at 298, 373 and 473 K, respectively.
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Fig. 10. Raman spectroscopy of GNPs after HPT processing to 20 turns at 298 K.

Inspection shows that the elongations exhibit no simple variation
with processing temperature and the measured elongations for
these three temperatures are ~1.8%, ~3.9% and ~2.1%, respectively.

3.5. Electrical conductivity of the HPT-processed graphene-Al
composites

For comparison purposes, Table 1 shows electrical conductivity
measurements in the HPT-processed graphene-Al composite. The
electrical conductivity of commercial purity Al is 62% IACS [59].
When graphene-Al composites are processed by HPT at 298 K, the
average electrical conductivity in samples taken through 5 and 20
turns are 66.7 + 4.0% and 64.9 + 2.1% IACS, respectively. Considering
the relatively large error bar ranges, the conductivity in the sample
with the larger shear deformation is only slightly lower than the
sample with the smaller shear deformation. To check whether the
HPT processing temperature has an influence, the electrical con-
ductivity was also measured after processing by HPT for 20 turns at
473 K. The result is shown in Table 1 and it confirms there is an
increase in conductivity with increasing HPT processing tempera-
ture which is consistent with data reported for the processing of a
Cu-Cr alloy by HPT [60]. It is also consistent with the result for a Cu-
Cr alloy showing that the conductivity is increased when samples
are subjected to heat treatments after HPT [61].

4. Discussion

4.1. The use of HPT in dispersing agglomerated GNPs within an Al
matrix

The generally accepted theory of HPT is based on the assump-
tions of a uniformity of simple shear deformation through the
height of the specimen but with the localized shear strain pro-
portional to the distance from the disc centre [62]. However, several
recent investigations show deviations from this simple model. For
example, in the HPT processing of a duplex stainless steel there is
evidence for the formation of significant local turbulence including
the presence of double-swirl patterns and local shear strain
vortices [63—67]. Double-swirl flow patterns were reported also in
a Cu-28% Ag alloy after HPT processing [68] and there are recent
simulations demonstrating that non-laminar or turbulent flow
causes intensive mass transfer and a mixing of the deformed ma-
terial [49,69]. This explains the improved uniformity of particle size
distribution in an AI-6061 matrix alloy reinforced with Al,03

Fig. 11. Microhardness distributions along disc diameter in samples processed by HPT
at (a) 298K, (b) 373K and (c) 473 K.
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Fig. 12. Tensile results of 20 turns samples processed by HPT at different processing
temperatures of 298, 373 and 473 K, and testing at 298 K.

particulates after heavy shear deformation [33,70] and the good
homogeneity achieved in a nanocrystalline Cu-Cr alloy with an
average grain size of less than 20 nm from an initial mixture of
coarse Cu and Cr particles [71]. The successful processing of
immiscible alloys by HPT also provides evidence of turbulent flow,
mass transfer and the mixing of the deformed materials since a very
high degree of chemical mixing was produced in the immiscible
CusgTasg system by the HPT deformation to high strains of stacks of
Cu and Ta thin foils [51].

Based on these experimental observations and the simulations,
it is reasonable to anticipate that the heavy shear strain applied by
HPT will fragment the agglomerated GNPs in the Al matrix and
redistribute the particles reasonably homogenously through the
advent of turbulent flow. Figs. 2 and 3 confirms this trend for ma-
terials processed at 298 and 473 K, with a reduction in the extent of
the GNPs agglomeration with increasing numbers of turns. This
suggests that HPT may provide a powerful manufacturing route for
obtaining uniform distributions of GNPs in an Al matrix through
heavy shear deformation. This approach also overcomes the prob-
lem of the wettability between GNPs in an Al matrix which is an
inherent feature of traditional liquid casting methods.

Furthermore, we noted that some graphene agglomerations
remained even after high numbers of turns of HPT processing and
this may limit any additional strength enhancement in the
graphene-Al composites. Thus, the procedure for achieving a fully
homogenous dispersion of graphene nanoplates in the Al matrix
remains a challenge.

4.2. The effect of GNPs in improving the strength of HPT-processed
graphene-Al nanocomposites

It was noted earlier that the composition of the Al powder is
similar to that of the commercial purity (99.5%) Al-1050 alloy.
Therefore, it is interesting to compare the strength of the HPT-

Table 1
Electrical conductivity of HPT-processed graphene-Al composite at 298 and 473 K.

Sample condition Electrical conductivity, IACS%

HPT processing at 298 K, N=5 66.7 +4.0
HPT processing at 298 K, N =20 649+2.1
HPT processing at 473 K, N =20 69.5+2.3

processed graphene-Al nanocomposites with the Al-1050 alloy.
After 5 turns of HPT at 298 K, the Al-1050 alloy shows a saturation
hardness of ~65 Hv across the disc diameter [72,73] whereas in
Fig. 11(a) the nanocomposite has not achieved saturation after 5
turns at 298 K with hardness values of ~40 Hv in the disc central
area and ~90 Hv at the edge. There is also no saturation in the
nanocomposite after 20 turns but with a maximum hardness of
~110 Hv from the disc half-radius to the edge. Thus, a much higher
hardness is achieved at the edge of the nanocomposite which
confirms the significant strengthening contribution from the GNPs.

It is well established that the equivalent von Mises strain, e,
imposed in HPT may be estimated from the relationship

. 27Nr
- hv/3

where N is the number of HPT processing turns and r and h are the
radius and height (or thickness) of the disc, respectively [62]. An
early report demonstrated that all hardness datum points derived
in HPT processing may be conveniently correlated by plotting
against the equivalent strain [74]. Fig. 13 shows these plots for the
nanocomposite at the three temperatures of (a) 298, (b) 373 and (c)
473 K. The saturation hardness at 298 K is ~110 Hv at equivalent
strains above ~200, at 373 K the behaviour is similar to 298 K but
with a saturation hardness of ~100 Hv at equivalent strains above
~200 and at 473 K there is a well-defined saturation at ~80 Hv at
equivalent strains above ~50. These hardness distributions are
similar to many other bulk metals except that the saturation then
occurs at lower equivalent strains of ~30 in Al-1% Mg [75], ~50 in
AZ31 alloy [76] and ~20 in tantalum [77]. This suggests the GNPs
may interfere with dislocation slip in the Al matrix so that there is
little or no recovery during the HPT processing.

Commercial purity Al-1050 sheet in an H14 state (work hard-
ened by rolling) should have a tensile strength of ~105—145 MPa
with a minimum of 12% elongation. Fig. 12 show that the graphene-
Al nanocomposite has maximum strengths of ~350, ~340 and
~290 MPa after processing by HPT through 20 turns at 298, 373 and
473 K, respectively, and then testing in tension at 298 K. These
values are therefore significantly higher than for the Al-1050 sheet.
A comparison of grain refinement in the Al matrix when processing
by HPT at 298 and 473 K is given in Fig. 14 and it is apparent that
processing at 473 K produces a coarser grain structure with final
grain sizes after 20 turns of ~70 and ~155 nmat 298 and 473 K,
respectively. Thus, the HPT-processed graphene-Al nanocomposite
has much higher strength than the commercial purity Al-1050 alloy
but with limited ductility, where this strength enhancement may
arise from the synergistic effect of grain size refinement, dislocation
strengthening, GNPs reinforcement and stress transfer [78].

(1)

4.3. The nature of the graphene-Al interface after HPT processing

There is an ab initio simulation on the interaction between a
graphene (0001) sheet and Al (111) layer in carbon-aluminium (C-
Al) nanocomposite systems with a calculated cohesive energy of
~0.185eV for the C-Al interface and an equilibrium separation
distance of ~0.248 nm between the graphene and Al layers [79].
This calculated cohesive energy at the C-Al interface is much larger
than the value of 0.0417 eV for the bulk C-Al system [80] and sug-
gests that the interface bonding of the C-Al nanostructure is not
simply a van der Waals type but rather it is metallic or semi-
metallic in nature [81]. The calculated equilibrium separation dis-
tance of 0.248 nm between the graphene (0001) layers and the Al
(111) layers is smaller than the GNPs interlayer separation of
0.35nm but larger than the Al (111) interplanar distance of
0.231nm. In order to form coherent interfaces between the
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Fig. 13. Values of the Vickers microhardness plotted as a function of the equivalent
strain for HPT-processed nanocomposites at (a) 298 K, (b) 373K and (c) 473 K.

Fig. 14. Grain size comparison in graphene-Al composites processed at 298 and 473 K.

graphene (0001) sheets and the Al (111) planes, it is reasonable to
assume that the interfacial spacing of the Al (111) layer near the
interface is larger than the area without GNPs so that this interfacial
area has a high dislocation density and microstrain within the Al
lattice.

For a sample processed to 1 turn by HPT at 298 K as shown in
Fig. 8(a), the graphene nanoplates have large orientation differ-
ences with the Al matrix (111) planes at lower numbers of turns
which is consistent with the wide interfacial area. Due to the low
shear strain induced at 1 turn of HPT, long straight and slightly
curved GNPs are visible in the Al matrix in Fig. 8(b). At 473 K for 5
turns, the GNPs are dispersed and embedded within the grains,
along the grain boundaries and in relatively large agglomerates in
Fig. 9. The curvatures of the GNPs in Fig. 9 indicate heavy levels of
local strain. Nevertheless, when the Al lattice (001) planes have the
same orientation as the GNPs (0001) nanoplates, they merge
together and it becomes difficult to clearly reveal the graphene
nanoplates as in Fig. 9(b).

4.4. Factors affecting the electrical conductivity

The electrical conductivity is very sensitive to the microstruc-
ture of the metallic materials [81]. In practice, the electrical resis-
tance of metals can be represented by Matthiessen's rule [59]:

Protal = P + Pss + Pp + Pd + Pgb (2)

where peotal is the total electrical resistance, p is the electrical re-
sistivity of the lattice, pss is the resistivity due to solute atoms
dissolved in the matrix, pp is the resistivity added by second-phase
precipitates, pq is the resistivity due to dislocations present in the
microstructure and pgyp, is the resistivity due to grain boundaries.

The electrical conductivity of commercial purity Al in an
annealed state with a coarse-grained structure is 62% IACS [82].
After HPT processing to 10 turns at 300 K, the electrical resistivity of
commercial purity Al (99.5 wt%) was 30.5 nQm [83], equivalent to
57.5% 1ACS. The drop of electrical conductivity in commercial purity
Al arises from an electrical resistance increase due to the increased
numbers of dislocations and grain boundaries (pq + pgp) after HPT
processing.

In the fabricated graphene-Al nanocomposites, there is no sig-
nificant effect from solute atoms (pss) and this term can be
neglected. The GNPs as a reinforcement are different from second-
phase precipitates and it is expected that the pi () electrons of
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graphene will help to improve the conductivity. By contrast, the
high dislocation densities and the significant grain refinement
introduced by HPT processing increases the electrical resistance
through pq and pgp, and thereby reduces the electrical conductivity.
This means the measured conductivity of the graphene-Al nano-
composite will arise from these competing factors.

The electrical conductivities recorded in Table 1 show that in
HPT processing at 298 K for 5 and 20 turns the average conduc-
tivities are higher than the reported conductivity of 57.5% IACS in
commercial purity Al when processed to 10 turns by HPT at 300 K
[83]. This suggests that the reinforcement by graphene produces a
small improvement in the conductivity. There is also a further in-
crease when the nanocomposite is processed by HPT at 473 K for 20
turns. In practice, HPT processing at 473 K may introduce some
oxidation and this will increase the resistivity [84] but, in addition,
processing at 473 K produces a lower dislocation density and a
coarser grain structure when compared to HPT processing at 298 K
as shown in Fig. 7 and this will effectively reduce the resistivity.
Finally, it should be noted that, although the electrical conductivity
is increased after processing by HPT at 473 K (Table 1), the tensile
strength (Fig. 12) and the hardness (Fig. 13) are reduced at this
processing temperature and this may limit the use of this material
in practical applications.

5. Summary and conclusions

1. Graphene-Al nanocomposites with 5% GNPs reinforced in an Al
matrix were successfully fabricated using HPT processing at 298,
373 and 473 K. Agglomerated GNPs were fragmented during
HPT processing and tended to become more dispersed in the Al
matrix as the numbers of turns increased.

2. Significant microstructural refinement was achieved in the Al
matrix with average grain sizes of ~70 and ~155 nm after pro-
cessing through 20 turns at 298 and 473 K, respectively.

3. The interface between graphene and the Al matrix showed long
aligned graphene nanoplates at low numbers of turns and
curved graphene plates after higher numbers of turns. The
graphene nanoplates were present both within the Al grains and
along the grain boundaries.

4. The HPT-processed graphene-Al nanocomposites have
improved hardness and tensile strength by comparison with
HPT-processed commercial purity Al. Therefore, the graphene
reinforcement effectively improves the material strength.

5. These nanocomposites show a small improvement in conduc-
tivity compared with HPT-processed commercial purity Al at
298 K which suggests that graphene tends to improve the ma-
terial conductivity.

Acknowledgements

This work was supported by the European Research Council
under ERC Grant Agreement no. 267464-SPDMETALS. The work
was also supported by the National Science Centre, Poland, within
the project SONATINA 1 “Synthesis of novel hybrid materials using
High-Pressure Torsion”, under Grant Agreement No. 2017/24/C/
ST8/00145.

References

[1] K.U. Kainer (Ed.), Metal Matrix Composites: Custom-made Materials for
Automotive and Aerospace Engineering, Wiley-VCH, Weinheim, Germany,
2006.

[2] A.P. Mouritz (Ed.), Introduction to Aerospace Materials, Woodhead Publishing,
Cambridge, U.K., 2012.

[3] Y. Huang, T.G. Langdon, The creep behaviour of discontinuously reinforced
metal-matrix composites, JOM 55 (1) (2003) 15—20.

[4] E.P. Randviir, D.A.C. Brownson, C.E. Banks, A decade of graphene research:
production, application and outlook, Mater. Today 17 (2014) 426—432.

[5] The Nobel Prize in Physics 2010, in: Graphene Compiled by the Class for
Physics of Royal Swedish Academy of Sciences, The Nobel Foundation,
Stockholm, Sweden, 5 October 2010.

[6] C. Lee, X. Wei, J.W. Kysar, ]J. Hone, Measurement of the elastic properties and
intrinsic strength of monolayer graphene, Science 321 (2008) 385—388.

[7] A.A. Balandin, S. Ghosh, I. Bao, W. Calizo, D. Teweldebrhan, F. Miao, C. Lau,
Superior thermal conductivity of single-layer graphene, Nano Lett. 8 (2008)
902—-907.

[8] A.K.Geim, K.S. Novoselov, The rise of graphene, Nat. Mater. 6 (2007) 183—191.

[9] B.Li, W.H. Zhong, Review on polymer/graphite nanoplatelet nanocomposites,
J. Mater. Sci. 46 (2011) 5595—-5614.

[10] B.C. Kandpal, J. Kumar, H. Singh, Production technologies of metal matrix
composite: a review, Int. J. Res. Mech. Eng. Technol. 4 (20) (2014) 27—32.

[11] N.H. Babu, S. Tzamtzis, B. Barekar, ].B. Patel, Z. Fan, Fabrication of metal matrix
composites under intensive shearing, Solid State Phenom. 141—143 (2008)
373-378.

[12] LA. Ibrahim, F.A. Mohamed, E.J. Lavernia, Particulate reinforced metal matrix
composites — a review, ]. Mater. Sci. 26 (1991) 1137—1156.

[13] R.S.Rana, R. Purohit, S. Das, Review of recent studies in Al matrix composites,
Int. J. Sci. Eng. Res. 3 (6) (2012) 1-16.

[14] V.Viswanathan, T. Laha, K. Balani, A. Agarwal, S. Seal, Challenges and advances
in nanocomposite processing techniques, Mater. Sci. Eng. R 54 (2006)
121-285.

[15] A. Feest, Materials and processing technology for PM MMCs, Met. Powder Rep.
47 (10) (1992) 40—45.

[16] M. Alipour, R. Eslami-Farsani, Synthesis and characterization of graphene
nanoplatelets reinforced AA7068 matrix nanocomposites produced by liquid
metallurgy route, Mater. Sci. Eng., A 706 (2017) 71, 28.

[17] H.Zhang, C. Xu, W. Xiao, K. Ameyama, C. Ma, Enhanced mechanical properties
of AI5083 alloy with graphene nanoplates prepared by ball milling and hot
extrusion, Mater. Sci. Eng., A 658 (2016) 8—15.

[18] J. Wang, Z. Li, G. Fan, H. Pan, Z. Chen, D. Zhang, Reinforcement with graphene
nanosheets in aluminum matrix composites, Scripta Mater. 66 (2012)
594-597.

[19] P. Hidalgo-Manrique, S. Yan, F. Lin, Q. Hong, L.A. Kinloch, X. Chen, RJ. Young,
X. Zhang, S. Dai, Microstructure and mechanical behaviour of aluminium
matrix composites reinforced with graphene oxide and carbon nanotubes,
J. Mater. Sci. 52 (2017) 13466—13477.

[20] G. Liu, B. Xiong, Effects of graphene content on microstructures and tensile
property of graphene-nanosheets/aluminum composites, J. Alloy. Comp. 697
(2017) 31-36.

[21] SJ. Yan, S.L. Dai, X.Y. Zhang, C. Yang, Q.H. Hong, J.Z. Chen, Z.M. Lin, Investi-
gating aluminium alloy reinforced by graphene nanoflakes, Mater. Sci. Eng., A
612 (2014) 440—444.

[22] X.Yang, T. Zou, C. Shi, E. Liu, C. He, Effect of carbon nanotube (CNT) content on
the properties of in-situ synthesis CNT reinforced Al composites, Mater. Sci.
Eng., A 660 (2016) 11—-18.

[23] S.N. Alam, L. Kumar, Mechanical properties of aluminium based metal matrix
composites reinforced with graphite nanoplatelets, Mater. Sci. Eng., A 667
(2016) 16—32.

[24] M.Rashad, F. Pan, Z. Yu, M. Asif, H. Lin, R. Pan, Investigation on microstructural
, mechanical and electrochemical properties of aluminium composites rein-
forced with graphene nanoplatelets, Prog. Nat. Sci.: Met. Mater. Int. 25 (2015)
460-470.

[25] B. Chen, K. Kondoh, H. Imai, ]. Umeda, M. Takahashi, Simultaneous enhancing
strength and ductility of carbon nanotube/aluminium composites by
improving bonding condition, Scripta Mater. 113 (2016) 158—162.

[26] A. Bhadauria, LK. Singh, T. Laha, Effect of physio-chemically functionalized
graphene nanoplatelet reinforcement on tensile properties of aluminum
nanocomposite synthesized via spark plasma sintering, J. Alloy. Comp. 748
(2018) 783—793.

[27] A. Bisht, M. Srivastava, R.M. Kumar, L. Lahiri, D. Lahiri, Strengthening mech-
anism in graphene nanoplatelets reinforced aluminium composite fabricated
through spark plasma sintering, Mater. Sci. Eng., A 695 (2017) 20—28.

[28] R. Rajeshkumar, V. Udhayabanu, A. Srinivasan, K.R. Ravi, Microstructural
evolution in ultrafine grained Al-graphite composite synthesized via com-
bined use of ultrasonic treatment and friction stir processing, J. Alloy. Comp.
726 (2017) 358—366.

[29] R.A. Rapp, X. Zheng, Thermodynamic consideration of grain refinement of
aluminum alloys by titanium and carbon, Metall. Trans. A 22A (1991)
3071-3075.

[30] Y.Huang, T.G. Langdon, Advances in ultrafine-grained materials, Mater. Today
16 (3) (2013) 85—92.

[31] A.Bachmaier, R. Pippan, New procedure to generate stable nanocrystallites by
severe plastic deformation, Intl Mater. Res. 58 (2013) 41—62.

[32] M. Khajouei-Nezhad, M.H. Paydar, R. Ebrahimi, P. Jenei, P. Nagy, J. Gubicza,
Microstructure and mechanical properties of ultrafine-grained aluminum
consolidated by high-pressure torsion, Mater. Sci. Eng., A 682 (2017)
501-508.

[33] A. Bachmaier, A. Hohenwarter, R. Pippan, New procedure to generate stable
nanocrystallites by severe plastic deformation, Scripta Mater. 61 (2009)
1016—1019.

[34] R.Z.Valiev, R.S. Mishra, J. Groza, A.K. Mukherjee, Processing of nanostructured


http://refhub.elsevier.com/S1359-6454(18)30870-X/sref1
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref1
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref1
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref2
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref2
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref3
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref3
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref3
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref4
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref4
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref4
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref5
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref5
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref5
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref6
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref6
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref6
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref7
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref7
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref7
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref7
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref8
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref8
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref9
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref9
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref9
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref10
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref10
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref10
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref11
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref11
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref11
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref11
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref11
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref12
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref12
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref12
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref12
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref13
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref13
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref13
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref14
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref14
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref14
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref14
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref15
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref15
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref15
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref16
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref16
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref16
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref17
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref17
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref17
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref17
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref18
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref18
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref18
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref18
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref19
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref19
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref19
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref19
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref19
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref20
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref20
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref20
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref20
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref21
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref21
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref21
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref21
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref22
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref22
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref22
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref22
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref23
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref23
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref23
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref23
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref24
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref24
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref24
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref24
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref24
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref25
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref25
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref25
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref25
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref26
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref26
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref26
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref26
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref26
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref27
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref27
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref27
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref27
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref28
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref28
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref28
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref28
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref28
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref29
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref29
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref29
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref29
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref30
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref30
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref30
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref31
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref31
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref31
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref32
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref32
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref32
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref32
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref32
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref33
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref33
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref33
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref33
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref34

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]
[59]

[60]

Y. Huang et al. / Acta Materialia 164 (2019) 499—511

nickel by severe plastic deformation consolidation of ball-milled powder,
Scripta Mater. 34 (1996) 1443—1448.

K. Edalati, Z. Horita, H. Fujiwara, K. Ameyama, Cold consolidation of ball-
milled titanium powders using high-pressure torsion, Metall. Mater. Trans.
41A (2010) 3308—3317.

A.P. Zhilyaev, G. Ringot, Y. Huang, .M. Cabrera, T.G. Langdon, Mechanical
behavior and microstructure properties of titanium powder consolidated by
high-pressure torsion, Mater. Sci. Eng., A 688 (2017) 498—504.

E. Menendez, G. Salazar-Alvarez, A.P. Zhilyaev, S. Surinach, M.D. Baro,
J. Nogues, ]. Sort, Cold Consolidation of metal-ceramic nanocomposite pow-
ders with large ceramic fractions, Adv. Funct. Mater. 18 (2008) 3293—3298.
1. Sabirov, O. Kolednik, R. Pippan, Homogenization of metal matrix composites
by high-pressure torsion, Metall. Mater. Trans. 36A (2005) 2861—2870.

RK. Islamgaliev, W. Buchgraber, Y.R. Kolobov, N.M. Amirkhanov,
A.V. Sergueeva, K.V. Ivanov, G.P. Grabovetskaya, Deformation behavior of Cu-
based nanocomposite processed by severe plastic deformation, Mater. Sci.
Eng., A 319—321 (2001) 872—876.

L.V. Alexandrov, Y.T. Zhu, T.C. Lowe, RK. Islamgaliev, R.Z. Valiev, Consolidation
of nanometer sized powders using severe plastic torsional straining, Nano-
struct. Mater. 10 (1998) 45—54.

T. Tokunaga, K. Kaneko, K. Sato, Z. Horita, Microstructure and mechanical
properties of aluminum-fullerene composite fabricated by high pressure
torsion, Scripta Mater. 58 (2008) 735—738.

T. Tokunaga, K. Kaneko, Z. Horita, Production of aluminium-matrix carbon
nanotube composite using high pressure torsion, Mater. Sci. Eng., A 490
(2008) 300—304.

H. Asgharzadeh, S.-Y. Joo, H.S. Kim, Al/C60 nanocomposites fabricated by
high-pressure torsion, Metall. Mater. Trans. 46A (2015) 1838—1842.

S.H. Joo, S.C. Yoon, C.S. Lee, D.H. Nam, S.H. Hong, H.S. Kim, Microstructure and
tensile behaviour of Al and Al-matrix carbon nanotube composites processed
by high pressure torsion of the powders, J. Mater. Sci. 45 (2010) 4652—4658.
M.R. Akbarpour, M. Farvizi, DJ. Lee, H. Rezaei, H.S. Kim, Effect of high-pressure
torsion on the microstructure and strengthening mechanism of hot-
consolidated Cu-CNT nanocomposite, Mater. Sci. Eng., A 638 (2015) 289—295.
P. Jenei, J. Gubicza, E.Y. Yoon, H.S. Kim, J.L. Ldbdr, High temperature thermal
stability of pure copper and copper-carbon nanotube composites consolidated
by high pressure torsion, Composites Part A 51 (2013) 71-79.

P. Jenei, E.Y. Yoon, ]. Gubicza, H.S. Kim, ].L. Labar, T. Ungar, Microstructure and
hardness of copper-carbon nanotube composites consolidated by high pres-
sure torsion, Mater. Sci. Eng., A 528 (2011) 4690—4695.

H. Li, A. Misra, Y. Zhu, Z. Horita, C.C. Koch, T.G. Holesinger, Processing and
characterization of nanostructured Cu-carbon nanotube composites, Mater.
Sci. Eng., A 523 (2009) 60—64.

R. Kulagin, Y. Beygelzimer, Y. Ivanisenko, A. Mazilkin, H. Hahn, High pressure
torsion: from laminar flow to turbulence, IOP Conf. Ser. Mater. Sci. Eng. 194
(1-6) (2017), 012045.

K. Edalati, H. Emami, Y. Ikeda, H. Iwaoka, I. Tanaka, E. Akiba, Z. Horita, New
nanostructured phases with reversible hydrogen storage capability in
immiscible magnesium-zirconium system produced by high-pressure torsion,
Acta Mater. 108 (2016) 293—303.

N. Ibrahim, M. Peterlechner, F. Emeis, M. Wegner, S.V. Divinski, G. Wilde,
Mechanical alloying via high-pressure torsion of the immiscible CusgTasg
system, Mater. Sci. Eng., A 685 (2017) 19-30.

R.B. Figueiredo, P.R. Cetlin, T.G. Langdon, Using finite element modeling to
examine the flow processes in quasi-constrained high-pressure torsion, Mater
Sci Eng. A 528 (2011) 8198—8204.

G.E. Dieter, Mechanical Metallurgy, McGraw-Hill, New York, NY, USA, 1988,
p. 304.

R.B. Figueiredo, S. Sabbaghianrad, A. Giwa, J.R. Greer, T.G. Langdon, Evidence
for exceptional low temperature ductility in polycrystalline magnesium pro-
cessed by severe plastic deformation, Acta Mater. 122 (2017) 322—-331.
Copper Wire Tables (Technical report), Circular of the Bureau of Standards
No.31, 3d ed., United States Department of Commerce, Washington DC,
October 1914.

A.C. Ferrari, J.C. Meyer, V. Scardaci, C. Casiraghi, M. Lazzeri, F. Mauri,
S. Piscanec, D. Jiang, K.S. Novoselov, S. North, A.K. Gem, Raman spectrum of
graphene and graphene layers, Phys. Rev. Lett. 97 (2006), 187401-18704.

C. He, N. Zhao, C. Shi, X. Du, J. Li, H. Li, Q. Cui, An approach to obtaining ho-
mogeneously dispersed carbon nanotubes in Al powders for preparing rein-
forced Al-matrix composites, Adv. Mater. 19 (2007) 1128—1132.

M. Kawasaki, Different models of hardness evolution in ultrafine-grained
materials processed by high-pressure torsion, . Mater. Sci. 49 (2014) 18—34.
P.L. Rositter, The Electrical Resistavity of Metals and Alloys, Cambridge Uni-
versity Press, Cambridge, U.K., 2003.

RK. Islamgaliev, KM. Nesterov, Y. Champion, R.Z. Valiev, Enhanced strength

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

51

and electrical conductivity in ultrafine-grained Cu-Cr alloy processed by se-
vere plastic deformation, IOP Conf. Ser. Mater. Sci. Eng. 63 (1-6) (2014),
012118.

S.V. Dobatkin, J. Gubicza, D.V. Shangina, N.R. Bochvar, N.Y. Tabachkova, High
strength and good electrical conductivity in Cu-Cr alloys processed by severe
plastic deformation, Mater. Lett. 153 (2015) 5—-9.

R.Z. Valiev, YuV. Ivanisenko, E.F. Rauch, B. Baudelet, Structure and deforma-
tion behaviour of Armco iron subjected to severe plastic deformation, Acta
Mater. 44 (1996) 4705—4712.

Y. Cao, Y.B. Wang, S.N. Alhajeri, X.Z. Liao, W.L. Zheng, S.P. Ringer, T.G. Langdon,
Y.T. Zhu, A visualization of shear strain in processing by high-pressure torsion,
J. Mater. Sci. 45 (2010) 765—770.

Y. Cao, M. Kawasaki, Y.B. Wang, S.N. Alhajeri, X.Z. Liao, W.L. Zheng, S.P. Ringer,
Y.T. Zhu, T.G. Langdon, Unusual macroscopic shearing patterns observed in
metals processed by high-pressure torsion, J. Mater. Sci. 45 (2010)
4545—-4553.

Y. Cao, Y.B. Wang, R.B. Figueiredo, L. Chang, X.Z. Liao, M. Kawasaki, W.L. Zheng,
S.P. Ringer, T.G. Langdon, Y.T. Zhu, Three-dimensional shear-strain patterns
induced by high-pressure torsion and their impact on hardness evolution,
Acta Mater. 59 (2011) 3903—3914.

Y. Huang, M. Kawasaki, T.G. Langdon, Influence of anvil alignment on shearing
patterns in high-pressure torsion, Adv. Eng. Mater. 15 (2013) 747, 655.

Y. Huang, M. Kawasaki, T.G. Langdon, An investigation of flow pattern and
hardness distribution using different anvil alignments in high-pressure tor-
sion, J. Mater. Sci. 48 (2013) 4533—4542.

Y.Z. Tian, X.H. An, S.D. Wu, Z.F. Zhang, R.B. Figueiredo, N. Gao, T.G. Langdon,
Direct observations of microstructural evolution in a two-phase Cu-Ag alloy
processed by high-pressure torsion, Scripta Mater. 63 (2010) 65—68.

M. Pouryazdan, B.J.P. Kaus, A. Rack, A. Ershov, H. Hahn, Mixing instabilities
during shearing of metals, Nat. Commun. 8 (1—7) (2017) 1611.

1. Sabirov, O. Kolednik, R.Z. Valiev, R. Pippan, Equal channel angular pressing of
metal matrix composites: effect on particle distribution and fracture tough-
ness, Acta Mater. 53 (2005) 4919—4930.

J. Guo, J.M. Rosalie, R. Pippan, Z. Zhang, Revealing the microstructural evo-
lution in Cu-Cr nanocrystalline alloys during high pressure torsion, Mater. Sci.
Eng., A 695 (2017) 350—359.

S.N. Alhajeri, M. Kawasaki, N. Gao, T.G. Langdon, The evolution of homoge-
neity during processing of aluminium alloys by HPT, Mater. Sci. Forum
667—669 (2011) 277—282.

M. Kawasaki, S.N. Alhajeri, C. Xu, T.G. Langdon, The development of hardness
homogeneity in pure aluminum and aluminum alloy disks processed by high-
pressure torsion, Mater. Sci. Eng., A 529 (2011) 345, 251.

A. Vorhauer, R. Pippan, On the homogeneity of deformation by high pressure
torsion, Scripta Mater. 51 (2004) 921—-925.

0. Andreau, J. Gubicza, N.X. Zhang, Y. Huang, P. Jenei, T.G. Langdon, Effect of
short-term annealing on the microstructures and flow properties of an Al-1%
Mg alloy processed by high-pressure torsion, Mater. Sci. Eng., A 615 (2014)
231-239.

Y. Huang, R.B. Figueiredo, T. Baudin, F. Brisset, T.G. Langdon, Evolution of
strength and homogenity in a magnesium AZ31 alloy processed by high-
pressure torsion at different temperatures, Adv. Eng. Mater. 14 (2012)
1018—1026.

N. Maury, N.X. Zhang, Y. Huang, A.P. Zhilyaev, T.G. Langdon, A critical exam-
ination of pure tantalum processed by high-pressure torsion, Mater. Sci. Eng.,
A 638 (2015) 174—182.

J- Wang, Z. Li, G. Fan, H. Pan, Z. Chen, D. Zhang, Reinforcement with graphene
nanosheets in aluminium matrix composites, Scripta Mater. 66 (2012)
594—597.

W. Lee, S. Jang, MJ. Kim, J.-M. Myoung, Interfacial interactions and dispersion
relations in carbon-aluminium nanocomposite systems, Nanotechnology 19
(1-13) (2008) 285701.

Y. Qiu, L.G. Hector, N. Ooi, J.B. Adams, A first principles study of adhesion and
adhesive transfer at Al (111)/graphite (0001), Surf. Sci. 581 (2005) 155—168.
R.Z. Valiev, M.Yu Murashkin, 1. Sabirov, A nanostructureal design to produce
high-strength Al alloys with enhanced electrical conductivity, Scripta Mater.
76 (2014) 13—16.

E.V. Bobruk, M.Yu Murashkin, V.U. Kazykhanov, R.Z. Valiev, Aging behavior
and properties of ultrafine-grained aluminum alloys of Al-Mg-Si system, Rev.
Adv. Mater. Sci. 31 (2012) 109—115.

A.M. Mavlyutov, A.S. Bondarenko, M.Yu Murashkin, E.V. Boltynjuk, R.Z. Valiev,
T.S. Orlova, Effect of annealing on microhardness and electrical resistivity of
nanostructured SPD aluminium, J. Alloy. Comp. 698 (2017) 539—546.

Y. Miyajima, S.-Y. Komatsu, M. Mitsuhara, S. Hata, H. Nakashima, N. Tsuji,
Change in electrical resistivity of commercial purity aluminium severely
plastic deformed, Phil. Mag. 90 (2010) 4475—4488.


http://refhub.elsevier.com/S1359-6454(18)30870-X/sref34
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref34
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref34
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref35
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref35
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref35
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref35
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref36
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref36
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref36
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref36
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref37
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref37
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref37
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref37
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref38
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref38
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref38
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref39
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref39
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref39
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref39
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref39
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref39
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref40
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref40
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref40
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref40
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref41
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref41
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref41
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref41
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref42
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref42
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref42
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref42
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref43
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref43
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref43
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref44
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref44
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref44
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref44
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref45
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref45
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref45
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref45
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref46
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref46
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref46
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref46
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref46
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref46
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref47
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref47
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref47
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref47
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref47
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref47
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref47
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref48
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref48
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref48
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref48
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref49
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref49
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref49
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref49
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref50
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref50
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref50
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref50
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref50
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref51
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref51
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref51
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref51
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref51
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref52
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref52
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref52
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref52
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref53
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref53
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref54
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref54
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref54
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref54
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref55
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref55
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref55
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref56
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref56
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref56
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref57
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref57
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref57
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref57
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref58
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref58
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref58
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref59
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref59
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref60
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref60
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref60
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref60
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref60
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref61
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref61
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref61
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref61
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref62
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref62
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref62
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref62
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref63
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref63
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref63
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref63
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref64
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref64
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref64
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref64
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref64
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref65
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref65
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref65
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref65
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref65
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref66
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref66
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref67
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref67
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref67
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref67
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref68
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref68
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref68
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref68
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref69
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref69
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref69
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref70
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref70
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref70
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref70
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref71
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref71
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref71
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref71
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref72
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref72
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref72
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref72
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref72
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref73
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref73
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref73
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref74
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref74
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref74
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref75
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref75
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref75
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref75
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref75
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref76
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref76
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref76
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref76
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref76
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref77
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref77
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref77
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref77
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref78
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref78
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref78
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref78
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref79
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref79
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref79
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref79
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref80
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref80
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref80
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref81
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref81
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref81
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref81
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref82
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref82
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref82
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref82
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref83
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref83
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref83
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref83
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref84
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref84
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref84
http://refhub.elsevier.com/S1359-6454(18)30870-X/sref84

Journal of Alloys and Compounds 968 (2023) 171928

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

journal homepage: www.elsevier.com/locate/jalcom

Check for

Using direct high-pressure torsion synthesis to produce aluminium matrix W&
nanocomposites reinforced with carbon nanotubes

Maria Emerla®, Piotr Bazarnik® ", Yi Huang ”¢

Terence G. Langdon "

, Matgorzata Lewandowska *,

& Warsaw University of Technology, Faculty of Materials Science and Engineering, Woloska 141, 02-507 Warsaw, Poland
Y Materials Research Group, Department of Mechanical Engineering, University of Southampton, Southampton SO17 1BJ, United Kingdom
¢ Department of Design and Engineering, Faculty of Science and Technology, Bournemouth University, Poole, Dorset BH12 5BB, United Kingdom

ARTICLE INFO ABSTRACT

Keywords:
Aluminium

Carbon nanotubes
High-pressure torsion
Nanocomposites
Thermal stability

Aluminium matrix nanocomposites reinforced with carbon nanotubes were fabricated in a new way by direct
synthesis using high-pressure torsion (HPT). Aluminium of 99.99 % and 99.5 % purities were used as matrix
materials with carbon nanotubes in amounts of 0.5 and 1 wt% as reinforcement. The HPT processing led to
extensive grain size refinement which was significantly higher than for pure metals and to a relatively uniform
distribution of the fillers. The grain size of the matrix was smaller for Al99.5 compared to Al99.99 while the

particle spatial distribution was more homogenous for the Al99.99 matrix. This was attributed to a lower
hardness and higher plasticity of Al 99.99 alloy. The addition of carbon nanotubes also improved the thermal
stability of the ultrafine-grained structure, especially if homogenously distributed as for the A199.99 matrix

nanocomposites.

1. Introduction

The continuous development of applied technologies in the auto-
motive, aerospace and electronics industries, as well as contemporary
efforts to protect the natural environment by reducing emissions of
exhaust and greenhouse gases, have contributed to numerous studies
seeking effective methods to significantly improve the mechanical
properties of metal alloys and composites with favourable strength-to-
density ratios [1-4]. One of the developmental paths leading to the
improvement of strength, hardness and wear resistance of such metallic
materials is a significant refinement of their grain structure where this
can be achieved by, among others, the use of processing through the
application of severe plastic deformation (SPD) [5-9]. Among a number
of SPD methods, High-Pressure Torsion (HPT) is considered the most
effective in terms of grain size refinement due to the large plastic strains
introduced to the material [5,7].

Several studies have demonstrated that HPT processing leads to a
significant increase in hardness and tensile strength in many engineering
materials [7,10,11] due to the production of severe grain refinement to
the sub-micrometric and nanometric sizes. Nevertheless, the ability of
each material to achieve grain refinement is limited so that ultimately

* Corresponding author.
E-mail address: piotr.bazarnik@pw.edu.pl (P. Bazarnik).
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the grain size saturates at a certain level [11-17]. Moreover, the purity
level of metals also has a significant impact on the final structural
refinement. For example, high purity Al (99.9999 %) undergoes
HPT-induced softening due to grain growth during the processing
whereas a commercial purity Al (99.5 %) exhibits a strain hardening
during processing [18]. This softening effect is caused by the high
mobility of dislocations and the role of grain boundaries as dislocations
sinks which are significantly influenced by the presence of impurity
atoms [19].

Additionally, ultra-fine grained (UFG) and nanocrystalline (NC)
metals are inherently thermally unstable so that annealing, even at low
temperatures, leads to recrystallisation and grain growth of the micro-
structure and this is deleterious to the material properties [20-22].

In order to improve the thermal stability of these types of materials
and stabilise the grain sizes at elevated temperature, some limited at-
tempts have been made to create metal matrix nanocomposites rein-
forced with various particles such as Al;O3, multi-walled boron nitride
nanotubes  (BNNTs),or carbon nanotubes (CNTs) [23-25].
Nano-particles uniformly distributed within the metallic matrix consti-
tute a pinning effect on lattice defects, such as dislocations and grain
boundaries, thereby stabilising the UFG microstructure and expanding
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the temperature window for their potential technological applications.

There are only a few reports describing Al-CNTs nanocomposites
subjected to HPT processing [26-28]. Furthermore, a review of these
reports shows that all of the nanocomposites were fabricated in
multi-stage procedures in which the HPT processing was always pre-
ceded by powder metallurgy synthesis such as ball milling of the pow-
ders followed by conventional sintering [29,30], hot pressing [31,32],
spark plasma sintering [33,34] or hot extrusion[34]. The aim of the
present work was to remove this time-consuming pre-treatment step and
to produce an Al-CNTs nanocomposite using HPT as a direct mixing
method by forming a sandwich of CNTs between two pure Al plates with
different purity levels ranging from 99.5 % to 99.99 %. This objective
was inspired by recent publications describing the fabrication of metal
composites and metastable alloys by directly packing alternating disks
of different metals for the HPT processing [35-37]. To date, only some
limited publications describe any thermal stability studies of these types
of materials [28,38]. Accordingly, the present report provides a detailed
description of the mechanical properties, thermal stability and micro-
structural characteristics of AI-CNTs nanocomposites produced by this
new procedure of direct HPT processing.

2. Experimental material and procedures

High and commercial purity aluminium, Al99.99 and Al99.5 %,
respectively, in the form of rods of 10 mm diameter were used as a
matrix while multi-walled CNTs with tube diameters of 2-5 nm were
used as the reinforcement. The Al-CNTs nanocomposites with 0.5 and 1
wt% of CNTs were produced by direct HPT synthesis. Specifically, a
stack of two aluminium disks with diameters of 10 mm and thicknesses
of 0.4 mm, with CNTs placed between them, were subjected to HPT
processing under a pressure of 1 GPa through a total number of 50 turns.
Fig. 1 schematically illustrates the process for the direct synthesis of
nanocomposites by HPT. In addition, 1 mm thick aluminium disks of
both purities were HPT processed under the same pressure for up to 10
revolutions and these disks served as reference samples.

To investigate the thermal stability, the HPT-processed AI-CNTs
nanocomposites and HPT-processed aluminium disks were annealed for
1 h at temperatures of 100°C, 150°C, 200°C, 250°C, 300°C, 350°C or
400°C. The annealing was conducted in a protective argon atmosphere
and the accuracy of maintaining the set temperature was + 5°C.

Initial observations of cross-sections of the disk samples were made
using a Zeiss Axio Observer optical microscope (OM). These observa-
tions were carried out on disk samples after 10, 20 and 50 revolutions in
order to determine the level of mixing of the CNTs with the matrix
material and also to evaluate the quality of bonding along the diameter
of the disk. Images of the entire cross-sections of each sample were
obtained by assembling a series of photographs using the Adobe Pho-
toshop graphics program. The samples for OM observations were pre-
pared by cutting the disks along their diameters using a circular saw,
encapsulating the samples in resin, grinding the samples on sandpaper
and then polishing the samples using a 1 ym diamond suspension.

Advanced structural observations of the fabricated nanocomposites

Fig. 1. Schematic of sandwich carbon nanotubes between two aluminium disks
for HPT processing.
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before and after annealing were collected using a scanning electron
microscope (SEM) Hitachi Su8000 operating in back-scattered electron
(BSE) mode. Observations were carried out on cross-sectional planes
approximately 1 mm from the edges of the disks. Samples for SEM in-
vestigations were prepared using an Hitachi IM4000 ion milling system.
This procedure gives high-quality surfaces for observation due to the ion
beam polishing which eliminates any deformation, stresses and/or the
formation of oxide layers. The surface quality after the ion milling
process permitted the structure to be observed in so-called channel
contrast in the SEM.

The average grain sizes together with the standard deviations, were
measured based on SEM/BSE image analysis. NIS-Elements BR 3.2
software was used to analyse the grain size and its variability and GIMP
2 software was used to prepare the SEM images for analysis. Detailed
microstructural observations were performed using a scanning-
transmission electron microscope (STEM) Hitachi HD-2700 operating
at an accelerating voltage of 200 kV. Samples for the STEM observations
were prepared using a focused ion beam facility (FIB) Hitachi NB5000.

A Falcon 503 hardness tester was employed to determine the Vickers
hardness of the samples before and after annealing using a 200 g load for
each measurement. Hardness values were recorded on cross-sections of
the specimens with a 0.3 mm distance between each indentation.
Hardness measurements for the annealed specimens were taken
approximately 1 mm from the edge of the disk with a 0.2 mm spacing
between indentations. Prior to these hardness measurements, the spec-
imens were encapsulated in resin and the cross-sectional surfaces of the
disks were mechanically ground and then polished using a 3 ym anhy-
drous diamond suspension in order to remove any oxides.

3. Experimental results
3.1. Microstructure of AI-CNTs nanocomposites

Fig. 2 shows a series of OM images of the cross-sectional areas of
Al99.5 and A199.99 with 0.5 % and 1 % of CNTs nanocomposites after
HPT processing through 10, 20 and 50 turns. These images provide clear
evidence for the gradual evolution towards nanocomposites. A large
structural variation can be observed depending on the number of rota-
tions. With increasing numbers of HPT turns, there is an obvious
improvement in the distribution of CNTs in the aluminium matrix and
thus a reduction in the number of large and visible CNTs agglomerates.
Since the CNTs were applied directly between two aluminium disks,
they tended to accumulate along the horizonal axis of the disk sample
especially near the centre of each disk. For all nanocomposites, more
dispersed CNT particles in the aluminium matrix are observed with
higher numbers of turns and increasing distance from the disk centres.
Inspection shows that samples of all nanocomposite types after 10 and
20 HPT rotations have visible long bands of CNTs agglomerates while in
the samples after 50 rotations such bands are much less visible so that
there is an improved dispersion of CNTs throughout the samples. The
only exception is the Al99.5-1 % CNTs sample for which a significant
proportion of CNTs agglomerates remains visible in the central regions.
In addition, it is noticeable that in the nanocomposites based on A199.99
the CNTs particles exhibit a higher tendency to be uniformly distributed
in the matrix by comparison with Al199.5.

The polished surfaces of the AI-CNTs samples were further observed
by SEM at higher magnifications to reveal the grain structure. The re-
sults are presented in Fig. 3 and for comparative reasons were com-
plemented with images for pure aluminium samples of both purities
processed through 10 HPT turns. These microstructures were evaluated
quantitatively using a computer-aided image analyser. The grain sizes
described in terms of the equivalent grain diameter (d) and the standard
deviation (SD) are summarised in Table 1.

The average grain sizes in pure Al99.5 and Al99.99 after 10 HPT
turns were 670 and 830 nm (Fig. 3), respectively, and this is consistent
with results reported for materials processed using conventional SPD
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Fig. 2. Light microscopy views of cross-sections of HPT-processed composites.

methods [18,39,40]. The addition of CNTs led to more intense grain
refinement in the metal matrix in both nanocomposites, as is evident
from Fig. 3 and Table 1. After 10 HPT revolutions, the grain size was
reduced to ~800 nm in the Al99.99 matrix nanocomposites and below
~450 nm in the Al99.5 matrix nanocomposites. A further decrease in
grain size was observed with increasing numbers of turns such that, after
50 turns, the average grain sizes of the aluminium matrices for all
nanocomposites was below ~250 nm (Table 1). The matrix structure in
all nanocomposites consisted of equiaxed grains and the grain size
scatter was typical for fairly homogenous materials. The smallest grain
size in the aluminium matrix of ~190 nm was obtained for the Al99.5
matrix nanocomposite containing 1 % of CNTs.

It is important to note that, although the structure of the matrix is
reasonably homogeneous, the distribution of CNTs is not homogeneous.
Fig. 4a and b show SEM images of the edge region for A199.99 containing
0.5 % of CNT after 10 and 50 HPT turns, respectively. It is apparent that
the CNTs are mostly distributed in the form of micro-sized agglomerates
and in the form of chains along grain boundaries after 10 revolutions
whereas after 50 revolutions many of these larger agglomerates are
fragmented to sizes of ~20-200 nm and they become uniformly
distributed in the aluminium matrix. However, the size and the density
of the CNTs agglomerates strongly depends on the purity of the
aluminium matrix. Fig. 4c and d were taken at the same magnification
and they illustrate the microstructures after 50 HPT revolutions for
Al99.99 - 0.5 % CNTs and Al199.5-0.5 % CNTs, respectively. These im-
ages show that the agglomerates are smaller and their density is lower in
the purer metal and this tendency was observed in all samples.

In order to better describe the distribution of CNTs in the matrix, a
series of SEM images was analysed in terms of the average size and the
surface fraction of CNTs agglomerates that were larger than ~150 nm
and the results are summarised in Table 2. In general, for small numbers
of revolutions it is apparent that mostly large agglomerates dominate the
structures with their size and surface fraction associated with the
amount of CNTs used. With increasing numbers of revolutions, there is
an observed decrease in both the size of the agglomerates and their
surface fraction. It is also be noted that this tendency is less for the
Al99.5 matrix than for the A199.99 matrix.

Figs. 5 and 6 shows exemplary STEM images of, respectively,
Al99.99 and Al99.5 samples containing 0.5 % of CNTs processed
through 50 HPT revolutions. The comparative HAADF and BF images of
Al99.99 (Fig. 5a, b) and Al99.5 (Fig. 6a, b) matrix nanocomposites
confirmed the significant grain refinement with an average grain size of
~200 nm in both aluminium matrices and large differences in the size
and distribution of CNTs agglomerates which are shown black in the
HAADF contrast. The agglomerates in the A199.5 matrix nanocomposite
are larger and their number is greater than in the Al99.99 matrix
nanocomposite. At the same time, only a fraction of individual CNTs are
visible in the matrix of the A199.5 nanocomposite (Fig. 6¢) whereas in
the Al99.99 nanocomposite there are a number of small (<100 nm)
uniformly distributed agglomerates (Fig. 5b) as well as individual CNTs
(Fig. 5¢) within the matrix.

3.2. Mechanical properties of AI-CNTs nanocomposites

The microhardness of the fabricated nanocomposites were measured
on the cross-sections of the disks and the results are shown in Fig. 7a and
b as a function of distance from the disk centres. These plots demonstrate
that HPT processing has enhanced the hardness in both types of nano-
composites and, in general, the hardness of the nanocomposites in-
creases with increasing numbers of revolutions and concentration of
CNTs. The highest values of hardness were obtained in samples con-
taining 1 wt% of CNTs subjected to 50 HPT rotations. Thus, the hardness
values increased from 25 and 50 Hv for HPT-processed Al99.99 and
Al99.5 pure metallic samples to 80 and 110 Hv, respectively, at the
edges of the HPT-processed nanocomposites containing 1 wt% of CNTs.
Although the hardness after 50 HPT turns was higher for the Al99.5
matrix nanocomposites, the hardness distribution was more homoge-
neous for the A199.99 matrices.

The hardness for the A199.99 matrix nanocomposites rises rapidly
during HPT and already after 10 turns it is almost two times higher in the
edge regions than in the pure metal after HPT (Fig. 7a). It is also
apparent that there is a significant impact of the CNTs content on the
hardness distribution for lower numbers of turns. Nanocomposites
containing 1 wt% of CNTs exhibit higher hardness than those with 0.5 %
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Fig. 3. Microstructure of Al 99.99 and Al 99.5 alloys after HPT processing and the microstructure of their composites containing 0.5 % and 1 % of CNTs after various

numbers of HPT revolutions.

Table 1
Summary of grain sizes and standard deviations from grain sizes for individual
samples.

Sample Turns nr. d [nm] SD [nm]
A199,5 % 10 670 216
A1 99,5 % 0,5 % CNT 10 377 150
20 340 136
50 234 95
A199,5 % 1 % CNT 10 438 176
20 364 137
50 188 72
A199,99 % 10 827 352
A1 99,99 % 0,5 % CNT 10 794 377
20 506 138
50 211 77
A199,99 % 1 % CNT 10 883 417
20 597 262
50 229 84

which is clearly visible in the samples after 20 HPT turns for which the
difference in hardness was higher than 15 Hv. Further processing up to
50 turns gave an additional hardness increase up to ~75 Hv in the edge
regions with some small areas of lower hardness near the centre of the
disk.

In the Al99.5 matrix nanocomposites, the results of hardness in the
samples having 0.5 and 1 wt% of CNTs after 10 and 20 turns are close
and only ~10 Hv higher than for pure aluminium after HPT processing

and the hardness values are almost homogeneous across the disk di-
ameters. By contrast, after 50 revolutions there is a further increase in
hardness values in the edge regions such that the hardness values reach
~75 and ~100 Hv for nanocomposites containing 0.5 and 1 wt% of
CNTs, respectively.

3.3. Thermal stability of AI-CNTs nanocomposites

Fig. 8 shows the average hardness measured at the disk edges for the
nanocomposites after 50 HPT turns and subsequent annealing at tem-
peratures ranging from 100 °C to 400 °C for 1 h. These results are also
complemented with the hardness values for the initial materials after 10
HPT turns. The results show that UFG Al99.99 and UFG Al99.5 are
thermally stable up to 150 °C and 200 °C, respectively, and these results
are in agreement with earlier reports [28,41]. As can be seen, the
addition of CNTs contributes to increases in the hardness for both types
of nanocomposites compared to the matrix as well as to their thermal
stability.

The results for the A199.99 matrix nanocomposites indicate that the
hardness remains stable until annealing at a temperature of 400 °C
where there is a small drop in the hardness values (Fig. 8a). The thermal
stability of the A199.5 based nanocomposite is not as good as the A199.99
material. Furthermore, the hardness changes more significantly and the
drop strongly depends on the concentration of the CNTs. Thus, the
average hardness of the A199.5 composites is reduced after annealing at
250 °C for 0.5 wt% of CNTs by ~ 16 % and for 1 wt% of CNTs composite
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Fig. 4. SEM images of Al99.99 + 0.5 % CNTs composite after a) 10 and b) 50 HPT turns, together with comparative microstructural images taken at the same
magnification for c¢) A199.99 + 0.5 % CNTs and d) Al99.5 + 0.5 % CNTs, where dark regions are CNTs agglomerates.

Table 2
The average size of CNTs agglomerates and their fraction surface.

Sample d [nm] SD [nm] surface fraction [%]
99.99 0.5% CNT 10T 590 3100 5.7
0.5% CNT 20 T 440 550 -
0.5% CNT50T 300 260 1.2
99.99 1%CNT10T 740 4580 8.9
1%CNT 20T 580 890 -
1%CNT50T 360 707 1.8
99.5 0.5%CNT 10T 910 8410 6.8
05%CNT20T 620 1550 -
0.5% CNT 50 T 520 950 3.4
99.511 1%CNT10T 1355 9560 9.2
1%CNT20T 750 2125 -
1%CNT50T 550 1045 4.5

after annealing at 350 °C by ~ 30 %, respectively, and a further drop of
hardness is observed with annealing temperature. Nevertheless, it is
interesting to note the standard deviations of the values for these results
which are marked in Fig. 8b since, although the results for the nano-
composites having 0.5 % of CNTs seem to be stable up to 300 °C, at the
same time they show a very large standard deviation by up to 18 Hv.
Such behaviour is explained by conducting microstructural obser-
vations. An SEM analyses of the Al99.99 matrix nanocomposites
revealed their excellent thermal stability as illustrated in Fig. 9. Thus,
the grain structure was stable up to a temperature of 400 °C where only
slight grain growth was observed in both nanocomposites by only 10-15
% compared to the composites after HPT processing. The A199.5 matrix
nanocomposites maintained a homogeneous ultrafine-grained structure
with an average grain size comparable to the material before annealing
up to temperatures of 350 °C and 250 °C for the nanocomposites con-
taining 0.5 % and 1 % of CNTs, respectively (see Figs. 10 and 11). Above
these temperatures, there was an onset in the formation of a heteroge-
neous structure in both nanocomposites such that single large recrys-
tallised grains, up to tens to hundreds of ym in size, surrounded by
nanosized regions were observed in these structures. As the temperature
increased, more regions of heterogeneous grain growth appeared in the
microstructure. Moreover, it should be emphasised that in the sample

Fig. 5. STEM and HAADF a), b) images showing the microstructures of samples
A199.99 + 0.5 %CNTs processed by 50 HPT turns (with marked dark regions of
CNTs biggest agglomerates), together with high resolution STEM image c)
showing the interface between CNTs and the Al matrix.

containing 1 % of CNTs heterogeneous grain growth was more intense
than in the sample containing 0.5 % of CNTs. After annealing at 400 °C,
most of microstructure consisted of fully recrystallised large grains but
there remained some places with highly refined grains although their
fraction was small. Fig. 12 shows an STEM image of such a hetero-
structure cut from the A199.5 sample containing 0.5 % of CNTs annealed
at 350 °C. In this image there are regions with large recrystallised grains
coexisting with those having UFG dimensions. In addition, there are
large agglomerates (marked with arrows) of CNTs and single tubes
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Fig. 6. STEM and HAADF images showing the microstructures of samples
A199.5 + 0.5 %CNTs processed by 50 HPT turns (with marked dark regions of
CNTs biggest agglomerates), together with high resolution STEM image.

located at grain boundaries within the microstructure. At the same time
it should be noted that these single CNTs are located mainly in areas
with small grains.

4. Discussion
4.1. Fabrication of Al-CNTs nanocomposites via direct HPT synthesis

The results of this research demonstrate that AI-CNTs nano-
composites with fairly homogenous microstructures may be achieved by
direct mixing in HPT processing. Comparing the microstructures of the
processed nanocomposites with the matrix materials (A199.99 and
Al99.5) after HPT, it is shown that the addition of CNTs leads to a
significantly smaller grain size in the HPT process. The effect of the
addition of second phase particles on enhanced grain refinement in HPT
processing was previously reported for other systems [6,30] but the
present results are the first demonstration using a direct synthesis
method. This phenomenon is explained by the pinning effect imposed by
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nanoparticles on lattice defects, such as dislocations and grain bound-
aries, which effectively reduces the ability of a material to exhibit re-
covery and recrystallisation during processing [42-44].

In these nanocomposites, the purity of the matrix material (A199.99
and Al199.5) had a noticeable effect on the distribution of CNT particles
within the matrix. For the A199.99 matrix, which is characterised by
lower hardness and thus higher ductility than Al99.5, fewer CNTs ag-
glomerates were observed and their sizes were smaller. Numerical and
experimental studies indicate that the turbulent flow of the material
during the HPT deformation plays a crucial role in the fragmentation of
agglomerates and the distribution of individual reinforcing phases in the
matrix [45,46]. Blocking of the shear deformation in the sample un-
dergoing HPT leads to the mixing of the material and thus an improved
distribution of reinforcement phases. It is probable that the higher
ductility of the Al99.99 matrix was associated with easier and faster
mixing of CNTs into the matrix during HPT processing which thereby led
to their more uniform distribution in the matrix. It should be noted that,
besides breaking of the CNTs agglomerates during HPT processing, a
fragmentation of individual CNTs also occurred. Despite this, many of
them have retained their tubular structure, as shown in Fig. 5c.

It is worth noting that the improved distribution of CNTs in the
Al99.99 matrix enhanced the process of grain refinement such that the
grain size was ~830 nm and ~220 nm for the pure matrix and the
nanocomposite, respectively, but smaller grain sizes of ~190 nm were
achieved for the nanocomposites based on A199.5 1 %CNT. This rela-
tionship is also reflected in the hardness measurements as the nano-
composites based on Al99.5 exhibited higher values of hardness in the
edge areas of disk samples. This is in agreement with earlier studies on
the effect of the degree of purity of the aluminium alloy on the frag-
mentation of the structure during the HPT process [18,47]. It should be
emphasised that the addition of CNTs benefits in increasing the hardness
of the nanocomposite after HPT but only if a high degree of dispersion of
the reinforcing particles is achieved within the matrix. For Al99.99
matrix nanocomposites where a good distribution of the CNTs was
observed, the hardness values increase even after 10 revolutions,
whereas in the Al99.5 matrix nanocomposites a significant increase in
hardness, associated with a better distribution of CNTs), was observed
only at the disk sample edge area after 50 revolutions.

4.2. Tailoring of the mechanical properties in AI-CNTs nanocomposites

In general, the hardness of the fabricated nanocomposites depends
on four factors: (1) the purity of the aluminium matrix [18], (2) the grain
size as described by the Hall-Petch relationship [5], (3) density of dis-
locations and (4) the dispersion of CNTs. The Al99.99 matrix

Fig. 7. Linear Hardness on the diameters of the cross-sections of samples: a) Al 99,99 composites b) Al 99,5 composites.
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Fig. 8. The hardness of a) the A199.99 and Al199.5 composites as a function of annealing temperature and b) hardness results for Al99.5 composites complemented

with standard deviation bars.

Fig. 9. Representative microstructural images of Al 99,99 0,5 % CNT composite after annealing at a) 250°C and b) 400°C; and Al 99,99 1 % CNT composite after

annealing at ¢) 250°C and d) 400°C.

nanocomposites exhibit lower hardness when compared with the A199.5
matrix nanocomposites mainly due to the higher purity and larger grain
size of the matrix so that the better dispersion of CNTs is unable to
compensate this loss. Nevertheless, the present results clearly indicate
that this new approach for the production of nanocomposites using
direct mixing by HPT is probably at least competitive, if not superior, to
the traditional methods consisting of several stages of milling and sin-
tering followed by HPT.

To place the results of this work in a broader perspective, Table 3
summarises the mechanical properties of the fabricated AI-CNTs nano-
composites with various Al-C alloys produced by traditional methods
[10,26,27,48]. A careful review of these data provides clear confirma-
tion that the direct processing via HPT of AI-CNTs nanocomposites
presented in this work produces a material with a comparable

microstructure and mechanical properties to other nanocomposites [10,
26,27,48].

It was shown in many earlier studies that the microstructural frag-
mentation and increase in hardness during HPT processing for many
materials occur up to a certain strain and thereafter a saturation effect
occurs so that at higher strains there is no additional increase in hard-
ness or further grain size reduction [8,14,15]. The experimental points
in Fig. 7 tend to be scattered but it was noted in a very early investi-
gation of HPT that it should be possible to correlate these various points
by plotting the data in the form of the values of Hv against the equivalent
strain (Fig. 13) and this type of plot should also provide a direct measure
of the saturation hardness [11,49]. It is apparent from Fig. 13 that the
saturation effect was strongly related to the type of matrix used to
produce the nanocomposites. In the nanocomposites with the A199.99
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Fig. 10. Representative microstructural images of Al 99,5 0,5 % CNT after annealing at: a) 250°C; b) 300°C; c) 350°C; d) 400°C.

Fig. 11. Representative microstructural images of Al 99,5 1 % CNT composite after annealing at: a) 200°C; b) 250°C; c) 300°C; d) 350°C.

matrix in Fig. 13a, the increase in hardness is visible from the beginning
of processing and the microhardness was not saturated until the equiv-
alent strain exceeded ~1000. This indicates that the Al99.99 nano-
composites possess a stronger strain hardening ability than pure metal
during HPT processing [5]. For the Al99.5 nanocomposites, the hard-
ening behaviour is different as shown in Fig. 13b since the microhard-
ness values tend to saturate in the first stage but then, after exceeding an
equivalent strain of ~800, there is a strong increase in hardness which is
probably associated with the dispersion of CNTs in the matrix. In ma-
terials with a good dispersion of CNTs, such as Al99.99, a significant
grain refinement was observed even at 10 revolutions as in Fig. 2

whereas in the Al99.5 nanocomposites, in which a small number of
revolutions such as 10 and 20 turns failed to produce a good distribution
of CNTs as in Fig. 2, the hardness values saturated at a level of ~55 Hv.
Thereafter, a good distribution of CNTs was achieved after exceeding a
certain critical level of equivalent strain and this led to a reduction in
grain size and a further increase in the microhardness values.

The present results in Fig. 3 and Table 1 show that the use of HPT
processing to fabricate Al-CNTs nanocomposites leads to a pronounced
microstructural refinement and an enhancement in the mechanical
properties. However, such a significant increase in hardness of the
nanocomposites cannot be explained only by Hall-Petch strengthening
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Fig. 12. HAAADF image of A199.5 with 0.5 % of CNTs composite after HPT
processing and annealing at 350°C showing the distribution of individual CNTs
(black in HAADF contrast) and their agglomerates (marked with arrows).

Table 3
Grain size and mechanical properties of Al-C nanocomposites composites [10,
26,27,48].

Sample Processing Grain Hardness Ref.
size [Hv]
[nm]

A199.99 +0.5% e Direct mixing 50 turns 210 75 Present
CNTs 230 75 work
and 1 %CNTs

A199.5 + 0.5 % o Direct mixing 50 turns 235 95 Present
CNTs 190 105 work
and 1 %CNTs

A1 99.99 % e Plastic consolidation 170 76 [26]
powder + 5 wt of powders
% CNTs e Followed by HPT at

RT, 2.5 GPa, 30 turns

Al 1050 powder e Plastic consolidation 100 150 [27]
+ 5 wt% CNTs of powders
modified with e Followed by HPT at
Cu 473K, 6.0 GPa, 10

turns

Al 1050 powder e Consolidation of 150 100 [48]
+ 1.5and 2 wt powders using HIP
% CNTs e Followed by HPT at

RT, 5.0 GPa, 5 turns
Al1050 powder e Compaction of 160 110 [10]
+ 5 wt% GNPs powders
e Followed by HPT at
298 K, 373 K, and
473K, 6.0 GPa, 1, 5,
10 and 20 turns

Al 99,99 % o Al powder + CNT 100 76 [26]
+ 5mass% mixted in ethanol
CNT under ultrasonic

condition 5 min, then
ethanol evaporated
Mixted powders 0,35 g
put into HPT anvil,
HPT processed
2,5GPalrpm, 30T

[50,51] as given by the following relationship which is reformulated in
terms of hardness to give

H=H,+kyd " €h)

where H is the hardness, H, and ky are material constants and d is the
average grain size.
To further check on the applicability of the Hall-Petch relationship
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for the aluminium nanocomposites fabricated by HPT processing, the
microhardness values obtained at the edges of the disks were plotted in
Fig. 14 as a function of d~1/2 together with datum points obtained from
the initial coarser-grained alloys and the initial alloys after 10 HPT
revolutions. In addition, trend lines for the Hall-Petch relationship for
pure materials are also included. It is apparent that there is a clear dif-
ference in the distributions of the experimental points between the
Al99.99 and Al99.5 nanocomposites and the trend lines for pure metals.
For A199.99 nanocomposites, the results are significantly shifted, even
after 10 revolutions, from the linear relationship and this shift is the
greater the higher the numbers of HPT revolutions. The hardness results
for the samples after 20 and 50 revolutions are close to the trend line
obtained for pure A199.5. In addition, for A199.5 matrix nanocomposites
the results for 10 and 20 revolutions are close to the linear relationship
for the pure alloy and there is a shift from the linear relationship only in
the sample after 50 revolutions. It is important to note also that the data
in Fig. 14 do not display the abrupt changes in slope that have been
reported for several materials including Al alloys processed by HPT [52].

It is evident from these results that the key factor determining the
strength of these nanocomposites is the good dispersion of nanofillers
within the matrix. In the Al199.99 matrix nanocomposites, where the
CNTs were uniformly distributed in the matrix even after only 10 turns,
the mechanical properties were influenced not only by the increased
grain refinement level according to the Hall-Petch relationship [50,51]
but also by the individual CNTs which made a large contribution to the
final strength of the nanocomposites. By contrast, the structure of the
Al99.5 nanocomposites was determined primarily by the large CNTs
agglomerates which favoured the fragmentation of the structure but
contributed little to the overall strength. As a result, the linear trend was
maintained for the samples after 10 and 20 revolutions and it was only
after 50 rotations that there was a clear shift from linearity due to the
improved distribution of CNTs in the matrix.

4.3. Thermal stability

The uniform distribution of CNTs in the aluminium matrix had a
major impact not only on the grain refinement and mechanical prop-
erties of these nanocomposites but also on their thermal stability. In
practice, the A199.99 matrix nanocomposites had smaller CNT agglom-
erates than the Al99.5 matrix. Thus, Table 2 shows the proportion of
visible agglomerates in the sample surfaces and for the A199.99 matrix
nanocomposites these values are significantly smaller (1.2 % and 1.8 %
for 0.5 % and 1 % CNTs) than for the A199.5 matrix nanocomposites (3.4
% and 4.5 % for 0.5 % and 1 % CNTs). The larger size of the visible
agglomerates, for the same amount of added nanotubes, is associated
with the poorer distribution of nanotubes in the metal matrix, where this
had a significant effect on the role of these particles in blocking the
movement of dislocations and grain boundaries. Fine particles located at
grain boundaries may apply a pinning pressure thereby impeding the
mobility of grain boundaries and blocking grain growth in addition to
the overall effect of these CNTs, where this is described as the Zener
pinning effect [53]. At the same time, the presence of large CNT ag-
glomerates in the A199.5 matrix samples leaves some areas without any
particles to impede grain growth so that, as a result, some grains are
blocked from growing whereas others are not blocked. This contributes
to the abnormal growth of grains not blocked by CNTs, as described by
the theory of abnormal grain growth due to the contribution from sec-
ond phase particles [54], and this leads to heterogeneous microstruc-
tures in the A199.5 matrix nanocomposites after annealing at 300°C and
250°C for 0.5 % and 1 % CNT additions.

In conclusion, the addition of CNTs has a positive effect on limiting
the growth of aluminium grains during annealing but only when the
CNT particles do not form large and numerous agglomerates but are
instead sufficiently well distributed within the aluminium matrix. In the
present direct synthesis procedure, the distribution of these CNTs is
related both to the ductility of the matrix material and to the extent of
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Fig. 13. Vickers microhardness plotted against equivalent strain for produced composites and reference literature data for Al 99.99 and Al 99.5 alloys.

Fig. 14. Hall-Petch relationship for initial alloys in coarse-grained state and
after processing through 10 HPT turns together with the data for Al-CNT
composites fabricated in this work.

the applied deformation.
5. Summary and conclusions

e Al-CNTs nanocomposites were successfully produced by a direct

synthesis procedure using HPT processing.

A relatively good dispersion of CNTs was obtained within the Al

matrix, especially for A199.99.

The addition of CNTs contributed to an increased grain size refine-

ment by comparison with the matrix and this, together with the

reinforcing effect of the CNTs, gave a significantly higher hardness of

the nanocomposites compared to the matrix materials.

For Al99.99 matrix nanocomposites, the hardness and microstruc-

ture remained stable even after annealing for 1 h at 400 °C. By

contrast, the HPT-processed Al99.5 lost its UFG structure and

enhanced mechanical properties after annealing at 150 °C. These

results were associated with the good dispersion of CNTs in the

Al99.99 matrix.

e For the Al99.5 matrix nanocomposites, the hardness was higher than
for the pure metal for the total range of annealing temperatures.

Nevertheless, there was noticeable grain growth accompanied by a
decrease in hardness after annealing at 250 °C for the nanocomposite
with 1 % CNTs and at 300 °C for the nanocomposite with 0.5 % CNTs
and this was due to the poorer dispersion of CNTs and the increased
number of large agglomerates.
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ABSTRACT

This investigation examines the problem of homogenization in metal matrix composites (MMCs) and the
methods of increasing their strength using severe plastic deformation (SPD). In this research MMCs of pure
copper and silicon carbide were synthesized by spark plasma sintering (SPS) and then further processed via high-
pressure torsion (HPT). The microstructures in the sintered and in the deformed materials were investigated
using Scanning Electron Microscopy (SEM) and Scanning Transmission Electron Microscopy (STEM). The me-
chanical properties were evaluated in microhardness tests and in tensile testing. The thermal conductivity of the
composites was measured with the use of a laser pulse technique. Microstructural analysis revealed that HPT
processing leads to an improved densification of the SPS-produced composites with significant grain refinement
in the copper matrix and with fragmentation of the SiC particles and their homogeneous distribution in the
copper matrix. The HPT processing of Cu and the Cu-SiC samples enhanced their mechanical properties at the
expense of limiting their plasticity. Processing by HPT also had a major influence on the thermal conductivity of
materials. It is demonstrated that the deformed samples exhibit higher thermal conductivity than the initial

coarse-grained samples.

1. Introduction

Metal matrix composites (MMCs) are lightweight structural mate-
rials which often exhibit unique properties such as enhanced strength
and hardness [1,2], wear [3] and corrosion resistance [4-6] together
with excellent electrical and thermal properties [6-8]. Various MMC
systems have been studied and an enhancement of a range of material
properties was reported thereby making these materials attractive for
use in a wide range of applications including in the aerospace, auto-
motive and electronics sectors [9,10].

Recently, significant interest has been directed towards the fabri-
cation of copper-based composites [4,6-8,11-14]. Copper and its alloys
exhibit excellent thermal and electrical conductive properties but, due
to their poor mechanical properties of very low wear resistance and low
yield strength, especially at elevated temperature, their use is restricted
in many industrial applications. Therefore, Cu-based MMCs reinforced
with ceramic particles are now under consideration as promising

* Corresponding author.
E-mail address: Piotr.Bazarnik@pw.edu.pl (P. Bazarnik).
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candidate materials for applications requiring high thermal con-
ductivity and thermal stability together with excellent wear resistance.
The incorporation of ceramic particulate reinforcements, such as SiC,
may significantly improve the thermal and some of the mechanical
properties as well as the wear resistance without any major deteriora-
tion in the thermal and electrical conductivities of the matrix [5,15,16].
The Cu-SiC MMCs appear to be promising engineering materials be-
cause they offer a combination of both the superior ductility and
toughness of the copper matrix together with the high strength, high
Young's modulus and exellent wear resistance of the SiC reinforcement.
To date, Cu-SiC composites have been used extensively as welding
electrodes, electrical contacts, and switches and in electronic packaging
[171.

Several different techniques have been developed to synthesize
MMCs where these methods include stir casting [18,19], spray forming
[18,20], squeeze casting [18,21] and powder metallurgy [18,22]. In
practice, powder metallurgy techniques such as hot isostatic pressing
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(HIP) [23], hot pressing (HP) [24] and spark plasma sintering (SPS)
[18,25] are especially promising because of the attractive properties of
the processed samples. In an earlier study, it was demonstrated that the
microstructure and mechanical properties of Cu-SiC MMCs depend
strongly on the nature of the sintering technique [15,26]. Specifically,
the optimum densification, and therefore the best mechanical proper-
ties of Cu-SiC MMCs, was reported after SPS processing [15]. Never-
theless, MMCs obtained via powder metallurgy processing may have
some disadvantages, including large microstructural inhomogeneities
in the particle distributions, the presence of some residual porosity even
after SPS processing [15] and in many cases a weak connection between
the particles and the metal matrix. It is well established that structural
inhomogeneity and residual porosity will significantly degrade the
formability and ductility, thereby making these materials prone to
premature failure.

In order to uniformly distribute the ceramic reinforcing particles
within the metal matrix and to densify the sintered materials, it is
feasible to use conventional deformation processes such as rolling or
hot extrusion. However, in many cases the deformation level generated
through these techniques is not sufficient to improve the micro-
structural homogeneity. For example, there is evidence that the im-
provement of homogeneity in MMCs requires strains higher than ~4
[27-29] which cannot be obtained in conventional rolling and hot ex-
trusion processes.

Recently, severe plastic deformation (SPD) processes were used to
fabricate MMCs and improve their homogeneity [30-45]. Moreover,
SPD procedures increase the strength of the composites through a re-
duction in grain size in the matrix metal. A number of SPD methods
were developed, such as high-pressure torsion (HPT) [46], equal-
channel angular pressing (ECAP) [47], accumulative roll bonding
(ARB) [48] and hydrostatic extrusion (HE) [49,50]. Among these
methods, HPT is regarded as reasonably ideal for achieving good
homogenization of the MMCs because of the ability to generate ex-
tremely high strains of typically more than 200 at 10 revolutions. This
process has been widely used in the processing of nano- and micro-sized
metals, metal alloys and their powders [51-57], intermetallics [58,59]
and MMCs [30-32,38-45,60,61]. However, there are to date only a
limited number of experimental studies on the HPT processing of
Cu-SiC composites [62-64]. Moreover, there is a lack of information
regarding the thermal conductivity of MMCs fabricated by SPD tech-
niques.

Therefore, the purpose of this study was to investigate the fabrica-
tion of novel MMCs using HPT to provide homogenization of sintered
Cu-SiC composites having different volume fractions of the SiC re-
inforcement. The strength, microhardness and thermal conductivity
were examined and the effect of refinement of the matrix grains and the
SiC particles on the thermal conductivity and mechanical properties
was also evaluated.

2. Experimental

A regular-shaped copper powder (produced by NewMet Koch) with
a purity of 99.99% and 40 um average particle size was used as a ma-
trix. The composites were reinforced by silicon carbide particles with a
purity of 99.99% (Saint-Gobain, France) having average particle sizes
of about 80 um and theparticle size ranges from 30 pm to 130 pm.

The powders were mixed in a planetary mill (Pulverisette 6) using
processing parameters of a rotational speed of 100rpm, a time of
mixing of 2 h and a ball-to-powder ratio (BPR) of 5:1. A milling medium
was not used during the mixing. Two compositions of the powder
mixtures were prepared with the following Cu to ceramic phase content
(vol%): 90%Cu-10%SiC, 80%Cu—20%SiC.

The powders were consolidated by the SPS technique using a gra-
phite die with a sample diameter of 10 mm and height of 10 mm. The
sintering process was carried out at a temperature of 950 °C in an argon
atmosphere with a heating rate of 100 °C/min and a 10 min holding
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time at maximum temperature at a pressure of 150 MPa. As a reference,
a sample of pure copper was sintered under the same conditions.

The sintered samples were cut to discs with thicknesses of 1 mm and
then subjected to HPT processing. This processing was conducted under
an applied pressure of 6.0 GPa at room temperature under quasi-con-
strained conditions [65] where there is a small outflow of material
around the periphery of the disc during the processing operation. Discs
were torsionally strained by rotating the lower anvil at 1 rpm through
20 revolutions each.

The microstructures of the Cu and Cu-SiC composites were ex-
amined using scanning electron microscopy (SEM) (Hitachi SU-8000)
operating at 10 kV. The images were taken in secondary electron (SE)
and in back-scattered electron (BSE) modes. The SEM observations
were performed on cross-sectional planes in the edge regions and also at
~0.5mm from the disc edge. Detailed microstructural observations
from selected areas were performed using a Cs-corrected dedicated
high-resolution scanning transmission electron microscope (STEM)
(Hitachi HD-2700). The STEM images were taken in bright-field (BF)
and high-angle annular dark field (HAADF) modes. The samples for
STEM observations were cut using the focussed ion beam (FIB) tech-
nique with a Hitachi NB5000 microscope. All microstructures were
evaluated quantitatively using a computer-aided image analyser. The
grain size was described by the equivalent grain diameter, d.q, defined
as the diameter of a circle with a surface area equal to the surface area
of the grain.

To evaluate the changes in the mechanical properties after HPT
processing, microhardness tests were performed on the polished sur-
faces of discs using an FM-300 microhardness tester equipped with a
Vickers indenter. Measurements were taken under a load of 200 g and a
dwell time of 10 s along randomly-selected diameters on each disc with
a spacing of 0.3 mm between the measuring points. The results were
plotted in the form of the hardness profiles. The study of mechanical
properties was complemented by tensile testing conducted at room
temperature using a Zwick 005 universal testing machine under dis-
placement control at a strain rate of 1.0 x 10~ s~ 1. For proper strain
estimation, Digital Image Correlation (DIC) was applied [66]. A CCD
camera operating at 4fps with a Pentax lens was placed in front of the
sample. The image acquisition by AVT software was synchronized with
the beginning of each tensile test. Based on the load - displacement
data, the yield stress (YS), ultimate stress (UTS) and the elongation to
failure were determined.

The thermal conductivity of the processed composites was measured
with the use of a laser pulse technique [67]. This was performed using
an LFA 457 device by Netzsch over the temperature range of 50-300 °C
in an argon atmosphere. The value of the thermal conductivity (TC) was
calculated using the following equation:

A=p-cyD m

where A is the thermal conductivity in W/mK, p is the density in g/cm?,
¢, is the specific heat in J/gK and D is the diffusivity in mm?/s. The
value of the specific heat was determined based on the rule of mixtures.
All of the results obtained for the samples after HPT processing were
compared with data for the initial material after SPS processing.

3. Results
3.1. Microstructure evolution

Figs. 1-2 show representative images of the initial microstructures
of pure Cu, Cu-10SiC and Cu-20SiC samples after SPS processing. The
microstructure in the pure Cu sample after SPS is inhomogeneous and
exhibits a bimodal character as illustrated in Fig. 1a with low magni-
fication. The grain structure consists of two types of grains: (1) coarse
grains having diameters of ~210um and occupying ~70% of the
sample volume and (2) fine grains with an average grain size of
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Fig. 1. SEM images of the microstructures of pure Cu after SPS processing at low (a) and high (b) magnifications.

~3.4 um. Also, numerous twins are visible in the microstructure. Some
residual porosity is visible in the copper matrix, as presented in Fig. 1b
with high magnification where the black regions in the BSE image are
pores. These pores have size ranges between ~0.5-2.0 um and they are
located mainly at the contact surfaces of the primary powder particles.

The structures of the Cu-10SiC and Cu-20SiC composites in Fig. 2
were more uniform. Microstructure observations show that the SiC re-
inforcement phase is fairly uniformly distributed throughout the sample
volume with only a few clusters of SiC particles visible in the Cu matrix
in Fig. 2a and b. The SiC particles embedded in the Cu matrix have sizes
from ~10 to ~100 um with a majority of particles having sizes of the
order of ~100 um. In both samples the grain size distributions in the
copper matrix are more uniform (Fig. 2¢) with an average grain size of
~130 um. However, some discontinuities are visible in the micro-
structures, such as the presence of pores in the Cu matrix which appear
as white dots in the SE image in Fig. 2d and the lack of bonding be-
tween the copper matrix and some SiC particles which are visible as
empty spaces on the contact surfaces in Fig. 2d.

The use of HPT processing has a significant impact on the structures
of the sintered samples, as illustrated in Figs. 3-5 for Cu, Cu-10SiC and
Cu-20SiC samples, respectively. In the pure copper, the HPT processing
produces a significant reduction in the pore density. Thus, as can be
seen in the SEM image in Fig. 3a, only very fine pores can be identified
in the microstructure (marked by arrows). In addition, SEM images
taken in orientation contrast mode revealed a significant grain size
reduction as shown in Fig. 3b. These grains are relatively equiaxial and
with sizes below ~1 pm.

After HPT processing, the microstructures in the samples with the
10% SiC and 20% SiC reinforcements are similar, as shown in Figs. 4
and 5, but there is a significant grain size reduction in the Cu matrix
and a decrease in porosity. These SEM observations confirm there is a
considerable fragmentation of the SiC particles during the HPT pro-
cessing (Figs. 4a and 5a). Moreover, the quality of the bonding between
the particles and the Cu matrix has improved as is evident in Figs. 4b
and Fig. 5b—c. No pores and voids are visible at the interfaces between
the SiC particles and the Cu matrix. Nevertheless, the degree of frag-
mentation appears to be strongly correlated to the original size of the
SiC particles. For the largest particles having sizes of ~100um, a
number of cracks and discontinuities are observed in the Cu-20SiC
sample in Fig. 5e. In addition, for most of these particles their outer
parts are fragmented into clusters of smaller particles embedded within
the Cu matrix and this phenomenon is visible in Fig. 5c and e. At the
same time, the fraction of smaller fragmented particles having sizes of
~20-40 pm increased after HPT processing. Some of these particles
were fragmented and formed clusters of particles having sizes in the
range of ~0.05-1.0 um (Figs. 4c and 5c). At the same time, a high
fraction of fine SiC particles with sizes of ~50-700 nm is found in the
Cu matrix (Fig. 5d) where these particles are dispersed in the Cu matrix.
Observations by SEM indicate that the fragmentation effect is more
intense in the sample with 20% of SiC reinforcement, where there are
numerous small particles and clusters of particles in the copper matrix.

The particle sizes were quantitatively analysed in the Cu-10SiC and
Cu-20SiC samples and Fig. 6 shows the particles size distributions per
unit area for the as-sintered samples (Fig. 6a—c) and HPT-processed

Fig. 2. SEM images of the microstructures of Cu-SiC composites after SPS processing: with 10% (a) at low magnification (c) at high magnification in BSE mode and
20% at (b) low magnification (d) at high magnification in SE mode (the white dots are pores).
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Fig. 3. SEM images of the microstructure of pure Cu after HPT processing.

samples (Fig. 6b—d). In both the Cu-10SiC and Cu-20SiC samples, the
numbers of the largest SiC particles after HPT processing decreases
when compared with the as-sintered state. At the same time, the frac-
tion of small particles, smaller than 2 pm, increases significantly espe-
cially in the sample with 20% of SiC reinforcement where the numbers
of particles having sizes in the range of ~50-700 nm reaches ~10* per
mm?,

The SEM observations in Figs. 4c and 5d gives clear evidence for
grain size refinement in the Cu matrix during HPT processing. However,
in order to precisely determine the grain size distributions after HPT
processing it was necessary to conduct more detailed investigations.
Fig. 7 shows representative STEM images for Cu and the Cu-10SiC and
Cu-20SiC samples after HPT processing. The microstructure is gen-
erally similar for all samples with the Cu matrix containing both
elongated and equiaxial grains with a relatively small density of in-
ternal dislocations as shown in Fig. 7 a-c. The average grain size for
these conditions was ~360 nm and there were clusters of fragmented
SiC particles as in Fig. 7d and undeformed larger particles as in Fig. 7e.

3.2. Mechanical properties

The microhardness distributions across the disc diameters for the
SPS-processed samples and samples processed by HPT through 20 turns
are presented in Fig. 8. In addition, the average microhardness values
with their standard deviations for all samples are given in Table 1. It
should be noted that the microhardness measurements were undertaken
using a procedure that avoided impinging or hitting any of the large SiC

particles with the indenter.

The average microhardness of pure Cu after SPS process is ~58 Hv
with a large scatter in the experimental results whereas in the SPS-
processed samples with the SiC reinforcement the microhardness of the
Cu matrix was at a level of ~65 Hv. After HPT processing, the hardness
along the discs diameters in all samples tended to distribute homo-
genously with only a small depression in the values in the central re-
gions as shown in Fig. 8. In pure Cu, the microhardness increased from
~58 Hv to ~178 Hv. In the samples with the SiC reinforcement, the
hardness values were at levels of ~200 Hv and ~230 Hv for the HPT-
processed Cu-10SiC and Cu-20SiC samples, respectively. It should be
noted that the standard deviation for the SiC-reinforced samples was
larger than for the pure Cu sample.

The results of tensile tests for the HPT-processed samples are illu-
strated in Fig. 9 where these data were complemented with the results
for SPS-processed samples. The results and summarised in Table 2
showing the ultimate tensile strength (UTS), yield strength (YS) and
elongation to failure. For the sintered Cu material, the YS is at a level of
~130 MPa with a UTS of ~235 MPa. In addition, the material exhibits a
large elongation to failure of ~40%. The UTS of samples with the SiC
reinforcement is much lower and the values are not larger than ~140
and ~75MPa for the Cu-10SiC and Cu-20SiC samples, respectively.
These samples also exhibited lower elongations to failure with values
below 10%.

Processing by HPT has a strong impact on the mechanical behaviour
in all samples. Thus, the UTS in pure copper increases from ~235 MPa
to ~560 MPa. In the Cu-SiC samples, the UTS increases from ~140 MPa

Fig. 4. SEM images of the microstructure of Cu-10SiC composite after HPT processing.
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Fig. 5. SEM images of the microstructure of Cu-20SiC composite after HPT processing.

to ~420MPa in Cu-10SiC and from ~75MPa to ~440MPa in
Cu-208SiC. This high strength was at the expense of ductility and the
elongations to failure dropped to ~10% and ~2% in the pure copper
and SiC-reinforced samples, respectively.

3.3. Thermal conductivity

The thermal properties of Cu and the Cu-SiC composites were ex-
amined before and after HPT processing. Based on measurements of the
thermal diffusivity, the thermal conductivity was estimated and the
results are presented in Fig. 10. These data indicate that the fraction
volume of SiC and the use of HPT processing have a significant impact
on the thermal properties of these materials. The highest values of
thermal conductivity were obtained for the SPS-processed copper and
HPT-processed copper. As can be seen, the thermal conductivity of the
HPT-processed Cu sample, measured at 50 °C, reached a value of
~450 W/mK which is almost 15% higher than the value of ~400 W/mK
for the SPS-processed Cu sample. The conductivity values decrease with
increasing testing temperature but the observed trend remains visible
up to 150 °C. With a testing temperature above 150 °C, the results for
the thermal conductivity of SPS-processed Cu and HPT-processed Cu
are almost equal at ~375 W/mK.

A similar tendency is observed for the Cu-SiC composite samples.
The thermal conductivity of the HPT-processed Cu-10SiC sample,
measured at 50 °C, is almost equal to that of pure copper in the SPS state
(~385 W/mK). The thermal conductivity values for the SPS-processed
and HPT-processed Cu-10SiC samples decrease with increasing testing
temperature. In addition, the conductivity values for the HPT-processed
samples are higher than for the SPS-processed samples. The largest
difference is observed up to 150 °C. At higher temperatures the results

are almost equal although the conductivity for the composite samples
after HPT processing is always higher by several units.

In the Cu-20SiC samples, the thermal conductivity at 50 °C for the
HPT-processed sample is higher than for the SPS-processed sample and
it is also higher than for the SPS-processed Cu-10SiC sample. In addi-
tion, for both SPS-processed and HPT-processed Cu-20SiC samples the
conductivity decreases with increasing temperature but their values
never become equal. These thermal conductivity values for the HPT-
processed sample are higher by ~100 W/mK at 50 °C and by ~30 W/
mK at 300 °C.

4. Discussion

4.1. Microstructures of SPS-processed samples and their evolution during
HPT processing

SPS-processed samples exhibit some structural differences de-
pending on their composition. In the pure copper sample the micro-
structure was highly inhomogeneous in terms of grain size whereas in
the Cu-SiC samples the grain size in the copper matrix was more uni-
form. These structural differences are due to the inhomogeneous re-
crystallization and grain growth processes occurring during sintering
and the inhibition in grain boundary mobility caused by the presence of
pores and second phase particles [68,69]. One of the main factors
limiting grain growth is the size of the powder particles used in the
sintering. Therefore, for pure Cu sample there were large powder par-
ticles and it is reasonable to expect significant grain growth. However, a
high fraction of fine-grained regions was also observed in this sample
and it is worth emphasizing that these refined structures were observed
mainly in the regions where there were high densities of pores. Thus,
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Fig. 6. Particles size distributions in Cu-SiC samples after SPS processing (a, ¢) and after HPT processing (b, d).

the presence of porosity significantly inhibits diffusion and grain
growth by reducing the diffusion area [68,69]. Moreover, the surface
area of the powder particles is always slightly oxidized and this oxi-
dation also inhibits grain growth. Both factors play a significant role in
the formation of fine-grained structures in the copper sample.

The addition of SiC particles acts to homogenise the grain size dis-
tribution in the Cu matrix. The SiC particles are thermally stable ele-
ments and they play a role as barriers impeding grain growth and re-
crystallization processes [70,71]. The inhibition of grain growth by
dispersed particles, combined with the effects resulting from residual
porosity and oxidation, leads to a more homogeneous average grain size
in the copper matrix. In addition, it is worth noting that there were
numerous discontinuities and voids at the interface between the SiC
particles and the Cu matrix in these samples and this indicates that the
SiC particles exhibit a poor wettability during sintering.

The results show also that HPT processing of Cu and Cu-SiC com-
posites produces significant changes in the microstructure.

Firstly, it has a beneficial influence on the reduction of residual
porosity. The SEM images in Fig. 3 show the presence of only single
pores in all microstructures and no voids were observed at the inter-
faces between the SiC particles and the Cu matrix after HPT processing.
The closure of pores is related to the processing parameters and is a
direct consequence of the high imposed compressive pressure of
6.0 GPa and the high shear strains of more than ~400 generated in the
outer parts of the discs during HPT. Both factors contribute to the
closure of the remaining voids and pores in the samples [62,72,73]
leading to further densification.

Secondly, the HPT processing causes a significant grain refinement
in pure copper and the copper matrix as in Figs. 3-4 and the average
grain size in all samples was of the order of ~360 nm. This is similar to
the grain size in pure copper after 10 HPT revolutions which was re-
ported as ~300 nm [74].

Thirdly, the HPT processing has a dual effect on the evolution of SiC
particles in the composite samples. It leads to a significant fragmenta-
tion of the SiC particles as confirmed by SEM observations (Figs. 4 and
5) and quantitative analysis (Fig. 6). The number density of large SiC
particles decreased and the number density of nanometric fragmented
SiC particles significantly increased. In addition, after a large number of
HPT turns there was a homogeneous distribution of fragmented SiC
particles in the Cu matrix. A fragmentation of the hard ceramic phase
during SPD processing was reported earlier for various MMCs, such as
ZnO in a Cu matrix [73], Al,O3 in an aluminium matrix [75,76], SiC in
an Al matrix [76], AlsTi in an aluminium matrix [77], TiB in Al and Ti
matrices [78,79] and SiC in a Cu matrix [62]. These various reports
demonstrate that the combination of a high compressive pressure with
the high shear strains generated during torsional straining in HPT and
the low fracture toughness of the SiC reinforcing phase favours particle
fragmentation during processing [62,80]. The SiC ceramic particles
embedded in the Cu matrix undergo an unusually high extent of plastic
deformation during the HPT processing. Thus, extremely high shear
strains are generated during HPT and this promotes dislocation for-
mation in the ceramic phase (Fig. 7e), an activation of their movement
by slip and then facilitates the transformation of slip bands to micro-
cracks causing the fragmentation of the ceramic phase [62,80].
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Fig. 7. STEM images of the Cu-SiC microstructure after HPT processing: (a) pure Cu, (b) Cul0SiC, (c¢) Cu20SiC, (d) a cluster of fine SiC particles embedded in Cu
matrix, (e) interface between big SiC particle and Cu matrix.

It is worth emphasizing that the fragmentation effects reported in that the size of SiC particles may be drastically reduced after 15 HPT

these experiments were not fully completed and high numbers of large revolutions [62] but in those studies powder particles were smaller than
SiC particles were observed in the microstructures after HPT processing ~30pum and therefore easier to fragment. These experiments also em-
(Figs. 4-6) which are a consequence of the insufficient strain that was ployed a higher compressive pressure of 10 GPa which again favours
imposed during HPT processing. Moreover, most of these particles the formation of higher stresses in the material.

contained numerous cracks and voids. By contrast, it was demonstrated
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Fig. 8. Variations of hardness with distance from the disc centre for Cu and Cu-SiC samples after HPT processing.
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Table 1
Showing average microhardness of studied samples together with their stan-
dard deviation.

Sample Microhardness Standard deviation
Cu sintered 58 7.6

Cu-108SiC sintered 65 3.4

Cu-208iC sintered 66 2.5

Cu HPT 178 6.7

Cu-10SiC HPT 199 7.9

Cu-20SiC HPT 228 13.1

4.2. The effect of HPT processing on the mechanical properties

The experimental results in these experiments prove that a combi-
nation of SPS and HPT processing is effective in producing MMC sam-
ples with exceptionally high strength. The SPS samples exhibited sig-
nificant differences in the microhardness results with ~58 Hv and high
scatter for pure copper and ~65 Hv for the MMCs with 10% and 20% of
SiC reinforcement. The observed differences are related to the micro-
structures of these samples. Thus, in the pure copper sample a high
grain size inhomogeneity was observed and this gave a reduced hard-
ness and a large scatter in the experimental results. In the MMCs
samples, where the SiC particles inhibited grain growth, the micro-
structure was homogeneous in terms of grain size and the hardness
values were higher and more uniform.

In the samples processed by HPT, the microhardness increased more
than three times and there was a reasonable level of homogeneity
throughout the disc with only a small drop in hardness in the central
regions. This indicates that the materials reached a saturation state
[81]. After HPT processing, the average microhardness values increased
to ~178 Hv for pure Cu and ~200 Hv and ~230 Hv for Cu-10SiC and
Cu-20SiC, respectively. Such an increase in microhardness after HPT
processing is related to the grain refinement in the Cu matrix, the in-
creased density of dislocations and, for the MMCs, with the presence of
fragmented fine SiC particles which act as obstacles to dislocation
motion according to the Orowan model [82]. The fragmentation of the
ceramic phase generates a high fraction of homogeneously distributed
SiC nano-particles, as shown by the microstructure images presented in
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Table 2
Mechanical properties determined in tensile tests.

Sample UTS [MPa] YS [MPa] Elongation [%]
Cu sintered 235 130 40

Cu-10SiC sintered 140 110 9

Cu-20SiC sintered 75 68 2.3

Cu HPT 560 480 10.3

Cu-10SiC HPT 440 395 2.9

Cu-20SiC HPT 420 385 1.9

Figs. 4-5 and the particle size distributions in Fig. 6. The fragmentation
of SiC particles is more intense for the sample containing 20% of re-
inforcement and this leads to the higher microhardness values in this
sample.

The presence of an SiC reinforcement also has a major impact on the
mechanical properties as measured in the tensile testing. In the SPS
samples, the highest strength was obtained for pure copper (~200 MPa)
whereas in the Cu-10SiC and Cu-20SiC samples the UTS values were
~130 MPa and ~75 MPa, respectively. This large reduction in strength
is attributed to the presence of numerous pores and discontinuities at
the interfaces between the Cu matrix and the SiC particles, as visible in
Figs. 1 and 2, which act as stress concentrators leading to the propa-
gation of cracks [83] and giving material failure at lower stresses. These
results are consistent with earlier studies on Cu-SiC composites fabri-
cated by various powder metallurgy techniques [15,26]. The poor
wettability of SiC by copper significantly reduces the strength of the
sintered samples [84].

The samples processed by HPT exhibited higher strength than those
of the coarse-grained materials. The improvement in UTS of the pure Cu
and Cu-SiC samples is associated with matrix strengthening through
the grain refinement according to the Hall-Petch relationship [85,86].
In addition, the increased number density of fragmented nano-sized SiC
particles [14,62] also plays a beneficial role contributing to the increase
in the UTS. In earlier work a UTS as high as 850 MPa was reported for
Cu-20SiC after 15 HPT revolutions [62]. However, the SiC particles
used in the earlier experiments were smaller and therefore easier to
fragment whereas the SiC particles in this study had diameters of
~100 um. As presented in the SEM images in Figs. 4 and 5, even 20 HPT

Fig. 9. Plots of stress versus strain for tensile specimens processed by HPT.
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Fig. 10. Thermal conductivity as a function of temperature for SPS-processed samples and HPT-processed samples.

revolutions under a pressure of 6.0 GPa failed to produce sufficient
shear forces to fully fragment such large particles (Fig. 6). Moreover,
after HPT processing most of the remaining large particles were cracked
(Fig. 5) which may also have a negative effect on the strength [83].

4.3. Effect of plastic deformation on thermal conductivity

No data on the effect of HPT on the thermal conductivity of Cu and
Cu-SiC composites were reported so far. Therefore, it is important to
provide a basic explanation of the thermal conductivity changes ob-
served in Fig. 10. The results clearly show that the high plastic de-
formation introduced during HPT processing enhances the thermal
conductivity. Thus, its value for pure copper subjected to 20 turns of
HPT was ~445W/(mK) while the thermal conductivity of sintered
copper was only ~390 W/(mK). The results for the Cu-SiC MMCs are
lower than those for the pure metal which is reasonable since the
conductivity of SiC is 360 W/(mK). However, even in these samples
there was an observable increase in the conductivity after HPT pro-
cessing. Several factors may be responsible for this behaviour.

The first factor is associated with the further densification of the
sample during HPT processing. The pores and other discontinuities are
structural barriers to heat flow. Therefore, intense plastic deformation
closes most of these defects, as in Figs. 3-5, thereby increasing the
thermal conductivity.

The second factor is associated with structural changes in the Cu
matrix. A large amount of cold working makes the samples thermally
unstable and the rate of heat emission is enhanced [87,88]. As a con-
sequence of plastic deformation and residual stresses, the lattice para-
meter may be slightly changed. Thus, atoms are more densely packed
and the heat transfer is enhanced by physical or atomic contact between
the conducting atoms. As a result, the absorbed heat is quickly trans-
ferred from one atom to the other [89,90]. It is also worth examining
the density of defects generated during the SPD processing. In general,
all structural defects are considered as structural barriers for heat flow.
Some investigations suggest that dislocations are a source of anhar-
monic phonon-phonon scattering and this reduces the relaxation time
of longitudinal acoustic phonons [91]. Increased phonon scattering by
dislocations has been suggested as an explanation for the thermal

conductivity reduction [91,92]. At some point, the numbers of scat-
tering dislocations may be reduced due to dislocation annihilation [81].
Pure metals, such as the 99.99Cu used in this study, have a strong
tendency for recovery processes and the density of defects is lower than
in their alloys. This means that the effect of dislocation scattering on the
thermal properties is probably essentially negligible.

5. Summary and conclusions

1) Samples of Cu, Cu-10SiC and Cu-20SiC were successfully con-
solidated by the SPS technique. Nevertheless, pores and voids re-
mained at the interfaces between the Cu matrix and the SiC parti-
cles. Further processing by HPT made it possible to substantially
reduce the residual porosity as well as increasing the bonding be-
tween the Cu matrix and the SiC particles.

2) Processing by HPT with a pressure of 6.0 GPa and 20 revolutions
produced an ultrafine-grained structure in the Cu matrix for all
samples with an average grain size of ~360 nm. It also led to the
fragmentation of the SiC phase. As a result, high numbers of nano-
sized SiC particles were observed after processing.

3) The presence of SiC nanoparticles and a refined microstructure in
the Cu matrix contributed to an increase in the microhardness in the
Cu and Cu-SiC samples.

4) The use of HPT processing significantly improves the strength of
Cu-SiC composites but the presence of some remaining cracked
large SiC particles had a negative impact on the strength of the
MMCs which remained not higher than ~450 MPa.

5) It is shown that the thermal conductivity of Cu-based MMCs may be
enhanced by subjecting these samples to intensive plastic deforma-
tion.
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ABSTRACT

New metal matrix nanocomposites with enhanced thermal stability were produced in a three step process
consisting of mechanical milling, spark plasma sintering and High-Pressure Torsion (HPT). The nanocomposites
consisted of a copper matrix and the addition of 1 wt% Graphene Oxide (GO) as a reinforcement. A nano-
crystalline microstructure, enhanced hardness and improved thermal stability were achieved. The grain size of
the nanocomposites was ~55 nm which is almost four time smaller than for Cu HPT at 210 nm. Hardnes and
ultimate tensile strength of the nanocomposites reach 250 Hv and 700 MPa, respectively, which was more than
three times higher than for the initial material. The most important result is that the nanocomposites remained
ultrafine-grained up to 500 °C whereas the Cu HPT fully recrystalized after annealing at 300 °C The report also
includes an investigation of the electrical conductivity of the copper-based composite which was slightly better
than for copper after HPT together with the wear behaviour of this material. This is one of the first reports on
copper reinforced with graphene oxide composites produced by HPT and it gives information on its thermal
stability, electrical conductivity and wear behaviour together with the microstructural characteristics and me-

chanical properties.

1. Introduction

The modern industry places increasing demands on structural ma-
terials so that new approaches to materials development are a pressing
requirement. Novel fabrication techniques allow combined properties
and provide a potential for new functionalities. One of the directions in
this field is to increase the strength of the metals through grain size
reduction [1-4]. It is well known that intense grain refinement to the
ultrafine-grained (UFG) or nanocrystalline (NC) level leads to a signifi-
cant increase in strength, as described by the Hall-Petch relationship [5,
6]. In practice, UFG and NC materials are most readily produced in bulk
form by subjecting materials to severe plastic deformation (SPD). A
number of techniques are now available for the SPD processing of metals
[2-4,7-11] The most promising in terms of producing novel metallic
structures with the smallest possible grain sizes is high-pressure torsion
(HPT) [2,4]. HPT is considered the most effective for achieving UFG and
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NC structures because of the processing ability to generate extremely
high strains [12,13].

Despite a very significant increase in strength, UFG and NC materials
generally exhibit some disadvantages. For example, it was proven that in
SPD processing the grain size decreases with increasing strain until it
reaches a stable minimum which is designated the saturation state. This
limitation in grain refinement has attracted much attention [14-19] and
it appears to be an inherent feature of each material depending upon the
crystallographic structure, stacking-fault energy, purity level of the alloy
or the presence of intermetallic impurities. Moreover, the commercial
applications of the UFG/NC alloys are limited due to their low micro-
structural stability at elevated temperatures which complicates the
processing of final products in industry. Due to the high energy stored in
these materials in the form of defects such as grain boundaries or dis-
locations, they are inherently thermally unstable and annealing, even at
low temperatures, leads to recrystallization and coarsening of the
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microstructure, which in turn degrades the material properties [20-22].
In extreme cases, as in ultra-pure copper after HPT processing, the
material recrystallizes already at room temperature [15].

Overcoming the problem of insufficient thermal stability and grain
refinement limitations in UFG and NC materials is currently a challenge
in materials science. Different physical phenomena could allow the
control of grain growth and the stabilization of the structure. One of the
most effective approaches is to use nano-particles uniformly distributed
within the metal matrix that will have a pinning effect on any lattice
defects, such as dislocations and grain boundaries, thereby stabilizing
the UFG microstructure and expanding the temperature window for
their potential technological applications [23-25]. Moreover, it has
been proven that the addition of dispersed nanoparticles can overcome
the saturation effect, leading to a further grain size reduction during SPD
processing [26]. However, most studies omit the thermal stability of
metal matrix composites (MMCs) while focusing on the synthesis and
impact of reinforcement on the microstructural development. By
contrast, only a few reports focus on systematic studies to improve the
thermal stability in UFG/NC metals reinforced with dispersed particles
[23,24,27].

There are several reports regarding HPT processing of composites
reinforced with various oxide and carbide particles [23,24,28-32] and
composites reinforced with carbon-based particles such as fullerenes
[33] or carbon nanotubes [27,34]. Recently, a new group of composites
was introduced reinforced with graphene nanoparticles (GNPs) [35-37]
or graphene-oxide (GO) nanoparticles [38]. Research on Al-GNPs [37]
and Cu-GNPs [39] fabricated by HPT processing shows the general trend
that the addition of even small amounts (1-2 %) of graphene produces a
remarkable increase in the mechanical properties, a decrease in the
coefficient of friction, an improvement in the electrical conductivity
[39] and even an improvement in the wear resistance [39], when
compared with pure metals after HPT processing [40,41]. In practice,
GO is easier to produce and easier to uniformly distribute in a Cu matrix
than graphene due to oxide functional groups on the GO surface.
Moreover, it has been reported that the oxygen groups in GO have a
tendency to create a strong bonding with the metallic matrix whereas in
graphene-based composites this connection is weakened [39,42-44]. At
the same time, there are only a few publications covering copper-based
composites reinforced with GO and none of them focuses on composites
produced by HPT. Accordingly, the present study was therefore initiated
to evaluate the use of HPT processing in the fabrication of Cu-GO
composites as well as evaluating their mechanical properties, elec-
trical conductivity and thermal stability.

2. Materials and methods
2.1. Materials

The Cu-GO nanocomposites were produced in a three-step process
consisting of: 1) a mixing of the powders by mechanical milling, and
then 2) sintering by a Spark Plasma Sintering (SPS) method and finally
3) processing by HPT.

A regular-shaped copper powder (produced by ABCR company) with
a purity of 99 % and a particle size of ~50 + 13 pm was used as the
matrix. The composites were reinforced by adding 1 wt% of GO flakes
produced by modification of Hummers method which was described in
another report [45]. The powders were mixed in a planetary ball milling
system (Retsch PM100) in an argon protective atmosphere with a speed
of 300 rpm and time of 1 h. The weight ratio of powder to ball was 1:10.
The milling chamber and balls were made of ZrO-.

2.2. Fabrication
The powders were consolidated by the SPS technique using a

graphite die with a sample diameter of 10 mm and a height of 10 mm.
The sintering process was carried out at a temperature of 950 °C in an
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argon atmosphere with a heating rate of 100 °C/min and a 15 min
holding time at maximum temperature and a pressure of 50 MPa. As a
reference, a sample of pure copper (denoted as Cu SPS) was sintered
under the same conditions. Fig. 1 illustrates the microstructure of this
sample where it consists of large grains of about 27 + 10 pm with twins
and many round-shaped pores with average diameters of about 1pm.
The density of this sample measured by the Archimedes’ method was
8.44 g/cm® which is about 95 % of the theoretical density of copper.
The sintered samples were cut with a circular saw into discs of
10 mm diameter and 1 mm height and then subjected to HPT process-
ing. This processing was conducted under an applied pressure of
6.0 GPa at room temperature under quasi-constrained conditions [46].
Discs were torsionally strained by rotating the lower anvil at 1 rpm
through 20 revolutions for the Cu-GO nanocomposite and for the Cu
reference sample. Potential slippage and temperature rise during HPT
were controlled according to standards from previous studies [47-49].

2.3. Characterization

The microstructures of Cu and the Cu-GO composites were examined
using scanning electron microscopy (SEM) (Hitachi Su8000) operating
at an accelerating voltage of 10 kV in back-scattered electron (BSE)
mode and secondary electron (SE) mode. The SEM observations were
carried out on cross-sectional planes of the discs in an area ~1 mm from
the disc edge. The samples for SEM observations were prepared by ion
milling polishing on Hitachi IM4000. This procedure gives a high quality
surface without any deformation, stresses and/or the formation of oxide
layers, and it allows the structure to be observed in so-called channel
contrast in the SEM. Detailed structural investigations were com-
plemented using scanning electron transmission microscopy (STEM)
Thermo-Fisher Scientific SPECTRA 200, with a dedicated Cs-corrected
high resolution microscope operating under an accelerating voltage of
200 kV and equipped with Super-X energy dispersion spectroscopy
(EDS) detectors. The samples for STEM observations were cut using a
focus ion beam (FIB) microscope Hitachi NB-5000. Structural in-
vestigations were complemented with Raman spectroscopy in order to
confirm the presence of GO particles in the composites. Firstly, the GO
flakes were tested, then the mixed powders and finally the composites
after HPT. The tests were conduct on a spectroscope produced by
Renishaw company with a laser wavelength of 514 nm.

The mechanical properties of HPT-processed samples were evaluated
using microhardness measurements, tensile testing and wear testing.
The Vickers microhardness, Hv, was measured along radial directions on
the polished disc surfaces using a Falcon 503 microhardness tester. The
measurements were taken under a load of 200 g and dwelling time 10 s
along randomly selected diameters on each disc with a spacing of
0.3 mm between the measuring points. The results were plotted in the
form of the hardness profiles. The tensile tests were carried out on
microsamples cut from discs by electrical discharge using a universal
testing machine Zwick Z005 with an initial strain rate of 103 s, For

Fig. 1. SEM BSE image of microstructure of Cu SPS.
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each state at least two samples were cut and tested. The gauge sections of
the samples were 4 mm long and the cross-sections were 0.6 x 0.8 mm?,
A Digital Image Correlation system was used for the tests in order to
accurately measure the elongations.

The wear behaviour was examined in a reciprocating sliding condi-
tion by pin-on-plate testing with the use of NC6 steel as the contra
material with a hardness of 270 Hv (PN-EN ISO 4957). The pin diameter
was 3 mm and its surface was prepared by grinding on 1000 paper. The
test was conducted under a load of 3 kg and time of 8 h at room tem-
perature in an air atmosphere without the use of a lubricant. The range
of motion of the pin along the disc was 8 mm, the number of cycles was
28800, the frequency was 1 Hz and the total friction path was 345.6 m.
All samples were weighed before and after the wear test. After the test,
the abrasion surface was examined using a profilometer (Wyko NT9300
optical profilometer from Veeco) and SEM method. For comparative
reasons the friction coefficient and wear rate were calculated. The
friction force was measured directly by the wear test device in N and the
friction coefficient was then calculated by dividing the friction force in N
by using the load in N. The wear rate was calculated by dividing the
volume of the wiped sample material by the pressing force multiplied by
the friction distance.

Samples for the electrical conductivity test were prepared by
grinding and finishing the surface by polishing with a diamond sus-
pension of 1 pm. The electroconductivity measurements were conducted
by a four-point method using a digital multimeter (Keithley DAQ6510,
USA). The measurements were taken at three different spots and the
reported electrical conductivity was obtained by taking the average of
these values. This method involves the use of four probes in a single line
with known equal spacing between them of 2 mm. The flow of current
between the two outer probes causes a reduction in the voltage between
the two inner probes and, by measuring this change, it is possible to
determine the resistance of the sample and thus determine its electrical
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conductivity. The resistance was measured in Ohm and related to the
dimensions of the probes in meters, and the inverse of this value is then
the conductivity of the probes expressed in Simens per metre.

The thermal stability was investigated by annealing the samples for
1 hour in a 100-500 °C temperature range. After annealing, the hardness
of the samples was measured in the same manner as for the samples
before annealing. Thereafter, the microstructure was investigated by
SEM and STEM with the sample preparation and the observations made
in the same way as for the unannealed samples.

3. Results
3.1. Microstructure characterization

Fig. 2a, b shows SEM BSE microstructural images of the pure Cu and
Cu-GO nanocomposite both after HPT. The average grain size in pure
copper (Fig. 2a) was 210 nm and this is consistent with the results re-
ported for materials processed using conventional SPD methods [40].
The addition of GO led to more intense grain refinement (Fig. 2b) and
the resultant grain size was too small to be visible in the SEM images. At
the same time, some GO agglomerates were detected in the micro-
structure (black in BSE contrast in Fig. 2b) but their sizes was not larger
than ~500 nm and they covered less than 1.5 % of the composite surface
area.

The SEM structural investigations of the Cu-GO nanocomposite were
complemented with STEM studies. Fig. 2¢, d shows exemplary STEM
images of the microstructure of the Cu-GO composite in bright-field (BF)
and high-angle annular dark field (HAADF) modes, respectively. The BF
mode image (Fig. 2¢) shows a highly refined structure of the Cu matrix
consisting of equiaxed grains containing a high concentration of dislo-
cations. The average grain size determined from these images was
~55 nm. On the other hand, the HAADF image (Fig. 2d) demonstrates

Fig. 2. a) SEM BSE image of Cu after HPT; b) SEM BSE image of Cu-GO after HPT; c¢) STEM image of Cu-GO in bright-field (BF) and d) STEM image of Cu-GO in high-

angle annular dark field (HAADF) mode.
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the distribution of GO nanoparticles (the dark regions in the HAADF
image) in the matrix. It is apparent that the large GO flakes were frag-
mented during milling and HPT processing and this reduced them to
smaller flakes that were uniformly distributed in the Cu matrix. The size
of these particles varied in the range of 5-30 nm.

In order to prove that the particles visible in the SEM and STEM
images are GO, Raman spectroscopy studies were conducted. Based on
the literature data [50-54] graphene oxide may exhibit a few charac-
teristic peaks in Raman spectroscopy where the disorder band arises
from a tangential stretch and sp> — hybridized carbon called D band
approximately at 1355 cm ™! and a second band called G at 1575 cm ™
representing the crystalline graphite [55]. It is also found in the litera-
ture that the 2D band can be located at about 2700 cm ™! [51] but this is
not considered in the present analysis because the most significant
changes occur within the G and D peaks. When it comes to analysing the
GO Raman spectra, the ratio between the D and G band intensity (ID/IG)
is the most important. Thus, for GO the ID/IG is lower than 1 (0.85) and
the increasing value of the ID/IG ratio is connected with the higher
defect level resulting in the degradation of GO [50,51,56].

Fig. 3 represents the Raman spectra collected for the GO flakes, for a
mixture of copper powder and GO after mechanical milling and on the
samples after HPT. It is apparent that GO was detected in all three
samples but the ratio ID/IG was different. Initially GO was lower than 1
and it increased with further processing steps such as ball milling (1.03)
and HPT (1.37). This means that the mechanical milling of GO with Cu
powder, SPS and HPT processing led to an increase in the density of
defects in the GO structure and therefore to its partial degradation.

3.2. Mechanical properties of Cu-GO nanocomposites

The results of microhardness measurements on the disc cross-
sections are presented in Fig. 4 as a function of distance from the disc
centre for the Cu-GO nanocomposite together with data for pure Cu after
SPS and after HPT processing. The hardness for pure Cu samples after
HPT rose more than three times from 55 Hv units to more than 180 Hv
units compared with the sample after SPS. It is also apparent that the
addition of GO significantly impacts the microhardness leading to its
further increase by 70-80 Hv units compared to pure Cu after HPT. The
microhardness of the Cu-GO nanocomposite exceeds 260 Hv units.

The results of tensile testing for the HPT-processed composite are
illustrated in Fig. 5 where these data are complemented by including
results for Cu samples both after SPS and after 20 HPT revolutions. The
HPT processing leads to a more than two-fold improvement in the me-
chanical strength of Cu SPS such that its yield strength increased from

Fig. 3. Raman spectra of: GO flakes, powder mixture of GO and Cu after me-
chanical milling, and Cu-GO HPT nanocomposite.
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Fig. 4. Hardness of the samples (Cu SPS, Cu HPT, and Cu-GO HPT) as the
function of distance from disc centre.

140 MPa for the sample after SPS to 640 MPa after HPT processing. The
highest mechanical strength was observed for the Cu-GO nanocomposite
sample at almost 700 MPa. However, this sample underwent a brittle
fracture with no plastic deformation in tension. Nevertheless, the
maximum stress at which the fracture occurred was higher than the
ultimate tensile strength of the HPT processed Cu where these values
were 675 and 640 MPa, respectively. Another difference in mechanical
properties of the analysed materials can be observed for the strain
hardening ability. The curve for Cu after SPS is typical for materials with
excellent strain hardening ability but HPT processing decreases this
ability and a decrease of stress is observed for strains higher than
approximately 0.02. A further decrease in strain hardening ability is
observed for the Cu-GO composite which is not capable of any plastic
strain.

3.3. Electrical conductivity

Because of the use of Cu-based nanocomposites in electrical contact
materials, their electrical conductivity is considered as a critical prop-
erty. The results of electrical conductivity of the fabricated Cu-GO
nanocomposite, together with the conductivity for Cu SPS and Cu
HPT, are presented in Fig. 6. The tests show that for Cu after SPS there is
a significant decrease of conductivity when compared to the literature
data for Cu 99 % after casting (a drop from 4.2 E7 S/m [57] to 1.1 E7
S/m) but after HPT processing the electrical conductivity rises to 1.5 E7
S/m. The addition of GO to copper contributes to a further improvement
in the conductivity when compared with pure Cu after HPT, as shown in
Fig. 6.

3.4. Wear properties

The results obtained in wear tests for Cu SPS, Cu—HPT and the Cu-GO
HPT nanocomposite are summarised in Table 1. After the tests, the
abrasion surfaces were examined using an optical profilometer and SEM
method and the results are presented in Figs. 7 and 8, respectively.

The results suggest that the friction coefficient for the Cu SPS and Cu
HPT samples are similar but the wear rate was the smallest for the Cu
HPT sample. The highest wear rate was observed for the sample after
SPS processing but the mass reduction for this sample was the smallest of
all analysed materials. This can be explained by the higher porosity of
the material after the SPS process. The Cu-GO sample after HPT
exhibited a higher friction coefficient, wear rate and mass loss than the
Cu sample after HPT processing.
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Fig. 5. Tensile strength curves of Cu SPS, Cu HPT and Cu-GO HPT.

Fig. 6. Electrical conductivity of tested samples (Cu SPS, Cu HPT, and Cu-
GO HPT).

Table 1
Wear test results.

Sample Friction coeficient Wear rate mm3/N*m Mass reduction
mg

Cu SPS 0.73 4.49 x107* 25

Cu HPT 0.72 2.62 x107* 28

Cu-GO HPT 0.80 3.89 x107* 32

Fig. 7 shows profilometer images of the surfaces after wear tests and
this illustrates differences in the wear behaviour of the individual
samples. The wipe/scar on the Cu SPS sample had almost a constant
depth of about 200 um along its entire length (Fig. 7a). At the same time,
a high outflow of material at the edges of the abrasion was observed in
this sample. The bottom of the scar, despite being slightly tilted, was
mostly flat, and this contrasts with samples after the HPT process. Wipes
on samples after the HPT process (Cu HPT and Cu-GO HPT in Fig. 7b
and 7c, respectively) were deeper in the middle sections and shallower
at the edge regions of the wipes. This characteristic strengthening of the
edges of the HPT discs resulted also in an overall reduction of wear,
including a maximum abrasion depth and abrasion volume.

The main difference between the two samples produced by the HPT

process was that most wear products from pure Cu remained attached to
one end of the scar (Fig. 7b), whereas the material from the Cuwith 1 %
GO was entirely separated from the sample (Fig. 7c) and the edge was
smoother. The bottoms of the scars also showed differences in the wear
mechanisms. The entire length of the scar bottom on Cu SPS was covered
by deep parallel scratches and a very similar topography appeared on
the middle part of the scar on pure Cu after the HPT process. On the
sample with 1% GO, however, the bottom of the scar appeared
smoother, less scratched, and consisted mostly of small sharp pits/cracks
but also it was placed along the direction of the run.

A more in-depth analysis of abrasion marks was performed using a
Scanning Electron Microscope. Fig. 8 shows the wear marks visible in
the SEM images for coarse-grained copper after SPS, copper after HPT
and copper with GO after HPT. The wear marks on the Cu SPS and the Cu
produced by HPT processing show typical features of abrasive wear such
as furrowing and longitudinal scratching. In some areas the surface
appears flattened and larger cavities seem to be closed by a strongly
deformed material. The surface of the Cu-GO sample exhibits similar
topographical features but with pits or cavities, and in some cases
cracks, arranged transverse to the direction of the run to form river-like
meandering patterns. These observations suggest that samples with 1 %
GO exhibit a different wear mechanism which probably involves a
different adhesive component.

3.5. Thermal stability

Fig. 9 shows the average hardness measured at the disk edges for the
Cu-GO nanocomposites after HPT processing and subsequent annealing
at temperatures ranging from 100 °C to 500 °C for 1 h. These results are
also complemented with the hardness values for Cu HPT sample. The
results show that the Cu HPT sample is thermally stable up to 200 °C
which is in agreement with an earlier report [22]. The Cu-GO sample
exhibits a different tendency since the hardness values in this sample
decrease slightly with increasing temperature. Nevertheless, even after
annealing at 500 °C, the hardness values are at the level of 200 Hv units
which is similar to copper after the HPT processing before annealing.

Microstructural observations were carried out in order to explain this
phenomenon. A SEM analysis shows that pure copper after HPT
recrystalizes at 300 °C (Fig. 10a), whereas the Cu-GO nanocomposite
was structurally stable even at 400 °C (Fig. 10b) and starts coarsening of
grains at 500 °C (Fig. 10c) but nevertheless it maintains a UFG structure.
Moreover, despite grain growth in this sample, it is apparent that there
are a number of uniformly distributed darker spots which correspond to
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L= tnh

Fig. 7. Profilometry images of the tested materials a) Cu SPS; b) Cu HPT; c¢) Cu-GO HPT.

the GO flakes in the initial sample. In order to study this effect in more
detail, detailed structural investigations were carried out using a STEM
microscope. Fig. 11 shows exemplary STEM images of the Cu-GO sample
after annealing at 500 °C. The comparative BF and HAADF (Fig. 11a and
b) images confirm the grain growth observed in SEM with an average
grain size of ~200 nm and uniformly distributed particles with sizes
from 10 to even 50 nm. Closer investigations of these structures (Fig. 11c
and d) revealed that they have a core-shell structure. EDS analyses of
these regions (Fig. 11d), summarised in Table 2, indicates that these
structures consist of a carbon-rich core and an oxygen-rich shell zone
embedded within the Cu matrix.

4. Discussion
4.1. Fabrication of Cu-GO nanocomposites

A bulk Cu-GO composite with uniformly dispersed GO nanoparticles
was obtained by a three-step fabrication processing including the use of
quasi-constrained HPT. This processing introduced a remarkable
refinement of the GO agglomerates and grains in the Cu matrix. A
combination of milling and HPT processing led to a uniform distribution
of GO particles having sizes of tens of nanometres while only a small
fraction of fine agglomerates remained in the structure. An analysis of
the SEM images (Fig. 2) indicated that the surface area fraction of the GO
agglomerates with sizes greater than 100 nm was not higher than
~1.5 % of the entire surface of the observed samples. The formation of
Cu-O-C chemical bonds, whose origin lies is in the reaction between the
Cu and the carboxyl or hydroxyl groups on the surface of the GO, may
also play a key role in producing a good dispersion of GO nanoparticles
in the Cu matrix. It was shown in previous studies that the oxygen atoms
on the surface of GO enhance its connection with Cu which, in the case
of Cu pure graphene composites, was reported to be much weaker [39,
42-44].

The addition of GO particles also has a beneficial effect on the
enhanced grain refinement of the Cu matrix. The fabricated composite
has a nanocrystalline structure with a grain size of around 55 nm
(Fig. 2¢) while for pure Cu after HPT the grain size is about 210 nm
(Fig. 2a). The grain size obtained in this study is one of the smallest

reported for Cu and Cu nanocomposites fabricated by SPD processing
[58] and the graphene oxide phase enhances the thermal stability of the
nanocomposite I

An enhanced grain refinement effect occurring in composite mate-
rials during SPD processing is well known and was reported in many
earlier studies [2,26,59]. Hard nanoparticles uniformly distributed in
the metal matrix produce a pinning effect on the movement of disloca-
tions and grain boundaries, thereby promoting grain refinement and
reducing the tendency for dynamic recovery and recrystallization during
processing [60,61].

The nanocomposites in this research exhibit unique strength (Fig. 5)
and hardness (Fig. 4) when compared with pure coarse-grained and
nanostructured copper. This is due to several factors: (1) the enhanced
grain size reduction and the relevant Hall-Petch relationship [5,61, (2)
the presence of hard, uniformly distributed GO nanoparticles in the
matrix [25,27,29] and (3) the increased density of dislocations resulting
from the presence of additional obstacles (GO) to their movement [2.3,
62].

4.2. Electrical conductivity and wear properties

This part of the research was designed to investigate the effect of the
addition of GO particles on the electrical conductivity of the fabricated
nanocomposites. First of all, it was shown that the electrical conduc-
tivity of the Cu SPS sample is lower than that for Cu 99 % after casting
[57]. This is connected with two factors: the high porosity after SPS
processing as visible in Fig. 1 [63,64] and the potential oxide impurities
introduced during sintering or milling. In powder metallurgy, a pro-
tective atmosphere generally plays a key role in shaping the properties
of the final product. Despite using the best available protective atmo-
spheres, an oxidation of the powder surface may occur which in turn
may affect the electrical conductivity.

The electrical conductivity of pure Cu after HPT processing and the
Cu-GO composite (Fig. 5) was found to be higher by 36 % and 54 %,
respectively, although it remained lower than reported for Cu 99 % after
casting [57]. The Cu HPT and Cu-GO HPT samples had no visible pores
during the SEM observation (Fig. 2) so that the HPT process effectively
densifies the material and removes the porosity created during the
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Fig. 8. Surface after wear sliding test in SEM SE image: a) Cu SPS; b) Cu HPT; ¢) Cu-GO HPT.
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Fig. 9. Hardness of the Cu-GO HPT nanocomposite and Cu HPT as a function of
the annealing temperature.

sintering process. At the same time, these materials may have small
amounts of oxides formed during the sintering process. The best elec-
trical conductivity was obtained for the Cu-GO HPT where the addition
of 1 % GO improved the electrical conductivity.

Regarding the wear properties, Cu after HPT has the highest wear
resistance from all of the tested samples (Fig. 7, Table 1). From the
traditional Archard equation [56], the increase in hardness should
improve the wear resistance. The results for Cu SPS and Cu HPT are in
accordance with this law but the results for the Cu HPT and Cu-GO HPT
samples are contrary. Furthermore, previous studies have shown more
contradictory results whereby surface strengthening through micro-
structure refinement either increased [65-68] or decreased [40,69-71]
the wear resistance. For materials processed by HPT, most of the pub-
lished results show a decrease in wear resistance compared to the
coarse-grained materials [40,69-72]. However, in the present research,
the coarse-grained material was produced by sintering of powders which
produced a high porosity in the material. These pores may be the
starting points for slicing of the material during the wear test and this
may explain the better wear resistance of the Cu HPT samples.

By contrast, a different wear behaviour was observed in the Cu-GO
HPT sample. Literature data suggests any correlation between the ma-
terial hardness and wear is limited since the hardness is only one of
many material parameters that influence the wear [72]. For example,
there are several possible reasons for reducing wear resistance in
HPT-processed samples including a low ductility and plasticity of the
material, a low strain hardening capability, a higher oxidation rate and
the presence of non-equilibrium grain boundaries [66]. Results from the
present research suggest that the lower ductility (Fig. 5) and the lack of a
strain hardening capability led to a lower wear rate for the Cu-GO HPT
than for the Cu HPT. It is interesting that the GO particles in the fabri-
cated composite failed to improve the wear resistance as was expected
from earlier studies [39]. This is probably due to the amount and size of
the GO particles which were relatively uniformly distributed in the
composite matrix but were too small to result in a self-lubricity of the
material. However, the addition of GO to the Cu matrix changes the
wear surface in Fig. 8 from an extensive brittle crack delamination in Cu
after HPT to a more plastic delamination and river-like surface in the
composite.

4.3. Thermal stability of UFG structure

The uniform distribution of GO nanoparticles in the Cu matrix had a
major influence not only on the enhanced grain refinement and
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improvement of mechanical properties of this nanocomposite but also
on its thermal stability. The fabricated Cu-GO composite had a stable
microstructure up to 500 °C (Fig. 8, Fig. 9). At this temperature, limited
grain growth occurred but the microstructure remained UFG. By
contrast, pure Cu after HPT fully recrystalized after annealing at
200-300 °C so that the addition of GO extended the stable temperature
window by 200 °C. The remarkable structural stability in the Cu-GO
nanocomposite is connected with the uniform distribution of nano-
sized GO particles which inhibits grain boundary movement and
blocks grain growth [23,61,73,74]. It should be mentioned that similar
grain sizes was reported by Horita et al. by subjecting high-purity Cu
(99.99 % and 99.99999 %) to a cryogenic-HPT process [75]. Never-
theless, the thermal stability of these samples after cryogenic-HPT was
so poor that they exhibited a self-annealing and significant drop of
mechanical properties within a few hours after the HPT processing. This
confirms the importance of the presence of the second (in this case GO)
phase to ensure the thermal stability of nanometals.

Despite such a significant increase in the thermal stability of the Cu-
GO nanocomposite, it is important to note some characteristic micro-
structural changes occurring in this sample after annealing at 500 °C
(Fig. 10 and Fig. 11). A characteristic core-shell structure was observed
composed of a C-rich core and an O-rich shell embedded in the Cu
matrix. The transformation of GO particles into core-shell structures
may be connected with the thermal decomposition of GO at high tem-
peratures [56,76-78]. Graphene oxide has functional groups such as
hydroxyl, carbonyl epoxy on its surface and edges [79,80]. When
exposed to sufficiently high temperatures, these functional groups
separate from GO in the form of gases such as CO and CO5 vapours. This
rapid escape of gases leads to a separation of the thicker carbon layers in
places where GO was previously located [81,82] and a thermally
enhanced diffusion of O-rich gases into the matrix. This produces a
generation of copper oxides (CuO and Cuy0) as intermediate products
surrounding the C-rich core. All these processes lead to an increase in the
space previously occupied by GO, where this is evident in the present
composites through the appearance of numerous small black dots in the
structural images (Figs. 10 and 11).

5. Summary and conclusions

e Cu - GO nanocomposites were successfully produced using HPT

processing.

A relatively good dispersion of GO was obtained within the Cu

matrix.

e The GO addition led to an enhanced grain refinement compared to
the matrix material. The reduction of grain size and reinforcing effect
led to a higher hardness for the composite compared to the matrix
material.

e The addition of GO slightly improved the electrical conductivity of
copper after HPT processing.

e The fabricated composite was thermally stable up to 400 °C whereas

at 500 °C the microstructure of the composite changed, but remained

UFG.

Annealing of the composite at 500 °C led to a slight reduction of

hardness by about 50 Hv.
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Fig. 11. STEM image Cu-GO HPT after annealing at 500 °C with visible core shell structures trapped in Cu matrix: a) BF and b) HAADF, c) and d) STEM image of EDS
measure points — core shell structure with carbon core, oxygen shell, trapped in Cu matrix.

Table 2
EDS measurements for Cu-GO sample after HPT processing and annealing.
CK 0-K Cu-K
Point 1 14.3 43.4 45.3
Point 2 2.5 33.2 64.3
Point 3 0.9 3.4 95.7
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ABSTRACT

Metal matrix composites with improved mechanical properties and thermal stability were produced using me-
chanical milling, spark plasma sintering (SPS) and high-pressure torsion (HPT). Three types of reinforcing
particles were used, i.e., GO, Al;03 and rGO/Al;03. All of the produced composites exhibit higher hardness and
tensile strength than pure copper, reaching values of 250 Hv for Cu-GO, 240 Hv for Cu- Al;03, 210 Hv for Cu-
rGO/Aly03 and 185 Hv for Cu after HPT. STEM analyses reveal that the HPT significantly refines the grain size of
pure copper to ~210 nm, and even more in the Cu-based composites achieving grain sizes as small as
~55-75 nm. Pure Cu after HPT recrystallizes after annealing at 573 K. The Cu- Al20s composite demonstrated the
best thermal stability with a hardness after annealing at 773 K of 220 Hv and a grain size of ~100 nm. The
composite of Cu-GO after annealing at 773 K showed slight grain growth up to ~150 nm. The composite Cu-GO/
Al503 exhibits improved microhardness and tensile strength up to 673 K and annealing of this composite at 773 K
which led to a bimodal microstructure. All of the composites annealed at 773 K showed hardness above 180 Hv.

1. Introduction

Pure copper exhibits excellent electrical and thermal conductivity
which makes it an optimum material for electrical applications. Unfor-
tunately, its tensile properties and hardness are relatively low, and this
restricts its use in more advanced applications. One of the possible ways
to improve the strength of pure copper, and at the same time to maintain
a reasonably high electrical conductivity, lies in refining the grain size
[1,2]. Materials with ultrafine (below 1 pm) or nanocrystalline (below
100 nm) grains are most often produced by severe plastic deformation
(SPD) techniques such as equal channel angular pressing (ECAP) [3],
accumulative roll bonding (ARB) [4] and high-pressure torsion (HPT)
[5,6] with the latter considered as the most efficient in terms of the final
grain size [7-9]. Earlier studies of copper deformed by various SPD
methods showed that the grain size reduction in these methods
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produced a significant increase in hardness (by about 270 %) with only a
slight decrease in electrical conductivity (by about 12 %) [10].

Despite great improvement in the microhardness and tensile
strength, the ultrafine grained (UFG) and nanocrystalline (NC) metals
are inherently thermally unstable due to the high energy stored in the
form of dislocations and grain boundaries. Thus, in practice UFG and NC
metals exhibit a strong tendency for recrystallization at relatively low
temperatures compared to their coarse-grained equivalents [11-15]
thereby limiting their potential industrial applications at elevated tem-
peratures. Several concepts were proposed to improve the thermal sta-
bility of UFG materials but the most promising is to create metal matrix
composites (MMCs) by adding thermally stable nanosized particles and
uniformly distributing them within the metal matrix [16-19]. These
thermally stable nanoparticles have a strong pinning effect which blocks
the movement of grain boundaries during annealing and thus limits the

Received 27 March 2025; Received in revised form 7 May 2025; Accepted 28 May 2025

Available online 29 May 2025

0925-8388/© 2025 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-

nc/4.0/).


https://orcid.org/0000-0003-1888-5858
https://orcid.org/0000-0003-1888-5858
mailto:maria.wolna.dokt@pw.edu.pl
www.sciencedirect.com/science/journal/09258388
https://www.elsevier.com/locate/jalcom
https://doi.org/10.1016/j.jallcom.2025.181283
https://doi.org/10.1016/j.jallcom.2025.181283
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2025.181283&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

P. Bazarnik et al.

recrystallization and grain growth processes [20-24].

There are a number of investigations on the fabrication of UFG/NC
MMCs but they were mostly reinforced with different types of oxides
such as AlyO3 [16,25-27] or carbides such as SiC [28-30]. Recently,
carbon-based nano-particles have attracted growing attention due to
their potential to strongly improve the mechanical properties, promote
grain refinement, stabilise the microstructure during annealing and at
the same time increase the electrical and thermal properties [31]. As a
result, MMCs reinforced with carbon nanotubes (CNTs) [32-34], gra-
phene [35-37] and graphene oxide (GO) [38,39] have been successfully
synthesized. However, there are drawbacks regarding the fabrication of
carbon reinforced MMCs. In particular, CNTs and graphene flakes
exhibit low wettability by metals, which leads to a strong tendency to
form agglomeration in the metal matrix [31,40]. Nevertheless, due to
the presence of oxygen functional groups GO particles are a promising
material to fabricate composites with a good distribution and connec-
tion of particles with the matrix [31]. It was shown that oxygen groups
on the surface of GO also enhance the connection between GO and metal
through the formation of oxygen-mediated chemical bonds which are
stronger than conventional adhesive bonding between the graphene and
the metal [41-43]. However, it should be emphasized that GO exhibits a
lower thermal resistance than graphene and decomposes in the air at-
mosphere in the temperature range of 573 K- 673 K [44-46]. No results
are at present available to establish the behaviour of GO in the com-
posite when heated to such temperatures.

GO flakes can be stabilized by covalent bonding with other nano-
particles such as Au [47], Ag [48], Cu [38], TiO2 [49] or Aly03 [50] and
forming a core-shell structure. The stabilization with AloO3 seems to be
very promising since GO has a number of functional groups capable of
forming the aluminium-oxygen bonds, such as C=0 (1730 cm™}),
C-O-C (1280 cm_l) and C-O (1225 cm_l) as measured on FTIR and
Raman [50]. It was shown that the intensities of these peaks decreased
due to the formation of the Al-O bond that stabilized the GO structure
[50]. In addition, this functionalization leads to reduction of GO and
formation of reduced GO (rGO). The rGO/Al,O3 composite nano-
particles are a new type of material that have not been tested yet as a
filler to form composites, especially the composites having a UFG/NC
structure.

Therefore, the purpose of the present study was to fabricate novel
thermally stable Cu-based nanocomposites using HPT processing and to
investigate the effect of three different types of reinforcement, i.e.,
Aly,03, GO and modified rGO/Al;03, on the microstructural develop-
ment, the mechanical properties and the thermal stability.

2. Experimental

The following three types of composites were produced in this study
containing 1 wt% of nanofillers: Cu-GO, Cu-AloO3 and Cu-rGO/Al»03.
The GO and Aly,Os represent 2D and 3D nanofillers, respectively,
whereas the rGO/Al;O3 is a mixture of both. A regular-shaped copper
powder (produced by ABCR company) with a purity of 99 % was used as
the matrix. All nano-fillers were synthesized at Warsaw University of
Technology using the methods described in earlier reports for GO [51],
rGO/Aly,03 [50] and AlyOs [52]. The average nanoparticle size
measured from SEM images was 150 + /- 16 nm, 230 + /- 50 nm and
50 + /- 20 nm for the GO, rGO/Al,03 and Al,Os, respectively.

The composites were manufactured using the procedure of the me-
chanical milling of powders followed by sintering using Spark Plasma
Sintering (SPS) and subsequent processing by HPT. The mechanical
milling of copper powders with selected particles was performed in a
planetary ball milling system (Retsch PM100) in a protective argon at-
mosphere. The processing parameters for the ball milling were a speed
of rotation of 300 rpm, a grinding time of 1 h and a weight ratio of
powder to balls of 1:10. The material for the milling chamber and balls
was ZrO,. Mixed powders were sintered using the SPS method with a
10 mm diameter graphite mould. The process was carried out in a

Journal of Alloys and Compounds 1033 (2025) 181283

protective argon atmosphere with a heating rate of 373 K/min and the
maximum sintering temperature was 1223 K at which the samples were
held for 15 min under a pressure of 50 MPa. The material obtained after
sintering was cut into discs of 10 mm in diameter and 1 mm in height
and the surfaces of these discs were levelled by grinding on 800 papers.
The discs were subjected to HPT processing under a compressive pres-
sure of 6 GPa at room temperature with a rotation speed of 1 rpm. Each
sample was processed to 20 revolutions through HPT processing using
quasi-constrained conditions where there is a small outflow of material
around the periphery of the disk during the HPT operation [53]. Addi-
tionally, a reference sample of pure copper was produced under the
same conditions as the composites.

The fabricated composites were studied in terms of the microstruc-
ture using scanning electron microscopy (SEM) (Hitachi SU8000). Ob-
servations were conducted in the secondary electron (SE) and
backscattered electron (BSE) modes. All observations were carried out
on the cross-sectional surfaces of the disc from an area approximately
1 mm from the edge of each disc. The surface of the samples for the SEM
observations was prepared by ion milling using a Hitachi IM4000 in-
strument. Ion polishing is a method that produces a very high-quality
surface that is free of surface deformation, stresses or oxide layers and
which allows a study of the grain structure and the distribution of par-
ticle agglomerates using channel contrast in the SEM.

More detailed observations of the microstructure were carried out
using a Thermo-Fisher Scientific SPECTRA 200 scanning transmission
electron microscope (STEM) operating at an accelerating voltage of
200 kV and equipped with Super-X energy dispersion spectroscopy
(EDX) detectors which permitted additional chemical analyses of the
samples. The thin samples for STEM observations were cut using a
focused ion beam (FIB) microscope Hitachi NB-5000.

The average grain size of the composites and copper was determined
from STEM and SEM images. Visible grain boundaries were marked in
ImageJ software, which then calculated the area of each grain and its
equivalent diameter. Based on the measurement of at least 150 grains,
the average value of the equivalent diameter of the grains of the material
was determined. The term grain size, used in this article, means the
value of the average equivalent diameter of the grains of a particular
material.

The mechanical properties of the composites after HPT processing
were studied by microhardness measurements and tensile tests. The
Vickers microhardness was measured using a Falcon 503 microhardness
tester with a load of 200 g and dwelling time of 10 s. The hardness was
measured on the polished disc surfaces along radial directions with a
spacing of 0.3 mm between indentations. The tensile tests were per-
formed on miniature tensile specimens cut from the discs via electrical
discharge. A Zwick Z005 universal testing machine with an initial strain
rate of 107> s~ was used and at least two tensile specimens were pre-
pared and tested for each material. The gauge length of the tensile
specimen was 4 mm, and the cross-sectional dimensions were
0.6 x 0.8 mm?>. A Digital Image Correlation system was employed during
the tests to precisely measure the elongations.

The thermal stability of the produced composites was evaluated by
annealing the samples in the temperature range from 373 K to 773 K for
1 hour. The annealing time and temperature range were established on
the basis of previous studies [54]. After annealing, the samples were
evaluated in terms of the microhardness and microstructural changes in
the same way as for the composites after HPT. For the sample annealed
at 773 K, Electron Backscatter Diffraction (EBSD) measurements were
made using Hitachi SU-70 analytical microscope. The accelerating
voltage was 25 kV, the working distance was 20 mm, the step size was
40 nm and the map size was 51 x 38 um?2.
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3. Results
3.1. Microstructure

Fig. 1 shows representative SEM BSE micrographs of the fabricated
nanocomposites and Cu reference sample after HPT. In practice, the HPT
processing led to significant grain size refinement in all materials. The
average grain size in pure copper was ~210 nm (Fig. 1a) while for the
nanocomposites the grain size was much smaller and cannot be deter-
mined from these images. However, there are clear agglomerates of
nanoparticles whose size and volume fraction depend on the type of
filler. For the Cu-GO composite (Fig. 1b) the visible agglomerates cover
about 1 % of the sample area and their average size is 200 + /- 160 nm.
In the case of the Cu-Al,O3 composite (Fig. 1c), the volume fraction of
agglomerates is smaller at about 0.5 % and their average size is 120 + /-
45 nm. For the Cu-rGO/Al;03 composite (Fig. 1d), the agglomerates
cover more than 2.5 % of the entire image surface and their average size
is about 290 + /- 160 nm. Moreover, in the Cu-GO and Cu-Al;O3 com-
posites the agglomerates are uniformly distributed over the entire
composites (Fig. 1b and c) whereas in the Cu-rGO/Al;03 composite they
tend to be grouped into bands (Fig. 1d).

STEM analysis was conducted to analyse the grain structure in detail
and nanoparticle distributions in the composites after 20 HPT turns.
Obtained results are presented in Figs. 2-4. In all cases the STEM images
in bright field (BF) mode show significant grain refinement in the matrix
structure. The average grain sizes of the composites were estimated to be
~55, ~65 and ~75 nm for Cu-GO (Fig. 2a), Cu-Al;03 (Fig. 3a), and Cu-
rGO/Al,O3 (Fig. 4a), respectively. By contrast, the HPT-processed pure
Cu has an average grain size of ~210 nm, as shown in Fig. 1a. Obviously,
the addition of the GO, Al,O3 and rGO/Al;O3 nanofillers led to a greater
grain size reduction in the Cu matrix than in pure Cu processed by HPT.
The images of Figs. 2b, 3b and 4b also show the distribution of nano-
particles in the matrix. Apart from the large agglomerates visible in the
SEM BSE images (Fig. 1b-d), a large fraction of the nanoparticles is
homogenously distributed in copper in the form of either individual
nanoparticles or small agglomerates having average sizes of ~6.5, ~7.0
and ~12.0 nm for the Cu-Al;03, Cu-GO and Cu-rGO/Al;03 composites,
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respectively.

It is worth noting that, despite the application of intensive plastic
deformation via mechanical milling and HPT processing during the
synthesis of these nanocomposites, the fillers largely remain intact and
do not undergo significant degradation. The EDX chemical distribution
maps (Figs. 2¢, 3¢, 4c) confirm that the chemical compositions of the
observed nanoparticles and the agglomerates correspond to the
composition of the added fillers. For the Cu-GO (Fig. 2¢) and Cu-Al:0s
(Fig. 3c) composites, the EDX maps show that the C, O and Al elements
are precisely located where the nanoparticles were observed in the
HAADF images. In the rGO/Al:0Os composite (Fig. 4), the chemical
composition of the nanoparticles varies. Some particles contain C, Al
and O elements especially in agglomerates whereas others contain only
C or only Al and O. This suggests that, in this composite, the Al-0s
nanoparticles may have been torn off from the rGO/Al=0s flakes during
the HPT processing. At the same time, the intensive deformation does
not destroy the GO structure, as confirmed in an earlier study using
Raman spectroscopy [54].

3.2. Mechanical properties

The microhardness measurement results are presented in Fig. 5 as a
function of the distance from the disc centres. Starting from the results
for pure Cu, the microhardness of the samples processed by HPT is more
than 100 Hv units higher than the microhardness of the copper in the
coarse-grained state after SPS. All of the produced composites exhibit
higher microhardness than for Cu after HPT. The highest microhardness
values were achieved for the composite with the addition of GO nano-
flakes where it is more than 250 Hv units. The lowest hardness value
among the composites was obtained for Cu- rGO/Al;O3, while the
average hardness obtained for this sample was 210 Hv. Moreover, the
Cu-GO composite exhibits a homogeneous distribution of microhardness
results across the entire disc diameter which indicates that the grain
refinement level and the distribution of the nanofillers are quite ho-
mogeneous throughout the sample. Composites with the addition of
Aly,03 and rGO/Aly,0O3 exhibit a small but gradual increase in the
microhardness values from the central region to the edge from 220 Hv to

Fig. 1. SEM BSE image of a) Cu after HPT; b) Cu-GO after HPT; c) Cu-Al,O3 after HPT; d) Cu-rGO/Al,O3 after HPT.
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Fig. 2. STEM image of Cu-GO a) bright field, b) HAADF image, c) EDX map.

245 Hv and 190 Hv to 225 Hyv, respectively.

The results of the tensile testing for the HPT-processed composite
materials are illustrated in Fig. 6. The ultimate tensile strength (UTS) of
the HPT-processed pure Cu is ~640 MPa which in general is consistent
with the available published data [55]. The UTS of the coarse-grained
copper after SPS is ~250 MPa. The results for the composite samples
clearly demonstrate the beneficial role of the nanofillers since the
strength consistently increases compared with pure Cu. A highest UTS of
~780 + 12 MPa was recorded for the Cu-Al,03 composite which was a
value higher by ~140 MPa than for HPT-processed Cu and ~500
+ 2 MPa higher than for coarse-grained Cu. The Cu-rGO/Al;O3; and
Cu-GO composites exhibit slightly lower values of UTS of ~690 + 5 MPa
and ~675 + 2 MPa, respectively. Nevertheless, the high strength of the
composites is at the expense of ductility since the elongation to failure is

smaller than 10 % and the Cu-GO composite exhibits brittle fracture in
the elastic region.

3.3. Thermal stability

Fig. 7 presents the changes in hardness measured at the disc edges for
the nanocomposites after 20 HPT turns with subsequent annealing at
temperatures ranging from 373 K to 773 K for 1 h. These results are also
complemented with the microhardness changes for the Cu HPT sample.
The results show that the Cu HPT sample is thermally stable up to 473 K
which agrees with published data [40]. The microhardness decreases
dramatically from ~170 Hv units to ~110 Hv units after annealing at
573 K.

By contrast, the microhardness of the fabricated nanocomposites
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Fig. 3. STEM image of Cu-Al,O3 a) bright field, b) HAADF image, c¢) EDX map.

does not decrease significantly even after annealing at 773 K. Further-
more, even if a drop of microhardness is observed at a higher temper-
ature, the microhardness values are higher than the microhardness of
the HPT-processed pure Cu without any post-HPT annealing. In the Cu-
GO composite, a gradual decrease in microhardness is observed with
increasing annealing temperature but this drop is no larger than ~60 Hv
for 773 K. On the other hand, the Cu-Al;03 nanocomposite demon-
strates excellent thermal stability with the hardness values remaining
steady at ~240 Hv across the entire temperature range. An interesting
result was observed in the Cu-rGO/Al,O3 composite, for which the
microhardness values are stable up to 573 K and after annealing at
773 K the microhardness drops to ~185 Hv units which remains higher
than for the Cu HPT sample.

To understand the thermal stability of the HPT-processed

nanocomposites, SEM and STEM studies of the annealed samples were
carried out. Fig. 8 shows representative SEM images taken in tunnelling
contrast to study grain size coarsening during annealing. The reference
Cu HPT sample undergoes recrystallization during annealing at 573 K,
leading to the formation of grains which are larger than 100 pm
(Fig. 8a). By contrast, the microstructures of the Cu-GO and Cu-Al-0s
nanocomposites remain relatively stable at high temperatures (Figs. 8b
and 8c). However, in the Cu-GO sample a slight grain coarsening is
observed after annealing at 773 K (Fig. 8b) whereas this is not evident
for the Cu-Al20s composite. The Cu-rGO/Al:0s composite after anneal-
ing at 773 K exhibits abnormal grain growth leading to the formation of
a distinct heterostructure (Fig. 8d). The microstructure in this sample
consists of large grains having sizes above ~100 pm and these are sur-
rounded by regions of nanocrystalline grains. Additionally, these large
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Fig. 4. STEM image of Cu-rGO/Al,03 a) bright field, b) HAADF image, c¢) EDX map.

recrystallized grains are filled with small partial twins which are visible
in the SEM image in Fig. 8d and were identified on the EBSD maps in
Fig. 8(e-g). The EBSD maps presented in Fig. 8(e-g) reveal a very high
density (85.4 %) of £3{111} twin boundaries, characterized by a
misorientation angle of 60° + 5°. Simultaneously, the grain orientation
spread (GOS) and Kernel average misorientation (KAM) maps clearly
indicate the absence of internal deformation within the observed grains.
Both parameters exhibit very low values, confirming complete recrys-
tallization. Furthermore, the presence of parallel, thin twin laths is
typical of annealing twins. Considering the limitations of the EBSD
technique, the dark lines observed in the band contrast maps are prob-
ably nanometric twins. However, due to the resolution limits of EBSD,
these features cannot be directly detected.

In order to study the microstructural changes during annealing in

more detail, advanced investigations were carried out using STEM mi-
croscope. Fig. 9 presents representative STEM images of the Cu-GO, Cu-
Al;03 and Cu-rGO/Al;03 microstructures after annealing at 773 K. In
the Cu-GO composite (Fig. 9a) after annealing at 773 K there is minor
grain growth, and the grain size increased from the HPT-processed value
of ~55 nm to ~150 nm. In the microstructure of the Cu-GO composite,
there is evidence for the formation of core-shell structures which are
visible as dark regions on the HAADF images (Fig. 9a) and presented at
higher magnification in Fig. 9b. The EDX analyses of these structures,
summarized in Table 1, indicate that they consist of a carbon-rich core
and an oxygen-rich shell zone embedded within the Cu matrix. The
STEM images of the Cu-Al,O3 sample (Fig. 9c) demonstrate the excellent
thermal stability of this composite with only a slight grain growth from
the HPT-processed ~65 nm to ~110 nm after annealing at 773 K. The
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Fig. 5. Hardness measurements of the produced materials as a function of the
distance from the disc centres.

Fig. 6. Tensile strength results.

STEM images for the Cu-rGO/Al;03 composite (Fig. 9d) reveal abnormal
grain growth after annealing at 773 K and it is possible to distinguish a
zone of finely refined grains with uniformly distributed nanoparticles
together with the zone where recrystallization occurred. In these
recrystallized regions numerous partial twins are observed, within
which there are nanoparticles along the grain boundaries. In the nano-
crystalline regions more rGO/Al,O3 particles are visible than in the
recrystalized zones. Unlike the Cu-GO sample, where the core-shell
structure of the C-rich core and the Cu-oxide layer were visible after
annealing, in the Cu-rGO/Al;03 composite this effect was not evident
after the annealing.

4. Discussion

4.1. Effect of nanoparticle type on the microstructure and properties of
composites

The addition of nanoparticles to a copper matrix has a great influence
on the microstructure development during HPT processing and in the
subsequent properties of the nanocomposites. The nanoparticles added
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Fig. 7. Hardness as a function of annealing temperature.

in this study were GO, Al,03 and rGO/Al;03 and they all enhanced the
grain refinement. The fabricated composites had nanocrystalline struc-
tures with average grain sizes ranging from ~55 to ~75 nm for Cu-GO,
Cu- Al;03 and Cu-rGO/Al,0s3, respectively, while for pure Cu after HPT
the grain size was ~210 nm. The substantial grain refinement observed
in the composite materials during SPD processing is well-established and
has been reported in various earlier studies [12,14,16]. The incorpora-
tion of stable, hard nanofillers and their uniform distribution within the
metal matrix can restrict dislocation movement and pin grain bound-
aries, thereby effectively limiting their mobility. This suppresses dy-
namic recrystallization and recovery processes which occur during
intense plastic deformation, shifting the structural saturation point [56]
and ultimately enhancing the grain size refinement. It is worth noting
that the saturation effect depends on the type of material, its purity,
melting point or stacking fault energy. Furthermore, the saturation ef-
fect applies not only to the size of the grains, but also to the particles of
the second phase. Research has shown that for a given material sub-
jected to the HPT process, there is a certain level of saturation to which
the material will aspire from both ‘above’ and ‘below’ [57-59].

Additionally, the uniform distribution of the reinforcing phase
within the copper matrix has a crucial impact on both the microstructure
and the mechanical properties. The Cu-GO and Cu-Al,03 samples dis-
played the best reinforcement distribution, corresponding to the small-
est grain sizes of the matrix. By contrast, the Cu-rGO/Al,O3 composite
showed a higher degree of agglomeration, and this led to a less effective
structural refinement.

These differences are primarily attributed to the distinct character-
istics and structures of the reinforcing phases. Previous studies have
shown that GO is less prone to agglomeration in a metal matrix
compared to graphene or carbon nanotubes due to the presence of
carboxyl and hydroxyl groups on the surface of GO [28-31]. These
groups form Cu-O-C chemical bonds with the matrix, improving the
dispersion of GO within the matrix and strengthening the bonding be-
tween the Cu matrix and the GO reinforcing phase. For composites
reinforced with Al,Os3 particles, the particles were initially nanosized
with an average size of ~50 nm. As a result, the combination of milling
and 20 HPT turns was sufficient to break most of the agglomerates and
achieve an essentially uniform distribution of the Al,Os3 particles in the
Cu matrix. By contrast, for the rGO/Al»Oj3 particles, most of the carboxyl
and hydroxyl groups originally present on the GO surface are used
during the synthesis of the rGO/Al,O3 flakes as they form Al;Os-C
bonds. This limits the ability of the rGO/Al;O3 flakes to bond effectively
with the Cu matrix and, moreover, the rGO/Al,O3 flakes are stiffer and
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Fig. 8. SEM images of samples after annealing: a) Cu after HPT annealed at 573 K; b) Cu-GO annealed at 773 K; C) Cu-Al203 annealed at 773 K; d) Cu-RGO/A1203
annealed at 773 K; e) EBSD map of Cu-RGO/A1203 annealed at 773 K; f) EBSD band contrast map with marked £3 twin boundaries (red), HAGB (green) and LAGB
(yellow); g) EBSD grain orientation spread (GOS) map with marked 23 twin boundaries (red), HAGB (green) and LAGB (yellow); h) EBSD Kernel average misori-
entation (KAM) map with marked ¥3 twin boundaries (red), HAGB (green) and LAGB (yellow).

more difficult to break during processing so that their agglomerates are
harder to fragment and uniformly distribute within the Cu matrix [60].

The composites fabricated in this research exhibit unique hardness
(Fig. 5) when compared with the coarse-grained and nanostructured
pure copper. The hardness values increased by appropriately 200 % for
the Cu-rGO/Al,03 composite, 230 % for Cu-Al,O3 and 250 % for the Cu-
GO composite relative to the initial coarse-grained copper. This unique
enhancement in mechanical properties is attributed to several factors: a)
the significant grain size reduction which is consistent with the Hall-

Petch relationship [57,61], b) the presence of hard, uniformly distrib-
uted GO, Al,03 and rGO/Al»03 nanoparticles within the matrix [58] and
c) the increased dislocation density caused by additional obstacles to
dislocation movement. The observed differences in microhardness
values between the samples are a consequence of the varying degrees of
grain size reduction, the distribution of the reinforcement phase within
the matrix and the level of nanoparticle agglomeration.

The UTS of the fabricated nanocomposites (Fig. 6) ranged from
675 MPa to 780 MPa and these values are nearly three times higher than
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Fig. 9. SETM images of samples after annealing at 773 K: a) Cu-GO; b) higher magnification of the area marked by the square in a), numbers indicate Cu-GO EDS

measure points (1 - C; 2 - O; 3 - Cu); C) Cu-Al,03; d) Cu-RGO/Al,03.

Table 1
EDX measurements correlated with STEM image - Fig. 9b.
C-K O-K Cu-K
Point 1 14.3 43.4 45.3
Point 2 2.5 33.2 64.3
Point 3 0.9 3.4 95.7

for unprocessed copper (~250 MPa) and 40 MPa to 140 MPa higher
than HPT-processed Cu. The highest UTS was observed in the Cu-Al-03
sample (~780 MPa) and the Cu-rGO/Al:0s sample (~690 MPa). Both
samples also demonstrated plasticity in the range of 6-8 %. This
enhanced strength is attributed to significant grain refinement and the
presence of hard particles that hinder dislocation movement. The sam-
ple with the GO addition, despite exhibiting the highest hardness, could
not be evaluated in tensile testing due to their failure in the elastic re-
gion. This problem has been widely discussed and is generally attributed
to two factors. First, the Cu-GO microstructure experiences intense grain
size reduction, with the smallest grain size of 55 nm reported for this
sample, and this leads to a lack of accommodation of stress through
plastic deformation and therefore to premature failure during testing
[59]. Second, the exceptionally small sizes of the tensile test samples
(4.0 x0.6 x0.8 mm3) which were cut using an EDM machine. The sur-
face roughness of such tensile samples is enhanced and this, combined

with their small dimensions, may have led to the formation of localized
stress concentrations causing early failure under tension.

4.2. Thermal stability of the composites

The addition of nanoparticles to the copper matrix significantly in-
fluences not only grain refinement and the mechanical properties but
also the thermal stability of the composites. The particles restrict the
movement of grain boundaries during annealing and actively inhibit
recrystallization in the Zener pinning effect [62]. In this context, the
thermal behaviour of the fillers and their uniform distribution within the
copper matrix are critical factors determining the thermal stability of
these nanocomposites.

As shown in Fig. 7, the produced composites are thermally stable up
to at least 673 K where this is significantly greater than for pure copper
after HPT (473 K). At elevated temperatures, notable differences begin
to emerge between the composites. Starting from the Cu-AlyO3 com-
posite, it remains thermally stable up to 773 K with both the micro-
structure and the microhardness remaining stable throughout the entire
temperature range. This is attributed to the presence of a uniformly
distributed Al;O3 in the matrix (Fig. 3) and thermally stable Al;O3
nanoparticles with a diameter of 6.5 nm which act as effective barriers
for grain growth. This mechanism is well documented in the literature
[20,26,63,23].

The addition of GO gave the highest hardness and the smallest grain
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size among all fabricated composites. However, the Cu-GO composite
exhibited a slight drop of hardness as the temperature increased. After
annealing at 773 K the hardness dropped from 260 Hv units to
approximately 190 Hv units. It is worth noting that this value is com-
parable to that of pure copper after HPT processing. The drop of me-
chanical properties is associated with specific microstructural changes
occurring in the sample after annealing at 773 K (Fig. 8 and Fig. 9).
Firstly, limited grain growth was observed, with the grain size increasing
from the HPT-processed ~55 nm to ~150 nm. Secondly, the GO nano-
particles transformed into core-shell structures embedded within the
metal matrix, consisting of an oxygen-rich outer layer and a carbon-rich
core (Fig. 9). These core-shell structures are less effective in inhibiting
grain growth compared to the Al;03 nanoparticles and their formation is
linked to the degradation of GO at higher temperatures. During heating,
oxygen functional groups on the GO surface react with the Cu matrix to
form diffusive layers of CuO and CuO,. Subsequently, the hexagonal
graphene structure degrades, leading to the formation of a graphite core
[54,64-66].

The composite with the addition of rGO/Al;03 seems to be thermally
stable up to 673 K and the annealing at 773 K produced abnormal grain
growth and the formation of a heterostructure composed of large
recrystalized grains (Fig. 8d) containing partial recrystallization twins
(marked with red arrows Fig. 9d) which were identified based on the
EBSD analysis (Fig. 8e) and some nanocrystalline regions (indicated by
white arrows on Fig. 8d and red frame Fig. 9d). This heterostructure
formation is attributed to an inhomogeneous distribution of rGO/Al,03
particles in the matrix. The fabrication of rGO/Al,O3 nanoparticles
significantly increased the stiffness and strength of the GO flakes pre-
venting many of them from fragmenting during the HPT processing
(Fig. 1d and Fig. 4). Therefore, large agglomerates remained in the
microstructure, and this reduced the number of obstacles to recrystal-
lization leading to a partial recrystallization. Moreover, there was no
trace of the formation of a core-shell structure typical of the GO sample.
This is associated with the production route of rGO/Al;03 which already
included a thermal treatment at 553 K for 2h which effectively
decomposed the organic precursor to Al;03 and reduced the GO to rGO
[50]. The GO poses oxygen-containing functional groups on its surface
such as carbonyl, epoxy, carboxylic acid and hydroxyl which decompose
during annealing [64] and cause the formation of a core-shell structure
in the Cu-GO sample. When these oxygen groups are reduced, the ma-
terial becomes rGO and this material is thermally stable even above
1273 K [64]. For the rGO/Al,O3 nanoparticles there are no free
oxygen-containing functional groups which are capable of decomposing
during annealing of the Cu-rGO/Al;O3 samples.

5. Conclusions

The type of nanofiller and its distribution in the copper matrix has a
significant effect on the microstructure, mechanical properties and
thermal stability of the composite. Analysis of the microstructure in
terms of grain size showed that the greatest difference is attributed to the
presence of nanofillers as the copper without additives had grain sizes of
the order of ~210 nm whereas the composites had grain sizes of
~55 nm, ~65 nm and ~75 nm for Cu-GO, Cu-Al,03 and Cu-rGO/Al;03,
respectively.

The type of additive influenced the extent by which the hardness
improved by comparison with copper after HPT. These improvements
increased by 65 Hv, 45 Hv and 25 Hv for Cu-GO, Cu-Al,03 and Cu-rGO/
Al,O3, respectively. Significant differences were also seen in the tensile
tests where the Cu-GO composite cracked in the elastic range while the
other composites showed some plastic deformation range with higher
UTS values of ~780 MPa in Cu-Al,O3 and ~690 MPa in Cu-rGO/Al,03
compared with ~640 MPa in Cu after HPT.

The greatest difference between the additives was observed in the
thermal stability tests. The Cu-Al;O3 composite annealed at 373 - 773 K
had almost the same hardness and its microstructure changed slightly
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such that, after annealing at 773 K, the average grain size increased to
~100 nm. The Cu-GO composite showed a slow and minor decrease in
hardness with increasing annealing temperature and the hardness
decreased to ~180 Hv after annealing at 773 K. There were more
observable changes in the microstructure of this composite related to the
thermal decomposition of GO but the grain size increased to only
~150 nm and therefore the material remained in the UFG condition.
The Cu-rGO/Al,03 composite remained stable in terms of hardness and
microstructure up to 673 K but annealing at 773 K led to a decrease in
hardness to ~185 Hv associated with microstructural growth. It is
noteworthy that the composite underwent abnormal grain growth
resulting in a bimodal structure caused by an uneven distribution of
reinforcing particles in the matrix.

It is also worth emphasising that all the produced composites had
better thermal stability than the HPT-processed pure Cu and their
hardness values after annealing at 773 K were higher than for Cu after
HPT without subsequent annealing.
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A novel hybrid material was fabricated from the Al-Ti system using high-pressure torsion up to 50 turns.
Microstructural observations revealed intermetallic phases and mixing zones enriched in Ti, consisting of grains
of ~20 nm within an Al matrix. Microhardness measurements gave values higher than in the HPT-processed bulk

The fabrication of multi-layered hybrid materials is a new concept
that may be used to enhance the strength of ultrafine-grained (UFG)
materials without losing their ductility. The earliest research was con-
ducted by using high-pressure torsion (HPT) to process semi-circular
disks of Ag-Ni [1], Nb-Zr [1] and Al-Cu [2] or quarter disks of Al-Cu
[3] where these partial disks were placed to form whole disks within
the HPT facility. Later, a new approach was developed by separately
stacking disks for HPT processing using Al-Mg [4-7], Cu-Sn [8] and
Al-Cu, Al-Fe and to perform some preliminary tests on Al-Ti [9]. The
Al-Ti system is especially interesting due to the excellent mechanical
properties such as high strength, toughness and stiffness combined with
a low density which makes it a good candidate material for use in
automotive and aerospace applications [10-12]. Therefore, several at-
tempts have been made to fabricate Al-Ti composites using different
techniques such as cold-roll bonding [10,11,13], accumulative roll
bonding [14-16], explosive welding [17] and powder consolidation by
HPT [18]. The present research was initiated to evaluate the potential
for achieving high mechanical properties by processing a stacking of
Al/Ti/Al disks by HPT.

The initial disks of 10 mm diameter were cut from a commercial
purity aluminium alloy (Al-1050) and titanium (CP-Ti). The initial grain
sizes were 44 and 25 pm for these two materials, respectively. The
aluminium disks were mechanically polished to a final thickness of
~0.4 mm and titanium to a final thickness of ~0.15 mm. These disks

* Corresponding author.
E-mail address: Piotr.Bazarnik@pw.edu.pl (P. Bazarnik).
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were then stacked in a sequence of one Ti disk between two Al disks
using the procedure described earlier [4,5]. The stacks of three disks
were then processed by HPT at room temperature under a pressure of
6.0 GPa for 10, 30 and 50 turns. After every 10 rotations, excepting only
after the last 10, a heat treatment was applied consisting of annealing
the samples in a furnace for 30 min at 300 °C to soften the Al alloy and
allow further deformation. It should be emphasized that the temperature
of 300 °C is too low to have any major impact on phase transformations
in the Al-Ti system.

After processing, each disk was cut vertically along a diameter to
give two semi-circular disks and then examined on the cross-sections
using light microscopy (LM) with a Zeiss Axio Observer. Panoramic
images were made of the overall cross-sections in order to permit a
preliminarily examination of the quality of bonding between the indi-
vidual components. Thereafter, observations were undertaken by scan-
ning electron microscopy (SEM) in back-scatter electron (BSE) mode in
the peripheral regions. Detailed microstructural observations were
performed using a scanning-transmission electron microscope (STEM)
Hitachi HD-2700 operating at an accelerating voltage of 200 kV. Sam-
ples for the STEM observations were prepared using a focused ion beam
facility (FIB) Hitachi NB5000. X-ray diffraction analysis was undertaken
at room temperature to analyse the phase composition of the sample
processed by HPT for 50 turns. Diffraction patterns were recorded using
a Bruker D8 Advance X-ray diffractometer with filtered radiation of
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CuKa. Microhardness measurements were recorded using a Zwick/Roell
Z2.5 hardness testing machine with a load of 200 g. Linear analysis was
performed on one-half of the cross-section with distances between
consecutive measurement points of 0.2 mm. The initial coarse-grained
materials and the initial materials after 10 HPT revolutions were used
as reference samples.

The LM panoramic images of the Al-Ti composites are presented in
Fig. 1 after 10, 30 and 50 turns. In the sample after 10 turns there was no
intensive bonding between the components with some delamination in
the central regions and the Ti disk was only slightly fragmented, whereas
after 30 and 50 turns monolithic samples were obtained without evi-
dence for any pores or defects at the Al/Ti interfaces. It is readily
apparent that increasing the numbers of HPT turns produces successive
fragmentation of the Ti disk. In the sample after 50 turns, there is a
continuous bond between components throughout the cross-section but
with a gradient in Ti fragmentation moving away from the edge of the
sample where the deformation is the highest. The size of the fragmented
Ti increases after 50 turns and reaches a maximum size near the centre of
the disk. At the edges of the sample, where the applied strain is the
largest at the macroscopic scale, it is hard to distinguish between the Al
and Ti phases, thereby confirming a significant mixing between these
components.

Fig. 2 shows SEM micrographs of the cross-sections of the Al-Ti
hybrid material processed by HPT for 50 turns. The overview image in
Fig. 2(a) reveals a homogeneous distribution of Ti in the Al matrix with
both Ti-enriched shear bands and fine to relatively large fragments of Ti
in the Al. Most of the Ti disk has undergone a severe fragmentation
which permits a general mixing between Al and Ti. In this sample, the
boundaries between the Al and Ti are not well defined in the mixing
zone area and this indicates the possibility of the formation of inter-
metallic phases (Fig. 2(b)). The character of the Al/Ti interface depends
on the distance from the disk centre, with a more complex lamellar
structure at the area near the edge of the sample and a flatter Al/Ti
interface visible around the central region. A similar structure was noted
earlier in HPT-processed Al-Mg [4,9,19] and Al-Cu [2,20,21]. More
intense mixing was observed in the edge area which is characterized by a
laminated, multi-layered structure. This inhomogeneity is typical for
HPT processing as the accumulated strain varies along the radius and
reaches a minimum in the central area [22]. It was reported earlier for
the Al-Cu [2,20,23] and Al-Mg [4,19] systems that intensive mixing in
the edge areas of samples promotes the occurrence of solid-state re-
actions even at low homologous temperatures. Thus, the present sam-
ples contain mixing zones consisting of numerous areas of
irregularly-shaped thin layers of Al and Ti and the boundaries be-
tween the Al and Ti are no longer distinguishable. A similar observation
was reported for the Al-Mg system [19] processed by HPT.

Detailed STEM observations, presented in Fig. 3(a—c), reveal a
unique, layered microstructure in which it is possible to differentiate the
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Al matrix with an average grain size of ~160 nm and an area of mixing,
marked in Fig. 3(a and b) with an arrow, that is about 400 nm wide.
Those areas of mixing consist of thin layers with very small grains
having average sizes of ~20 nm, as illustrated in Fig. 3(c) where the
interface between the matrix and the mixing zones is free of voids with a
homogenous structure in Fig. 3(b). A significant grain refinement, to
about 300 nm, is visible in the large Ti-rich particles shown in Fig. 3(d).
Fig. 3(e) presents a dark-field image with the corresponding composi-
tional maps for Al and Ti. It is apparent that the measurement area is
composed of both Al and Ti and there is a Ti-rich zone in the form of
bands located within the Al matrix. The occurrence of significant grain
refinement, as well as the presence of both Al and Ti (Fig. 3 (d)) and the
mixing zones (Fig. 3 (a,b,c)), suggests the formation of intermetallic
phases from the Al-Ti system and it is important therefore to examine
this possibility.

The presence of intermetallic phases was examined using XRD
analysis as presented in Fig. 4 where the peaks with high intensity
correspond to various crystalline planes of the face-centred cubic (FCC)
Al and hexagonal close-packed (HCP) Ti. However, the pattern confirms
also the formation of Tiz.3Al and Al3Ti phases. The fraction of inter-
metallic phases in the samples after 10 and 30 revolutions was too small
for detection. Those intermetallic phases are known for having low
density, high hardness, good thermal and oxidation resistance and high
melting temperatures and therefore they find applications in the
strengthening of Al alloys for high-temperature applications [24,25].
The approach of fabricating Al-Ti metallic composites by stacking disks
and using HPT processing was reported earlier but without any evidence
for the formation of intermetallic phases [9]. However, the formation of
Al,Ti and AlgTi intermetallic phases after processing by HPT was
described when processing a mixture of powders where the formation of
these intermetallic phases was attributed to short circuit diffusion
enhanced by the formation of many defects in the HPT-processed ma-
terial [18].

Hardness testing was conducted in order to examine the influence of
HPT processing and these intermetallic phases on the mechanical
properties. The microhardness distributions along the radii are shown in
Fig. 5 for measurements taken on the cross-sections of the disks of the
Al/Ti/Al systems after processing by HPT for 30 and 50 turns; the
microhardness values of the as-received and HPT-processed bulk Al-
1050 and CP-Ti are also included for comparison. Thus, the hardness
of the hybrid material processed for 50 turns lies between the values of
~60 Hv at the disk centre and ~300 Hv at the edge of the sample,
whereas in samples processed for 30 turns the maximum hardness
achieved at the edge was ~130 Hv and the hardness in the centre varied
around a value of ~40 Hv. It is worth noting that for all hybrid samples,
the hardness in the central regions is inhomogeneous and exhibits high
standard deviations which are associated with the presence of large
fragments of undeformed titanium plates. The hardness values of the

Fig. 1. Vertical cross-sections of the Al-Ti system processed by HPT under an applied pressure of 6.0 GPa for 10, 30 and 50 turns.
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Fig. 2. SEM images of the Al-Ti system processed for 50 turns: (a) overall image of the sample, (b) magnified image of the mixing zones. The brighter contrast

corresponds to the Ti-enriched regions and the darker to Al.

Fig. 3. (a,b) STEM images of the sample of the hybrid material processed for 50 HPT turns, (c) enlarged image of (a), (d) structure of Ti-rich blocks in the Al matrix,
(e) EDX compositional maps for Al and Ti containing the mixing zone: dark-field image of the analysed area (left), compositional maps for Al and Ti, in the centre and

right, respectively.

hybrid material at the edge are therefore very significantly higher than
those for the as-received and HPT-processed Al-1050 and only slightly
lower than those for the bulk HPT-processed Ti. It is important to note
that the initial system contained 84 vol% of Al and only 16 vol% of Ti so
that the hardness of the fabricated hybrid material, which consists
mainly of Al, is exceptionally high. This increase in hardness is attrib-
uted to Hall-Petch strengthening by grain refinement of the Al matrix
and Ti-rich particles and to precipitation hardening due to the formation

of the intermetallic phases [4,19]. A similar increase in hardness was
noted for the Al-Mg system where there was a hardness of ~270 Hv at
the periphery of the sample after processing by HPT for 10 turns [4].
In summary, samples of an Al-Ti hybrid material were fabricated by
processing a stack of Al/Ti/Al disks using high-pressure torsion at room
temperature for 10, 30 and 50 turns with the application of intermediate
appropriate heat treatments. Continuous and complex mixing was
observed between Al and Ti after processing by HPT for 50 turns at RT,
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Fig. 4. XRD pattern for the hybrid Al-Ti system processed by HPT for 50 turns.

Fig. 5. Microhardness distributions of the hybrid Al-Ti systems processed by
HPT for 30 and 50 turns across the half-disk: additional hardness values for the
as-received and HPT-processed bulk Al 1050 and Ti are included
for comparison.

indicating the potential for using this method as a processing tool for the
synthesis of hybrid materials. The microstructure after processing was
characterized by exceptional grain refinement, with a grain size of ~20
nm inside mixing bands and ~160 nm for the Al matrix and ~300 nm for
Ti-rich blocks. Intermetallic phases from the Al-Ti system were formed
during processing by HPT. These phases, together with grain refinement
of the Al matrix, the presence of hard Ti-rich blocks and interfaces be-
tween the Al and Ti thin layers, lead to a significant increase in the
hardness of the hybrid material compared with the hardness of the
initial components.
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This study demonstrates an approach of utilizing high-pressure torsion (HPT) to fabricate a novel hybrid material
by the direct bonding of Al and Ti disks at room temperature under a compressive pressure of 6.0 GPa and with
increasing numbers of HPT turns up to 50. Detailed structural observations revealed the formation of a multi-
layered nanostructure in the edge regions of the disks with a grain size of ~30 nm. X-ray diffraction (XRD)
and selected area electron diffraction (SAED) confirmed the presence of three intermetallic compounds, AlTi,

Al3Ti and TizAl, in the layered structures. Processing by HPT led to the formation of a hybrid nanocomposite with
exceptional hardness (over 300 Hv) in the edge regions of the disks. Special emphasis was placed on under-
standing the evolution of hardness in the hybrid material. The investigation demonstrates a significant oppor-
tunity for using HPT processing to deepen the knowledge on diffusion bonding and mechanical joining
technologies as well as for fabricating new and valuable hybrid nanomaterials.

1. Introduction

High-pressure torsion (HPT) is a severe plastic deformation (SPD)
technique which enables scientists to achieve truly nanometric-sized
grains by a simultaneous combination of large compressive stresses
(typically several GPa) and torsional forces [1-3]. In the HPT method, a
sample in the form of a thin disk is placed between two solid anvils and
compressed under a pressure of several GPa at room or an elevated
temperature. At the same time, the sample is subjected to torsional strain
initiated by the rotation of one of the anvils with respect to the other.
Frictional forces prevent any sliding between the disk sample and the
anvils, therefore allowing torsional deformation applied onto the disk
sample.

The equivalent strain (von Mises strain) e.q imposed on the sample in
the form of a disk in HPT is described by an Eq. (1) below [4]:
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where N is the number of HPT revolutions (turns), r is the radial distance
from the centre of the disk and h is the final thickness of the sample.
Analysis of Eq. (1) shows there is a variation in the strain value across
the disk, with the maximum value on the edge and the minimum in the
centre of the disk (in theory eq = 0 as r = 0). Therefore, according to the
equation HPT-processed materials will show inhomogeneous micro-
structures and properties. On the other hand, it is possible to fabricate
materials with reasonably homogeneous microstructures as reported
elsewhere [3].

The advantage of the HPT method is undoubtedly the possibility of
applying very large strains through a sufficiently high number of HPT
turns, where this strain is much larger than in other severe plastic
deformation methods. However, there is a certain limitation regarding
the minimum grain size that may be attained via SPD processing as well
as any associated improvement in the mechanical properties [5,6].
Depending on the type of metal subjected to HPT processing, three main
types of behaviour may be identified: strain hardening, strain softening
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with recovery and strain softening without recovery [5-7]. The domi-
nant types of metals demonstrate the strain hardening type of behaviour,
associated with a significant increase in mechanical properties during
deformation up to some saturation level [5,6]. However, the enhanced
mechanical properties are usually combined with a reduction in plas-
ticity which significantly limits the possible application of
HPT-processed materials [5,6]. On the other hand, in materials exhib-
iting strain softening, such as pure aluminium, it is not possible to obtain
true ultrafine-grained and nanograined structure because of the recov-
ery processes taking place during plastic deformation [6,8-10]. None-
theless, they are showing relatively good plasticity associated with a
modest increase in mechanical properties resulting from a fractional
decrease in grain size which in turn tends to eliminate those materials
from industrial applications.

The potential solution to overcome the limits of grain refinement and
enhancement in mechanical properties lies in developing a new class of
hybrid materials fabricated by HPT [11-18]. In this approach two or
more dissimilar metals are joined through HPT to obtain a multilayered
hybrid material with new and unique properties. Since this is a new
approach, there is to date only a limited number of scientific reports
focused on the fabrication of high-performance materials by bonding
dissimilar bulk metals to form a new metal system through HPT. The
first report demonstrated the potential for forming a spiral texture by
processing of an Al-Cu hybrid material though HPT using four
quarter-disks, including two of pure Cu and two of an Al-6061 alloy
[19]. However, this study described only the computational calculation
of the distribution of equivalent stress in the processed disk using a finite
element method and there was no detailed microstructural analysis and
mechanical testing of the processed disk. Later, this approach was
improved and further developed by bonding of separate Al and Mg disks
processed through HPT by stacking a set of two or three disks [20,21]
producing multi-layered nanostructures. This same approach was used
in several other investigations using stacks of three or more disks of
Al-Cu [18,22-24], Cu-Ta [25], Zn-Mg [26,27], Fe-V [28], Cu-Sn [29],
Zr-Nb [30].This series of research investigations proved that HPT is a
good technique to create a strong bonding of the dissimilar metal disks.
Moreover, for higher numbers of HPT revolutions a strong tendency for
segregation was observed with the nucleation of intermetallic com-
pounds through diffusion bonding. This led to a significant increase of
hardness which was higher than may be achieved for the initial metals.

Accordingly, the present work was initiated to evaluate the micro-
structural changes and the mechanical properties evolution in the Al-Ti
system synthesized by the HPT procedure to high numbers of turns (up
to 50 revolutions). In particular, the investigation is designed to examine
the extent of microstructural refinement, the formation and decompo-
sition of composite microstructures during deformation, the formation
of any intermetallic compounds and their impact on the subsequent
mechanical properties.

2. Experimental materials and procedures

A bulk nanocrystalline Al-Ti hybrid material was prepared by me-
chanical bonding of a commercial purity aluminium Al (Al-1050 alloy)
and a commercial purity titanium (CP-Ti). Both alloys were received as
extruded rods with diameters of 10 mm. Those rods were cut into a series
of disks with thicknesses of around 1 mm and then the disks were pol-
ished to final thicknesses of 0.3 and 0.15 mm for Al and Ti, respectively.
Hybrid materials were synthesised using conventional HPT processing
with the exception that the straining was applied to a stack of a few disks
instead of one as described in an earlier study [31]. A stack of three Al
and two Ti disks were processed through HPT at room temperature
under quasi-constrained conditions [32] with a constant speed of 1 rpm
and under an applied pressure of 6.0 GPa, for total numbers of revolu-
tions N of 10, 20, 30, 40 and 50. Each anvil had a cavity depth 0.25 mm
and the final thickness of the sample was about 0.8 mm. In addition,
Al-1050 and Ti samples in the initial state and after HPT processing for

Materials Science & Engineering A 833 (2022) 142549

10 revolutions were used as reference samples.

The HPT-processed disks were initially examined by X-ray diffraction
(XRD) using Bruker D8 Discover and an energy for the emitter beam of
30 kV. The filtered Co Ko X-Ray radiation was focussed to a point with a
radius of 1 mm and all specimens were scanned on cross-sectional planes
in the edge regions. Each sample was illuminated by high intensity hard
X-rays for 5 s per step, the 20 angle was between 20° and 90° and the
step size A20 was 0.025°.

After processing by HPT, each disk was cut vertically along a
randomly selected diameter to obtain two semi-circular disks. One
vertical cross-section from each disk was mounted in resin, ground and
polished to obtain a mirror-like surface. Then, samples were examined
using light microscopy (LM) with a Zeiss Axio Observer. Panoramic
photos of the overall cross-sections were made in order to provide pre-
liminary information on the quality of bonding between the individual
components. To prepare the panoramic images, a series of photos were
made and then placed together to give an overall perspective.

In order to evaluate the quality of bonding between the Al and Ti
elements a scanning electron microscope (SEM) Hitachi SU8000 was
used. In addition, maps of the chemical compositions were recorded for
selected samples using the energy-dispersive X-ray spectroscopy (EDX)
technique. SEM investigations were conducted in two modes: secondary
electron mode (SE) and backscattered electron mode (BSE) on the cross-
sections of disks. Microstructural observations were carried out in the
peripheral regions (approximately 1.0 mm from the edge) of each disk.
Specimens for SEM analysis were prepared using Hitachi IM4000 ion
milling system. In practice, ion milling is a damage-less process and the
polishing with an ion beam eliminates all deformation, stresses and
oxide layers. Moreover, the surface quality is sufficiently good that it is
possible to observe the structure of such prepared joints through the
channelling contrast in an SEM.

Detailed microstructural analysis was carried out using a trans-
mission electron microscope (TEM) JEOL JEM 1200 operating at an
accelerating voltage of 120 kV and CS-corrected dedicated scanning
transmission electron microscope (STEM) Hitachi HD2700, operating at
200 kV. Samples for TEM/STEM observations were prepared using a
Focused lon Beam (FIB) Hitachi NB-5000 microscope. The lamellas were
cut from the cross-section of the sample in the direction parallel to the
direction of rotation. STEM observations were carried out in bright-field
(BF) and high-angle annular dark field (HAADF) modes. For selected
samples, selected area electron diffraction (SAED) patterns were
obtained.

The microstructures were evaluated quantitatively using a computer-
aided image analyser. The grain sizes were described in terms of the
equivalent grain diameter, deq, defined as the diameter of a circle with a
surface area equal to the surface area of the grain.

Micro-computed tomography (microCT) was performed on the
samples by means of a SkyScan 1172 (Bruker, USA), in order to inves-
tigate the microstructural distribution of the material constituents. For
this purpose, the source voltage and source current were set to 100 kV
and 100 pA, respectively. Al + Cu X-Ray filters were used. The obtained
pixel sizes were 5 and 2 pm, the scanning procedures were carried out by
performing a rotation of the emitted X-ray by 180°, with a step size of
0.3° and 0.2°, and an exposure time of 580 ms and 600 ms per projection
for the 10 turns and 50 turns samples, respectively.

To examine the mechanical properties of the samples, microhardness
and nanoindentation tests were performed. The microhardness mea-
surements were carried out using a Zwick/Roell Z2.5 hardness testing
machine with a load of 200 g. The hardness of the initial materials was
measured as well as EDX linear analysis, conducted in the middle of
cross-sections of the initial samples after HPT processing (Al-1050 and Ti
after 10 revolutions). For the linear analysis, the distances between
consecutive measurement points were 0.2 mm. Hardness maps of
selected samples of the Al-Ti hybrid materials were prepared applying
the distances between consecutive measurements points of 0.1 mm.
Measurements were carried out on the cross-sections of selected samples
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Fig. 1. LM images of Al-Ti samples after various numbers of HPT rotations.

and the microhardness data were then used to prepare colour-coded
contour maps displaying the hardness distributions within each disk.

Microhardness measurements were complemented by nano-
indentation studies conducted using an Anton Paar device operating in
the load-control mode with a Berkovich pyramidal-shaped diamond tip.
The value of the maximum applied force was chosen to be 50 mN to
allow for measurements within the thin mixing layers of the hybrid
material. To obtain reliable values of mechanical properties, at least 20
tests were measured per sample/condition. A series of measurements
were performed in the peripheral areas for the hybrid material processed
for 50 turns and HPT-processed CP-Ti as well as for Al-1050 in the as-
received and HPT-processed state. The reduced Young’s modulus (E;)
and hardness (H) were obtained from the load-displacement curves
using the method of Oliver and Pharr [33]. The elastic and plastic en-
ergies of deformation were measured and the contribution of each in the
total energy of deformation was then calculated. The elastic energy was
obtained from the area enclosed between the unloading indentation
segment and the displacement axis, whereas the plastic energy was
assessed from the area between the loading and unloading indentation
segments and the displacement axis.
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3. Experimental results
3.1. Microstructures of HPT-processed hybrid materials

The LM images, prepared on cross-sections of 5-layered Al-Ti sys-
tems, are presented in Fig. 1 after deforming through various numbers of
turns. In the samples after 10 and 20 turns, there are bent and frag-
mented Ti plates in the Al matrix without any significant mixing be-
tween the two components. There is also evidence for some
delamination between the Ti and Al disks. Increasing the numbers of
revolutions up to 50 gradually leads to a refinement of the two com-
ponents and their mixing, and to a general elimination of any cracks and
delaminations in the disks. However, even after 50 HPT turns the
structure remains inhomogeneous, with visible differences between the
edge and the centre of the disks. In the sample processed for 50 turns, the
Ti and Al parts are indistinguishable in the edge area, which suggests the
occurrence of a strong mixing between those elements. In addition,
increasing the numbers of revolutions gradually leads to an expansion of
the AL-Ti mixing zone in the sample, which is well observed when
comparing images of samples processed from 30 to 50 turns as the area
where large Ti fragments are present decreases in favour of an increase
in the mixing zone of Al and Ti.

To gain a deeper understanding of the joining and mixing phenom-
enon which occurs in this system during HPT processing, the composites
were further investigated using micro-computed X-ray tomography.
This non-destructive characterization technique permits observations of
new features that are generally invisible with more conventional im-
aging techniques such as LM or SEM analysis. The MicroCT 3D-recon-
struction (in three planes: x-z, y-z and x-y-z) of the Al-Ti composites
after 10 and 50 revolutions are presented on Figs. 2 and 3 respectively.
Fig. 2 a and b show the scan of a quarter of the HPT disk after 10 HPT
turns which corresponds to about 13.4 mm? of material. It is apparent
that torsional straining by HPT led to a bending, necking and finally to a
fragmentation of the Ti phase (marked as red) across the disk diameter.
This fragmentation effect is more intense with increasing numbers of
turns which is evident after 50 HPT turns (Fig. 3 a, b and c). To show
more details, a smaller volume of material from a mid-section of the disk
was selected for the analysis (0.52 mm3) but the analysis itself was
conducted with a higher resolution. It should be noted that this MicroCT
technique is not adequate for showing elements smaller than 1-2 pm.
Nevertheless, the MicroCT reconstruction of the sample after 50 turns
shows intense fragmentation of the Ti phase and its uniform distribution
within the Al matrix.

Fig. 2. MicroCT 3D-reconstruction of Al-Ti composite after 10 HPT turns. Perspective view a), cross-section view b) and disc plane view c). Scan of a quarter of HPT
disk where Ti plates (marked as red) are severely bent and fragmented. (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)
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Fig. 3. MicroCT 3D-reconstruction of Al-Ti composite after 50 HPT turns. Perspective view a), cross-section view b) and disc plane view c¢). Scan of a small region of
HPT disk, mid-section of the disk, showing strong fragmentation of Ti phase (marked as red) and its uniform distribution in the Al matrix. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4. Selected SEM images of the 5-layered system processed by HPT for: a) 10 turns, b and c) 20 turns. Red arrows indicate areas of delaminations and dis-
continuities. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Detailed microstructural observations were conducted using SEM, as
shown by the SEM images in Figs. 4 and 5 for the Al-Ti samples pro-
cessed for 10, 20 and 50 turns where the brighter contrast represents the
regions enriched in Ti and the darker contrast corresponds to the Al-rich
regions. Fig. 4 shows detailed SEM images of the samples processed for
10 (a) and 20 (b,c) turns with visible delaminations and discontinuities
between components as indicated by the red arrows but with no
noticeable mixing between Al and Ti because the interfaces between the
Al and Ti components are readily distinguishable. At the same time there
is a strong bending of Ti layers inside the Al matrix and this becomes
more intense with increasing numbers of turns. It is apparent that 10 and
20 rotations are not sufficient to fully bond the components and there-
fore further processing was applied to higher numbers of turns.

Increasing the numbers of rotations up to 50 turns produces a severe
fragmentation of the disks with a more homogeneous distribution of
fragments of Ti in the Al matrix at the edge regions, as illustrated in
Fig. 5 showing SEM images of the Al-Ti sample processed for 50 turns. It
is readily apparent that after 50 turns the dominant part of the sample
consists of relatively small fragmented parts of the Ti disk in the Al
matrix, as shown in Fig. 5a. Increasing the numbers of revolutions up to
50 turns therefore permits a reduction in the sizes of the areas enriched
in Ti. The red arrows in Fig. 5a,c indicate regions with enhanced mixing
where the BSE contrast changes, suggesting a mixing between Al and Ti
and the formation of intermetallic phases. As confirmed by both LM,
MicroCT and SEM observations, the numbers of large Ti fragments, with
diameters above 100 pm, is smaller than in the samples processed by
lower numbers of rotations, as shown in Fig. 5.

A compositional EDX analysis of the selected area was performed in
the form of maps, as presented in Fig. 6. It is apparent that the analysed
zone contains both Al and Ti, where Al is the matrix and Ti occurs in the

form of larger fragments as well as within the mixing zones with Al.

To analyse the grain refinement and mixing processes in the sample
after 50 turns, a TEM/STEM analysis was conducted. In Fig. 7 repre-
sentative STEM (a,b,c) and TEM (d,e) images of the 5-layered Al-Ti
system processed by HPT for 50 turns are presented. Fig. 7a and b shows
overall images of the sample in BF and HAADF modes, respectively. In
the HAADF image there are bands enriched in Ti (bright), an Al matrix
(dark grey) and mixing zones of Al-Ti (light grey). Mixing zones, in the
form of bands, form a particular layered structure with alternately
occurring zones of mixing placed inside an Al matrix with a width of less
than ~70 nm, as presented in Fig. 7d and e. Grains inside the mixing
zone, indicated by red arrows in Fig. 7d, have a size below 30 nm, while
grains in the Al matrix are around 200 nm. Grains in the Al matrix
(Fig. 7c,e) are distinguished by the presence of dislocations forming a
cell structure, while grains in the mixing zone are in general free of any
defects. Yellow arrows are used to mark another peculiarity of the
microstructure where there are very thin layers with thicknesses of
around 30 nm that are rich in Ti, that vertically subdivide the layers, as
was described earlier for the Al-Mg system [34]. Those layers are
probably a mixture of Al and Ti, generated during processing by
high-pressure torsion. By contrast, the average grain sizes in the separate
Al and Ti disks were measured as ~700 and ~100 nm, respectively, after
processing by HPT for 10 turns.

Linear chemical analysis, as illustrated in Fig. 8, was performed on a
cross-section through the Ti-enriched bands. The point scanning and the
line profile revealed that the thin layers are composed of 75-86% of Al
(red line) and 14-25% of Ti (green line), thereby indicating the forma-
tion of the Al3Ti phase.

To confirm the formation of intermetallic phases inside the mixing
zones, complementary SAED pattern analyses were performed, as
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Fig. 5. SEM images of the Al-Ti sample processed for 50 turns.

Fig. 6. EDX maps of the Al-Ti sample processed for 50 turns.

Fig. 7. Selected TEM and STEM images of the sample processed for 50 turns.

presented in Fig. 9. The electron diffraction patterns confirmed the
presence of intermetallic grains randomly distributed in the matrix, such
as AlTi, Al3Ti and AlTis. Strong diffraction rings for the (001) AlTi and
(101) AlsTi phases can be observed in the inner part of the diffracto-
gram. It is noted that the formation of such intermetallic phases is
consistent with other reports on Al-Ti systems [35-38].

The phase compositions were also complemented by XRD analysis
and the pattern for the sample after 50 turns is shown in Fig. 10. These

patterns reveal a significant broadening of the peaks due to the severe
grain refinement. The patterns also confirm the presence of the Al and Ti
phases and the formation of the AlTi, AlTiz and Al3Ti phases with a
strongest peak for the Al3Ti phase.



P. Bazarnik et al.

Materials Science & Engineering A 833 (2022) 142549

Fig. 8. EDX linear analysis through the mixing layer, where Al is represented by the red line and Ti by the green line. (For interpretation of the references to colour in

this figure legend, the reader is referred to the Web version of this article.)

Fig. 9. SAED pattern showing presence of several intermetallic phases from the
Al-Ti system.

3.2. Evaluation of mechanical properties

3.2.1. Microhardness

Microhardness measurements were performed as a first step to
evaluate the mechanical properties of the hybrid material and for a
comparison with the properties of the initial materials. The hardness
distribution across the disk radius is presented in Fig. 11 a. Where the
hardness values in the initial state were 26 and 219 Hv for Al and Ti,
respectively. After processing by HPT, the hardness in both samples
underwent a significant increase with an average hardness across the
disk of 51 Hv and 316 Hv for Al and Ti, respectively. In Al processed for
10 turns of HPT, the hardness across the disk was reasonably homoge-
neous but with slightly lower values in the central area than in the pe-
ripheral region so that an essentially saturation condition was observed.
In the case of Ti, the hardness values were less homogeneous but without
a strong dependence on the distance from the centre.

In all samples, the minimum hardness values were located near the
disk center and the maximum in the peripheral region with a gradual

Fig. 10. XRD pattern of hybrid Al-Ti processed for 50 turns.

Fig. 11. a) Microhardness distribution along the sample radius, b) Micro-
hardness distribution across the disk in the Al-Ti sample processed for 50 turns.
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rise across the disks. In the Al-Ti sample processed by 50 turns, an in-
crease in hardness was observed compared to the HPT-processed Al. The
minimum hardness values in the center of the disk were close to the level
of ~60 Hv for the HPT-processed Al 1050 alloy, while on the edge of a
disk the values were very high and even exceeded ~250 Hv at the edge.
In the peripheral region of the sample processed for 50 turns the hard-
ness values were reasonably homogenous, indicating an efficient mixing
between Al and Ti.

The hardness distribution map for the sample after 50 turns is pre-
sented in Fig. 11b and this confirms the observations made during the
linear chemical analysis. It is readily apparent that the sample exhibits a
gradual increase in hardness across the disk with the lowest hardness
values near the centre and the highest, at close to ~300 Hv, in the pe-
ripheral region. The increase in hardness is gradual and confirms the
occurrence of a gradual mixing between Al and Ti.

3.2.2. Nanoindentation

Nanoindentation was used to examine the micro/nano-mechanical
response of the Al-Ti system processed by HPT. Nanoindentation tests
were performed as a complementary procedure for evaluating the me-
chanical properties.
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Fig. 12. a) Representative nanoindentation curves of Al-Ti hybrid material
processed for 50 turns (red), Al-1050 processed for 10 turns (pink), Al 1050 in
as-received state (blue) and Ti processed for 10 turns (green) and b) Reduced
Young’s modulus and hardness of as-received and HPT-processed materials.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Table 1
Values of Young’s modulus, hardness and energies of deformation.
Sample Young’s Hardness H/E (wear Welast/ Wolast/
modulus (MPa) resistance) Wiotal Wiotal
(GPa)
Al-Ti HPT 105+ 5 3720 + 0.035 0.23 0.77
346
Al 1050 81 +2 714 + 12 0.009 0.06 0.94
HPT
Al11050 as- 79+1 449 + 15 0.006 0.03 0.97
received
Ti HPT 114 + 4 5330 + 0.047 0.26 0.74
528

Fig. 12a shows representative load-penetration depth curves
measured at the edges of the Al-Ti hybrid material, the Al-1050 alloy in
the HPT-processed and as-received states and the HPT-processed CP-Ti.
Each curve was obtained from a series of at least 20 measurements. A
significant decrease in the maximum and final penetration depths is
observed between the Al-Ti hybrid material and the Al-1050 alloy
thereby indicating a strengthening of the material. The indentation plot
of the Al-Ti hybrid material (red) resembles that of the HPT-processed
titanium which suggests that the properties of the composite became
closer to that of the HPT-processed Ti. As shown in Table 1, the hardness
and Young’s modulus values of the Al-Ti hybrid material are signifi-
cantly higher than for the as-received and HPT-processed Al, with a
Young’s modulus of 105 GPa (increase of 40% when compared to HPT-
processed Al) and a hardness value of 3720 MPa (increase of 420% when
compared to HPT-processed Al).

The ratio of H/E presented in Table 1 was measured as an indication
of the wear resistance. As was shown in earlier reports [39,40], both
hardness as well as the reciprocal value of elastic modulus have an in-
fluence on the wear resistance (higher H and lower E improve wear
resistance). Therefore, the higher H/E ratio of the Al-Ti hybrid and
HPT-processed Ti indicates a higher wear resistance than for the
HPT-processed Al and as-received Al

In Table 1 and Fig. 12b information is given on the ratio of the elastic
and plastic energies versus the total energy of deformation during
nanoindentation. It is demonstrated that the contribution of elastic en-
ergy is higher for the Al-Ti hybrid and the HPT-processed Ti (23% and
26%, respectively) than for the as-received and HPT-processed Al (3%
and 6%, respectively). The higher contribution of elastic energy in the
total energy of deformation is an indication of a higher elastic recovery
and therefore of the ability of a material to regain the initial shape after
deformation. On the other hand, the contribution of plastic energy in the
total energy of deformation (sometimes called “plasticity index”) is an
indication of the overall plasticity of the material. Therefore, the HPT-
processed Al and the as-received Al show higher plasticity than the
HPT-processed Ti and the Al-Ti hybrid.

4. Discussion
4.1. Unique microstructure formation in the Al-Ti hybrid system

The results from this investigation demonstrate that the HPT tech-
nique has a potential for producing a bonding of dissimilar bulk metals
when suitable processing parameters are applied. Earlier studies
described the potential for using HPT as a technique for the synthesis of
hybrid materials for systems such as Al-Mg [20,21], Al-Cu [18,22-24],
Cu-Sn [41], steel-vanadium [42] and Al-Ti [31]. HPT-processed hybrid
systems can be characterized by a unique layered microstructure [20,
42] with significant grain refinement [21,42] and the formation of
intermetallic phases [18,20] as well as enhanced mechanical properties
[20,42]. However, it should be noted that the microstructure of pro-
cessed Al-Ti disks is strongly influenced by the processing parameters.
Depending on the numbers of HPT turns, the disks may contain a variety
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of microstructural features such as bent, cracked and fragmented parts
of the Ti disks or vortex-like structures and lamellar systems [43,44]
which determine the potential of the hybrid materials to exhibit superior
mechanical properties [45-49]. This suggests that a certain physical
mechanism governs the transformation of the structural components
inside the sample at the stage of transition from a wavy laminar flow to
chaotic mixing of the components. For this reason it is crucial to
determine the method for creating these structures.

During the HPT of laminates, the hard layers inhibit the shear in the
soft layers. This leads to a strain gradient. This is confirmed by experi-
ments showing that grain refinement with the formation of high-angle
grain boundaries is more pronounced and occurs more quickly in
softer alloys than in harder ones [12,50-52]. At the interface, the hard
layer constrains the deformation of the soft one, which means that the
soft layer is compressed and the hard one is under tension. Accordingly,
buckling of their interface towards the hard layer occurs. At a certain
point periodic constrictions appear in the titanium layers leading to their
fragmentation. The SEM and pCT investigations (Figs. 2 and 4) confirm
that in the initial stages of deformation, corresponding to low numbers
of revolutions, when the shear forces exceed a critical level the harder Ti
phase is refined continuously by elongation, repeated bending or
necking and by a fragmentation into smaller elements [53]. Fig. 13
presents some structural images illustrating the model of further
deformation of these Ti fragments. With increasing numbers of HPT
turns, the overall hardness of the hybrid increases which leads to a
strong shear localization. Due to this, small fragments of Ti are torn off
from the Ti disk (Fig. 13a and b) and they pass into the Al matrix.
Thereafter, these Ti fragments undergo further intense deformation,
forming a vortex-like structure consisting of very thin Ti layers alter-
nately arranged within the Al matrix, as shown in Fig. 13b and c. At a
certain point, severely refined fragments of Ti are mixed with Al forming
a lamellar structure, as illustrated in Fig. 13c. As a result, after 50 HPT
turns almost a full mixing of elements is achieved in the edge regions of
the disks. The final microstructure after 50 HPT turns is a composite
containing an Al-rich matrix with a grain size of ~200 nm and fine
Ti-rich layers with a size of about ~30 nm which are dispersed evenly
within the matrix.

Moreover, it was also shown that intermetallic Al-Ti phases were
generated within these lamellar structures. The formation of interme-
tallic phases is possible due to enhanced atomic reactions during HPT
processing which are influenced by the increased density of lattice de-
fects (vacancies, dislocations and grain boundaries) and the reduction in
the atomic diffusion distance due to microstructural refinement [18,54].
As a consequence of the grain refinement, the atomic diffusion paths are
shortened and this enables solid-state reactions and the formation of
intermetallic phases as confirmed through the EDX mapping and SAED
in Figs. 8 and 9, respectively. Such a microstructure achieved by HPT
processing leads to very significant improvements in the mechanical
properties. The present hybrid material exhibits extraordinary me-
chanical properties measured by the microhardness (Hv of 300) and
nanoindentation tests (H ~3700 MPa and Young modulus of 105 GPa).
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4.2. Saturation shift in the hybrid materials

Although severe plastic deformation methods are widely recognized
as fabrication techniques for ultrafine-grained and even nanocrystalline
materials, it is also well known that obtaining a true nanocrystalline
structure, especially in pure metals, is very difficult. This is due to a
saturation effect which can be explained as a certain level of accumu-
lated strain above which it is impossible to achieve further microstruc-
tural refinement and strengthening [55,56].

To date, several techniques were implemented in order to overcome
the saturation effect and thereby to obtain a more refined structure and
better mechanical performances of the SPD-processed materials. One of
these techniques is the use of a combination of two or more different SPD
methods to activate more slip systems, such as hydrostatic extrusion
followed by HPT [55] or ECAP followed by HPT [56-59]. It was
demonstrated that a combination of two SPD methods provides an
advantage in grain refinement when compared with processing only by
HPT.

In this study, an alternative approach was proposed to overcome the
saturation effect through the fabrication of hybrid materials by sub-
jecting a set of dissimilar metal disks to HPT processing. The matrix
material used in this study was a commercial purity aluminium alloy Al-
1050 which exhibits a saturation effect after processing through 5 or
more HPT turns at 298 K [60-62]. To study the saturation effect in the
hybrid Al-Ti, the experimental microhardness points from Fig. 12 were
plotted in Fig. 14 against the equivalent strain and the experimental data
were supplemented with the datum points for the initial Al and Ti metals
after 10 HPT turns. First of all it should be mentioned that Eq. (1) can be

Fig. 14. Hardness as a function of accumulated strain in the AI-Ti hybrid
material processed for 50 turns. HPT-processed Al-1050 and CP-Ti are added as
a reference.

Fig. 13. Exemplary SEM images of the Al/Ti interfaces after HPT deformation.



P. Bazarnik et al.

used only to give a very rough estimate of the equivalent strain in hybrid
materials. It does not take into account the stress concentration on the
interfaces between the soft Al and hard Ti phases, interactions with
intermetallic phases or shearing instabilities in the turbulent flow model
[12]. The procedure for correctly calculating the equivalent strain of
hybrid materials seems to be the next challenge for researchers.

The datum points for the initial materials are in reasonable agree-
ment and fall around the solid line. In the early stages of HPT, the
hardness values for Al and Ti rise very rapidly with the accumulating
strain but ultimately there is no significant further increase at equivalent
strains above ~20 and ~70 for these two materials, respectively, and
thereafter the microhardness values become essentially saturated at Hv
~ 51 and Hv = 350, respectively. Nevertheless, the Al-Ti hybrid system
processed under 50 HPT turns behaves differently. In the first stages of
deformation (equivalent strains <300-400) the hardness values are
essentially uniform (~50 Hv units) with only a few points of higher
hardness values (100-150 Hv). However, a further increase in the strain
produces a successive increase in hardness (above 300 Hv), without the
occurrence of any saturation effect. The nanoindentation study not only
confirmed the large increase of hardness, but also of the H/E ratio in the
Al-Ti hybrid system, indicating much higher wear resistance when
compared to the HPT-processed Al 1050. This unusual behaviour can be
explained by the formation of a solid solution between the Al and Ti
phases. For low strains, and in the mid-sections of the disks, there is no
apparent mixing of materials (Figs. 2 and 4). This means that the only
phenomenon occurring in the microstructure is grain refinement which
is so intense after 50 HPT turns that it induces saturation in the Al and Ti
phases. In the edge regions where the strain is higher the microhardness
increases due to the mixing of the Al and Ti elements. This notable
enhancement in the strain hardenability appears to be due to the com-
bination of multiple strengthening mechanisms, including solid solution
strengthening which has a strong impact on the minimum grain size and
Hall-Petch strengthening [63]. However, the observed strain hardening
in the present Al-Ti hybrids is mainly attributed to in-situ phase trans-
formations of Al to the hard AlTi, AlTi3 and Al3Ti phases (Figs. 9 and 10)
[35,36]. A similar hardening effect was also reported earlier for other
hybrid systems synthesized by HPT such as the Zn-Mg system [26]
where the hardness after HPT was eight times higher than for the initial
material, the Al-Cu system [24] where the hardness was five times
higher and the Al-Mg system [20,63] where the hardness was three
times higher.

The results presented in this study on the mechanical bonding of
dissimilar metals by HPT demonstrates that the fabrication of hybrid
materials may be a simple and readily available solution for overcoming,
or at least shifting, the saturation effect by means of the applied strain
while continuing to achieve enhanced grain refinement and superior
mechanical performances in the as-produced materials.

5. Conclusions

e Al-Ti hybrid materials were synthesised using quasi-constrained
HPT processing under 6.0 GPa and 1 rpm for 10, 20, 30, 40 and 50
turns. The microstructures and mechanical properties evolution were
investigated by SEM, TEM/STEM, SAED, MicroCT, XRD, Vickers
microhardness and nano-indentation testing.

e A relatively homogeneous lamellar microstructure, consisting of an
ultrafine-grained (~200 nm) Al matrix and nanoscale (~30 nm) Ti
rich layers, was formed at the disk periphery after 50 HPT turns.

e After 50 turns of HPT processing, the Al-Ti hybrid material exhibited

remarkably improved hardness and Young’s modulus by comparison

with the initial commercial purity Al and Ti. The average Vickers
microhardness value was ~300 Hv and the Young’s modulus
measured in nanoindentation was ~105 GPa.

HPT promotes the solid-state reaction of Al and Ti elements so that

there is the formation of AlTi, Al3Ti and AlTiz phases as well as a

dissolution of Al and Ti components in each matrix.
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e An investigation of the strain hardening capacity revealed that the
Al-Ti hybrid system follows a two-regime behaviour during HPT
processing. The first regime, up to an equivalent strain of ~400,
indicates regions with no mixing of materials and limited strain
hardening. The second region, above an equivalent strain of ~400,
exhibits exceptional strain hardening due to intense grain refine-
ment, solid-state reactions and the formation of intermetallic phases.
The results demonstrate the potential for using HPT processing at
room temperature to create advanced microstructures and excellent
mechanical properties that are not generally achievable through
other processing routes.
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This investigation demonstrates that a solid-state reaction occurs by the application of high-pressure
torsion (HPT) in the production of nanostructured multilayered hybrid Al—Cu systems. Three-layered
stacks of Al/Cu/Al were subjected for up to 200 revolutions of HPT under an applied pressure of
6.0 GPa. Microstructural and mechanical properties analysis were carried out after HPT using X-ray
diffraction, scanning and transmission electron microscopy, energy dispersive spectrometry (EDX),
microhardness measurements and tensile tests. The SEM observations revealed the formation of a multi-
nano-layered structure in the whole volume of the disks. Further investigations with the use of TEM
demonstrated that each nano-layer consists of nano-grains having sizes of about 20 nm. Analysis by XRD
and selected area electron diffraction (SAED) confirmed the formation of intermetallic CuAl, and CugAly
phases in the layered structures. The experiments also showed a significant improvement in micro-
hardness (up to ~450 Hv) and tensile properties (over 900 MPa of UTS after 200 turns) when compared
to both Al-1050 and 99.95%Cu alloys in the initial state and after HPT processing. The results demonstrate
that HPT offers an outstanding opportunity for producing novel nanostructured Al—Cu multilayered

composites having unique mechanical properties.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The development of new and advanced materials is now driven
by the technological demands of improved properties and wider
functionalities as well as by numerous restrictions imposed by
ecological considerations in various industrial applications [1].
Metals such as aluminium, copper and their alloys are now used
extensively for many industrial applications and they will become
principal future structural materials if their mechanical properties
are sufficiently improved. In this respect, the fabrication of com-
posites of aluminium and copper may meet the demands for higher
strength and reductions in the overall weight. The Al-Cu hybrid
materials appear attractive because of their low density and high
thermal and electrical conductivity. They also exhibit higher

* Corresponding author.
E-mail address: Piotr.Bazarnik@pw.edu.pl (P. Bazarnik).
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strengths than other aluminium alloys.

Numerous methods are available for producing metal compos-
ites including diffusion bonding [2], powder metallurgy techniques
[3] and explosive welding [4]. Nevertheless, it was shown recently
that the use of severe plastic deformation (SPD) methods, including
equal-channel angular pressing (ECAP) [5] and high-pressure tor-
sion (HPT) [6], may be especially promising as fabrication tech-
niques for the production of metal matrix nanocomposites [7—11].
These SPD techniques are attractive for the manufacturing of
composite materials because they generally achieve very good
bonding [12—14]. Of the various SPD methods now available, pro-
cessing by HPT has the advantage of producing significant grain
refinement [15,16], providing the capability of processing even
hard-to-deform metals [17] or intermetallics [18] and, due to the
high applied pressure and intense shear strain, producing phase
transformations [19,20] or supersaturated solid solutions [21,22]. It
is also well established that, by comparison with processing by

0925-8388/© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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ECAP, HPT produces smaller grains [23,24] and a higher fraction of
grain boundaries having high angles of misorientation [25] and it
has been used successfully for producing nanocomposites from
metallic powders [14,26—29] and machining chips [30—33].

Recently an alternative approach was developed with HPT for
the fabrication of high-performance hybrid materials by making
use of the very high pressure to effectively join dissimilar bulk
metals. The initial experiments were conducted using semi-circular
disks of Ag-Ni [34], Nb-Zr [34], Al-Cu [35,36] and Mg—Al [37] or
quarter disks of Al-Cu [38] and placing these pieces to form whole
disks within the depression on the lower anvil of an HPT facility.
Later, this approach was improved and further developed by
stacking three whole disks of commercial Al and Mg alloys and then
applying pressure and torsional straining to the stack [39]. This
same approach was used in several later investigations using stacks
of three or more disks of Al-Cu [40—44], Al-Fe [41,42,44], Al-Mg
[21,41,42,45—50], Al-Mg-Cu-Fe-Ti [42], Al-Ti [41,42,44], Cu-Al [51],
Cu-Sn [52], Cu-Ta [22,53], Cu—ZnO [54], Fe—V [55,56], V-Zr [57]
and Zn—Mg [58].

Recent investigations using stacks of Al and Cu disks demon-
strated the potential for fabricating Al/Cu/Al composites by HPT
after processing through up to a total of 60 turns [40,43,44]. These
experiments confirmed the formation of a nanocrystalline struc-
ture and intermetallic phases of Al,Cu, AICu and AlsCug but
nevertheless the microstructures remained relatively inhomoge-
neous across the disk diameters even after 60 revolutions. Thus, the
presence of the initial three-layered structure was essentially
retained within the central region of the disk over a diameter of
~1.5 mm and this affected the microhardness values in the disk
centre which, even after the HPT processing, remained close to the
initial level for the commercial purity Cu.

The present investigation was motivated by these earlier results
and by the opportunity to evaluate the potential for achieving
greater homogeneity by conducting the HPT processing through
larger numbers of revolutions. Accordingly, tests were conducted
using HPT processing for up to a maximum of 200 turns and
emphasis was placed on examining the quality of bonding and the
microstructural characterization in order to determine the origin of
the exceptionally high strength of these hybrid materials.

2. Experimental material and procedures

The experiments were conducted using a commercial purity
(CP) aluminium alloy (AI-1050, 99.95 wt% Al) and CP copper
(99.95%). The samples were received in the form of rods of 10 mm
diameter and these Al and Cu rods were annealed for 1 h at 370 °C
and 480 °C, respectively, in order to soften both materials. The rods
were then cut into disks with thicknesses of 1.1 mm and ground to a
final thickness of ~0.80 mm.

The HPT processing was conducted on stacks of three disks
placed in the order of Al/Cu/Al and having a total thickness of
~2.4 mm. These disks were piled in the depression on the lower
anvil of the HPT facility and then subjected to an applied pressure of
6.0 GPa at room temperature and torsional straining with a rotation
speed of 1 rpm under quasi-constrained conditions where there is a
small outflow of material around the periphery of the disk [59]. The
disks were strained through total numbers of revolutions, N, of 20,
50, 150 and 200 turns. The anvils had a high roughness to prevent
the sample from slipping during deformation. In addition, and for
comparative purposes, separate disks of Al and Cu were tested
through 10 revolutions of HPT under the same processing
conditions.

The HPT-processed disks were initially examined by X-ray
diffraction (XRD) using Bruker D8 Diskover and an energy for the
emitter beam of 30 kV. The Co Ko X-Ray beam was filtered to form a

point with a radius of 1 mm and all specimens were scanned on
cross-sectional planes in the edge regions. Each sample was illu-
minated by high intensity hard X-rays for 5 s per step, the 2@ angle
was between 20° and 120° and the step size A20 was 0.025°.

Each HPT disk was then cut into two halves along a diameter
using a diamond wafering saw and the cross-section of each disk
was examined using optical microscopy (OM) and scanning elec-
tron microscopy (SEM). Specimens for SEM observations were
prepared using grinding and ion polishing with an Hitachi Ion
Milling System IM-4000. The ion milling is a damage-free process
and this polishing eliminates all deformation, stresses and oxide
layers. Furthermore, the surface quality is sufficiently good to
observe the structure using channelling contrast in an SEM mi-
croscope. Microstructural examination was carried out using an
Hitachi SU-8000 SEM operated at 10 kV with a backscattered
electron (BSE) detector. These microstructural observations were
conducted in the central and periphery regions (approximately
1.0 mm from the edge) for each disk. Detailed microstructural ob-
servations of selected areas were performed using a CS-corrected
dedicated scanning transmission electron microscope (STEM)
Hitachi HD-2700 operating at an accelerating voltage of 200 kV.
The STEM observations were carried out in the bright-field (BF) and
high-angle annular dark field (HAADF) modes. Thin foils with a
thickness of ~85 nm for STEM observations were extracted from the
peripheral regions of each disk using a focused ion beam (FIB)
system Hitachi NB 5000. Structural investigations were combined
with advanced energy dispersive X-Ray (EDX) point and mapping
analyses. The microstructures were also evaluated quantitatively
using a computer-aided image analyser and the grain sizes were
recorded in terms of the equivalent grain diameter, deq, defined as
the diameter of a circle having a surface area equal to the surface
area of the grain.

To evaluate the changes in mechanical properties due to HPT
processing, microhardness tests were conducted on the cross-
sections of disks using an FM-300 microhardness tester equipped
with a Vickers indenter. Measurements were performed under a
load of 100 g with a dwell time of 10 s and a spacing of 0.1 mm
between each separate indentation. To determine the influence of
HPT processing on the homogeneity of the structure, detailed
microhardness measurements were performed on selected sam-
ples to permit the construction of color-coded microhardness
maps.

These microhardness studies were complemented by tensile
testing. Miniature tensile samples with gauge lengths of 2.5 mm
were cut from off-centre positions in each disk using electro-
discharge machining (EDM) [60]. The tensile tests were conduct-
ed at room temperature using a Zwick 005 universal testing ma-
chine under displacement control at an initial strain rate of
1.0 x 1073 s~L For strain estimation, a Digital Image Correlation
(DIC) was applied [61]. A charge-coupled device (CCD) camera
operating at 4 fps with a Pentax lens was placed in front of the
sample and the image acquisition with AVT software was syn-
chronized with the beginning of each tensile test. The recorded
images were analysed using VIC 2D software (Correlated Solutions)
to create stress-strain maps. Based on the load-displacement data,
the yield stress (YS), ultimate tensile stress (UTS) and elongation to
failure were determined.

3. Experimental results
3.1. Microstructure and phase analysis after HPT
The OM images in Fig. 1 show the cross-sections of samples

processed through 20, 50, 150 and 200 turns, respectively, where
the bright regions denote the Al-rich phase and the dark regions
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Fig. 1. The vertical cross-section of the Al—Cu system after HPT processing at room
temperature under a pressure of 6.0 GPa for 20, 50, 150 and 200 turns.

correspond to the Cu-rich phase. Macroscopic observations
confirmed that all samples were fully dense with no evidence for
any macroscopic voids or delamination between the Al and Cu
phases. In the disk after 20 turns the microstructure is of a gradient-
type in the central section with clear evidence for the separate Al-
rich and Cu-rich layers whereas in the outer regions of the disk the
layered structure is fragmented due to the torsional straining and
thin Cu layers or inclusions are evident within the Al phase. There is
also a similar structural evolution after 50 turns but the overall size
of the central layered structure is then reduced. A high degree of
deformation is required to achieve a full intermixing of the Al and
Cu layers throughout the disk diameter and this is achieved after
150 and 200 revolutions where there is intermixing of the Al and Cu
phases over the whole diameter and the microstructures are
reasonably fully homogeneous.

Detailed structural investigations were carried out using SEM
and Figs. 2 and 3 show BSE images of the cross-sectional views at
the disk centres and edges for the samples processed through 20
and 200 turns, respectively, where the brighter contrast corre-
sponds to the Cu-rich regions and the darker contrast represents
the Al-rich regions. The SEM images in Figs. 2 and 3 generally
confirm the observations by OM. For the sample after 20 turns, a
layered Al/Cu/Al structure is present in the central region in
Fig. 2(a) but with no evidence for voids or delamination. There is
extensive grain refinement in Fig. 2(b) and (c) with measured
average grain sizes in the Al and Cu of ~650 and ~400 nm,
respectively. By contrast, the average grain sizes in the separate Al
and Cu disks were measured as ~700 and ~350 nm, respectively,
after processing by HPT for 10 turns. In the outer parts of the disk in
Fig. 2(d) and (e), the SEM observations reveal significant frag-
mentation and a mixing of the Al and Cu layers. The higher
magnification image in Fig. 2(e) also reveals evidence for shear
bands and the formation of a lamellar structure with thin Cu-rich
and Al-rich bands.

It appears that this lamellar structure evolves with increasing
numbers of turns and for the sample after 200 turns in Fig. 3 there
is a fine nano-layered structure throughout the whole diameter of
the disk although in the central region in the upper and lower parts
of the disk it is apparent that the material is not fully mixed as
marked in Fig. 3(a). In the outer regions of the disk there is a full
mixing of Al and Cu over the entire thickness as in Fig. 3(c).
Although there remains evidence for the lamellar structure in
Fig. 3(d), the thicknesses of the individual Al-rich and Cu-rich bands

are smaller than after 20 revolutions. In addition, some contrast
changes are visible in the BSE image in Fig. 3(e) which suggests the
possible formation of new phases.

A detailed structural investigation was conducted from the edge
regions using STEM techniques and Figs. 4 and 5 show STEM images
for the samples processed through 20 and 200 revolutions,
respectively. After 20 turns the structure consists of ultra-thin Al-
rich and Cu-rich layers as in Fig. 4(a) with evidence for extensive
grain refinement in all layers. Measurements showed the grains in
the Al layers are elongated and smaller (~230 + 20 nm) than in the
Cu bands where the grain size is strongly affected by the thickness
of individual layers and reaches sizes of up to ~310 + 70 nm. High
magnification observations confirmed, as in Fig. 4(b) and (c), that
the interface-affected zone on the contact surface of the Al and Cu
layers is formed during HPT processing. Furthermore, there is a
diffusion zone on the contact surface of nanolayers in Fig. 4(c)
which was also confirmed by line EDX analysis as in Fig. 4(d). This
diffusion effect was observed on almost all Al-Cu interfaces. In
addition, in some places, the thinnest copper layers have trans-
formed into nanometer-sized grains as in Fig. 4(b) with sizes of
~30 + 20 nm.

There is a further decrease in grain size after 200 turns as in
Fig. 5(a) but the lamellar structure remains as in Fig. 5(b). Mea-
surements revealed a bimodal character of the microstructure with
Al-rich grains of ~95 + 15 nm in Fig. 5(c) and Cu-rich grains in the
range of ~5—20 nm. Chemical composition analysis, as in Fig. 5(d),
revealed a high concentration of Cu in these nano-sized bands
although Cu was also present in the Al matrix in the form of a solid
supersaturated solution. Rings in the selected area electron
diffraction (SAED) patterns as in Fig. 6(a) confirmed the presence of
Al and Cu as well as the formation of the Al,Cu and Al4Cug phases
where dark field imaging from the Al,Cu (110) ring as in Fig. 6(b)
confirmed that this phase occurs primarily in the Cu-rich nano-
sized bands. The presence of these intermetallic phases is consis-
tent with earlier reports [40,43]. A quantitative image correlation
analysis of several dark field images after 200 turns showed that
the fraction of the intermetallic Al,Cu phase is about 9.7%. The
diffraction rings from the Al4Cug phase were too weak to conduct
any quantitative analysis.

The phase compositions were also examined by XRD analysis
and the patterns for the initial materials and after processing from
20 to 200 turns are shown in Fig. 7. These patterns reveal a sig-
nificant broadening of the peaks due to the severe grain refinement,
with the broadening becoming more intense after increasing
numbers of turns. The patterns confirm the presence of the Al and
Cu phases and the formation of the Al,Cu and Al4Cug phases. These
latter phases are visible even after 20 turns but the peaks become
more intensive with increasing numbers of turns. A semi-
quantitative analysis of the XRD patterns gave estimates for the
fractions of the intermetallic Al,Cu and Al4Cug phases at 2.5%, 4.4%,
6.9% and 10.2% after 20, 50, 150 and 200 turns, respectively. It
should be noted that phase calculations from XRD can be affected
by many factors such as severe grain refinement, internal stresses
and texture. Nevertheless, the result for the sample after 200 turns
is reasonably consistent with the earlier estimate using the dark
field images.

3.2. Mechanical properties

The distributions of the Vickers microhardness on one-half of
the cross-sections of the disks is shown in the color-coded contour
maps in Fig. 8 after processing by HPT through 20, 50, 150 and 200
turns: the values of the microhardness are given in the colour key
on the right and the distributions are plotted with the centre of the
disk lying along the left axis. For comparison, the reference samples
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Fig. 2. SEM BSE images of the Al-Cu—Al sample after 20 turns. a) an overall image of the central region, with enlarged images of the microstructure in b) Al and c) Cu regions.

Microstructure image in the edge region d) and e).

of Cu and Al showed average Vickers microhardness values of ~80
and ~25 Hy, respectively, for the as-annealed states and ~130 and
~50 Hy, respectively, after HPT for 10 turns.

Inspection of Fig. 8 shows that the microhardness of the
multilayered composite increases significantly with increasing
numbers of turns. The hardness values in the edge region are ~260
Hv after only 20 turns but in the central region the hardness values
are in the range of ~50—130 Hv which is close to the initial values.
This is consistent with earlier work on the Al/Cu/Al system where
there was little or no significant increase in hardness in the central
region after processing up to 60 turns [40,43]. In addition, the
highest hardness values of ~110—130 Hv were recorded primarily in
the Cu layers whereas the hardness was lower at ~50 Hv in the Al
layers. The radius of the central zone of inhomogeneity extended
through approximately 3 mm after 20 turns but this was reduced to
~2 mm after 50 turns and the hardness near the edge then
increased to ~350 Hv. Further processing up to 150 turns gave an
additional hardness increase up to ~400 Hv but with some small
areas of lower hardness near the centre of the disk. Finally, after
200 turns the microhardness was fairly homogeneous throughout
the disk with an average value of ~350 Hv but with highest hard-
ness values of ~450 Hv near the outer edge of the disk. This hard-
ness is exceptionally high by comparison with the initial hardness
values of the pure Cu and pure Al in the as-annealed state and after
HPT processing for 10 turns.

The results of tensile testing for the HPT-processed hybrid ma-
terials are illustrated in Fig. 9 where these data are complemented

by including results for Cu and Al samples both in an as-annealed
state and after 10 HPT revolutions. For convenience, the results
are also summarized in Table 1 showing the yield strength (YS), the
ultimate tensile strength (UTS) and the elongation to failure. These
tensile tests demonstrate that the Al-Cu—Al composites exhibit
very high strength with values for the UTS after 20 and 50 turns of
~420 + 20 and ~460 + 24 MPa, respectively. These results are much
higher than the conventional values anticipated for Cu and Al in an
as-annealed state and for Al after HPT processing but they are close
to the values for Cu after HPT for 10 turns (525 + 10 MPa). With
additional HPT turns, the strength increases further and reaches
extremely high strength values of ~710 and ~910 MPa for the
samples processed through 150 and 200 revolutions, respectively.
Nevertheless, these hybrid materials exhibit high strength but only
limited elongations to failure of about 2%.

4. Discussion

The results from this investigation demonstrate the potential for
fabricating aluminium-based hybrid material by using conven-
tional quasi-constrained HPT processing with a stack of disks
consisting of commercial purity Al and Cu. By HPT processing
through 200 turns, which is far in excess of the 60 turns used in
earlier investigations [40,43,44], it was possible to form a unique
multi-layered structure which was reasonably homogeneous
throughout the entire disk, both in the radial direction and on
cross-sectional planes, without any visible porosity or the presence
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Fig. 3. SEM BSE cross-sectional images of the Al-Cu—Al sample after 200 turns. (a) an overall image of central region, showing misalignment between the upper and lower anvils
(arrows mark the centres of each anvil) with enlarged images of the microstructure (b). An overall microstructure image in the edge region (c) and high magnification images

showing the formation of nano-lamellar structure (d) and intermetallic phases (e).

of any delamination between the layers. The results demonstrate
instead the development of a fine dispersion of Cu-rich phases
within a nanostructured Al matrix and with rapid diffusion of Cu to
Al and the consequent formation of intermetallic phases such as
AlyCu and Al4Cug.

Careful examination of samples suggests that the mixing effect,
especially in the central part of the disks, may have been enhanced
by a slight misalignment between the upper and lower anvils, as
marked on Fig. 3(a), where two unmixed areas in the disk

correspond to the centres of the upper and lower anvils. This pro-
posal is reasonable because it is well established that anvil mis-
alignments of the order of 100 or 200 pm may have significant
effects on the flow properties within the HPT-processed samples
[62—64]. As a result, a fully mixed structure with a thin lamellar
configuration was observed in the central region after 150 revolu-
tions and further processing up to 200 turns led to an additional
reduction in the lamellar thickness. At the same time, there was a
significant reduction in grain size below ~100 nm within the Al

Fig. 4. STEM bright-field images of the microstructure taken at the disk edge after HPT for 20 turns (a) low magnification and (b) high magnification. (c) HAADF image of the
microstructure with marked place of the line EDX scan with corresponding scanning results (d) as a plot of atomic percentage with respect to the scanning distance for Cu and Al

elements.
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Fig. 5. STEM images taken at the disk edge after HPT for 200 turns showing (a) an overall image of lamellar structure, (b) HAADF image showing the distribution of Al and Cu
elements in this lamellar structure, (¢) high magnification image of a bimodal structure and (d) HAADF image and a corresponding composition maps of Al and Cu.

matrix after processing. This is a unique result especially when
compared with data reported for conventional Al-Cu alloys after
SPD processing [65—72]. A progressive mixing of phases with an
accompanying reduction in lamellar thickness, accompanied also
by significant grain size reductions, was observed also for other
hybrid systems processed by HPT such as Al-Mg [45], steel-V [55],
Cu-Ta [22,53], Al-Fe [44], Mg-Zn [58] and Al-Ti [44].

The initial objective of using HPT in these systems was to
facilitate the formation of nano-sized intermetallic phases which
will improve and strengthen the mechanical properties of the
composites. An additional advantage of HPT or other SPD tech-
niques is that the materials exhibit significantly higher diffusion
coefficients due to the introduction by processing of high pop-
ulations of lattice defects [35,73—75]. This effect is especially visible
in the Al—Cu interfacial zones as in Fig. 4 where there was evidence
for diffusion of Cu and Al elements on the surface contact of
nanolayers. As a consequence, the intermetallic Al,Cu and AlsCug
phases are formed at the interfacial zones where these phase
transformations are favoured in the joining zones of the Al-rich and
Cu-rich regions [35,40,51,76]. Further deformation leads to a sig-
nificant increase in the fraction of intermetallic phases which are
located mainly in the Cu-rich regions.

It is important to examine the kinetics of formation of these
intermetallic phases. For the Al-Cu system, saturated solid solu-
tions Al(Cu) and Cu(Al) firstly form on each side due to mutual
diffusion. Since the solubility limit of Cu in Al is almost two orders
of magnitude smaller than that of Al in Cu [77,78], the Al(Cu) solid
solution is expected to saturate first. Moreover, the diffusion coef-
ficient of Cu in Al is much higher than for Al in Cu
(Dcu = 1.78 x 107 m? s and Daj = 6.54 x 1079 m? s~ 1) [78].
Thus, the Cu atoms can diffuse to the Al side rapidly so that the Al
side becomes oversaturated and subsequently Al,Cu will form at

the interfacial zone. At the same time, the Al,Cu phase has the most
negative effect of Gibbs free energy (—15.8 (J/mol)) of formation
and from the thermodynamic point of view it will be the first phase
formed at the Al—Cu interfacial zone [79]. By contrast the negative
energy for the Al4Cug phase is —19.7 (J/mol) [79] which makes it a
less-favoured phase for formation. This explains the reason for the
Al>Cu phase occurring mainly in this hybrid system (Figs. 6 and 7).
It should be mentioned that the diffusion is controlled primarily by
the temperature of the processing, and since in this study the HPT
process was conducted at room temperature the fast diffusion on
the contact surfaces was induced only by the shear deformation at
the Al—Cu interfacial zones in order to maintain unity of the sys-
tem. This was a direct consequence of the differences in strength
and Young’s modulus for the individual layers.

As shown in Figs. 8 and 9, extreme increases in hardness and
strength were observed in the hybrid materials synthesized in this
study. The hardness of the HPT-processed Al-Cu system
approached ~450 Hv after 200 HPT turns and this is significantly
higher than the hardness of nanocrystalline aluminium (~50 Hv)
and copper (~130 Hv). Furthermore, a high structural homogeni-
sation was observed across the disk diameter after 200 revolutions
and this had a major impact on the values of the Vickers micro-
hardness which were reasonably similar across the disk diameter.
The UTS of the hybrid material exceeded 900 MPa which is an order
of magnitude higher than for the unprocessed aluminium
(~90 MPa) and more than three times higher than for the unpro-
cessed copper (~280 MPa). Such intense hardening was also re-
ported earlier for other hybrid systems synthesized by HPT such as
the Cu—Ta system [22,53] where the hardness after HPT was four
times higher than for the initial material or the Al-Mg system
[42—47] where the hardness after HPT was three times higher.

Based on these results, it is reasonable to assume that in hybrid
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Fig. 6. (a) SAED patterns taken at the disk edge after HPT for 200 turns and (b) a dark
field image from Al,Cu (110) ring.

systems produced by HPT processing the overall strength of the
material is not governed exclusively by the grain refinement
through the Hall-Petch relationship [80,81] but there is, in addition,
a combination of various other strengthening mechanisms such as
solid solution strengthening and precipitation hardening [82]. The
value of the hardness increase based on the Hall-Petch relationship
and solid solution strengthening may be expressed by the following
equation [39]:

AHv=1 /3 [H(wt.% Cu) + Ho + kd—°-5] 1)

where H,, H and k are material constants and d is the average grain
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Fig. 8. Microhardness distributions maps for the Al-Cu—Al system after HPT for 20,
50, 150 and 200 turns.

size and, using the general relationship between yield strength
(MPa) and hardness (Hv), Hv = oy/3 [83]. The solution strength-
ening from Cu in the Al matrix has a negligible effect in this case
since it is only 7 MPa for each weight percent of Cu [84]. The
strength from the presence of precipitates can be estimated from
the Orowan model [85] which plays a significant role in the
strengthening of composite materials [85,86]. Thus, the hardening
effect from precipitates may be expressed by the following
equation:

_111'11
d 1o

In dprec + Ind

dprec o

_of 1[4
e~ e |

(2)

where G and b are the shear modulus (27 GPa) and the Burgers
vector (0.274 nm) of the matrix element, respectively, r is the core
cut-off radius in the dislocation line energy which is taken as
~1 nm, dprec is the size of the reinforcing Al,Cu and Al4Cug phases
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Fig. 9. Typical tensile engineering stress-strain curves for Al-1050 and 99.95Cu alloys
in initial states and after HPT processing together with curves for the AlI-Cu—Al system
after HPT for 20, 50, 150 and 200 turns.

Table 1
The results of engineering tensile tests for initial materials and the Al—Cu—Al
nanocomposites fabricated by HPT.

Sample YS [MPa] UTS [MPa] Elongation [%]
Cu as-annealed 220+ 5 280 + 11 14 + 438

Al as-annealed 70+ 3 90 +5 115 + 6.1

Cu HPT 10 turns 430 + 11 525+ 15 4+20

Al HPT 10 turns 110+ 7 200 + 14 103 + 3.1
Al—Cu—Al HPT 20 turns 280 + 21 420 + 30 31+1.1
Al—Cu—Al HPT 50 turns 370 + 27 460 + 25 1.5+06
Al—Cu—Al HPT 150 turns 540 + 23 710 + 34 1.7+03
Al—Cu—Al HPT 200 turns 680 + 22 910 + 16 22 +05

and f is the fraction of these strengthening phases. In practice
dislocation strengthening should also be considered as an active
mechanism. However, because the structure of these materials was
very complex and contained many nano elements, the dislocation
density was only roughly determined and the sample after 200
revolutions revealed a large scatter of 645 = 50—100 MPa. Using
data obtained in this study in equations (1) and (2) permits a direct
estimate of the microhardness of the fabricated hybrid composites.

Using this approach and taking ~0.9% of Cu in the matrix as solid
solution, d = 240 nm, dpec = 30 nm and f = 2.5%, the micro-
hardness of the disk after 20 turns is calculated as Hv = 224 + 30.
After 200 turns and taking ~5.65% of Cu in the matrix as solid so-
lution, d = 90 nm, dprec = 15 nm and f = 10.2%, the microhardness
is calculated as Hv = 435 + 35. Both results are in excellent
agreement with the experimental results as documented in Fig. 8.
In practice, the presence of the intermetallic phases makes the
largest contribution to the overall microhardness and for the
sample processed through 200 turns this contribution is more than
50%.

The results presented in this study on the mechanical bonding of
dissimilar metals by HPT demonstrates a very significant potential
for the synthesis of nanocrystalline intermetallic-strengthened
hybrid materials exhibiting extraordinary mechanical properties.
It appears that the deformation-induced bonding of the Al and Cu
phases gives a multi-layered structure and thereby provides a
major driving force for the formation of the Al,Cu and AlsCug
intermetallic phases. It is reasonable to anticipate the occurrence of
similar effects when processing other dissimilar metal disks.

5. Summary and conclusions

The synthesis of a new Al—Cu alloy system was demonstrated
using conventional HPT processing at room temperature under
6.0 GPa at 1 rpm.

e HPT of the initial stack of Al-Cu—Al resulted in a strong joining
of all layers, a fragmentation of Al and Cu layers, and their
mixing and formation of a fine lamellar structure.

e HPT processing of this bimetallic system led to a strong grain
refinement down to a grain size of ~10—20 nm which was
accompanied by a very high microhardness and tensile results of
about ~450 Hv and ~910 MPa of UTS.

e HPT promotes the solid-state reaction of Al and Cu elements so
that there is the formation of Al,Cu and Al4Cug phases as well as
the dissolution of Al and Cu components in each matrix

e The major contribution to the overall strength or hardness is

given by the intermetallic nanoparticles and it was estimated at

about 50%.
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Nanostructured Cu—Ta alloys show great potential as high strength nanocrystalline materials due to their
excellent mechanical properties and limited grain growth at high temperatures. This report describes the
fabrication of nanostructured immiscible Cu—Ta alloys in bulk by high-pressure torsion (HPT) using a
stack of Cu/Ta/Cu discs at room temperature. A microstructural study after HPT processing showed that
the internal Ta layer breaks into small individual flakes which distribute uniformly over the Cu matrix
through increases in the numbers of HPT turns. There is solid-state diffusion between the Cu and Ta
when the HPT processing increases to 100 turns due to microstructural refinement and increasing
crystalline defects. After processing through 150 turns, a composite microstructure of two phases is
formed including supersaturated Cu—Ta solid solutions (CugiTaig and TaygCuy; alloys) with a crystallite
size of ~35—45 nm. This fine microstructure produces exceptional mechanical properties including a high
hardness of over 350 Hv corresponding to ~3.43 GPa, a tensile strength of ~1300 MPa and a tensile
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elongation of about 40%.
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1. Introduction

Nanostructured alloys have attracted significant interest due to
their unique sets of properties which are not achievable in coarse-
grained polycrystalline materials [1,2]. Non-equilibrium solid so-
lutions have also drawn attention as they can evolve as nanoscale
microstructures through processing and then form well-dispersed
nanoscale composites upon annealing at elevated temperatures
[3]. Both simulations and experiments indicate remarkable physical
and mechanical properties for this new class of material. The Cu—Ta
system is one of these immiscible systems with almost zero solu-
bility of Cu(Ta) in Ta(Cu) at room temperature (RT) [4].
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Several processing methods are available for producing nano-
crystalline microstructures consisting of solid solutions having
different elements. For example, processing through the introduc-
tion of severe plastic deformation (SPD) has been used successfully
over the last two decades to generate non-equilibrium micro-
structures in a range of metals and alloys [5—7]. Potential SPD
techniques, including equal-channel angular pressing (ECAP) [8,9],
accumulative roll bonding (ARB) [10] and high-pressure torsion
(HPT) [11—13], have the potential of not only producing nano-
crystalline microstructures but also of generating alloys of immis-
cible systems due to the extra crystalline defects and dislocations
that are introduced into the matrix through the SPD processing.
This excess of defects will thereby facilitate diffusion in these sys-
tems leading to the production of non-equilibrium solid solutions.

In general, the HPT process is usually considered the most
effective procedure for achieving exceptional grain refinement,
typically to the nanometer range in many systems, and this has
become an established processing method for studying nano-
crystalline and non-equilibrium solid solutions. In HPT processing,
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grain refinement may be achieved without cracking due to the
imposed hydrostatic pressure which effectively prevents the
propagation of fracture during the torsional straining [ 14]. Recently,
FEM modelling [15—18] and experimental observations on two
phase materials such as duplex stainless steel [19—24] and Cu—Ag
alloys [25] demonstrated that, in addition to the in-plane shear
strain, there is also mass transfer within the samples in HPT due to
the development of turbulent eddy flows within the sample cross-
sections during the processing [26]. It is evident that this will assist
in the redistribution of metal components in an immiscible system.

The synthesis of novel nanostructured alloys formed from
forced solid solutions, especially for the non-equilibrium solid so-
lutions such as Cu and immiscible solute species, has been the focus
of some recent studies [27,28]. For example, mechanical alloying
has been used to generate Cu-based powders composed of
immiscible alloying elements such as Ta [29] and Mo [30] where
these systems have shown moderate to extraordinary high micro-
structural stability at elevated temperatures. There are also recent
reports on the thermal stability and microstructure of high strength
nanocrystalline Cu—Ta alloys [29]. For example, isothermal
annealing of a Cu—10% Ta powder produced via high-energy
cryogenic mechanical alloying led to a nanocrystalline, two-phase
composite structure of spheroidal Ta particles and nanolamellar
Ta dispersed in a Cu-rich Cu—2% Ta alloyed matrix [29]. It is
important to note also that the consolidation of nanostructured
powder into a bulk form is often very challenging because of lim-
itations associated with the processing methods that are not easily
scalable or due to uncontrolled grain growth of the non-
equilibrium structures during processing. Despite the excellent
properties achieved in these Cu—Ta alloys via mechanical alloying,
there is only a limited report on the fabrication of nanostructure
Cu—Ta alloys through processing a mixture of bulk Cu and bulk Ta,
where the initial disc samples were a CusgTasg system consisting of
19 Cu foils and 18 Ta foils assembled alternately in a single stack and
successfully processed by HPT to 10, 30, 50, 100 and 150 turns
under a pressure of 4.0 GPa [31]. It is noted that the HPT-processed
150 turns Cu—Ta alloy showed a superior thermal stability even
after annealing at 1000 °C for 1 h [31].

The HPT processing of the CusgTasg system [31] has limitations
in its practical fabrication due to the difficulty and time required to
prepare Cu foils and Ta foils, where the foil thickness is only
~24.3 um, in order to make the 0.9 mm thick disc sample of stacked
19 Cu foils and 18 Ta foils before HPT processing. To improve the
efficiency in materials preparation and processing, the present
research was initiated to process immiscible Cu—Ta alloys using
bulk Cu discs and Ta discs (thickness 0.8 mm for each Cu disc and Ta
disc) which were packed in a sandwich-like structure of Cu/Ta/Cu
for HPT processing. The microstructures and mechanical properties
of the HPT-processed Cu—Ta alloys were subsequently investigated
in detail. As will be demonstrated, the use of HPT processing pro-
duces a material having exceptionally high hardness and excellent
tensile strength.

2. Experimental materials and procedures

The experiments were conducted using rods of oxygen-free Cu
(99.95 wt%) and Ta (99.9 wt%). The Cu rod was first annealed for
1 h at 673 K whereas the Ta rod was received in an annealed state.
Both the annealed Cu rod and the as-received Ta rod were cut into
discs with diameters of 10 mm and thicknesses of 1.1 mm and this
was followed by grinding to a thickness of 0.8 mm. Then a Ta disc
was placed between two Cu discs in a sandwich-like configuration
and the piled discs were processed by HPT at room temperature
through total numbers of turns, N, of 0.25, 5, 10, 60, 100 and up to a
maximum of 150 turns. The HPT processing was conducted using

an applied pressure of 6.0 GPa and a rotation speed of 1 rpm under
quasi-constrained conditions where there is a small outflow of
material around the edge of the disc between the two anvils [32].

Various characterization techniques and hardness measure-
ments were carried out on the processed discs in order to provide
information on the microstructural evolution and mechanical
properties achieved through the HPT processing.

The X-ray diffraction (XRD) was performed on a Rigaku Smar-
tLab employing Cu Ko radiation (wavelength A = 0.154 nm) at 45 kV
and a tube current of 200 mA. The XRD measurements covered an
angular 26 range from 30° to 130° using a scanning step of 0.04°
and a scanning speed of 2° min~ L. Microstructural characterization
was conducted on the cross-sections of the discs using analytical
scanning electron microscopy (SEM). A JEOL 5510 SEM with OI SDD
detector operating at 20 kV accelerating voltage and an Hitachi SU-
8000 SEM operating at 10 kV were used for microstructural ex-
aminations. The specimens were prepared by cutting the processed
disc into halves along the diameter and polishing the cross-sections
using an Hitachi Ion Milling System IM-4000. Since ion milling is a
damageless process, this polishing eliminates all deformation and
oxide layers so that the surface quality was sufficiently good for
SEM analysis. High resolution microstructural analysis was carried
out using a transmission electron microscope (TEM, JEOL3000F) on
cross-sectional samples made by the lift-out technique in focused
ion beam (FIB) milling. The polished surface of the 150 turns sample
was also observed using a scanning transmission electron micro-
scope (STEM, Hitachi HD-2700) in both bright-field (BF) and high-
angle annular dark field (HAADF or Z-contrast) modes to reveal the
grain structures at higher magnifications.

Measurements of the Vickers microhardness, Hv, were carried
out using an FM300 microhardness tester equipped with a Vickers
indenter. For these measurements, the HPT-processed discs were
carefully ground with SiC papers in order to remove layers of
0.1 mm thickness from the disc surfaces. The discs were then pol-
ished with 9, 6, 3 and 1 um diamond suspensions and polished to a
mirror-like surface with 0.04 pm colloidal silica. Each hardness
indentation was performed using a load of 200 gf and a dwell time
of 15 s. Separate measurements were carried out at points along the
disc diameter from the bottom to the top of the cross-section. The
minimum distance between consecutive indentations was 150 um
in order to avoid any interference between the individual mea-
surements. Colour-coded contour maps were constructed in which
the individual hardness values were displayed using a colour scale
and these values were plotted as a function of location on the cross-
sections of the discs.

Tensile specimens were cut from the HPT-processed 150 turns
samples. Following earlier practice [33], two tensile specimens
were prepared from each disc using electro-discharge machining
with these specimens arranged symmetrically on either side of the
disc centre. The miniature tensile specimens had gauge lengths and
widths of 1 mm. These specimens were then tested in tension at
room temperature using a Zwick 30 KN Proline testing machine
operating at a constant rate of cross-head displacement with an
initial strain rate of 1.0 x 103 s~ The elongations were calculated
by measuring the gauge length after tensile testing by putting the
two parts of the broken tensile specimen together under an optical
microscope. Three tests were repeated for each tensile curve.

3. Experimental results
3.1. Initial microstructural characteristics after HPT processing
The cross-sections of the HPT-processed samples were first

observed using an optical microscope (OM) to examine the evolu-
tion of the stacked Cu—Ta—Cu layers. As shown in Fig. 1, after 0.25
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HPT turn the bulk Ta layer is clearly visible between the two Cu bulk
layers and there are sharp and distinct Cu—Ta interfaces. After 5 and
10 turns of HPT processing, in some areas the Cu—Ta boundaries
disappear but in some regions the Cu—Ta interfaces are distinct but
with significant curvature. When the HPT processing increases to
60 and 100 turns, the Cu and Ta appear to mix well in the disc edge
area where there is a grey background colour which lies between
the dark Ta and bright Cu and at the edge there are also no obvious
Cu—Ta boundaries at the magnification used for the OM. However,
in the central area after 60 and 100 HPT turns there is evidence for
thin and fine Cu—Ta interfaces. After 150 turns of HPT processing,
no obvious Cu—Ta boundaries are observed at any position in the
OM, thereby indicating a fully-homogeneous mixing of Cu and Ta.
Based on these observations from Fig. 1, it is concluded that, by
increasing the numbers of HPT turns, there is a gradual increase in
homogeneity as a result of mixing of the Cu and Ta and this ho-
mogeneity occurs initially in the edge regions but gradually ex-
pands to fill the disc with increasing numbers of HPT turns.

In order to evaluate the homogeneity of the 150 turns sample at
a finer scale, the cross-section of the sample was observed by SEM
at different positions within the central area and the edge area of
the disc: Examples are shown in Fig. 2(a) and (b) where the upper
image depicts the cross-section after 150 turns and marks the two
positions for the subsequent SEM images. It is apparent from these
images that both areas show a layered microstructure which is
slightly finer within the region close to the edge. Thus, in the
central region the layers are almost straight whereas in the edge
region the layers are curved. This is attributed to the strain gradient
imposed in the HPT processing since higher strains are attained at
the edge than in the central region. Elemental maps of Cu and Ta are
presented at higher magnifications in Fig. 2(c—f) for the small re-
gions marked by squares in Fig. 2(a) and (b). As can be seen, the
layered microstructure includes Cu-rich regions and Ta-rich regions
at the fine scale. Furthermore, the Cu-rich regions contain Ta and
similarly the Ta-rich regions contain Cu, thereby demonstrating
that the Cu and Ta have dissolved into each other. The EDX line-
scans across these layers shown in Fig. 2(g—h) indicate that the
Cu layers contain about 18—21 at.% Ta and the Ta layers contain
about 19—23 at.% Cu. Also, the Cu-rich and Ta-rich layers are within
a few micrometers in both the central and edge regions. Thus, HPT
processing through 150 turns leads to a fine layered microstructure
and this structure uniformly covers the whole sample. It is impor-
tant to note that in this condition there is no detectable pure Cu or
pure Ta remaining in the microstructure and instead the immiscible
Cu and Ta are visibly mixed to create Cu—Ta alloys through the HPT
processing.

Fig. 1. Cross-sectional OM images of Cu/Ta/Cu stacks after different numbers of HPT
turns: the dark regions are Ta and the bright regions are Cu.

3.2. Data from X-ray diffraction

The XRD patterns of the Cu—Ta samples processed by HPT
through different numbers of turns (0.25, 5,10, 60, 100 and 150) are
shown in Fig. 3. Inspection shows that there is a systematic
decrease in the relative intensities of the Cu and Ta peaks as well as
a broadening of the peaks with increasing numbers of turns. The
broadening of the Cu and Ta peaks is due to the effect of refinement
in the crystallite size and the concomitant increase in internal
strain.

The crystallite sizes and lattice distortions of the Cu and Ta were
determined using the Williamson—Hall equation [34] and the re-
sults are presented in Fig. 4 as a function of the number of HPT
turns: the instrumental broadening was considered in this analysis
by using Si as a standard sample. Thus, the crystallite sizes of Cu and
Ta decrease to less than 150 nm after 60 turns and further refine-
ment occurs gradually up to 150 turns with final values of ~35 and
~45 nm for Cu and Ta, respectively. The lattice microstrain increases
to high values of about 1.8% and 1.4% after 150 turns for Cu and Ta,
respectively. Such crystallite size refinement to the nanoscale and
high lattice strain accumulates within the sample as a result of the
high pressure and high shear strains imposed in HPT processing.
Similar reductions in grain size were reported in other systems
[11,12] and they confirm the potential for using HPT to achieve grain
sizes in the nanometer range.

After 100 and 150 turns in Fig. 3, the XRD data show that the Ta
diffraction peaks are shifted towards higher angles and the Cu
diffraction peaks are shifted towards lower angles through
increasing numbers of turns. This confirms changes in the lattice
parameters of Ta and Cu above about 100 turns due to the mutual
dissolution of Cu and Ta. The atomic radius of Ta is larger than Cu
and therefore, as a result, the Ta crystal lattice is reduced in size
when Cu atoms replace some of the Ta atoms thereby causing a
peak shift towards higher angles. Similarly, the Cu crystal lattice
increases in size and the Cu peaks shift to lower angles due to the
dissolution of the larger Ta atoms in the Cu lattice. This indicates
that Cu—Ta alloys are formed by the HPT process and this is
consistent with the SEM images in Fig. 2.

A further analysis of the XRD data by Materials Analysis Using
Diffraction (MAUD) [35] to compute the mean lattice parameter of
the metastable Cu—Ta alloy and Vegard’s law [36] gave an average
concentration of Cu in Ta as ~21.0 at.% and an average concentration
of Ta in Cu estimated as ~18.5 at.% throughout the entire disc. It is
noted that, consistent with the EDX data, these values are
remarkably high when using a processing route involving a bulk-
state reaction without the application of an elevated processing
temperature.

3.3. Results from TEM and STEM observations

Fig. 5 shows high magnification TEM images of different cross-
sectional positions for the disc processed through 150 turns
where the images (a) to (c) relate to the positions shown on the
upper bulk sample. In these images, the Ta-rich regions are in dark
colour and it is apparent that the microstructures in all regions
consist of a matrix of Cu-rich Cu—Ta alloy with a secondary Ta-rich
region distributed throughout the matrix. Comparing Fig. 5(a—c), it
appears that the microstructure closer to the edge is more uniform.
In practice, the Ta-rich regions are well distributed over the matrix
but their size and shape are different at the centre and edge of the
disc. At the centre the Ta-rich regions are relatively coarse and have
a layered shape ~20—200 nm in width and ~0.1-1.0 pm in length
whereas at the edge these regions are individual flakes with a much
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Fig. 2. Cross-sectional SEM images of the 150 turns sample at the areas marked (a) in the centre and (b) near the edge area, (c—f) elemental Cu and Ta maps of the indicated regions

at higher magnifications, (g,h) EDX line scans over the regions marked in d and f.

finer size. It can be seen also that the Ta-rich regions with layered
shapes present throughout the disc centre, as well as the flakes at
the edge, lie essentially perpendicular to the direction of the anvils.

High magnification images from the matrix in the edge region,
given in Fig. 5(d and e), show that the Cu-rich matrix contains very
fine grains as well as Ta-rich clusters on a very fine scale of the
order of ~5—10 nm. An atomic resolution TEM image of the inter-
face between these nano-scale Ta-rich clusters and the Cu-rich

Fig. 3. The XRD patterns of the Cu—Ta discs processed by HPT at different numbers of
turns (0.25, 5, 10, 60, 100 and 150). The inset shows the peak shifts for the Cu (111) and
Ta (110) peaks after 100 turns.

matrix, shown in Fig. 5(f), reveals a strong atomic bonding with
no evidence for any porosity and/or cracks as a result of any
enhanced diffusion occurring between the Cu and Ta through the
HPT processing. The d-spacing extracted from the high resolution
TEM image shows d-spacing values of ~0.142 nm and ~0.205 nm for
the Cu-rich matrix and the Ta-rich region, respectively, where these
values correspond to (022) for Cu and (011) for Ta. Comparing these
values with the theoretical values, given by dgy, (Cu) = 0.128 nm
and do11 (Ta) = 0.233 nm [37], it is apparent that there is a small
expansion in the Cu lattice and a slight contraction in the Ta lattice
due to the dissolution of large Ta atoms in Cu and small Cu atoms in

Fig. 4. Crystallite size and lattice strain in Cu and Ta at various HPT turns.
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Fig. 5. (a—c) TEM images of the Cu—Ta bulk after 150 HPT turns at different positions through the disc as indicated, (d,e) high magnification image of the matrix at the edge area and
(f) atomic resolution TEM image of the interface between a Ta-rich region and the Cu-rich matrix.

Fig. 6. (a) STEM and (b) Z-contrast HAADF images of Cu—Ta sample after 150 HPT turns.

Cu-=Ta-Cu M turms

Distanee fram the centre (mm)

Fig. 7. Colour-coded microhardness maps of the Cu/Ta/Cu stacks after different numbers of HPT turns. (For interpretation of the references to colour in this figure legend, the reader
is referred to the Web version of this article.)
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Ta.

Fig. 6(a) shows an STEM image of the 150 turns disc in the half-
radius area, corresponding to ~3 mm from the disc centre area, with
the Ta-rich regions appearing black, and Fig. 6(b) is an HAADF
image (or a Z-contrast image) of the same area. In Z-contrast im-
ages the heavy elements are bright and therefore the Ta-rich re-
gions are now brighter. Thus, again the Ta-rich regions show good
bonding with the Cu matrix with no detection of any cracks or voids
after processing to 150 turns and with a size for the Ta-rich regions
in the range of ~5—40 nm. These conclusions are therefore
consistent with the TEM data shown in Fig. 5.

3.4. Hardness and mechanical properties of the Cu—Ta alloy after
HPT processing

Fig. 7 shows colour-coded contour maps depicting the hardness
values throughout cross-sections of the discs after HPT processing
through different numbers of turns (0.25, 10, 100 and 150 turns).
With reference to the scale for the values of Hv shown on the right,
it can be seen that the microhardness increases significantly with
increasing numbers of turns. Before HPT processing the annealed
Cu and the as-received Ta showed average Vickers microhardness
values of ~41 and ~200 Hy, respectively. After 0.25 turn the hard-
ness was similar to the pure Cu and pure Ta but after 10 turns the
hardness in the regions close to the edge of the disc increased to
~300 Hv whereas the hardness in the central section of the disc
remained almost unchanged.

Further HPT deformation up to 100 turns gave an additional
increase to nearly ~350 Hv across the discs except for a few small
areas near the centre of the discs and an overall saturation hardness
of ~350 Hv was achieved over the entire disc after 150 turns. The
increase in microhardness from the centre to the edge is due to the
low strain imparted in the central region during HPT processing
and this trend matches results reported for many other metal
systems [38,39]. Thus, after 150 turns the microhardness is
reasonably homogeneous throughout the disc with an average
value of ~350 Hv which is equivalent to a hardness of ~3.43 GPa.
This hardness is very much higher than the initial hardness values
of the pure Cu and pure Ta and the results demonstrate the
remarkable hardness increases that may be achieved by processing
through HPT.

Fig. 8 shows a stress-strain curve for the 150 turns sample tested
at RT using an initial strain rate of 1.0 x 1073 s~ L Thus, the Cu—Ta

Fig. 8. Stress-strain curve for the Cu—Ta bulk sample after processing through 150 HPT
turns.

alloy processed by HPT for 150 turns exhibits an ultimate tensile
strength (UTS) of ~1300 MPa and a tensile elongation of about 40%.
This very high strength is due to the microstructure achieved by the
HPT processing and it is important to note that the UTS in this
experiment is very much higher than the conventional values
anticipated for pure copper (~150—300 MPa) and pure tantalum
(~180—220 MPa) [40]). The HPT-processed Cu—Ta alloy also ex-
hibits an acceptable elongation close to ~40%.

4. Discussion

An evaluation of the microstructure and the phase evolution of
the Cu—Ta sample through the HPT processing shows that in the
early stages the Ta layer within the stack becomes thinner as a
result of the HPT shear strain and then gradually these thin Ta layers
are broken to form small flakes. The size of these Ta-rich flakes
decreases as the HPT process continues and ultimately there is
essentially a uniform dispersion of flakes throughout the Cu matrix.
Since the edge area of the disc experiences a higher strain than the
central region, the microstructural evolution occurs initially from
the edge and then gradually extends to the centre with increasing
numbers of HPT turns. As a result, the microstructure at the edge
becomes more homogenous with smaller Ta-rich regions in the
early stages but, by increasing the numbers of turns, most of the
disc develops into a reasonably homogenous Cu—Ta alloy as a result
of the accumulated strains operating through the whole disc.

This microstructural evolution is illustrated schematically in
Fig. 9 where the microstructure evolves from left to right to ulti-
mately produce a bulk Cu—Ta alloy. The microstructural features
demonstrated in Fig. 9 are consistent with a Cu—Ta alloy processed
by HPT from a disc with a stack of 19 Cu foils and 18 Ta foils [31]
where the microstructure was a mixture of ultrafine grains corre-
sponding to a Cu-16% Ta solid solution with embedded nano-scaled
Ta-rich particles. Thus, the strategy in this research of using a disc
sample with a pack of sandwich-like Cu/Ta/Cu discs for HPT pro-
cessing was very effective in producing a bulk nanostructured
immiscible Cu—Ta alloy. Computer modelling has confirmed the
occurrence of turbulent flow in the cross-sections of HPT samples
[15,16] and this may assist in the mass transfer and redistribution of
metal components in the immiscible Cu—Ta system.

By increasing the numbers of HPT turns to give increased strain,
there is additional grain refinement in the matrix and there are
more crystalline defects thereby creating new diffusion paths for
the Cu and Ta atoms. According to the XRD data, excess diffusion
occurs after about 100 HPT turns. The crystallite sizes of Cu and Ta
after 100 turns are ~95 and ~64 nm, respectively, and this corre-
sponds to size reductions of ~66% and ~70% for Cu and Ta, respec-
tively. Such large reductions in crystallite size could increase the
fractions of grain boundaries which are known as effective diffusion
path in this system [41]. It is therefore concluded that, after about
100 HPT turns, the numbers of grain boundaries and crystalline
defects are sufficiently high to create practical diffusion paths for
the Cu and Ta atoms.

In addition to the large numbers of grain boundaries and crystal-
line defects, the Ta-rich layers become finer with increasing HPT turns
and this will also contribute to diffusion of Cu and Ta leading to the
production of solid solutions in the immiscible Cu—Ta system. Ac-
cording to the present XRD and EDX data, after 150 HPT turns the
concentration of Cu in Ta is about 22% and the concentration of Ta in
Cu is about 19% generating the Ta7gCuy, and CugiTaig alloys. These
solubility values are remarkably high for the immiscible Cu—Ta sys-
tem when it is noted that Cu and Ta have different crystalline struc-
tures (face-centred cubic and body-centred cubic, respectively) and
negligible mutual solubility in the solid state [4]. It is especially
notable also that such high solubility has been achieved in this
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Fig. 9. Schematic image illustrating the mechanism of microstructural evolution in the Cu—Ta bulk through HPT processing.

investigation using a processing route which involves a bulk-state
reaction at RT without the necessity of applying an elevated pro-
cessing temperature. This indicates that the HPT process is capable of
forcing a significant amount of Ta into a metastable FCC solid solution
with Cu at room temperature.

The results show also that the final microstructure after 150 HPT
turns is a composite containing a Cu-rich matrix with a crystallite
size of ~45 nm and fine Ta-rich layers with a size of about
100—500 nm and a crystallite size of ~35 nm which is dispersed
evenly within the matrix. In addition to these Ta-rich layers, Ta-rich
clusters are also present and they are reasonably uniformly
distributed in the microstructure but on a much finer scale of
<10 nm. Such a microstructure achieved by HPT processing leads to
very significant improvements in the mechanical properties.

A high UTS of ~1300 MPa with an acceptable elongation of about
40% was measured for the sample subjected to 150 turns. Mea-
surements showed that the microhardness value was almost uni-
form throughout the whole disc after 150 turns with an average
value of ~350 Hv which is equivalent to ~3.43 GPa. A comparison of
this microhardness value with pure nanocrystalline Cu of similar
grain size shows a strength increase by more than a factor of three.
Thus, the hardness was reported as ~102 Hv for pure Cu with a grain
size of ~35 nm [42] and this may be compared with the present
hardness of ~350 Hv for the HPT-processed Cu—Ta alloy having the
same grain size of ~35 nm. The final hardness value achieved in this
investigation after 150 turns is also almost two times higher than
the value reported for Cu—Ta alloys fabricated by magnetron
sputtering [43].

Although the HPT-processed 150 turns Cu—Ta alloy has a much
higher UTS (~1300 MPa) than pure Cu (~150—300 MPa) and pure
tantalum (~180—220 MPa) [40] fabricated by conventional ther-
momechanical processing methods, it is of interest to compare the
strength of HPT-processed Cu—Ta alloy with that of HPT-processed
pure Cu and pure Ta. The strength of HPT-processed pure Ta and
pure Cu are ~1300 MPa [44] and ~460 MPa [45] respectively. This
means that the strength of the HPT-processed Cu—Ta is very close
to that of the HPT-processed pure Ta. Considering the Cu—Ta alloy
developed initially from Cu/Ta/Cu packed discs, the developed
immiscible Cu—Ta alloy has a greater Cu component than Ta
component but the minor component Ta appears to make a larger
contribution to the strength of the HPT-processed Cu—Ta alloy.

In order to understand the strengthening mechanism of the
HPT-processed immiscible Cu—Ta alloy, it is necessary to analyse
the relationship between the microstructure and mechanical
properties. As shown in Fig. 5, the microstructure of the HPT-
processed Cu—Ta alloy contains Ta-rich clusters on a very fine
scale of the order ~5—10 nm within the Cu-rich matrix where the
Cu-rich matrix consists of a matrix of a Cu-rich Cu—Ta alloy with
secondary Ta-rich flakes distributed throughout the matrix. This
means that the dominant Cu-rich layers and sparsely distributed
Ta-rich flakes form the matrix of the Cu—Ta alloys.

Elemental mapping by SEM in Fig. 2 and X-ray analysis in Fig. 3
confirm that a Cu—Ta solid solution formed in the Cu-rich layers

and Ta—Cu solid solutions formed in the Ta-rich flakes, and sig-
nificant grain refinement was achieved in both the Cu-rich and Ta-
rich regions. Based on microstructural analysis, the high strength of
the HPT-processed immiscible Cu—Ta alloy is attributed to a com-
bination of several strengthening mechanisms. Thus, solid solution
strengthening exists in both the Cu-rich layers and Ta-rich flakes
and this will make contributions to the overall strength. In addition,
the interfaces between the Cu-rich layers and the Ta-rich flakes in
the matrix will provide an extra barrier to dislocation movement in
addition to the grain boundaries, and the significant grain refine-
ment due to the heavy shear strain applied during the HPT pro-
cessing will also enhance the material strength. Finally, the
nanoscale Ta-rich clusters will act as a dispersed hard phase in the
Cu-rich matrix giving a dispersion strengthening effect.

The elongation of ~40% obtained in the 150 turns HPT-processed
immiscible Cu—Ta alloy demonstrates that this new Cu—Ta alloy
exhibits a good balance between high strength and reasonable
ductility. Normally, the material strength and ductility are incom-
patible so that high strength leads to a reduced ductility. The tensile
testing of HPT-processed pure Ta after 10 turns led to failure before
the onset of plastic deformation [44] whereas tensile testing of
HPT-processed pure Cu after 10 HPT turns gave elongations of ~4%
[45]. This shows that the HPT-processed immiscible Cu—Ta alloy
has a significantly improved elongation compared with either HPT-
processed pure Ta or pure Cu. The reason for this reasonable
elongation in the HPT-processed immiscible Cu—Ta alloy is prob-
ably related to the interfaces between the Cu-rich layers and the
sparsely distributed Ta-rich flakes in the Cu-rich matrix, since this
will affect the load transmission and initiation of dislocations be-
tween the interfaces and thereby permit an increased strain
hardening capability and larger elongations.

5. Summary and conclusions

1. Nanostructured Cu—Ta alloys were successfully fabricated from
Cu/Ta/Cu stacked discs by HPT processing at room temperature.
A uniform two-phase layered microstructure was developed by
increasing the numbers of HPT turns where these two phases
included a Cu-rich layer with a composition of about CugiTajg
and a Ta-rich layer with a composition of about Ta;gCuy;.

2. Significant microstructural refinement was achieved in the
Cu—Ta alloy with average crystallite sizes in the range of
~35—45 nm after 150 turns of HPT processing. In addition to
Cu—Ta layers, there were also Ta-rich clusters on a fine-scale of
<10 nm almost uniformly embedded within the matrix.

3. After 150 turns of HPT processing, the Cu—Ta alloy exhibited
remarkably improved hardness and tensile strength by com-
parison with commercial purity Cu and pure Ta. The average
Vickers microhardness value was ~350 Hv, equivalent to
~3.43 GPa, and in tensile testing the UTS was ~1300 MPa with an
elongation of about 40%.

4, The results demonstrate the potential for using HPT processing
at room temperature to create advanced microstructures and
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excellent mechanical properties that are not achieved through
other processing routes.
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Jarzabek Dariusz, Zybala Rafal, Bazarnik Piotr, Lewandowska Malgorzata, Strojny-
Nedza Agata: Effect of metallic coating on the properties of copper-silicon carbide
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1. WYKAZ AKTYWNOSCI NAUKOWEJ ALBO ARTYSTYCZNEJ

. Wykaz czlonkostwa w redakcjach naukowych monografii.

. Wykaz wystagpien na krajowych lub mie¢dzynarodowych konferencjach
naukowych lub artystycznych, z wyszczegolnieniem przedstawionych wykladow

na zaproszenie i wykladow plenarnych.

Po uzyskaniu stopnia doktora:

The XVIth International Conference on Electron Microscopy 2017 wyktad: Grain
boundaries and related phenomena in ultrafine grained Al-Mg alloy processed by high-
pressure torsion, Warsaw, Polska

Advanced Materials and Technologies Conference 2019, wyktad; “Superior strength of
tri-layered Al/Cu/Al nano-composites processed by high-pressure torsion”, Bukowina
Tatrzanska, Polska

EUROMAT 2019, wyktad: “Synthesis of an aluminium—copper nanocomposite by high-
pressure torsion”’, Stockholm, Szwecja

FMC 2019, poster: Sample preparation techniques and TEM/STEM observations of
tungsten samples subjected to work under severe reactor conditions, Eindhoven, Holand
The XVIIth International Conference on Electron Microscopy poster: Advanced hybrid
materials fabricated by high pressure torsion, 2020, Krakow, Polska

TMS Annual Meeting wyktad: “Mechanical properties and microstructure evolution of
multilayered Al-Cu hybrid materials produced by high-pressure torsion”, February
2020, San Diego, USA

EUROMAT 2021, wyktad: “The effect of processing parameters on the synthesis of an
aluminium—titanium nanocomposite by high-pressure torsion” online conference
Advanced Materials and Technologies Conference 2023, wyktad: “Thermal stability of
Cu GO-AI203 metal matrix nanocomposites fabricated by High-Pressure Torsion”
Wista, Polska

NanoSPD8 - 8th International Conference on Nanomaterials by Severe Plastic
Deformation, 2023 wyktad: Effects of aluminium purity and addition of carbon
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nanotubes on the hardness and thermal stability of CNT reinforced aluminum
nanocomposites processed by the high-pressure torsion technique July Bangalore, Indie
Yucomat 2024 wyktad: Advanced composite nanomaterials fabricated by high-pressure
torsion technique , Herceg Novi

XVIlIth International Conference on Electron Microscopy (EM 2024) — poster:
Structural investigations on advanced composite materials fabricated by high-pressure

torsion, Zakopane, Polska

. Wykaz udzialu w komitetach organizacyjnych i naukowych konferencji

krajowych lub mi¢dzynarodowych, z podaniem pelnionej funkcji.

e XVI International Conference on Electron Microscopy 10-13 Wrzesnia 2017,
Politechnika ~ Warszawska,  Jachranka, Polska, czlonek komitetu
organizacyjnego.

e Miedzynarodowa konferencja E-MRS Fall-Meeting, od 2015 cztonek komitetu
organizacyjnego.

o XVII International Conference on Electron Microscopy - Co-chair w sesji dla mtodych

naukowcow.
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4. Wykaz uczestnictwa w pracach zespolow badawczych realizujacych projekty
finansowane w drodze konkursow krajowych lub zagranicznych, z podzialem
na projekty zrealizowane i bedace w toku realizacji, oraz z uwzglednieniem

informacji o pelnionej funkcji w ramach prac zespolow.

Okres po uzyskaniu stopnia doktora

Zalacznik 9 zawiera dokumenty potwierdzajace przyznanie mi opisanych projektow

badawczych

Projekty w trakcie realizacji
4.1. Kierownik projektu:
UMO-2020/37/B/ST5/01837 OPUS, Narodowe Centrum Nauki, tytut: ,,Synteza
metoda skrgcania pod wysokim ci$nieniem niemieszalnych uktadoéw wykazujacych
unikalne wiasciwosci fizyczne i mechaniczne”

okres realizacji: 2025-2028, budzet 1 690 900 zt

Projekty zrealizowane

4.2. Kierownik projektu:
UMO-2024/53/B/ST11/00531 OPUS, Narodowe Centrum Nauki, tytuk:

,Kompozyty na osnowie metalicznej wzmacniane nano-czgstkami 2D i 3D
wytwarzane technikg skrecania pod wysokim ci$nieniem”
okres realizacji: 2021-2024, budzet 1 003 920 zt

4.3. Kierownik projektu:
UMO-2017/24/C/ST8/00145 SONATINA, Narodowe Centrum Nauki, tytul:
»dynteza nowych materialtdw hybrydowych metoda skrecania pod wysokim
ci$nieniem”
okres realizacji: 2017-2021, budzet 651 673 zt

4.4 Wykonawca w projekcie: Wysokowytrzymate wielomaterialowe rozwigzania do
zastosowan w konstrukcjach lekkich TECHMATSTRATEG. Prowadzilem badania
strukturalne

4.5.Wykonawca w projekcie: Opracowanie nisko-odpadowej technologii platerowania

wybuchowego oraz technologii przetwarzania wielowarstwowych,
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wysokowytrzymatosciowych materiatéw lekkich i1 superlekkich z warstwami
reaktywnymi i funkcjonalnymi oraz blach platerowanych wybuchowo metalami
reaktywnymi i ich stopami. TECHMATSTRATEG Il. Prowadzitem badania
strukturalne

4.6.Wykonawca w projekcie: Nowe powtoki zwigkszajace trwato$¢ narzedzi w
procesach kucia i wyciskania TECHMATSTRATEG Ill, Prowadzilem badania
strukturalne

4.7. Wykonawca w projekcie EUROFUSION nr.633053 Implementation of activities
described in the Roadmap to Fusion during Horizon 2020 through a joint programe

of the member of the EUROfusion consortium. Prowadzitem badania strukturalne

Okres przed uzyskaniem stopnia doktora

4.8.Kierownik projektu: ETIUDA, Rola granic ziaren w ksztattowaniu wtasciwosci
mechanicznych stopu Al 5483 otrzymywanego metodami duzego odksztatcenia
plastycznego, UMO/015/16/T/ST8/00160, 2015-2016, 71 292 zt

4.9.Kierownik  projektu: PRELUDIUM, Mikrostrukturalne uwarunkowania

wlasciwosci ultra drobnoziarnistego stopu aluminium 5483
UMO/2014/13/N/ST8/01661, 2015-2017, 99 840 zt
4.10. Wykonawca w projekcie PBS3/A6/27/2015, Model obiektu wodnego

typu "stelth" o innowacyjnych rozwiazaniach w zakresie ksztattu, konstrukeji 1
materialdéw decydujacych o jego trudno wykrywalnosci. PBS 3, NCBIR
4.11. Wykonawca w projekcie STRATEGMED  1/248644/7/NCBR/2014,
Zintegrowany system urzadzen do diagnostyki i telerehabilitacji schorzen
narzagdow zmystu (shuchu, wzroku, mowy, rownowagi, powonienia)
STRATEGMED, NCBIR
4.12. Wykonawca w projekcie PBS3/B5/37/2015 Innowacyjna technologia
laserowego napawania, hartowania i ablacyjnego strukturyzowania w procesach
wytwarzania elementow funkcjonalnych podzespotéw parowych turbin
energetycznych PBS 3, NCBIR
4.13. Wykonawca w projekcie PBS2/A5/35/2013 Nowe, zaawansowane materialy
warstwowe Al-Ti o podwyzszonej odpornosci balistycznej na konstrukcje lotnicze

i kosmiczne PBS 2, NCBiR
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4.14. Wykonawca w projekcie PBS1/A5/27/2012 Nowe polimerowe ogniwa
fotowoltaiczne: Badanie wptywu budowy polimeru, architektury ogniwa oraz
rodzaju domieszki na sprawnos$¢ polimerowych ogniw stonecznych opartych na
poliazometinach i politiofenach PBS 1, NCBIiR

4.15. Wykonawca w projekcie PBS1/A1/4/2012 Badania i rozwdj nowoczesnych
technologii  polimerowych  baterii  litowo-jonowych o podwyzszonym
bezpieczenstwie eksploatacji  PBS 1, NCBIR

4.16. Wykonawca w projekcie ELECTROMOBILITY+/3/NCBR/2012 Nowe
Materiaty 1 Technologie do Wytwarzania Ultralekkich Elementow Konstrukcji
Pojazdow Elektrycznych ELECTROMOBILITY+, NCBiR

4.17. Wykonawca w projekcie DEC-2013/11/B/ST8/00309. Kompozyty
ceramika-metal w ukladzie ZrO2-Ti OPUS 6, NCN

4.18. Wykonawca w projekcie POIG.01.03.01-00-015/08 NANOMET - Nowe
materialy metaliczne o strukturze nanometrycznej do zastosowan w nowoczesnych
galeziach gospodarki POIG, NCBiR

4.19. Wykonawca w projekcie EUROFUSION nr.633053 Implementation  of
activities described in the Roadmap to Fusion during Horizon 2020 through a joint
programme of the member of the EUROfusion consortium  Euratom - Adhoc-
2014-20, fundusze europejskie

. Wykaz czlonkostwa w miedzynarodowych lub krajowych organizacjach

i towarzystwach naukowych wraz z informacja o pelnionych funkcjach.

0d 2022 jestem czlonkiem Polskiego Towarzystwa Mikroskopii
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6.

Wykaz stazy w instytucjach naukowych lub artystycznych, w tym zagranicznych,

z podaniem miejsca, terminu, czasu trwania stazu i jego charakteru.

W zalgczniku 10 zebrano dokumenty potwierdzajace odbyte staze zagraniczne.

Okres po uzyskaniu stopnia doktora:

Luty - Marzec 2018: dwumiesieczny staz naukowy na Uniwersytecie Southampton
(Anglia). Wspotpracowatem z prof. Terence G. Langdonem przy syntezie nowej
generacji nanokrystalicznych hybrydowych materiatéw warstwowych o wysokiej
wytrzymatosci 1 jednocze$nie dobrej plastycznosci. Wyjazd realizowatlem w ramach
mojego projektu SONATINA

Sierpien 2019 - miesigczny pobyt naukowy w Southampton University (Anglia).
Koncentrowal si¢ na optymalizacji parametrow przetwarzania HPT do syntezy
systemow hybrydowych z uktadow Al-Ti, Cu-Ta, Al-Cu. Wyjazd realizowatem w
ramach mojego projektu SONATINA

okres przed uzyskaniem stopnie doktora

Marzec - Maj 2016: trzymiesigczny staz naukowy w Interdisciplinary Center for
Electron Microscopy (CIME) na Politechnice w Lausanne (Szwajcaria). Staz
obejmowal szkolenia na zaawansowanych mikroskopach elektronowych: FEI Tecnai
OSIRIS, FEI TALOS i JEOL 2200FS wyposazony w system ASTAR stuzacy do
orientacji ziarna 1 mapowania faz o rozdzielczo$ci przestrzennej 2-3 nm. Urzadzenia te
byly wykorzystywane do prowadzenia badan wiasnych na probkach po procesach
duzego odksztatcenia plastycznego oraz badan sktadu chemicznego granic ziaren w
silnie odksztalconych stopach aluminium.

Wrzesien - Listopad 2014: trzymiesieczny staz naukowy na Uniwersytecie
Southampton (Anglia). Wspotpraca z grupa prof. Terence G. Langdona, tworcg technik
duzego odksztalcania plastycznego (SPD) stosowanych do produkcji litych prébek
metalicznych o strukturze nanokrystalicznej. Podczas tego stazu przeprowadzatem
eksperymenty z wykorzystaniem skrgcania wysokocisnieniowego (HPT) i przeciskania
przez kanat katowy (ECAP) do wytworzenie réznych nanokrystalicznych stopow

metali. Charakteryzowatem réwniez ich wiasciwosci mechaniczne.
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7.

10.

Wykaz czlonkostwa w komitetach redakcyjnych i radach naukowych czasopism
wraz z informacja o pelnionych funkcjach (np. redaktora naczelnego,

przewodniczacego rady naukowej, itp.).

Brak

Wykaz recenzowanych prac naukowych lub artystycznych, w szczegolnosSci

publikowanych w czasopismach mi¢dzynarodowych.
Recenzent artykutéw naumowych dla chasopism z listy Filadelfijskiej:

e Materials Science and Engineering A — 5 rezenzowanych artykutow
e Journal of Alloys and Compound - 8 rezenzowanych artykutow

e Acta Materialia - 1 rezenzowany artykut

Wykaz uczestnictwa w programach europejskich lub innych programach

mie¢dzynarodowych.

Praca w projekcie EUROfusion, Komisja Europejska, 2017-2023, European
Consortium for the Development of Fusion Energy, manages and funds European fusion
research activities on behalf of Euratom, realizacja badan struktury materiatow do

konstrukcji reactora termojadrowego

Wykaz udzialu w zespolach badawczych, realizujacych projekty inne niz okreslone
w pkt. 11.4.

10.1. Kierownik projektu:
Technologie Materialowe-1 — POB PW Inicjatywa Doskonatosci Uczelnia
Badawcza , tytut: ,,Stabilno$¢ termiczna i mechanizmy odksztalcania hybrydowych
materialdow nanokrystalicznych wytwarzanych technikami skrgcania pod wysokim
cis$nieniem (HPT)”

okres realizacji: 2010-2022, budzet 191 300 zt
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10.2.  Kierownik projektu:
Grant wewnetrzny wspierajacy prowadzenie dziatalnosci naukowej dla mlodych
naukowcow w dyscyplinie inzynieria materiatowa, tytut: ,, Wptyw obrobki cieplnej
na mikrostrukture, wiasciwosci mechaniczne 1 odporno$¢ na korozje wzerowg stali
316L wytworzonej technologia selektywnego stapiania wigzkg lasera (SLM)”
Okres realizacji: 2021, budzet: 34 920 zt

11. Wykaz uczestnictwa w zespolach oceniajacych wnioski o finansowanie badan,
whnioski o przyznanie nagrod naukowych, wnioski w innych konkursach majacych

charakter naukowy lub dydaktyczny

Recenzent Narodowego Centrum Nauki w konkursie Miniatura (11 wnioskow
ocenionych)

. WSPOLPRACA V/ OTOCZENIEM SPOLECZNYM I
GOSPODARCZYM

1. Wykaz dorobku technologicznego.
Brak

2. Wspélpraca z sektorem gospodarczym.
Brak

3. Wykaz uzyskanych praw wlasnosci przemystowej, w tym uzyskanych patentéw
krajowych lub mi¢dzynarodowych.
Brak

4. Wykaz wdrozonych technologii.
Brak

5. Wykaz wykonanych ekspertyz lub innych opracowan wykonanych na zaméwienie
instytucji publicznych lub przedsi¢biorcow.
Prowadzitem prace badawcze struktury materialow wytworzonych przez prywatne
firmy: VIGO Photonics S.A., EXPLOMET, TAPS — Maciej Kowalski.

6. Wykaz udzialu w zespolach eksperckich lub konkursowych.
Brak

7. Wykaz  projektow  artystycznych  realizowanych ze  Srodowiskami
pozaartystycznymi.
Brak
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IV.  DANE NAUKOMETRYCZNE

Dane pobrano z bazy SCOPUS i Web of Knowledge, stan na dzien: 03.08.2025

1. Impact Factor (w dziedzinach i dyscyplinach, w ktéorych parametr ten jest

powszechnie uzywany jako wskaznik naukometryczny).

Okres Sumaryczny IF publikacji
(wspoélczynnik IF z roku opublikowania)

do 2017 roku 29,958
(przed uzyskaniem stopnia doktora)

od 2017 roku 217,969
(po uzyskaniu stopnia doktora)

Lacznie 247,927

2. Liczba cytowan publikacji wnioskodawcy, z oddzielnym uwzglednieniem

autocytowan.
Baza Liczba cytowani
Calkowita (bez autocytowan habilitanta)
Scopus 1474 (1391)
Web of Science 1368 (1283)

3. Indeks Hirscha i liczba punktéow MNSW

e Web of Science (W0S): 22
e Scopus: 22
e sumaryczna liczba punktow wg. MNSW = 5721

(podpis wnioskodawcy)
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After High-Pressure Torsion

The evolution of microstructure, texture, and mechanical properties of AZ31 (Mg-3Al-1Zn, wt.%) and Mg-
0.6Gd (wt.%) alloys was investigated and compared after high-pressure torsion at room temperature
through the equivalent strain range of ¢, = 0.6 — 287.5. The results demonstrated that the grain refine-
ment behavior is different for these two alloys. For the AZ31 alloy, dynamic recrystallization (DRX) was
restricted leading to a gradual and continuous formation of ultrafine grains with a mean grain size of ~ 0.3
1m through the entire strain range and the development of deviated B, C,, and C, texture fibers. For the
Mg-0.6Gd alloy, the DRX was very fast and a rapid ultrafine grain microstructure with a mean grain size
of ~ 0.7 um was developed at a strain range of ¢, = 0.6 — 5.7 and this remained stable with a relatively
stable B-fiber over the strain range &, = 5.7 — 287.5. The evolution of microhardness in the AZ31 alloy
indicated a strain hardening without recovery while that of the Mg-0.6Gd alloy showed a strain hardening
with recovery. The differences between the AZ31 and Mg-0.6Gd alloys are discussed based on a compre-
hensive characterization of twinning, dislocation density, the initial microstructure and the presence of

, Thierry Baudin, Francois Brisset, and Terence G. Langdon

second phases.

Keywords dynamic recrystallization, high-pressure torsion,

magnesium, microstructure, rare-earth, texture

1. Introduction

Magnesium (Mg) and its alloys have great potential to be
used in diverse industries including transportation, electronic
and biomedical owing to their attractive physical and chemical
properties such as low density, high strength, recyclability, and
biocompatibility (Ref 1-4). However, the formability of Mg-
based alloys is very limited at room temperature (RT) because
of the lack of sufficient active slip systems and the development
of sharp basal texture which is due to the hexagonal close-
packed structure of Mg (Ref 5). The deformation at low
temperatures is accommodated by the basal <a> slip system
and the mechanical twinning generally known as {10-11}
<10-12> contraction and {10-12} < 10-11> extension

Ouarda Ould Mohamed and Hiba Azzeddine, Laboratory of
Materials and Renewable Energy, Faculty of Sciences, Mohamed
Boudiaf University, 28000, M’sila, Algeria; Piotr Bazarnik, Faculty of
Materials Science and Engineering, Warsaw University of Technology,
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Group, Department of Mechanical Engineering, University of
Southampton, Southampton SO17 1BJ, UK; and Department of
Design and Engineering, Faculty of Science and Technology,
Bournemouth  University, Poole BHI12 5BB Dorset, UK;
Thierry Baudin and Francois Brisset, Institut de chimie
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Research Group, Department of Mechanical Engineering, University
of Southampton, Southampton SO17 1BJ, UK. Contact e-mail:
hiba.azzeddine@univ-msila.dz.
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twins owing to their low critical resolved shear stress (CRSS)
values (Ref 6, 7). The activation of non-basal slip systems like
<c + a > pyramidal slip which can accommodate strain along
the c-axis is hard due to its high CRSS value which is ~80
times larger than that of <a> basal slip in pure Mg (Ref 8).
The promotion of <c+a> pyramidal slip system by
decreasing the CRSS value may be achieved by changing the
alloying elements (Ref 9) or increasing the deformation
temperature (Ref 10).

It follows therefore that the mechanical properties of Mg-
based alloys can be tailored by chemical composition and by
processing technologies (Ref 11). The improvement of
mechanical properties of Mg alloyed with rare-earth (RE)
elements is usually related to solute strengthening, fine-grain
strengthening and precipitation strengthening (Ref 12). In
addition, one of the benefic effects of adding RE elements is the
modification of texture which leads to a weakening of the basal
texture by comparison to the traditional AZ-based alloys which
has a direct effect on improving the ductility and decreasing the
anisotropy of the Mg-RE alloys (Ref 13-17).

Conventional thermomechanical processing, which is a
combination of deformation and heat treatment, is an excellent
tool for controlling the microstructures and mechanical prop-
erties of Mg-based alloys. In such conditions, the mechanical
improvement is related to grain refinement owing to the
activation of non-basal slip systems and the occurrence of
dynamic recrystallization (DRX) (Ref 18-25). According to the
nature of the recrystallization process, discontinuous DRX
(DDRX) and continuous DRX (CDRX) are the main mecha-
nisms responsible for DRX in Mg-based alloys (Ref 26).
DDRX mechanism is characterized by nucleation and a growth
process and usually the formation of recrystallized grains
occurring along the grain boundaries (Ref 26). In the CDRX
mechanism, the formation of recrystallized new grains is due to
the continuous absorption of dislocations in sub-grain bound-
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aries which progressively transform into low-angle grain
boundaries (LAGBs) and then into high-angle grain boundaries
(HAGBs) (Ref 26). The CDRX mechanism dominates when
the initial material exhibits coarse grains, while DDRX
dominates in deformed material with initial fine grains (Ref
27, 28). It is reported that the CDRX mechanism is character-
ized by slow kinetics and requires larger strains than the DDRX
mechanism (Ref 29).

Among the new severe plastic deformation (SPD) tech-
niques, high-pressure torsion (HPT) has become an established
processing procedure that is used extensively for achieving
remarkable grain refinement and superior properties in a range
of different metals (Ref 30, 31). Furthermore, the HPT process
is at present the only SPD technique that allows Mg-based
metals to be deformed conveniently at room temperature (RT)
(Ref 32-36). Indeed, HPT processing was successfully applied
at RT to fabricate a novel hybrid material from separate disks of
the AZ31 (Mg-3Al-1Zn, wt.%) and Mg-0.6Gd (wt.%) alloys
(Ref 37). It is recognized that grain refinement is governed by
the CDRX mechanism in SPD-processed materials at RT or
warm temperatures (Ref 29, 38).

Several reports show that the DRX in Mg-RE alloys is
retarded or restricted due to the easy activation of non-basal slip
systems so that DRX is not required to accommodate the
deformation (Ref 23-25). By contrast, it was reported that the
improvement in formability of Mg-Gd alloys is related to a
change in the recrystallization behavior and the resulting
texture rather than the activation of supplementary slip systems
(Ref 39). There has been significant research focusing on
highlighting the differences in deformation behavior,
microstructure, and texture evolution under conventional
thermomechanical processing between pure Mg or the tradi-
tional AZ31 alloy and Mg-RE alloys (Ref 39-44). For example,
the stored energy was lower for AZ31 than the Mg-1.5Gd
(Wt.%) alloy under hot plane strain compression for a true strain
of 0.7 (Ref 40). Consequently, the static recrystallization
kinetics of the Mg-1.5Gd alloy was notably faster than the
AZ31 alloy (Ref 41).

It is important to note that similar comparison studies are not
yet available for HPT-processed Mg-based alloys. Therefore,
the present work was designed specifically to compare the
evolution of the microstructure, texture and microhardness of
AZ31 and Mg-0.6Gd (wt. %) alloys separately processed by
HPT at RT for an equivalent strain range of e.q = 0.6 — 287.5.

2. Experimental Materials and Procedures

Sheets of a hot-rolled AZ31 alloy and an as-cast Mg-0.6Gd
alloy were provided by the Magnesium Innovations Center
(MaglC, Germany) and the Institute of Physical Metallurgy and
Materials Physics (RWTH-Aachen University, Germany),
respectively. The Mg-0.6Gd alloy was fabricated by induction
melting and casting under a protective gas of Ar/CO, using
preheated copper mold. Then, the as-cast alloy was subjected to
heat treatment for 20 h at 420 °C.

The HPT processing was performed on disks with diameters
of 10 mm and thicknesses of 0.85 mm at room temperature for
N=1/2,5, 10 and 20 turns under quasi-constrained conditions
(Ref 45). The disk samples were processed under a pressure of
6.0 GPa with a rotational speed of 1 rpm. In quasi-constrained
HPT processing, the two anvils are separated so that there is
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always a minor outflow of material around the periphery of the
disk during processing and this causes a decrease in the
thickness of the disk which was from 0.85 to 0.63 mm in the
present experiments.

The microstructure and texture analyses were taken on the
cross-sectional (CD-RD) planes of the HPT disks where the
shear reference frame is defined as the radial direction (RD),
compression direction (CD) and shear direction (SD) (Ref 46).

The EBSD measurements were performed near the center
(r ~ 0.2 mm) and at the mid-radius position (» ~ 2.5 mm) of
the mid-thickness plane of the HPT-processed disks using a
TSL-EDAX-Hikari system mounted on a scanning electron
microscope (FEG-SEM Zeiss Supra 55 VP) operating at 20 kV.

The equivalent strain, &, imposed during HPT can be
calculated from the following equation (Ref 47):

2nNr

Eeq = ——=—
q \/§h

where 7 is the radial distance from the center of the disk and 4 is
the thickness of the disk after HPT. Accordingly, Table 1
summarizes the values of &.q in each HPT-processed disk.

The scanned areas for the AZ31 disks were 40 x 40 pum>
with a step size of 0.1 ym for N = 0, 1/2, 5 and 10 turns and for
the AZ31 disk processed for N = 20 turns the scanned area was
5 x 5 um? with a step size of 20 nm. The scanned area for the
initial state (N = 0) of the Mg-0.6Gd alloy was 700 x 2500
pm? with a step size of 1 um, whereas the scanned areas for the
HPT-processed Mg-0.6Gd disks (N = 1/2, 5, 10 and 20 turns)
were 40 x 40 um? with a step size of 50 nm. The EBSD data
were analyzed by the Orientation Imaging Microscopy om™
software.

The dynamically recrystallized grains were identified using
the grain orientation spread (GOS) approach implemented in
the OIM™ software, where grains with GOS < 2° are
considered fully recrystallized (Ref 48).

The texture was analyzed using toolbox MTEX by calcu-
lating the orientation distribution function (ODF) using the
harmonic method (L = 22) and a Gaussian function with a half-
width of 5° to model each orientation (Ref 49).

Detailed microstructural observations at the mid-radius
positions of disks processed for i =5 turns were performed
using a CS-corrected dedicated Thermo Fisher Scientific
Spectra scanning transmission electron microscope (STEM)
operating at an accelerating voltage of 200 kV. The STEM
observations were carried out in the bright-field (BF) and high-
angle annular dark field (HAADF) modes. Structural investi-

(Eq 1)

Table 1 Values of the imposed equivalent strain &, in
different positions (near center and mid-radius) of HPT-
processed disks

N r, mm Eeq
12 0.2 0.6
2.5 7.2
5 0.2 5.7
2.5 71.9
10 0.2 11.5
2.5 143.7
20 0.2 23.0
2.5 287.5
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gations were combined with advanced energy-dispersive x-ray
(EDX) point and mapping analyses. Thin foils for observations
were prepared using a focused ion beam (FIB) Hitachi NB-
5000 microscope.

The microhardness of the samples was measured using a
Vickers microhardness tester (SHIMADZU type HMV-2 tester)
with a load of 100 g (Hvy ;) and a dwell time of 10 s. At least 5
Hv measurements were recorded to obtain the average value for
each sample.

3. Results

Figure 1 and 2 presents the evolution of the microstructure
of AZ31 and Mg-0.6Gd alloys in terms of an inverse pole
figure (SD-IPF) map as a function of equivalent strain: (a)
£eq = 0, (b) £eq = 0.6, (¢) &eq =72, (d) &eq=71.9, (&) &eq =

143.7 and (f) e.q = 287.5, respectively. The grain boundaries
with high misorientations (6 > 15°) are highlighted by a black
line. It should be noted that the SD-IPF map of the HPT-
processed AZ31 sample at e, = 287.5 (Fig. 1f) is presented
with a different scale bar. The initial microstructures of the
AZ31 and Mg-0.6Gd alloys are different and related directly to
the processing history. The microstructure of the as-received
AZ31 alloy is characterized by deformed grains with a mean
grain size of ~ 12.5 um and the presence of twins identified as
{10-11} contraction twins.

The rectangular box indicates the occurrence of the twin-
induced dynamic recrystallization (TDRX) mechanism which is
characterized by the formation of recrystallized grains inside
the twins (Ref 50). By contrast, the microstructure of the as-
received Mg-0.6Gd alloy contains coarse grains with a mean
grain size of about ~ 670 um which is typical of an as-cast
condition.

The microstructure of the as-cast Mg-0.6Gd alloy contains
also massive twins identified as {10-12} extension twins in the
form of steps and it is reasonable to assume that their presence
is due to the mechanical preparation of the sample. The SD-IPF
maps indicate that the twins remain present during HPT
processing and they are more visible in the AZ31 alloy through
strains from 0.6 to 7.2 as shown by the black arrows. However,
the fraction of twins decreases with increasing equivalent strain
due to the grain refinement. Indeed, the deformation
microstructure of both alloys transformed gradually to equiaxed
fine grains with increasing equivalent strain. It is interesting to
note that the deformation microstructure of the Mg-0.6Gd alloy
became more homogeneously distributed (at &.q = 7.2) than for
the AZ31 alloy (at e.q = 143.7). The evolutions of mean grain
size, DRX fraction and HAGBs fraction as a function of
equivalent strain in the AZ31 and Mg-0.6Gd alloys are shown
in Fig. 3.

The HPT processing at a strain of 0.6 causes a decrease in
grain size to 3.6 um for the AZ31 alloy. Thereafter, the mean
grain size of the HPT-processed AZ31 alloy decreases gradu-
ally with increasing equivalent strain to 0.55 um at &.q = 23 and
then decreases slowly to 0.3 um at £.q = 287.5. The mean grain
size of the Mg-0.6Gd alloy rapidly deceases from 670 to 2.6
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um after a strain of g4 = 0.6, then to 0.71 um at &,q = 5.7
where it appears to reach a saturation value.

It is apparent from Fig. 3(b) that the fraction of DRX in the
Mg-0.6Gd alloy is higher than in the AZ31 alloy. The fraction
of DRX was relatively similar in both alloys during low
straining (g.q = 0.6 — 5.7) but DRX occurred rapidly in the
Mg-0.6Gd alloy and reached a high value of 85 % at a strain of
&eq = 7.2 which was a saturated condition. For the AZ31 alloy,
the DRX fraction increased slowly but continuously with
increasing strain and the microstructure became essentially
fully recrystallized (about 80 %) at a strain g = 287.5.
Consequently, the fraction of HAGBs increases with increasing
equivalent strain for both alloys, as demonstrated in Fig. 3(c).
However, it is obvious that the fraction of HAGBs is higher in
the Mg-0.6Gd alloy than in the AZ31 alloy, especially during
an equivalent strain range of g.q = 5.4 — 143.7.

Figure 4 and 5 shows STEM images in (a) BF and (b)
HAADEF at low magnification after processing for N = 5 turns
(6eq = 71.9) near the mid-radius of the AZ31 and Mg-0.6Gd
disk, respectively. In addition, Fig. 4(c) shows a high magni-
fication of the yellow box of the HPT-processed AZ31 alloy
showing the EDS mapping for the Mg, Al, and Mn elements
and the EDS analysis of particles present at point 1.

Observations by STEM confirmed extensive grain refine-
ment in both alloys although, the images (BF mode) indicate
that the AZ31 alloy exhibits a more homogeneous microstruc-
ture in terms of grain refinement when compared with the Mg-
0.6Gd alloy (Fig. 4a and 5a). The grain size calculated for the
AZ31 and Mg-0.6Gd alloys was 260 £ 30 nm and 650 £ 68
nm, respectively. The HAADF images (Fig. 4b and 5b)
demonstrate a net difference in the presence of second phase
particles. No particles are visible in the HAADF images of the
Mg-0.6Gd sample indicating the fragmentation and dissolution
of the metastable MgsGd particles which were present in the as-
cast state, where this is consistent with an earlier report (Ref
37). High-magnification observations of the AZ31 sample
showed a high concentration of small spherical nanoparticles
having sizes from 10-45 nm. The EDS analysis (Fig. 4c)
indicates that these particles consist mainly of Al and Mn and
the atomic and weight percentages shown in Fig. 4(d) demon-
strate that these Mn-containing particles are stable AlgMns (Ref
51). It must be noted that the fraction of the Mg element
(present only in the matrix) was excluded in order to show Al/
Mn proportions.

Figure 6 and 7 shows the recalculated {0002} pole
figures and ODF sections at ¢, =0 and 30° of the HPT
processed AZ31 and Mg-0.6Gd alloys for (a) ¢ = 0, (b) ¢ = 0.6,
() =72, (d) i=71.9, (e) ¢=143.7, and (f) ¢=287.5,
respectively. The ideal shear texture component positions on
the RD-CD plane for materials with HCP structure (Ref 46) are
also present in both figures (Fig. 6g and 7g) and their
description in the form of the Euler angles (¢, @, ¢,) is
given in Table 2. The initial texture of the AZ31 alloy shows
the presence of a basal texture (B-fiber) which is a typical
texture formed during the rolling of Mg-based alloys (Ref 52,
53).

The HPT processing at a strain of 0.6 (Fig. 6b) led to the
development of the C,-fiber. As can be seen from Fig. 6(c), the
C,-fiber is developed with a weak B-fiber at a strain of 7.2.

Journal of Materials Engineering and Performance



Fig. 1 SD-IPF maps of AZ31 alloy HPT processed for (a) e.q = O (initial state), (b) &,q = 0.6 (center of N = 1/2 turn), (c) &eq = 7.2 (middle of
N =1/2 turn), (d) &.q = 71.9 (middle of N =5 turns), (e) e.q = 143.7 (middle of N = 10 turns) and (f) e.q = 287.5 (middle of N = 20 turns).
Note that Fig. 1f is presented with different scale bar
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Fig. 2 SD-IPF maps of Mg-0.6Gd alloy HPT processed for (a) e.q = 0 (initial state), (b) &.q = 0.6 (center of N =1/2 turn), (c) e,q = 7.2
(middle of N = 1/2 turn), (d) &,q = 71.9 (middle of N =5 turns), (e) e.q = 143.7 (middle of N = 10 turns) and (f) &.q = 287.5 (middle of N = 20
turns)
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Fig. 3 Evolution of (a) mean grain size, (b) DRX fraction, and (c) HAGBs fraction in AZ31 and Mg-0.6Gd alloy as a function of equivalent

strain

Again, the C, and basal fibers appeared at a strain of 71.9 with
significant deviation from their ideal positions as can be
observed with further increasing strain at e.q = 143.7 (about
20° toward RD) and 287.5 (about 30° toward RD). It is evident
from the {0002} pole figure (Fig. 6f) that there is the presence
of a deviated C,-fiber at a strain of 287.5.

The identification of texture type (see Fig. 7a) of the as-cast
Mg-0.6Gd sample was not possible since the sample exhibits
limited grain numbers as revealed in Fig. 2(a). However, the B-
fiber and C,-fiber formed rapidly after HPT processing at
£eq = 0.6. The C,-fiber disappears with increasing strain at
¢ = 71.9 leading to a dominant basal texture through the entire
strain. It can be noticed that there is a small deviation of basal
fiber from its ideal position with increasing strain from
£eq = 143.7 (about 10° toward RD) to &.q = 287.5 (about 15°
toward RD).

Figure 8(a) and (b) presents the evolution of microhardness
as a function of the equivalent strain for the AZ31 and Mg-
0.6Gd alloys, respectively. The microhardness of the initial
states of the AZ31 and Mg-0.6Gd alloys were 72 and 24 Hyv,
respectively. The microhardness of the AZ31 alloy increased
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with increasing strain to reach a value of 108 Hv at a strain of
£eq = 7.2 and slightly decreased to reach a saturated value of
102.6 Hv. In the case of the Mg-0.6Gd alloy, the microhardness
goes through three stages. First, the microhardness increases
with increasing equivalent strain to a maximum value of
53.1Hv at &4 = 3.6. Second, it decreases with increasing strain
to 39.5 Hv at gq = 71.9, and then finally, it saturates at this
value up to a strain of g = 287.5.

4, Discussion

The evolution of the microstructural parameters such as
mean grain size, DRX and HAGBs fractions in the AZ31 and
Mg-0.6Gd alloys through HPT processing shown in Fig. 1, 2
and 3 demonstrates that the grain refinement of both alloys is
obtained by the CDRX process. Nevertheless, the DRX kinetics
and consequently the grain refinement behavior were different
between the two alloys. In general, the grain refinement of both
alloys can be separated into two stages. For the AZ31 alloy,
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Fig. 4 STEM images in (a) BF and (b) HAADF at low magnification near the mid-radius of the AZ31 disk processed for N =5 turns
(6eq = 71.9), and (c) high magnification of yellow box showing the EDS mapping for Mg, Al and Mn elements and (d) EDS analysis of particles

present at point 1 (Color figure online)

stage I occurred during &y = 0.6 — 11.5 where the DRX and
HAGBs fractions increase and the mean grain size decreases
gradually from 25 to 1.1 um and in stage II (gq = 11.5
— 287.5) the DRX and HAGBs fractions continue to increase
and the grain size decreases slowly by comparison with stage I
to reach a value of 0.3 um at a strain of 287.5. For the Mg-
0.6Gd alloy, the DRX and HAGBs fractions increase quickly
during stage I (¢.q = 0.6 — 5.7) leading to the formation of an
equiaxed microstructure with a mean grain size of 0.7 um and
then stage II (e.q = 5.7 — 287.5) shows the saturations of the
mean grain size and the HAGBs and DRX fractions. Such
behavior is consistent with the evolution of microhardness
shown in Fig. 8. The evolution of microhardness of the AZ31
alloy indicated a strain hardening without recovery (Ref 54,
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55), while that of the Mg-0.6Gd alloy shows a strain hardening
with recovery and dynamic recrystallization (Ref 54, 55).

It must be noted that the present results show that the AZ31
and Mg-0.6Gd alloys exhibit an inverse behavior compared
with that reported for the AZ31 and Mg-1.5Gd alloys under
conventional processing (Ref 40). The enhancement of DRX is
mainly attributed to the stored energy during deformation
processing. At RT and low strains, the deformation of Mg-
based alloys is accommodated by twinning and dislocations
generated mainly from the activation of <a > basal slip.
Hence, to further analyze the DRX behavior, the presence of
twins and an estimate of the dislocation densities at a low strain,
€eq = 0.6, are compared for both alloys as in Fig. 9 and 10.

Figure 9(a) and (b) presents the Image Quality (IQ) maps
highlighted by the common twinning mode found in Mg-based
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Fig. 5 STEM images in (a) BF and (b) HAADF at low magnification near the mid-radius of the Mg-0.6Gd disk processed for N =5 turns

(6eq = 71.9)

alloy: {10-11}-contraction twinning (56° <11-20>) and {10-
12}-extension twinning (86° < 11-20>). The {10-11}-con-
traction and {10-12}-extension twins are identified with an
error angle of 10° and labeled by blue and green colors,
respectively. The fractions of twins are shown in the upper 1Q
maps (Fig. 9a and b) and seem similar in both samples except
that there is a higher fraction of {10-12}-extension twins in the
AZ31 alloy (11.8 % vs. 8.0%). The magnification of the yellow
box shown in Fig. 9(c) and (g) demonstrates that the twins have
different shapes depending on the alloy. Figure 9(c) shows that
the extension twins in the AZ31 alloy have lenticular shape
structures. It is interesting to note that the extension twins are
responsible for the development of the C,-fiber as indicated by
the SD-IPF map and the corresponding {0002} pole fig-
ure (Fig. 9d and f).

By contrast, Fig. 9(g) and (i) shows that the extension and
contraction twins present in the Mg-0.6Gd alloy are mostly
boundaries for the dynamically recrystallized grains. The SD-
IPF map and the corresponding {0002} pole figure shown in
Fig. 9(h) and (j) confirm that the development of the C,-fiber
comes from the activation of contraction and extension twins.

Despite the fact that the AZ31 and Mg-0.6Gd alloys exhibit
different initial textures (Fig. 6a and 7a), similar textures
composed of basal and C,-fiber formed in both alloys at a low
strain (e.q = 0.6). In fact, most hexagonal materials develop the
B-fiber during HPT processing and exactly during the com-
pression stage (Ref 46, 56) due to the easy activation of the
<a> -basal slip system which orients the basal planes parallel
to the shear plane producing a typical basal texture (Ref 46,
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57). It is well known that twinning has more effect on texture
modification than grain refinement due to the creation of a high
misorientation angle between twins and their parent grains (Ref
24). It is also worth noting that the development of the C,-fiber
in the HPT-processed AZ31 sample at &.q = 7.2 (Fig. 6¢) is due
to the activation of twins as can be seen from Fig. 1(c). The C,
and C, fibers are considered as pairs since they are defined as c-
fiber where the c-axis is first rotated 90° in the shear direction,
then + 30° in the shear plane direction (Ref 57).

The evolutions of texture show that the C; and C, fibers
remain present in the AZ31 alloy (Fig. 6) but with a significant
deviation from their ideal position with increasing strain. First,
the lenticular extension twins can propagate and grow rapidly
with further strain due to their high mobility (Ref 58) and
eventually consume the parent grain which can explain the
persistence of the C; and C, fibers. Second, the deviation of the
texture at higher stains is attributed to the torsional straining
imposed by the rotation of the anvil during HPT processing
(Ref 46). However, the C,-fiber completely disappeared in the
Mg-0.6Gd alloy (Fig. 7) with increasing strain and this
indicates that the effect of twins on the texture evolution of
the Mg-0.6Gd alloy is not permanent. In practice, the twin
boundaries can strongly block the dislocation motion which
contributes to their accumulation and the formation of LAGBs
(Ref 59). As can be seen in Fig. 9(e) and (i), the GOS maps
indicate that within the contraction twins and near the twin
boundaries there are LAGBs which will transform into HAGBs
and eventually into newly refined grains with further strain.
These new grains may have similar orientations to the twin (Ref
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Fig. 6 Recalculated {0002} pole figures and ODF sections at ¢, = 0 and 30° of AZ31 alloy HPT processed for (a) e.q = O (initial state), (b)
£eq = 0.6 (center of N =1/2 turn), (c) &,q = 7.2 (middle of N = 1/2 turn), (d) &,q = 71.9 (middle of N =5 turns), (€) &eq = 143.7 (middle of
N =10 turns), (f) eq = 287.5 (middle of N = 20 turns) and (g) the ideal shear texture components positions on CD-RD plane for materials with

HCP structure (Ref 46)

24, 60) or they may develop different orientations (Ref 61).
Unlike the extension twins, contraction twins have a very low
mobility (Ref 62) so that the recrystallized grains within them
will not grow and hence they will be devoured by the
neighboring grains with further strain.

To estimate the dislocation density, p, especially the
geometrically necessary dislocations, a Kernel Average Misori-
entation (KAM) method was applied following the expression
(Ref 63):

OKAM
b (Eq 2)
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where b is the Burgers vector, d is the scan step size, and O anm
is the average misorientation angle.

It should be mentioned that an accurate determination of the
dislocation density depends strongly on the choice of various
EBSD parameters such as the size of the kernel, the EBSD step
size and the threshold angle. Since the absolute dislocation
density values were not pursued in this investigation, the O an
was calculated from the mean misorientation angle between the
point and its 3rd neighbors and by excluding misorientations of
6 > 5°. These chosen parameters are compatible with the
average grain size even for the highest strains (about 0.3 um for
the AZ31 alloy).
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Fig. 7 Recalculated {0002} pole figures and ODF sections at ¢, = 0 and 30° of Mg-0.6Gd alloy HPT processed for (a) e.q = O (initial state),
(b) &eq = 0.6 (center of N = 1/2 turn), (c) &q = 7.2 (middle of N = 1/2 turn), (d) &,q = 71.9 (middle of N =5 turns), (e) &.q = 143.7 (middle of
N =10 turns), (f) eeq = 287.5 (middle of N = 20 turns) and (g) the ideal shear texture components positions on CD-RD plane for materials with

HCP structure (Ref 46)

Table 2 Position of ideal shear texture components for HCP materials and alloys projected in the CD-RD plane (Ref 46)

Notation B-fiber P-fiber

Y-fiber C,-fiber C,-fiber

(01, D, ¢2) (360, 90, 0-60) (90-180, 90, 0)

(300, 90, 0-60) (0, 30, 0-60) (180, 30, 0-60)

Figure 10(a) and (b) presents the KAM maps at &.q = 0.6 for
the HPT-processed AZ31 and Mg-0.6Gd alloys, respectively.
The Oxam and p values are shown in the upper KAM maps.
The results indicate that the AZ31 alloy (p = 8.3 x 10" m?)
stored more energy than the Mg-0.6Gd alloy (p = 7.1 x 10'*
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m?). The evolution of dislocation density as a function of
equivalent strain for both alloys is presented in Fig. 10(c). As
can be seen, the dislocation density of the AZ31 alloy increases
with increasing strain at 11.5 and then starts to decrease
indicating the occurrence of DRX and the formation of new
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Fig. 8 Evolution of microhardness as a function of equivalent strain of: (a) AZ31, and (b) Mg-0.6Gd alloys

grains. By contrast, the dislocation density of the Mg-0.6Gd
alloy is stable around 7 x 10" m™2 through the entire strain
which demonstrates that an equilibrium is reached between the
generation of dislocations and the formation of new grains.
This may explain the saturation of the grain refinement at 0.7
um with increasing strain (e.q = 5.7 — 287.5). In this case, the
new dislocations prevent the HAGBs of the dynamically
recrystallized grains from migration and thereby they limit the
grain growth. It is known that a high stored energy will increase
the rate of recrystallization (Ref 26). Figure 10 shows that the
stored energy is higher in the AZ31 alloy but the DRX was
restricted by comparison with the Mg-0.6Gd alloy which shows
a lower stored energy and a fast DRX.

The presence of nano-size particles of AlgMns (shown in
Fig. 4) may be one of the reasons for the retardation of DRX in
the AZ31 alloy. On the one hand, it is recognized that the
pinning effect of large second particles (> 1um) on the
dislocation motion will increase the stored energy around them
and promote DRX via the particle-stimulated nucleation
mechanism (Ref 26, 64). The morphology, size, quantity and
distribution of second particles are important parameters
affecting the DRX process (Ref 26, 59, 65, 66). On the other
hand, it was found that DRX is restricted when the small
second phase particles pinned the dislocations and sub-grain
boundaries resulting from the DRX process and inhibited their
transformation to HAGBs (Ref 59, 66) which is mostly the case
in the present AZ31 alloy. The second reason to consider for the
DRX kinetics is the nature and concentration of the alloying
element. It is expected that the effect of 3% Al and 1% Zn in
the AZ31 alloy on segregation to grain boundaries and the
limitation of their mobility in solute drag will be greater than
the low concentration of 0.6% Gd in the Mg-0.6Gd alloy.

The difference in the initial microstructure is also another
reason for the difference in the DRX kinetics. As shown in
Fig. 1(a) and 2(a), the AZ31 alloy contains more grain
boundaries than the Mg-0.6Gd alloy and these eventually act as
pinning points delaying further dislocation propagation (Ref
67) and causing grain boundary strengthening for the AZ31
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alloy. The latter proposal is supported by the high dislocation
density shown in Fig. 10(c) and the evolution of the micro-
hardness presented in Fig. 8.

The present results demonstrate that HPT processing has the
ability to change the deformation behavior and the DRX
kinetics of Mg-based alloys by comparison with conventional
thermomechanical processing. This suggests that in future it
will be interesting to compare the static recrystallization of
HPT-processed AZ31 and Mg-0.6Gd alloys.

5. Summary and Conclusions

Alloys of AZ31 and Mg-0.6Gd were processed by HPT at
RT through ¢,y = 0.6 — 287.5 and their microstructure, texture
and microhardness evolutions were reported and compared.
The main findings can be summarized as follows:

e The EBSD, STEM and microhardness results show that
the grain refinement of each alloy was different and it was
the opposite of that generally reported under conventional
deformation.

e The AZ31 alloy exhibits a gradual and continuous forma-
tion of ultrafine grains with a mean grain size of ~ 0.3
um through the entire strain due to the retardation of
DRX. By contrast, DRX was fast in the Mg-0.6Gd alloy
leading to a rapid ultrafine grain microstructure over a
strain range of &.q = 0.6 — 5.7 with a mean grain size of

0.7 pm and remaining stable at a strain range of g.q = 5.7
— 287.5.

e The restriction of DRX in the AZ31 alloy was explained
by the presence of stable AlgMns particles, solute drag
and grain boundary strengthening.

e The evolution of microhardness in the AZ31 alloy showed
a strain hardening without recovery, whereas the Mg-
0.6Gd alloy displayed a strain hardening with recovery.

e The AZ31 alloy was characterized by the development of
deviated B, C;, and C, fibers. By contrast, the Mg-0.6Gd
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Fig. 9 (a, b) Image Quality (IQ) map highlighted by contraction twin (blue color) and extension twin (green color) in HPT-processed AZ31
and Mg-0.6Gd alloys at eq = 0.6, respectively. (c, d, e, f) and (g, h, i, j) 1Q, SD-IPF, GOS maps and {0002} corresponding pole figure of
yellow box of HPT-processed AZ31 and Mg-0.6Gd samples, respectively (Color figure online)
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Fig. 10 KAM map of (a) AZ31, (b) Mg-0.6Gd alloys HPT processed at &,q = 0.6 and (c) evolution of dislocation density as a function of

equivalent strain for both alloys

alloy exhibited a relatively stable B-fiber. The formation
and disappearance of C; and C, fibers were due to the
activation and evolution of mechanical twinning.
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Investigation of Microstructure and Texture Evolution
in an AZ31/Mg-Gd Alloy Hybrid Metal Fabricated by

High-Pressure Torsion

Ouarda Ould Mohamed, Hiba Azzeddine,* Yi Huang, Thierry Baudin, Piotr Bazarnik,
Frangois Brisset, Megumi Kawasaki, and Terence G. Langdon

High-pressure torsion (HPT) processing is successfully applied to fabricate a
novel hybrid material from separate discs of AZ31 (Mg—3Al-1Zn, wt%) and
Mg—-0.6Gd (wt%) alloys by straining through numbers of rotations, N, of 1/4,1/2,
5, 10, and 20 turns at room temperature. The microstructure and texture are
investigated near the bonding interface through the disc diameter using electron
backscatter diffraction (EBSD), scanning electron microscopy (SEM), and
transmission electron microscopy (TEM). The microstructure exhibits two grain
refinement regimes with the first occurring during an equivalent strain range, &.q,
of ~0.3-72 and the second during &, from ~72 to 517. The general texture
changes from B-fiber to Y-fiber and C,-fiber through the HPT processing. The
resultant microstructures and textures of this hybrid alloy are examined sepa-
rately for the AZ31 and Mg-0.6Gd alloys and found controlled by the presence
of twinning, slip systems, and second phases and the occurrence of different

dynamic recrystallization mechanisms.

1. Introduction

It is now well recognized that high-pressure torsion (HPT) is one
of the most efficient techniques of severe plastic deformation
(SPD) that can produce materials with excellent grain refinement
and outstanding mechanical properties at room temperature
(RT).!! Moreover, HPT processing allows materials having low

crystal symmetry, such as magnesium-
based alloys having hexagonal close-packed
(HCP) structures, to be deformed at RT.1*®!
Significant grain refinement, to the range
of ~110-250nm, was reported using
HPT processing in several Mg-based
alloys.!**#-12

The mechanism responsible for grain
refinement in these Mg-based alloys is
dynamic recrystallization (DRX) due to
the lack of a sufficient number of active slip
systems.®! Specifically, it is a discontinu-
ous DRX process in which an array of
new fine grains form along the original
grain boundaries in a necklace-like
structure in the process known as a
strain-induced ~ boundary = migration
(SIBM) mechanism."*' In this mecha-
nism, the bulging of the grain boundaries
is caused directly by the difference in the
dislocation density on either side of the boundary. The misorien-
tations between the bulges and the deformed grains then
increase with increasing strain and this leads to the formation
of sub-grain boundaries which ultimately transform to new fine
grains having high-angle grain boundaries (HAGBs). These
new grains gradually consume the deformed grains leading
to an ultrafine-grained microstructure.'*'* Consequently, the
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distribution of the misorientations in the grain boundaries is
not altered through the deformation and grain refinement.”**!
The majority of HCP materials processed by HPT develop a basal
texture (B-fiber), where the basal {0002} planes of the lattices in
the grains become parallel to the normal shear plane.!"®
Nevertheless, the presence of alloying elements such as rare-
earth (RE) elements in Mg-based alloys, and the distribution
of second phases, cause deviations in the basal texture from
its ideal position.”-*6-7]

Recent reports have demonstrated the feasibility of using HPT
processing at RT to synthesize new hybrid alloys such as the
Cu—Ni, ™8 Ag-Cu,"” Al-Cu,”% Al-Mg,?*?? AL-Ti 2% v-zr?4
and Zn-Mg®! systems which are formed through solid-state
reactions. An earlier report summarized the formation of unique
alloy systems from separate bulk metals through the application
of HPT® and it is evident that, well below the application of
ultra-SPD,?”) a heterogeneous microstructure is formed with
ultrafine multilayered structures in the central areas of HPT disc
samples and with nano-layered intermetallic phases embedded
within mixed zones near the edges of the sample.

The homogeneity developed in these hybrid systems is con-
trolled by the HPT-processing conditions including the amount
of the imposed strain, the processing temperature, and any post-
deformation heat treatment.!'®%32%28=3% Tq date, the scientific
investigations have focused primarily on exploring the mechani-
cal properties, as in tensile testing and the Vickers microhard-
ness, together with the corrosion and tribological properties of
the fabricated hybrid systems. The results confirm that HPT
processing is a promising technique for bonding dissimilar
materials at RT and for fabricating new materials for different
structural applications.

Currently, most published data are based on characterizing
the microstructures of the mixed layers and the formation of
the intermetallic phases during HPT processing of dissimilar
materials,[2023-25:30-33]

Following a comprehensive examination of these earlier
results, the present work was undertaken specifically to explore
the potential for bonding two alloys having similar Mg matrices,
namely AZ31 (Mg-3Al-1Zn, wt%) and Mg-0.6Gd (wt%) alloys,
through the application of HPT processing.

Lightweight Mg-Al based alloys such as AZ31 alloy are very
promising candidates to be used for weight reduction in trans-
portations (aerospace and automotive) and the electronics indus-
tries and also as potential biodegradable implant materials in
biomedical applications due to their low density, high specific
strength, and biodegradability.?>*>*) However, Mg—Al based
alloys usually suffer from poor ductility and a rapid corrosion rate
which significantly limits their industrial applications.*34°]
Mg alloyed with RE elements is now considered as an efficient
route for improving the ductility of Mg-based alloys without
compromising their strength.*'~**! Hence, the fabricates of a
new generation of Mg hybrid materials with similar Mg matrices
using HPT processing could be a new strategy to achieve the
desired combinations of properties and enhance the lightweight
characteristics to extend the use of Mg-based alloys in different
structural applications. It is important to note that, to date, there
are no similar investigations describing the joining of dissimilar
Mg-based alloys using HPT processing. Accordingly, the present
research was initiated to examine the microstructure and texture
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development near the bonding interface in AZ31 and Mg-0.6Gd
alloys using electron backscatter diffraction (EBSD) and trans-
mission electron microscopy (TEM). The results are discussed
with reference to the initial conditions and the separate micro-
structural and textural changes produced in the AZ31 and
Mg-0.6Gd alloys.

2. Experimental Section

Sheets of hot-rolled AZ31 and an as-cast Mg—0.6Gd alloy were
supplied by the Magnesium Innovations Center (MaglC,
Germany) and the Institute of Physical Metallurgy and
Materials Physics (RWTH-Aachen University, Germany), respec-
tively. The microstructure of the as-received alloys was revealed
using optical microscopy after grinding with progressively finer
SiC papers followed by electropolishing with 5:3-part ethanol and
phosphoric acid for 30 min under a 3 V applied voltage and etch-
ing at RT in an acetic-nital solution (5% HNO;, 15% acetic acid,
20% distilled water, and 60% ethanol) for 3.

Discs with diameters of 10 mm and thicknesses of 0.85 mm
were machined and prepared from both alloys. The AZ31 disc
was placed on the lower anvil in the HPT facility and then the
Mg—-0.6Gd disc was placed on top as illustrated in Figure 1la
and the two disks were processed together by HPT at RT for
numbers of HPT turns, N, of 1/4, 1/2, 5, 10, and 20 under
quasi-constrained conditions.***) The HPT discs were proc-
essed under a pressure of 6.0 GPa with a rotational speed of
1rpm and care was taken to ensure there was no significant
slippage during the HPT processing.**! The equivalent strain,

€eq, imposed during HPT was given by the relationship!*’!
2nNr
€eq = W 1)

where r is the radial distance from the center of the disc and h is
the thickness of the disc.

All microstructural observations and texture and microhard-
ness measurements were undertaken on the cross-sectional
(shear direction compression direction [CD-SD]) planes of the
HPT discs where the shear reference frame is defined as the
shear direction (SD), rotational direction (RD), and compression
direction (CD). Following the HPT processing, the discs were cut
into two halves along their mid-plane.

The EBSD measurements were performed near the center
(r~0.2mm), at the mid-radius position (r~2.5mm) and at
the edge (r~ 4.5 mm) of the mid-thickness plane of the HPT-
processed discs as illustrated in Figure 1 using a TSL-EDAX-
Hikari system mounted on a field-emission gun scanning
electron microscope (FEG-SEM ZEISS Supra 55 VP) operating
at 20kV. Data collected from scanned areas of 40 x 40 ym? with
a 0.1 pm step size were managed by the Orientation Imaging
Microscopy OIM™ software. Grain size data were obtained
using a grain tolerance angle of 5° and a minimum grain size
of 5 pixels. All datum points with a confidence index (CI)
<0.05 were excluded from the quantitative analyses.[*¥ In addi-
tion, spurious boundaries with misorientation angles 6 < 2° were
excluded from the EBSD maps to avoid any orientation noise.
The mean grain size was measured using the equivalent
diameter approach.
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Figure 1. An illustration showing the following: a) high-pressure torsion (HPT) processing and b) the position for the electron backscatter diffraction
(EBSD) on the vertical cross section of the HPT disc. Shear direction (SD), compression direction (CD), and rotational direction (RD) are the coordinate

systems.

The grain orientation spread (GOS) approach in the OIM soft-
ware was used for the identification of dynamic recrystallized
grains. The GOS is defined as the average deviation between
the orientation of each point in the grain and the average orien-
tation of the grain, where grains with GOS < 1° are considered as
fully recrystallized."**!

MTEX software was used to analyze the evolution of texture by
calculating the orientation distribution function (ODF) using the
harmonic method (L=22) and a Gaussian function with a
half-width of 5° to model each orientation.”

A FEG-SEM, Zeiss Gemini equipped with an energy-dispersive
spectrometry (EDS) system in backscattering electrons (BSE) mode
operating at 15 kV was used for the microstructural investigation
and to obtain the chemical element mapping of samples processed
for N=1/4 turn. Another SEM (Hitachi SU8000) was used to ana-
lyze the microstructures at the bonding interfaces between the
AZ31 and Mg—0.6Gd regions near the edges (r~4mm) of the
HPT-processed discs for N=1/2, 10, and 20 turns in the two
modes of secondary electron (SE) mode and BSE. Samples for
SEM analysis were prepared using an Hitachi IM4000 ion milling
system to eliminate all deformation, stresses, and oxide layers.

A detailed microstructural analysis for the sample processed to
N =20 turns was carried out using a TEM (TEM-JEOL JEM 1200)
operating at an accelerating voltage of 120kV and a spherical
aberration (Cs)-corrected dedicated scanning transmission elec-
tron microscope (STEM-Hitachi HD2700) operating at 200 kV.
The TEM/STEM observations were prepared using a focused-
ion beam (FIB) Hitachi NB-5000 microscope. Lamellas were
cut from the cross sections of samples in the direction parallel
to RD and the STEM observations were carried out in bright-field
(BF) and high-angle annular dark field (HAADF) modes. For
some samples, selected area electron diffraction (SAED) patterns
were also obtained.

Vickers microhardness measurements were taken using a
Mitutoyo HM-200 with a load of 50gf and a dwell time of
10s. The disc samples were cut vertically across the disk diam-
eters and the cross sections were polished to mirror-like surfaces.
A series of hardness values were recorded on these vertical cross
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sections, measuring 8000 x 450 um?, where a rectilinear grid

pattern, having 150 pm separation between adjacent points,
was applied for the automated measurement procedure. The
recorded hardness values gave a total of 248 points and these
points were used for construction of color-coded contour maps.

3. Experimental Results

3.1. Initial Microstructures before HPT Processing

Figure 2 shows the initial microstructures of a,c) AZ31 and b,d)
the Mg—0.6Gd alloys taken by optical microscopy (upper row) and
SEM in BSE mode (lower row).

In the initial state, the AZ31 alloy exhibited a typical deforma-
tion microstructure having a mixture of elongated deformed
grains and small recrystallized grains (Figure 2a) with a mean
grain size of ~16 £ 2.5 pm and the presence of a high fraction
of twins. Figure 2c shows that the AZ31 alloy contained massive
nano-sized particles that were homogenously distributed within
the microstructure. By contrast, the Mg—0.6Gd alloy exhibited a
typical as-cast microstructure with coarse grains (Figure 2b) and
with the presence of metastable large particles that were
distributed reasonably homogenously (Figure 2d).

3.2. Microstructure Characterization Using SEM and TEM after
HPT Processing

Figure 3 shows SEM images (upper row) of the AZ31/Mg-0.6Gd
hybrid material after HPT processing for N=1/4 turn near the
center, mid-radius, and edge of the disc, where the estimated
equivalent strains by Equation (1) are ~0.3, ~3.6, and ~6.5,
respectively. The elemental compositions of the magnified zone
from the mid-radius area (red frame) are determined through
Mg, Al, Zn, and Gd EDS elemental mapping (lower row). In addi-
tion, the chemical compositions of points marked 1-3 in this
mid-radius area are given in Table 1. The total initial disc height
of 1.7 mm decreased to ~0.63 mm after HPT processing and the
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Figure 2. Initial microstructures of AZ31 on left and the Mg-0.6Gd alloy on right: a,b) by optical microscopy and c,d) by scanning electron microscope

(SEM) in backscattering (BSE) mode.

AZ31 and Mg-0.6Gd alloys bonded successfully as shown in the
center of the disc.

A fragmentation of the AZ31 alloy into layers occurred in the
mid-radius area and the numbers of AZ31 layers increased near
the edge of the sample. Such variations in morphology of the
AZ31 layers are caused by the different strains introduced across
the disc by the HPT processing since, as shown in Equation (1),
the imposed strain varies from zero at the disc center to a maxi-
mum at the edge. Table 1 indicates that the atomic percentage of
Mg (89.5%) and Gd (10.5%) at point 3 suggests that this particle
should be MgsGd (83% of Mg and 17% of Gd, in at%) second
phase which is in good agreement with the binary Mg-Gd phase
diagram!*? and reports in the literature.>'*

Figure 4 presents SEM micrographs with different magnifica-
tions near the center of the sample processed for N=1/4 turn
and at the edges for the samples processed for N=1/2 and 10
turns where the equivalent strains for these three conditions are
~0.3, ~11.5, and ~230, respectively. The disc processed for
N=1/4 turn reveals an interesting microstructural evolution
of the Mg-0.6Gd alloy. Thus, the microstructure is heterogenous
through the thickness but near the interface, at about 26 pm of
thickness, the microstructure is very refined. Far from the inter-
face there are elongated large grains containing twins that are
marked by arrows in the magnification of the red frame area.
Shear bands are also present in this zone as indicated by the

Adv. Eng. Mater. 2023, 25, 2201794
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dashed white lines. Although the microstructure of the AZ31
region appears homogenous through the thickness, the magni-
fication within the yellow frame in AZ31 shows that the micro-
structure is formed principally of a mixture of refined grains and
deformed grains containing twins.

The microstructure of the Mg-0.6Gd alloy is homogenous
through the thickness with increasing numbers of HPT turns
as demonstrated at the edge of the disc processed for N=1/2
turn. An EDS analysis was performed for this sample at four
different positions labeled 1-4 and the recorded elemental
compositions are listed in Table 2.

In addition to the presence of MgsGd second phase particles at
point 3 in the Mg-0.6Gd region, new particles were detected at
point 4 containing an exceptionally high fraction of Gd (93.1%,
wt%) and these are probably associated with fragmentation of the
initial MgsGd second phase particles. The presence of Si element
in point 3 is probably due to grinding with SiC papers during the
sample preparation. A bending of the interfaces and the forma-
tion of multilayers is visible in the sample after 10 turns as indi-
cated by the yellow arrows and the magnified region in the blue
frame. Nevertheless, there was no evidence for any delamination
between the layers and the two alloys bonded perfectly as shown
by the magnified region in the blue frame.

A series of observations by TEM in BF and STEM in BF and
HAADF modes are shown in Figures 5 and 6 with different
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Figure 3. SEM images (upper row) of the AZ31/Mg-0.6Gd hybrid material after HPT processing for N = 1/4 turn near the center, mid-radius, and edge of
the disk. Energy-dispersive spectrometry (EDS) maps (lower rows) for the Mg, Al, Zn, and Gd elements in the selected zone from the mid-radius region

denoted by the red frame.

Table 1. Chemical composition at different locations on the sample
processed for N =1/4 turn as shown in Figure 3.

Point 1 Point 2 Point 3
wt% at% wt% at% wt% at%
Mg 96.2 97.1 99.1 99.9 56.9 89.5
Gd - - 0.9 0.1 43.1 10.5
Al 2.7 2.5 - - - -
Zn 0.6 0.2 - - - -
Mn 0.5 0.2 - - - -

magnifications for the AZ31/Mg—0.6Gd interface near the edge
of the disc processed for N = 20 turns where the equivalent strain
is &460.

The microstructure shown in the low-magnification TEM
image and the continuous rings in the SAED pattern provide
clear evidence for grain refinement with the development of
HAGBs in the hybrid AZ31/Mg-0.6Gd system. A region near

Adv. Eng. Mater. 2023, 25, 2201794
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the formed interface between the AZ31 and Mg—0.6Gd alloy
is shown in Figure 5b representing an enlargement of the area
within the yellow frame in Figure 5a.

Figure 6a,b shows another interface region in STEM-BF and
HAADF modes, respectively, and the AZ31 regions at high mag-
nification are shown in Figure 6¢,d, respectively. These images
demonstrate that the AZ31 alloy underwent greater grain
refinement than the Mg—0.6Gd alloy. Thus, the AZ31 region
shows reasonably equiaxed grains with a small average size of
~0.11 £ 0.06 pm whereas the Mg—0.6Gd region exhibits an
equiaxed microstructure with a larger average grain size of
~0.40 £0.03pm. The STEM-HAADF image shown in
Figure 6b reveals a weak fraction of an MgsGd phase marked
by an arrow in the Mg-0.6Gd region and this contrasts with
the presence of spherical particles with diameters in the range
of ~10-24 nm homogenously distributed in the AZ31 region
as can be seen in the STEM-HAADF image shown in
Figure 6d. A table of EDS results included in Figure 6e identifies
these particles as the Mg;;Al;, phase and some of these particles
also contain Zn. There is no evidence for the formation of any
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Figure 4. SEM micrographs with different magnifications near the center of a sample processed for N =1/4 turn and at the edge of samples processed
for N =1/2 and 10 turns, respectively. Red and yellow frames show magnifications of Mg-0.6Gd and AZ31 regions of sample processed for N = 1/4 turn,
respectively. White arrows show the presence of a twin in Mg-0.6Gd region of sample processed for N = 1/4 turn. The dashed line shown in the sample
processed for N = 1/2 turn presents the interface between the AZ31 and Mg-0.6Gd regions. Yellow arrows and the blue frame indicate the bending of the
interfaces and the formation of multilayers in the sample processed for N =10 turns.

Table 2. Chemical compositions at different locations on the sample
processed to N =1/2 turn as shown in Figure 4.

Point 1 Point 2 Point 3 Point 4

wt% at% wt% at% wt% at% wt% at%

Mg 100 100 95.2 96.1 54.5 85.2 6.9 325

Al - - 4.0 3.6 - - - -
Zn - - 0.8 0.3 - - - -
Gd = - - - 42.1 10.2 93.1 67.5
Si - - - - 3.4 4.6 - -

new intermetallic phases within the examined regions of this
hybrid AZ31-Mg-0.6Gd system.

3.3. Microstructure and Texture Evolution from EBSD

3.3.1. Microstructure Evolution near the Interfaces after HPT
Processing

Figures 7 and 8 show the orientation imaging micrographs

(OIM) in RD inverse pole figure (RD-IPF) maps and grain size
distributions, respectively, at the AZ31/Mg-0.6Gd interfaces

Adv. Eng. Mater. 2023, 25, 2201794

2201794 (6 of 18)

near the centers, mid-radii, and edges of samples processed
for a) 1/4, b) 1/2, ¢) 5, d) 10, and e) 20 turns.

The AZ31 and Mg—0.6Gd regions are indicated in the RD-IPF
maps and the interface in each area is marked by a dashed black
line in Figure 7 where RD is perpendicular in each OIM. The
mean grain sizes at the interfaces in each measurement are
depicted in the grain size distribution plots in Figure 8.

The RD-IPF maps in Figure 7 show the presence of black
zones especially in the AZ31 region where these are due to
the high amounts of deformation in the sample. The grain size
distributions appear bimodal at the lower numbers of HPT rota-
tions in the range of ~1/4-5 turns where a group of grains of
<1 pm is present with another group of grains having an average
size of ~3pm or larger. With further HPT processing, the
distribution of grain sizes becomes more uniform with an
average value of less than 1 pm throughout the disc diameter.

These quantitative measurements show there is excellent
grain refinement to an average of ~0.80 £ 0.05 pm near the cen-
ter of the sample after 1/4 turn and thereafter the mean grain
size appears to saturate at ~0.67 +0.02 pm after 10 turns.
There is a net decrease to about ~0.36 +0.02 pm at the edge
of the sample after 10 turns and a similar grain size is evident
at the mid-radius position after 20 turns.

The evolution of the mean grain size corresponding to the
AZ31 and Mg-0.6Gd regions is shown in Figure 8f as a function
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Figure 5. Transmission electron microscope with bright-field (TEM-BF) image near the edge of the disc processed for N = 20 turns at a) low magnifica-
tion with the corresponding selected area electron diffraction (SAED) pattern and b) in an enlargement of the area within the yellow frame shown in 5a.

of the numbers of HPT turns. These curves indicate that the aver-
age grain sizes of both alloys decrease slowly near the centers of
the discs and more rapidly near the mid-radius and edge posi-
tions due to the larger imposed strains. At higher numbers of
HPT turns, the average grain size in the AZ31 region is slightly
lower than in the Mg-0.6Gd region and the final values after
20 turns at the edges of the discs are ~0.30+0.02 and
~0.34 £ 0.02 pm, respectively.

Figure 9 shows the fractions of separate grain boundary types
for very low-angle grain boundaries (VLAGBs) with misorienta-
tions of 2°< < 5°, low-angle grain boundaries (LAGBs) with
5°< 6 < 15°, and HAGBs with misorientations 6> 15° at the
interfaces near the center, mid-radius, and edge of samples proc-
essed for a) 1/4, b) 1/2, ¢) 5, d) 10, and e) 20 turns. In addition,
the evolution of the HAGBs fraction of the AZ31 and Mg—0.6Gd
regions is shown in Figure 9f as a function of the numbers of
HPT turns. In general, the fractions of VLAGBs, LAGBs, and
HAGBsS are similar through the distance from the center of each
disc. It is apparent that the fraction of VLAGBs decreases with
increasing numbers of HPT turns up to 5 turns and then satu-
rates at ~18% whereas the fraction of HAGBs increases due to
the occurrence of DRX and reaches a value of ~75% after 20
turns. There are low fractions of LAGBs of the order of ~10%
after any number of HPT turns.

Figure 9f shows that the fraction of HAGBs increases with
increasing numbers of HPT turns up to 5 turns for both alloys
and then saturates at each position. In addition, the HAGBs
fraction for the Mg-0.6Gd region is higher at ~80% than for
the AZ31 region at ~65% and this confirms the occurrence of
a higher fraction of DRX in the Mg—0.6Gd alloy.

Noticeable microstructural features were extracted from the
RD-IPF maps near the centers of the discs after a) 1/2 turn
and b) 5 turns in Figure 10. In practice, the AZ31 and
Mg—0.6Gd alloys exhibit different deformation features and
mechanisms. As observed in Figure 10a, the GOS map shows
that 28% of the Mg-0.6Gd grains are dynamically recrystallized
and ultrafine equiaxed grains are formed at the interface after
£eq = 0.6 where this microstructural feature is readily visible
within the marked oval in the RD-IPF map. Typical elongated
deformed grains develop in the AZ31 region and the DRX is
limited to only ~10% by comparison with the Mg—0.6Gd region.

Adv. Eng. Mater. 2023, 25, 2201794
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A magnification of the area within the red frame in the AZ31
region after 1/2 turn shows that these grains host different twin
types.

The misorientation profiles at the distances of AB, CD, and EF
gives evidence for the presence of double twins 22°<11-20>,
extension twins 86°<11-20>, and contraction twins 56°<11-20>,
respectively. These twins contain LAGBs which suggest the
possibility of the formation of new finer grains with further
deformation. This mechanism corresponds to the traditional
twin-induced dynamic recrystallization (TDRX).>*

There is also another DRX mechanism within the AZ31 grains
in the same magnified RD-IPF map where fine grains are
formed within the deformed grain, as marked by black arrows,
by the sub-grain development (SGD) mechanism.> In this
mechanism, high densities of dislocations within the deformed
grains lead to the development of sub-grains boundaries which
transform to LAGBs and ultimately to new refined grains with
HAGBSs. In addition, the RD-IPF and GOS maps of the AZ31
region in the center of the disc processed for 5 turns, as shown
in Figure 10D, reveal the formation of dynamically recrystallized
grains marked with blue arrows along the grain boundaries and
this indicates the occurrence of the SIBM mechanism.**!

3.3.2. Texture Evolution at the Interfaces

The texture evolution at the interface near the center, mid-radius,
and edge of the samples processed for 1/4, 1/2, 5, 10, and 20
turns is given in Figure 11 using recalculated {0002} pole figures.
The positions of the ideal shear texture components in the {0002}
pole figures projected in the SD-RD plane for materials with an
HCP structure are shown for comparison in Figure 11 and their
description in the form of the Euler angles (¢1, @, ¢,) is given in
Table 3.

It is apparent that the texture is heterogeneously distributed
through the diameters of all of the examined discs. At the centers
of the discs, a typical basal texture (B-fiber) is developed through
10 turns and then Y-fibers with B-fibers are formed in the centers
of samples processed for 20 turns. At the mid-radius of the discs,
the B-fiber rapidly transforms to B with Y-fibers after processing
for 1/2 turn and then changes to a new fiber where the B-fiber
deviates by about 20° toward RD after 10 turns. Thereafter, it
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Figure 6. Scanning transmission electron microscope (STEM) images in a) BF and b) high-angle annular dark field (HAADF) at low magnification near
the edge of the disc processed for N = 20 turns, high-magnification STEM images in c) BF and d) HAADF showing AZ31 regions and e) EDS analysis of
particles present at points 1 and 2 in the AZ31 region. Yellow dashed line in 6b shows the interface between the AZ31 and Mg-0.6GCd regions.

changes again to a C,-fiber through 20 turns. At the edges of the
discs, the B and Y fibers are formed rapidly after processing for
1/4 turn and this changes to a deviated B-fiber after processing
through 5 turns and thereafter gradually changes to a C,-fiber
through 20 turns. Consequently, the texture formation
evolves through 4 stages as a function of the equivalent strain.

Adv. Eng. Mater. 2023, 25, 2201794
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These stages may be designated as stage 1 (0.3 < e¢q < 6.5) with
the presence of a basal texture; stage 2 (6.5 < £.q < 72) where a
Y-fiber is formed with a B-fiber; stage 3 (129 < e.q < 259) where
the Y-fiber disappears and the B-fiber deviates by about 20°
toward RD; and stage 4 (259 < £cq < 517) where the C,-fiber
develops.
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Figure 7. RD inverse pole figure (RD-IPF) maps at the interface near the center, mid-radius, and edge of samples processed for a) 1/4, b) 1/2,¢) 5, d) 10
and e) 20 turns. The interface between the AZ31 ang Mg-0.6Gd regions is marked by a dashed black line in each RD-IPF map.
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Figure 8. Grain size distributions at the interface near the center, mid-radius, and edge of samples processed for a) 1/4, b) 1/2, c) 5, d) 10, and e) 20
turns, and f) evolution of the mean grain size in the AZ31 and Mg-0.6Gd regions as a function of numbers of HPT turns.

Figure 9. Fraction of very low-angle grain boundaries (VLAGBs), low-angle grain boundaries (LAGBs), and high-angle grain boundaries (HAGBs) at the
interface near the center, mid-radius, and edge of samples processed for a) 1/4, b) 1/2, ¢) 5, d) 10, and e) 20 turns, and f) evolution of the HAGB fraction

of the AZ31 and Mg-0.6Gd regions as a function of numbers of HPT turns.

Figure 12 presents the separate texture evolution in the AZ31
and Mg—0.6Gd regions in terms of the recalculated {0002} pole
figures through the 4 stages of texture evolution. It is important
to note that the as-received AZ31 alloy exhibited a typical basal

texture (B-fiber) as described in an earlier report®® while the ini-
tial texture of the as-cast Mg—0.6Gd alloy was not measured since
the alloy contained limited grain numbers and multiple coarse
grains as shown in Figure 2. The texture of the AZ31 alloy
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Figure 10. a) RD—IPF and grain orientation spread (GOS) maps and misorientation profiles corresponding to the lines A-B, C-D, and E-F in the red
frame near the center of the disc processed for 1/2 turn and b) RD—IPF and GOS maps showing the occurrence of the strain-induced boundary migration

(SIBM) mechanism in the AZ31 region in the center of the disc processed for 5 turns. The black circle in the Mg-0.6Gd region of the sample processed for

1/2 turn indicates the formation of dynamic recrystallization (DRX) grains along the interface. The magnified red frame in the AZ31 region after 1/2 turn
shows the presence of different twin types. The black arrows in the red frame show the occurrence of the sub-grain development (SGD) mechanism.

The blue arrows indicate the occurrence of the SIBM mechanism.
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Figure 11. Recalculated {0002} pole figures at the interface near the center, mid-radius, and edge of samples processed for a) 1/4, b) 1/2, ¢) 5, d) 10, and
e) 20 turns.

changes significantly through these four stages similar to the  stages 1 and 2, the texture changes continuously through stage 3
behavior of the texture around the interfaces as shown in  and finally a C,-fiber with a weak C;-fiber develops in stage 4. By
Figure 11. The B-fiber changes to a B-fiber with Y-fiber during  contrast, the basal texture formed in the Mg-0.6Gd alloy at stage
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Table 3. Position of ideal shear texture components for HCP materials and alloys projected in the SD-RD planes."®

Notation B fiber P fiber

Y fiber C, fiber C, fiber

(@, @, ¢2) (0-60, 0, 0) (180, 0-90, 30)

(180, 60, 0-60) (90, 60, 0-60) (270, 60, 0-60)

1 seems quite stable through the 4 stages except for a deviation
from its ideal position.

3.4. Microhardness Evolution after HPT Processing

Figure 13 shows the color-coded maps depicting the distribu-
tions of microhardness over the radial cross sections of the
HPT-processed hybrid system for 1/4, 1/2, 5, 10, and 20 turns.
The initial microhardness values of the as-received AZ31 and
Mg-0.6Gd alloys were ~72.5 and ~24.5 Hv, respectively. The
evolution of microhardness as a function of numbers of HPT
turns was reported earlier for AZ31 alloys to lie in the range
of Hv &~ 60-120.1*'% There are no reports of the microhardness
of the Mg—0.6Gd alloy after HPT processing but it is reasonable
to anticipate the Hv range is probably close to ~230-50 as reported
for an HPT-processed Mg—0.4Dy (wt%) alloy”! and ~35-65 as
reported for a Mg-0.6Ce (wt%) alloy processed by equal-channel
angular pressing (ECAP).”)

It is readily apparent from Figure 13 that the values of the
microhardness increase with increasing numbers of HPT turns.
The interface between the AZ31 and Mg-0.6Gd alloys are reason-
ably flat along the disc diameters 1/4 and 1/2 turn but after 10
turns there is a heterogeneously distributed microhardness dem-
onstrating a bending of the interface and the consequent forma-
tion of multilayers as observed in the SEM image. Thereafter, the
microhardness distributions tend to saturate at values of ~~40 and
~125 Hv for the Mg—0.6Gd and AZ31 alloys, respectively.

The shifting of the bonding interfaces and the development of
multilayers of the AZ31/Mg—0.6Gd hybrid material can be easily
highlighted by plotting the evolution of microhardness along the
diameter in the mid-thickness of the HPT-processed disc as
shown in Figure 14. The average microhardness of the
Mg—-0.6Gd alloy increases from ~24.5 Hv in the as-received con-
dition to &54.5 Hv after 1/4 turn and then decreases and satu-
rates at ~44.5 Hv after 5 turns. Up to 5 turns, the microhardness
shows values above 80 Hv in various positions along the disc
diameter and this is attributed to the AZ31 alloy. Hence, it
appears that within the mid-thickness there are discrete AZ31
layers in which the microhardness of the AZ31 alloy evolves from
the as-received condition of ~72.5 Hv to values close to ~125 Hv
after 10 and 20 turns.

4, Discussion

This report describes the first characterization of a dissimilar
Mg-based hybrid material fabricated by HPT processing at RT
using initial discs of two different Mg alloys where detailed
microstructural observations of the AZ31/Mg-0.6Gd hybrid
material provide confirmation that HPT processing is an effec-
tive technique for the bonding of Mg-based alloys. The mecha-
nism of the grain refinement and the nature of the texture
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development in the AZ31/Mg-0.6Gd hybrid material are now
discussed.

4.1. Grain Refinement Mechanisms

Figure 15 shows a) the evolution of the mean grain sizes and the
HAGB:s fractions at the interfaces, b) the mean grain sizes, c) the
fractions of HAGBs in the separate AZ31 and Mg-0.6Gd regions
recorded from the EBSD measurements, and d) the microhard-
ness values taken at the mid-thickness of the discs replotted as a
function of the equivalent strain. The evolution of mean grain
size and HAGBs at the interfaces and for the AZ31 region
are readily separated into four separate stages which match
the texture evolution described in Section 3.3.2. In stage 1 at
0.3 <eeq<6.5, the grain size decreases and the fraction of
HAGBs increases slowly; in stage 2 at 6.5 < gq < 72, the grain
size and fraction of HAGBs are stable; in stage 3 at
72 <£eq< 259, the grain size deceases and the fraction
of HAGBs increases rapidly; and then in stage 4 at
259 < £¢q < 517, the grain size and the fraction of HAGBs appear
reasonably stable based on the limited available data. Figure 15b
shows that the mean grain size of the Mg—0.6Gd region was sta-
ble during the first and second stages and then decreases and
stabilizes during the third and fourth stages, respectively. By con-
trast, the mean grain size of the AZ31 region was higher than for
the Mg—0.6Gd region during the first stage, it was essentially
equal to the Mg-0.6Gd region in stages 2 and 3 and then was
slightly lower than for the Mg—0.6Gd alloy in stage 4. It is appar-
ent from inspection of Figure 15c that the evolutions of the
HAGBs fractions are generally similar for both the Mg-0.6Gd
and AZ31 regions.

The stabilization of a mean grain size and the evolution of
microhardness in stages 1 and 2 is evidence for a rapid softening
with recovery behavior in the Mg—0.6Gd alloy. Such behavior was
reported for a Mg—0.4Dy (wt%) alloy during HPT processing.”]
The high microhardness values in stage 3 as in Figure 15d dem-
onstrate the presence of the AZ31 alloy in the mid-thickness of
the disc in the form of multilayers which coincide with the
decrease in the mean grain size in Figure 15b.

This result demonstrates that the effective strain must be
larger than that predicted by Equation (1) when the multilayers
are developed which leads to extra grain refinement and texture
modification in stages 3 and 4. Hence, it is concluded that the
occurrence of the first grain refinement in stages 1 and 2
(£eq = 0.3-72) is due to the strain induced by HPT processing
and the second grain refinement in stages 3 and 4 (g¢q ~ 72-517)
is due to the development of multilayers as evident from the SEM
images at the edge of the disc processed for 10 turns in Figure 4.

It is interesting to note that the formation of multilayers is still
not homogenously distributed through the cross section of the
disc even after a high number of HPT turns such as 20 turns
(eeq up to 517) as demonstrated by the non-homogenous
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Figure 12. Evolution of recalculated {0002} pole figures corresponding to the AZ31 and Mg-0.6Gd regions in stages 1 (geq=0.6), 2 (£eq=7.2), 3
(Eeq=144), and 4 (goq = 287).

distribution of microhardness shown in Figure 13. This obser- The microstructural observations obtained from EBSD, SEM,
vation indicates that more strain is probably needed for the frag-  and TEM indicate that the AZ31 and Mg-0.6Gd alloys have dif-
mentation of AZ31 and Mg-0.6Gd alloys into thinner layers. ferent grain refinement mechanisms. Thus, the mean grain size
Adv. Eng. Mater. 2023, 25, 2201794 2201794 (14 of 18) © 2023 Wiley-VCH GmbH
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Figure 13. Color-coded microhardness maps of the hybrid AZ31/Mg-0.6Gd material processed by HPT for 1/4, 1/2, 5, 10, and 20 turns.

Figure 14. Evolution of microhardness along the diameter in the
mid-thickness of the AZ31/Mg-0.6Gd discs after HPT processing for
1/4, 1/2, 5, 10, and 20 turns. The continued and dashed black lines
indicate the initial microhardness values of Mg-0.6Gd and AZ31 alloys,
respectively.

of ~0.11 £ 0.06 pm obtained by TEM and STEM observations of
the AZ31 alloy after HPT processing for 20 turns is smaller than
the mean grain size of ~0.4 & 0.03 pm for the Mg-0.6Gd alloy. It
follows from Figure 15c that the second grain refinement in stage
3 is stronger in the AZ31 alloy and this difference may be asso-
ciated with the role of the alloying elements in the two materials
(Al and Zn versus Gd) and the initial conditions of both alloys.

Figure 10 shows a clear example where the AZ31 and
Mg-0.6Gd alloys behave differently at the interfaces during
low strains. The TDRX and SGD mechanisms were detected
in the AZ31 region after processing for e, =0.3. In addition,
the SIBM mechanism was evident in the AZ31 region for
a sample processed for £.q =6 as shown in Figure 10b. Up to
this strain, the microstructures of the AZ31 and Mg—0.6Gd
regions were similar with the formation of equiaxed fine grains.
However, even with the initial coarse grains of the Mg—0.6Gd
alloy, it was not feasible to identify the grain refine-
ment mechanisms near the interfaces since a homogenous
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ultrafine microstructure was rapidly developed at £.q=0.3 as
shown in Figure 7.

Nevertheless, Figure 4 reveals that the microstructure of the
Mg-0.6Gd alloy far from the interface contains a combination of
both twins and shear bands. These shear bands are reasonably
homogeneously distributed within the microstructure where this
is known as a characteristic of SPD Mg-RE alloys due to the effect
of the RE elements and the easy activation of the <c+ a> pyra-
midal slip system.***°! Consequently, it is concluded that the
grain refinement mechanisms in the Mg—0.6Gd alloy are also
controlled by twinning and slip deformation.

It is important to note that the Mg—0.6Gd alloy was more sen-
sitive to the formation of ultrafine grain at the interface than the
AZ31 alloy. This difference is attributed to the initial grain sizes
of both alloys. As shown in Figure 2, the AZ31 alloy exhibits a
microstructure with very small grains compared to the coarser
grains that are initially present in the Mg-0.6Gd alloy. This is
consistent with a proposed model where there is a critical initial
grain size that is sufficiently small to ensure a homogeneous
microstructure during deformation processing.!*

Although the grain refinement was rapid for the Mg-0.6Gd
alloy near the interface, the AZ31 alloy exhibits an overall finer
mean grain size after HPT processing as shown by TEM and
STEM observations in Figures 5 and 6 and this is probably asso-
ciated with the presence of second phase particles in the AZ31
alloy. Thus, the Mg;,Al;, phase is present in the as-received alloy
and this phase remains qualitatively present throughout the HPT
processing. By contrast, HPT processing leads to a dissolution of
the metastable phases present in the as-cast Mg—0.6Gd alloy and
in this case the Mg;;Al;, phase produces a strong pinning effect
on grain boundary migration which delays the occurrence of
DRX by suppressing the growth of the DRX grains.

Except only for the presence of the Mg;;Al;, phase in the
AZ31 alloy and the dissolution of the metastable phases in
the Mg-0.6Gd alloy, there is no evidence for the formation of
any new second phases in the AZ31/Mg—0.6Gd hybrid during
HPT processing. An absence of formation of any intermetallic
phases was reported earlier in a Mg/Al composite fabricated
by HPT processing at RT while an additional heat treatment
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Figure 15. Evolution of a) mean grain size and HAGBs fraction at the interfaces, b) mean grain size, and c) HAGBs fractions of the AZ31 and Mg-0.6Gd
regions obtained from EBSD measurements and d) microhardness values taken from the mid-thickness of the HPT-processed discs as a function of the
equivalent strain. Stage 1: 0.3 < g,q < 6.5, stage 2: 6.5 < £eq < 72, stage 3: 72 < g.q < 259, and stage 4: 259 < e.q < 517.

at 573K for 1h led to the formation of Al3Mg, and Al;,Mg;,
phases since, it was suggested, processing at RT hinders the
nucleation and growth of any second phase./] This suggests that
it would be beneficial to investigate the microstructural evolution
of the AZ31/Mg—0.6Gd hybrid material after a heat treatment.

4.2. Texture Evolution during HPT Processing

The basal texture (B-fiber) in HCP materials is often formed in
the earlier stage of HPT processing and is maintained through-
out the entire deformation processing."®! The formation of the
B-fiber causes a low formability of the material and hence it gen-
erally restricts the potential structural applications. The present
results show that the texture evolution of the AZ31/Mg—0.6Gd
hybrid material changes in Figure 11 as a function of equivalent
strain and this provides an opportunity to design a new genera-
tion of Mg-based alloys having superior formability. This change
in the texture evolution is connected directly with the change in
grain refinement and deformation mechanisms!'® since the
AZ31 and Mg-0.6Gd alloys undergo different grain refinement
mechanisms and this affects the texture evolution of each alloy as
shown in Figure 12.

Inspection of Figure 12 shows that the texture of the AZ31
alloy changes through the four stages whereas the basal texture
of the Mg-0.6Gd alloy is retained through these stages except
only for the deviation from its ideal position. The deviation of
the B-fiber and its saturation through HPT processing was
reported earlier in Mg-RE binary alloys.”*? In accordance with
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the microstructural evolution of the AZ31 alloy, and by compari-
son with the Mg—0.6Gd alloy, the formation of the Y-fiber in the
AZ31 alloy may be due to the presence of twins in the AZ31 sam-
ple after processing for 1/2 and 5 turns, and this is especially
associated with the contraction and extension twins which pro-
duce a rotation of about 56° and 86° of the initial basal texture,
respectively. A similar texture of B- and Y-fibers was reported for
the AZ31 alloy after processing by HPT at RT for 1 and 5 turns!®*
and it was also reported that the development of the C,-fiber is
due to an activation of the pyramidal <c + a> slip system.** It is
reasonable to conclude that the extra strain introduced by the
bending and development of multilayers in the hybrid material
facilitates the activation of the pyramidal <c+ a> slip system in
the AZ31 alloy. Nevertheless, further investigations are now
needed to more fully explore the effect of the resultant texture
on the formability of this new AZ31/Mg—0.6Gd hybrid material.

The present report demonstrates the possibility of joining
dissimilar Mg-based alloys with HPT processing. Much research
and investigation are now needed to explore the anisotropy of the
mechanical properties across the disc and the thermal stability of
the hybrid material. The results obtained will be useful for find-
ing potential applications for this new hybrid material.

5. Summary and Conclusions
1) HPT processing at RT was successfully used to fabricate a

dissimilar magnesium AZ31/Mg—0.6Gd hybrid material.
2) The fabricated hybrid alloy exhibited two stages of grain
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refinements. The first grain refinement occurred during
€eq ~ 0.3-72 due to the strain introduced by HPT processing
and the second grain refinement was observed during
£eq A 72-517 due to the extra strain induced from bending
and the development of multilayers. 3) The microstructure exhib-
ited excellent grain refinement after 20 turns but the AZ31
region gave a greater grain size reduction (=0.11 & 0.06 pm) than
the Mg—0.6Gd region (=~0.40 & 0.03 pm). 4) The grain refine-
ment and DRX mechanisms in the AZ31 alloy were controlled
by twinning, slip systems, and the Mg;,Al;, precipitates. The
Mg—0.6Gd alloy showed rapid grain refinement but twinning
and slip were the main mechanisms responsible for DRX.
5) The texture of the AZ31 alloy changed from B-fiber to Y-fiber
and C,-fiber through HPT processing together with the forma-
tion of multilayers. The basal texture of the Mg—0.6Gd alloy was
stable through the HPT processing except for a deviation from its
ideal position.
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ABSTRACT

The static recrystallization and grain growth of a hybrid AZ31/Mg-0.6Gd (wt%) material fabricated by high-
pressure torsion (HPT) through 20 turns were explored after isochronal annealing at 150, 250, 350 and
450 °C for 1 h using electron backscatter diffraction, transmission electron microscopy and Vickers micro-
hardness measurements. The results reveal heterogeneity in the grain size distributions of the AZ31 and Mg-
0.6Gd regions after annealing at the lower temperatures of 150 and 250 °C leading to a clear AZ31/Mg-0.6Gd
interfacial border. At the higher temperatures of 350 and 450 °C the AZ31/Mg-0.6Gd interfaces were not
well-defined owing to the occurrence of grain growth. It is shown that grain growth is restricted in the AZ31 and
Mg-0.6Gd regions due to the presence of stable nano-size AlgMns particles and the precipitation of Mg;7Al; and
Mgi2Zn at 250 °C and of MgsGd and Mg;2Gd phases at 350 and 450 °C. The distribution of the basal texture in
both regions was strongly controlled by dynamic recrystallization, precipitation and grain growth. The values of
the microhardness over the radial cross-sections of the hybrid discs decrease and become more uniform, in the
range of ~35-66 Hv, with increasing annealing temperature.

1. Introduction

The fabrication of hybrid metals by solid-state bonding is an effective
concept for creating a new generation of functional materials with
exceptional mechanical and structural properties which meet industrial
requirements [1]. These hybrid metals can be fabricated using different
techniques such as mechanical alloying [2], friction stir processing [3]
and severe plastic deformation (SPD) [4].

During the last decade, the use of the high-pressure torsion (HPT)
technique became not only well established for achieving significant
grain refinement but also became a powerful method for synthesizing
new hybrid metals [5,6]. Moreover, HPT processing has the ability to
change the deformation behaviour and the dynamic recrystallization
kinetics of Mg-based alloys by comparison with conventional thermo-
mechanical processing [7,8].

Recently, a novel hybrid material was successfully fabricated from
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E-mail address: hiba.azzeddine@univ-msila.dz (H. Azzeddine).

https://doi.org/10.1016/j.mtcomm.2024.108305

separate discs of dissimilar Mg-based alloys (AZ31 and Mg-Gd) using
HPT processing at room temperature [9]. It was found that the grain
refinement in the hybrid material occurs through two stages due to the
strain induced by HPT processing and an additional strain from the
formation of interface bonding [9]. Furthermore, the hybrid
AZ31/Mg-0.6Gd material exhibited a different texture than the unde-
sirable strong basal texture that is usually formed in conventionally
deformed Mg-based alloys and causes subsequent poor formability. The
hybrid AZ31/Mg-0.6Gd material has a strong chance of replacing the
conventional AZ31 alloy often used as lightweight structural material in
the transportation industries, as well as a possible biodegradable
implant material in biomedical applications [10,11].

Numerous investigations are now available exploring the properties
of hybrid materials related to the bonding and grain refinement and the
formation of intermetallic phases during post deformation [5,6,9,12,
13]. However, less attention has been given to the effect of heating on
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the evolution of properties and the thermal stability of hybrid metals
[14] and in practice post-deformation annealing treatments are neces-
sary to release the stored energy into a recrystallized microstructure
with optimized grain size and modified texture. Accordingly, the pur-
pose of the present study was to fully characterize the microstructure
and mechanical properties of an AZ31/Mg-0.6Gd (wt%) hybrid material
fabricated by HPT processing after an isochronal annealing treatment.

2. Experimental material and procedures

The details of the AZ31 and Mg-0.6Gd alloys and the HPT processing
conditions were given earlier [9]. In brief, AZ31 and Mg-0.6Gd discs
with diameters of 10 mm and thicknesses of 0.85 mm were placed on the
lower and the top anvil of the HPT facility, respectively. Then these two
discs were processed by HPT at room temperature for 20 HPT turns
under a pressure of 6.0 GPa with a rotational speed of 1 rpm and using
quasi-constrained conditions [9]. The HPT-processed discs were sub-
jected to isochronal annealing in a radiation furnace at 150, 250, 350
and 450 °C for 1 h.

The microstructure, texture and Vickers microhardness (Hv) mea-
surements were undertaken on the cross-sectional (CD-SD) planes of the
annealed discs as illustrated in Fig. 1 where the shear reference frame is
defined as the shear direction (SD), rotational direction (RD) and
compression direction (CD), respectively.

Structural observations of the fabricated materials were collected
using a scanning electron microscope (SEM) Hitachi Su8000 operating
in back-scattered electron (BSE) mode. Observations were carried out on
cross-sectional planes approximately 1 mm from the edges of the discs.
Samples for the SEM investigations were prepared using a Hitachi
IM4000 ion milling system. This procedure gives high-quality surfaces
for observation due to ion beam polishing which eliminates any defor-
mation stresses and/or the formation of oxide layers. The surface quality
after the ion milling permitted the structure to be observed in so-called
channel contrast showing the grain boundaries in the material. These
SEM observations were complemented by electron back-scattered
diffraction (EBSD) measurements performed near the mid-radius posi-
tions of the mid-thickness planes of the annealed discs (see Fig. 1) using
a TSL-EDAX-Hikari system mounted on a scanning electron microscope
(FEG-SEM ZEISS Supra 55 VP) operating at 20 kV. The scanned areas for
the discs annealed at 150 and 250 °C were 40 x 40 um? with a 50 nm
step size. The scanned area for the disc annealed at 350 °C was
100 x 100 pm? with a step size of 0.1 um and the scanned area for the
disc annealed at 450 °C was 200 x 200 pmz with a step size of 0.1 pum.
The EBSD data were analysed by the Orientation Imaging Microscopy
OIM™ software by considering a grain tolerance angle of 5° and a
minimum grain size of 5 pixels.

The texture was analysed using MTEX software by calculating the
orientation distribution function (ODF) using the harmonic method (L =
22) and a Gaussian function with a half-width of 5° to model each
orientation [15].

Detailed microstructural observations of selected areas were
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Fig. 1. Schematic illustration showing the positions for the microstructure and

microhardness measurements on the vertical cross-section of the HPT disc: SD,
CD, and RD are the coordinate system.
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performed using a CS-corrected dedicated scanning transmission elec-
tron (STEM) Thermo Fisher Scientific Spectra microscope operating at
an accelerating voltage of 200 kV. The STEM observations were carried
out in the bright-field (BF) and high-angle annular dark field (HAADF)
modes. Structural investigations were combined with advanced energy
dispersive X-Ray (EDX) point and mapping analyses. Thin foils for ob-
servations were prepared using a Focused Ion Beam (FIB) Hitachi NB-
5000 microscope.

Color-coded contour Vickers microhardness maps were constructed
over the cross-sections of the annealed discs (see Fig. 1) by using a
Mitutoyo HM-200 facility with a load of 50 gf and a dwell time of 10 s

3. Experimental results

Fig. 2 shows the inverse pole figure (RD-IPF) maps near the AZ31/
Mg-0.6Gd interface of the discs annealed at (a) 150, (b) 250, (c) 350
and (d) 450 °C, respectively. The grain boundaries with high mis-
orientations (HAGBs, 6 > 15°) are highlighted by a black line. In addi-
tion, the AZ31 and Mg-0.6Gd regions are indicated in each map. It
should be noted that the RD-IPF map of the disc annealed at 450 °C
(Fig. 2d) is shown with a different scale bar. Fig. 3 displays the evolution
of the mean grain size of the AZ31 and Mg-0.6Gd regions as a function of
annealing temperature.

The microstructures are heterogeneous in the discs annealed at 150
and 250 °C where the AZ31 and Mg-0.6Gd regions are easily identified.
The AZ31 region of the annealed disc at 150 °C, as shown in Fig. 2a, is
characterized by a black zone referring to the non-index area which is a
consequence of the large amounts of deformation. This may suggest that
annealing at 150 °C for 1 h is not sufficient for the occurrence of static
recrystallization of the AZ31 region. A net difference in the grain size
distribution is apparent between the AZ31 and Mg-0.6Gd regions in the
disc annealed at 250 °C, as shown in Fig. 2b. Thus, the microstructure
becomes more homogeneous in discs annealed at 350 and 450 °C in
which the AZ31/Mg-0.6Gd interfaces are hardly recognized. Some
coarse grains are visible in the Mg-0.6Gd region after annealing at
350 °C (Fig. 2(c)) and these grains are further coarsened at 450 °C. In
addition, the white arrows in Fig. 2d indicate the presence of annealing
twins in the AZ31 and Mg-0.6Gd regions of the disc annealed at 450 °C.
The formation of annealing twins is often observed in various annealed
Mg-based alloys [16-19]. The mean grain size evolution shown in Fig. 3
demonstrates that the mean grain size of the Mg-0.6Gd region contin-
uously increases from 0.8 + 0.2 pm at 150 °C to a value of 6.5 + 0.8 ym
at 450 °C.

For the record, it should be noted that the grain sizes of the AZ31 and
Mg-06Gd regions after HPT processing for 20 turns was reported earlier
as 0.1 and 0.4 pm, respectively [9]. The mean grain size of the AZ31
region also increases with increasing annealing temperature except that
the mean grain size is lower at 250 °C (0.6 + 0.3 um) than at 150 °C
(1.7 £ 0.5 um). The AZ31 region exhibits a smaller grain size than the
Mg-0.6Gd region through the annealing temperature range of
250-450 °C.

Fig. 4 displays histograms of the grain boundary misorientation
distributions for the AZ31 and Mg-0.6Gd regions as a function of
annealing temperature. The grain boundary misorientation distribution
for randomly oriented material with an hexagonal structure is added for
comparison [20]. In addition, the fraction of HAGBs in each region is
also shown in the plots. It is apparent that the AZ31 and Mg-0.6Gd re-
gions do not show any random distribution under the isochronal
annealing. Indeed, the grain boundary distribution shows a peak around
30° indicating a 30° < 0001 > grain boundary resulting from the for-
mation of a basal texture [21]. This peak tends to disappear in the AZ31
and Mg-0.6Gd regions annealed at 350 and 450 °C, respectively. Fig. 3d
shows a peak around 86° for both regions indicating the presence of an
extension twin (86°<11-20 >). The fraction of HAGBs increases with
increasing annealing temperature in both AZ31 and Mg-0.6Gd regions
due to the formation of recrystallized grains.
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Fig. 2. RD-IPF maps near the AZ31/Mg-0.6Gd interfaces of the hybrid material after isochronal annealing for 1 h at: (a) 150, (b) 250, (c) 350, and (d) 450 °C.

Fig. 3. Evolution of the mean grain size of the AZ31 and Mg-0.6Gd regions as a
function of annealing temperature.

The SEM micrographs with different magnifications near the AZ31/
Mg-0.6Gd interfaces of the isochronal annealed discs are presented in
Fig. 5. It was found that the AZ31 region under the HPT processing
condition contained nano-sized AlgMns (~10-45 nm) and nano-sized
Mgi7Al;5 (—10-24 nm) particles [8,9]. Moreover, the HPT processing
caused the fragmentation of the MgsGd phase initially present in the
as-cast condition of the Mg-0.6Gd region [8,9]. The SEM micrograph of
the disc annealed at 150 °C (Fig. 5a) shows an equiaxed microstructure

of the hybrid material except that the mean grain size of the Mg-0.6Gd
region is obviously smaller than for the AZ31 region which is in accor-
dance with the EBSD measurements (Figs. 2a and 3). Fig. 5b indicates
that there is a large number of precipitates in the AZ31 region at an
annealing temperature of 250 °C whereas these precipitations are absent
in the AZ31 regions in the discs annealed at 350 and 450 °C as shown in
Figs. 5¢ and 5d. The precipitation occurs also in the Mg-0.6Gd region
during annealing at 350 and 450 °C as observed in Figs. 5¢ and 5d.
However, the precipitation in the Mg-0.6Gd region at a temperature of
450 °C tends to be less pronounced than in the Mg-0.6Gd region at a
temperature of 350 °C thereby indicating the dissolution of precipitates.

HAADF-STEM and EDS mapping for the Mg, Al, Zn, Mn and Gd el-
ements shown in Fig. 6 was used to identify the precipitates observed in
the annealed AZ31 region at 250 °C and the annealed Mg-0.6Gd region
at 350 °C, respectively. The EDS analysis of different particles (points
1-5) is summarized in the Table shown also in Fig. 6. The annealed AZ31
region at 250 °C contains three types of second phases with different
chemical compositions. First, nano-sized particles of AlgMnsg (point 1)
with a size of 10 nm are distributed homogeneously in the entire AZ31
region. Second, large Mg;7Al;, precipitates (point 2) with lengths of
50-90 nm are localized preferably along grain boundaries in the region
and, in addition, spherical Mgj7Alj, particles with diameters of
~10-40 nm are homogeneously distributed in the AZ31 region which
are similar to those reported under the deformation condition [9]. Third,
particles with a diameter of 40 nm are present within the grains con-
taining only Mg and Zn elements as indicated by point 3 which was
identified as the Mgj,Zn phase. A close examination of Zn element
mapping of the AZ31 region annealed at 250 °C indicates the
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Fig. 4. Histograms of the grain boundary misorientation distributions in the AZ31 and Mg-0.6Gd regions as a function of annealing temperature: (a) 150, (b) 250, (c)

350 and (d) 450 °C.

segregation of Zn elements at the grain boundaries. By contrast, the
Mg-0.6Gd region annealed at 350 °C shows the presence of two types of
second-phase particles, corresponding to precipitation of an MgsGd
phase (point 4) at the grain boundaries and nano-sized particles of
Mg12Gd (point 5) with a diameter of 17 nm distributed reasonably
homogenously within the microstructure.

Fig. 7 presents the recalculated {0002} pole figures, from left, near
the AZ31/Mg-0.6Gd interface of the hybrid material, AZ31, and Mg-
0.6Gd regions after annealing at (a) 150, (b) 250, (c) 350 and (d)
450 °C, respectively. It is noted that the texture near the mid-radius of
the hybrid disc processed for 20 turns was characterized by a deviated
basal texture [9]. As is apparent from Fig. 7, a typical basal texture
developed in the hybrid material during annealing at 150 through
350 °C and a net scattering of the basal pole from CD towards SD is
visible for the hybrid disc annealed at 450 °C. It was reported earlier that
the AZ31 region of the hybrid material fabricated by HPT at 20 turns
developed a C,-fiber with a weak C;-fiber texture, while a deviated basal
texture was formed in the Mg-0.6Gd region [9]. The texture evolutions
of the AZ31 and Mg-0.6Gd regions are quite similar as a function of
annealing temperature. In practice, both regions exhibit a basal texture
where the basal {0002} planes of the grains are preferentially oriented
parallel to the shear (SD-RD) plane but their distribution around CD
changed during annealing at different temperatures. The scattering of
the basal pole at an annealing temperature of 450 °C is more pro-
nounced in the AZ31 region. By contrast, the texture of the Mg-0.6Gd
region exhibits a spread of the basal texture from CD towards SD with
a high intensity around the orientation of (180°, 35°, 0 °) as indicated by
arrows in Fig. 7d.

Fig. 8 presents microhardness maps taken over the cross-sections of
the hybrid AZ31/Mg-0.6Gd material after isochronal annealing. Usu-
ally, the Vickers microhardness values of the deformed and recrystal-
lized AZ31 alloy are in the range of 60-120 Hv [8,9,22,23]. In the case of

Mg-0.6Gd alloy, the Vickers microhardness value was found in the range
of 24-53 Hv [8,9]. Consequently, it appears that the AZ31 and Mg-0.6Gd
regions are in the upper and lower parts of the discs, respectively. The
highest microhardness values in the range of 98- 130 Hv are located in
the upper periphery of the disc annealed at 150 °C (Fig. 8a). Then the
microhardness values decrease with increasing annealing temperature
due to recrystallization and grain growth. In addition, the microhard-
ness variations became less across the AZ31 and Mg-0.6Gd regions when
annealing at higher temperatures. For example, microhardness values
were recorded in the range of 35-66 Hv after annealing at 450 °C (see
Fig. 8d).

The inhomogeneity factor (IF) [24] was used to evaluate the
microstructural inhomogeneity of the hybrid discs as a function of
annealing temperature and the estimated IF values are presented in
Table 1. The equation for computing IF is given by:

\/Z (Hv; — va.g)z/n -1
F=t

1 1
Hoo x 100 @D)]

where Hvg, and Hv; are the average microhardness value and the
microhardness value of the i measurement, respectively, and n is the
number of microhardness measurements on each disc.

Thus, a microstructure with less variation in the microhardness
values exhibits a low IF value [24] and hence the discs annealed at 150
and 250 °C exhibit the highest (36.3%) and the lowest IF (13.8%)
values, respectively. The IF value increases slightly to 17% during
annealing at 350 and 450 °C indicating a minor increase in hardness
variations across the regions.
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Fig. 5. SEM micrographs with different magnifications near the AZ31/Mg-0.6Gd interfaces after annealing for 1 h at: (a) 150, (b) 250, (c) 350, and (d) 450 °C.

4. Discussion

The present results demonstrate that the microstructure near the
interfaces and the microhardness distributions through the disc surfaces
become homogeneous over the vertical cross-sections of the hybrid
AZ31/Mg-0.6Gd material after HPT followed by annealing with
increasing annealing temperature. Nevertheless, the evolution of grain
size and texture as a function of annealing temperature is slightly
different between the AZ31 and Mg-0.6Gd regions and these separate
regions, which form the hybrid alloy, undergo different static recrys-
tallization and grain growth behaviors.

4.1. Microstructure evolution in the annealed AZ31 and Mg-0.6Gd
regions

The distinctive outcome from the present investigation is the
observation and identification of a large number of precipitates of
Mg;7Al;2 and Mg;2Zn in the AZ31 region at an annealing temperature of
250 °C and MgsGd and Mg;2Gd in the Mg-0.6Gd region at annealing
temperatures of 350 and 450 °C. It is well known that the Mg;7Al;2
compound is the only precipitate phase that can develop in Mg-Al alloy
even with low Al content such as the AZ31 alloy [25,26]. However,
precipitation of the Mg;2Zn phase was not reported earlier in the AZ31
alloys under other thermomechanical processing. For the Mg-0.6Gd
region, the precipitate phases were not expected after annealing since
the alloy contained a very low Gd content (0.6%). According to the
Mg-Gd binary phase diagram [27], the precipitation of the MgsGd phase
dissolves in the temperature range of 200-500 °C when the Gd content is
< 0.6 wt%. Thus, the precipitation sequence in Mg-Gd alloy is usually

investigated with Gd concentrations in the range of 10-15 Gd wt%
[28-31] and Mg alloys containing Gd concentrations around 1% are
investigated in order to avoid the effect of second particles [32,33].

It is known that HPT processing enhances precipitation due to the
introduction of a large number of defects, such as dislocations and va-
cancies, that are preferential sites for precipitate nucleation [34].
However, it is noted that no precipitation was reported in the same
Mg-0.6Gd alloy processed by HPT through 5 turns and annealed at
450 °C for 1 h [35]. This led to the conclusion that the strain induced by
HPT processing was not sufficient to produce non-equilibrium phases
such as MgsGd, Mg;2Gd and Mg;2Zn. In addition to the high strain
induced by HPT processing, it was demonstrated that the formation of
interface bonding in the HPT-hybrid material by solid diffusion also
induced strain that caused a second grain refinement regime [9]. Based
on these earlier results, it may be anticipated that not only the accu-
mulation of the high strain for grain refinement during HPT processing
but also the formation of bonding of different phases produces a high
number of defects, such as vacancies, and this produces an unbalanced
segregation of solute atoms and dislocations which act as preferential
sites for precipitation nucleation during the annealing treatment. Usu-
ally, the precipitation causes an age hardening which could be detected
by an increase in the microhardness values. However, it is considered
that the Mg;7Al;5 compound plays only a minor role in the strength-
ening of the AZ31 alloy during conventional deformation due to its low
volume fraction [25]. Unfortunately, it was not possible to confirm
whether the precipitation of non-equilibrium MgsGd, Mgij2Gd and
Mg12Zn phases caused an age hardening using the Hv map shown in
Fig. 8 since the AZ31 and Mg-0.6Gd regions were not easily identified
and their Hv values could not be separated. Nevertheless, Table 1 shows
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Fig. 6. STEM images in BF and HAADF modes and EDS mapping for Mg, Al, Zn, Mn and Gd elements and EDS analysis of particles present at points 1-5 of the AZ31
region annealed at 250 °C and the Mg-0.6Gd region annealed at 350 °C.
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Fig. 7. Recalculated {0002} pole figures of the hybrid AZ31/Mg-0.6Gd material, the AZ31 and the Mg-0.6Gd regions after annealing at: (a) 150, (b) 250, (c) 350, and
(d) 450 °C.
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Fig. 8. Color-coded microhardness maps of the hybrid AZ31/Mg-0.6Gd material after annealing for 1 h at: (a) 150, (b) 250, (c) 350, and (d) 450 °C.

Table 1

IF values as a function of annealing temperature.
Temperature (°C) 150 250 350 450
IF (%) 36.3 13.8 17.4 16.9

that the IF of the microhardness distribution increases after annealing at
350 and 450 °C which may be explained by the strengthening of the
Mg-0.6Gd region due to precipitation of the MgsGd and Mg;2Gd phases.

Precipitation in the AZ31 and Mg-0.6Gd regions plays the main role
in controlling the evolution of grain size in both regions and throughout
the hybrid material as well. The restricted grain growth noticed at the
annealing temperature of 250 °C for the AZ31 region by comparison
with the AZ31 region annealed at 150 °C (see Fig. 3) which is mainly
attributed to the precipitation of Mgj7Al;» and Mg;2Zn phases. Also, the
segregation of Zn element to the grain boundaries as shown in Fig. 6
produces a strong drag effect on grain boundary migration. It is believed
that the presence of stable Mg;7Al;2 and AlgMns phases are responsible
for the small grain size during annealing temperatures superior to
250 °C. As shown in Fig. 6, the majority of the precipitates and the stable
phases are nano-sized which prevents the migration of recrystallized
grain boundaries and thereby slows the grain growth rate of the
recrystallized grains.

A further factor which produces a slow grain growth in the AZ31
region compared with the Mg-0.6Gd region (Fig. 3) is the high content of
solute elements in the AZ31 alloy (3% of Al and 1% of Zn). This leads to a
significant reduction in the stacking fault energy through the sol-
ute—dislocation interaction and produces smaller grain sizes under HPT
processing and annealing treatments. Indeed, it was demonstrated that
the mean grain size decreases with decreasing stacking fault energy in
the deformed material [36].

The presence of MgsGd and Mg;2Gd precipitates along the grain
boundaries and within the recrystallized grains (Fig. 6) suggests that the
precipitation takes place after the static recrystallization. Hence, it is
anticipated that the driving force of recrystallization is the stored energy
during HPT which plays a major role in the Mg-0.6Gd region where the
grain boundaries are only partially pinned by the precipitates. The mean
grain size of the Mg-0.6Gd region increases with increasing annealing
temperature even with the precipitation of MgsGd and Mg;2Gd phases at
annealing temperatures of 350 and 450 °C but the mean grain size
values remain much smaller (6.5 pm) than those reported for the same
alloy under similar HPT processing and annealing conditions without
precipitation (~20.1 um) [35]. It is interesting to note that the AZ31 and
Mg-0.6Gd regions have mean gain sizes smaller than 10 um which
suggests the hybrid material is a good candidate for achieving super-
plasticity [23].

4.2. Texture evolution in the annealed AZ31 and Mg-0.6Gd regions

The AZ31 and Mg-Gd alloys exhibit a retained deformation texture
during recrystallization and grain growth phenomena [22,35,37,38].
The present results show that the recrystallization textures of the AZ31
and Mg-0.6Gd regions are different from the deformation texture [9]
and also they can be modified with appropriate annealing treatments.

The development of texture in the AZ31 and Mg-0.6Gd regions
during isochronal annealing is a consequence of the contributions of
dynamic recrystallization (DRX) [19,38-40], precipitation [19,35] and
grain growth [41-43]. It was found earlier that the DRX fractions of the
AZ31 and Mg-0.6Gd regions near the mid-radii of the hybrid discs
processed for 20 HPT turns were 55% and 80%, respectively [9]. This
explained the change of the deformation texture from C; and C; fibres to
a deviated basal texture at 150 °C in the case of the AZ31 region while
the Mg-0.6Gd region annealed at 150 °C displays a retained deformation
texture or deviated basal texture.

In the present study, the precipitation and grain growth in the AZ31
and Mg-0.6Gd regions occurred simultaneously and this made it difficult
to separately evaluate their contributions to the texture evolution.
Nevertheless, it is believed that the precipitated phases (Mgi7Alja,
Mg12Zn, MgsGd and Mg;2Gd) are the main reasons for the formation of a
typical basal texture in the AZ31 region at 250 °C and in the Mg-0.6Gd
region at 350 °C (Fig. 7b and c), respectively. The precipitates drag the
mobility of different grain boundaries except those of grains with a basal
orientation that can preferentially grow during the annealing treatment
and this leads to the domination of a basal texture. Indeed, the domi-
nation of the basal texture during an annealing treatment was attributed
earlier to the high mobility of the grain boundaries of grains with a basal
orientation [44]. Thus, the basal texture became more spread along SD
with increasing annealing temperature for the AZ31 region, especially at
450 °C, due to the absence of second phase particles and the occurrence
of grain growth that allowed the formation of recrystallized grains with
different orientations. Annealing at high temperatures such as 450 °C
provides the necessary energy for migration of the random high-angle
grain boundaries, leading to uniform growth of recrystallized grains
with different orientations rather than the basal orientation. In addition,
the fraction of sub-grain boundaries decreases significantly during high
annealing temperatures, as shown in Fig. 4(d). The sub-grain boundaries
have low mobility energy and hence high temperature such as 450 °C
gives these boundaries the opportunity to gradually transform into
high-angle grain boundaries and form new grains. This process is known
as continuous static recrystallization with the formed grains usually
exhibiting different orientations [45]. The spread of basal texture for the
Mg-0.6Gd region at 450 °C is less intense than in the AZ31 region due to
the concurrent effects of precipitation and grain growth.

The present findings provide a clear demonstration that the
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application of various annealing temperatures produces unique micro-
structural pathways for these hybrid Mg alloys from well-defined phase
boundaries to homogeneous microstructures with texture modifications.
Thus, this study provides a critical initiative for using thermal treat-
ments in the design and manufacture of Mg alloys and hybrids for
different applications and opportunities.

5. Summary and conclusions

The evolution of microstructure, texture and Vickers microhardness
in a hybrid AZ31/Mg-0.6Gd material fabricated by HPT through 20
turns was successfully characterized after isochronal annealing at 150,
250, 350 and 450 °C for 1 h. The main finding are as follows:

e The AZ31/Mg-0.6Gd interface disappeared during annealing tem-
peratures higher than 350 °C where significant grain growth took
place. In addition, the distributions of microhardness through the
cross-sections of the discs became more homogeneous.

e The strain induced by HPT processing and interface bonding
enhanced solute diffusion and caused the development of precipi-
tation in the AZ31 and Mg-0.6Gd regions.

e Nano-sized stable particles of AlgMns and precipitation of Mgi;Al;o
and Mgj,Zn in the AZ31 region and precipitations of MgsGd and
Mg12Gd phases in the Mg-0.6Gd region contribute to a slowing in
grain growth in the hybrid material.

e The distributions of basal texture in the AZ31 and Mg-0.6Gd regions
throughout the annealing treatment of both regions was controlled
by DRX, precipitation and grain growth.
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The recrystallization and grain growth activation energies of the hybrid AZ31/Mg-0.6Gd (wt.%) alloy were
calculated using differential scanning calorimetry analyses and scanning electron microscopy, respectively, after
fabricating by high-pressure torsion up to 20 turns and then subjecting to an isochronal annealing treatment from
423 to 723 K for 1 h. The DSC results show one exothermic peak belonging to the static recrystallization of the
AZ31 region with an activation energy of 112 + 10 kJ/mol. The grain growth kinetics for the AZ31 and Mg-

0.6Gd regions were described by the Arrhenius equation. The calculation with a grain growth exponent equal
to 4 gave values for the activation energies in both the AZ31 (146.2 + 8.4 kJ/mol) and Mg-0.6Gd (90.9 + 13.5
kJ/mol) regions. The present results reveal the heterogeneity of the thermal stability of the AZ31/Mg-0.6Gd

hybrid material.

1. Introduction

At the present time the use of metal-matrix composites is gradually
increasing in various industries such as transportation and construction
owing to their superior properties compared to the use of single mate-
rials [1]. From an economic and environmental point of view, magne-
sium (Mg) based composites attract much attention from both the
academic and industrial communities due to their combination of high
strength and lightweight structure [2]. Moreover, the biocompatibility
and biodegradable characteristics of Mg-based alloys make them
excellent potential candidate materials for use in biological applications
such as temporary implants [3-5].

Severe plastic deformation (SPD) techniques, particularly processing
by high-pressure torsion (HPT), is now considered one of the most
effective production routes for fabricating metal-matrix composites at
room temperature (RT) [6]. In the production of bulk ultrafine-grained
materials, the high hydrostatic compressive stress combined with high
shear deformation under HPT processing permit the successful bonding
of particles through a solid state reaction without any sample cracking.
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For example, dense bulk Mg-Al,O3 and Mg-hydroxyapatite composites
were produced with better mechanical properties and corrosion resis-
tance than pure Mg by applying HPT processing through 5 turns at a
pressure of 6 GPa [7-9] and the production of dense AZ91-Al;03 com-
posite bulk discs needed 20 turns of HPT processing at the same pressure
of 6 GPa [10]. By contrast, HPT processing through 50 turns failed to
consolidate an AZ91-bioactive glass composite due to sliding between
the particles and strain localization [8].

Processing by HPT is important also for producing Mg hybrid ma-
terials by stacking different discs together including Al/Mg [11-14],
Zn/Mg [15-18] and the AZ31(Mg-3Al-1 Zn, wt.%)/Mg-0.6Gd (wt.%)
[19-21] systems. Diffusion bonding induced by HPT processing is
capable of improving the mechanical properties of the hybrid systems by
a combination of grain refinement and the creation of microstructural
heterogeneities such as a segregation of alloying elements at defects,
precipitation and the formation of unexpected intermetallic phases at RT
[15,16,20].

Despite the numerous reports describing the fabrication of new
generations of Mg-based composites [7-21], neither the deformation and
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the thermal stability behaviour nor the corresponding mechanisms
controlling the microstructural evolution and mechanical properties of
these composites are fully understood. This is a significant limitation
since the recrystallization and grain growth kinetics of composite ma-
terials is a key factor for controlling their mechanical properties in order
to meet the requirements for industrial applications. Accordingly, the
present research was initiated to contribute towards this understanding
by determining the activation energies for recrystallization and grain
growth in a hybrid AZ31-Mg-0.6Gd (wt.%) material by fabricating using
HPT processing for 20 turns under a pressure of 6.0 GPa.

2. Experimental material and procedures

AZ31 and Mg-0.6Gd discs of 10 mm diameter and 0.85 mm thickness
were processed together by HPT at RT for a total of 20 turns under an
applied pressure of 6.0 GPa using a rotational speed of 1 rpm and quasi-
constrained conditions [22]. The HPT-processed discs were then
exposed to isochronal annealing for 1 h at 423, 523, 623 and 723 K in a
radiation furnace. More details on the AZ31 and Mg-0.6Gd alloys, and
specifically the microstructural evolution and mechanical properties of
the hybrid material under HPT processing and annealing conditions,
were given in earlier reports [19-21].

Microstructural observations near the AZ31 and Mg-0.6Gd interface
of the annealed samples were performed using a scanning electron mi-
croscope (SEM) Hitachi Su8000, Hitachi High-Tech corporation, Tokyo,
Japan, operating in back-scattered electron (BSE) mode. Complemen-
tary microstructural observations on the AZ31 and Mg-0.6Gd regions of
the annealed samples at 523 and 623 K were performed in bright-field
(BF) and high-angle annular dark field (HAADF) modes using a scan-
ning transmission electron microscope (STEM) Spectra 200, Thermo
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Fisher Scientific, Massachusetts, U.S., operating at an accelerating
voltage of 200 kV. Structural investigations were combined with
advanced energy dispersive X-Ray (EDX) point and mapping analyses.
More details on the sample preparations for SEM and STEM character-
ization are given elsewhere [20].

The DSC analyses were performed using alumina crucibles in a DSC
404 calorimeter Netzsch GmbH, Dardilly, France, under an Argon at-
mosphere and over a temperature range between 298 and 623 K. The
DSC analyses of the processed hybrid material with a mass of 15.5 mg
were conducted with constant heating rates of 5, 10 and 15 K/min. For
comparison, DSC scans under a heating rate of 10 K/min were per-
formed for the AZ31 (18.6 mg) and Mg-0.6Gd (12.6 mg) alloys processed
by HPT separately for 20 turns.

3. Experimental results and discussion
3.1. Recrystallization activation energy

Fig. 1a shows the DSC curves of the hybrid material at heating rates
of 5, 10 and 15 K/min. All curves display one exothermic (heat-
releasing) peak (named 1) corresponding to the recrystallization process
and one endothermic (heat-absorbing) peak (named 2) indicating the
dissolution of precipitates. Fig. 1b shows the DSC curves at a heating rate
of 10 K/min for the AZ31 and Mg-0.6Gd alloys after HPT processing
separately. As can be seen, the DSC curve of the HPT-processed AZ31
alloy shows the presence of one exothermic peak and a small endo-
thermic peak is evident in the enlarged curve between 593 and 423 K
shown in Fig. 1b. In this case, the exothermic peak is attributed to a
static recrystallization process and the endothermic peak corresponds to
the dissolution of the Mg;7Al 2 phase. The peak temperature for the

Fig. 1. (a) DSC curves of hybrid material measured at heating rates of 5, 10 and 15 K/min, (b) DSC curves measured at a rate of 10 K/min for separate HPT-processed
AZ31 and Mg-0.6Gd alloys, (c) recrystallization peak with baseline subtraction of the hybrid material at heating rates of 5, 10 and 15 K/min and (d) determination of

the activation energy for recrystallization of the hybrid material.
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dissolution of this phase is around 639 K which is lower than the usual
report of 684 K for the AZ31 alloy [23]. This reduction in the dissolution
temperature is mainly attributed to the effect of the severe plastic
deformation. Indeed, the large numbers of grain boundaries resulting
from the grain refinement and the high density of dislocations and va-
cancies induced by the SPD processing strongly disturbs the mobility of
the solute atoms and therefore affects the sequence and precipitation
kinetics [24-26]. By contrast, the DSC curve of the HPT-processed
Mg-0.6Gd alloy in Fig. 1b indicates the presence of only one endo-
thermic peak which is consistent with the dissolution of phases. Based
on the equilibrium phase diagram of the Mg-Gd system, these could be
the MgsGd and Mg;2Gd phases [27]. The absence of an exothermic peak
for the Mg-0.6Gd alloy, even if the alloy undergoes HPT processing, is
explained since the grains were already recrystallized during deforma-
tion due to the occurrence of extensive dynamic recrystallization (DRX).
Indeed, it was reported earlier that DRX was enhanced in the Mg-0.6Gd
alloy (80 %) by comparison with the AZ31 alloy (58 %) under HPT
processing [19,28]. It must be mentioned that, unlike the traditional
AZ31 alloy, the DRX process is usually retarded in RE-containing Mg
alloys during thermomechanical processing such as extrusion [29],
hot-rolling [30,31] and plane strain compression [32-34]. It is believed
that the RE elements play a key role by pinning the grain boundary
mobility and reducing the stacking fault energy of the alloy which
changes significantly the recovery process [30,35]. However, the
reversal deformation behavior between AZ31 and Mg-0.6Gd alloys
during HPT processing was related to the manner in which the alloys
stored the energy induced by the high strain, the amount and the dis-
tribution of second phases (stable nano-sized Mgj7Alj2 and AlgMns
phases vs. the fragmentation of MgsGd phase) and the concentration of
alloying elements (3 % Al and 1% Zn vs. 0.6 % Gd element) [28].

Thus, it is concluded that the exothermic peak shown in the hybrid
material in Fig. 1a is essentially due to the recrystallization of the AZ31
region while the endothermic peak is due to a combined precipitate
dissolution of the Mgj,Al; 5 and MgsGd/Mg;2Gd phases in both the AZ31
and Mg-0.6Gd regions, respectively. In the following, therefore, only the
recrystallization peak is taken into account and the dissolution of the
precipitate phases remains a subject for future investigation.

Fig. 1c presents the recrystallization peak after baseline subtraction
of the hybrid material at heating rates of 5, 10 and 15 K/min. The cor-
responding values of the maximum temperature of the recrystallization
peak, T, increases with increasing heating rate in the sequence of 150,
433 and 440 K at 5, 10 and 15 K/min, respectively. The shifting of the
recrystallization peak towards higher temperatures with increasing
heating rate means that the recrystallization phenomenon is a
thermally-activated process. It is important to note that comparable
findings were also reported for deformed Mg-based alloys such as the
hot-rolled Mg-1.3La (wt.%) [31], HPT-processed Mg-1.4Nd (wt.%) [36]
and Mg-0.4Dy (wt.%) [37] alloys.

The Boswell-Kissinger method was used to evaluate the activation
energy for recrystallization according to the following equation [38]:

v E,
ln<i> = CiRTp (€8]

where V is the heating rate, C is a constant, R is the universal gas con-
stant and E, is the activation energy for recrystallization. It follows that
the value of E, corresponds to the slope of In(V/T,) plotted as a function
of 1000/RT, of the recrystallization peak of the hybrid material, as
shown in Fig. 1d.

The activation energy for recrystallization of the hybrid material was
estimated as 112 + 10 kJ/mol which falls between the activation energy
for boundary self-diffusion in Mg (~92 kJ/mol) [39] and the activation
energy for lattice self-diffusion in Mg (~135 kJ/mol) [39]. Based on the
reported results, the activation energy for recrystallization in the AZ31
alloy under conventional deformation such as hot-rolling and
cold-drawing is in the range of 69-88 kJ/mol [40-42]. It is interesting to
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note the activation energies for recrystallization in these earlier reports
[40-42] were obtained by means of the
Johnson-Mehl-Avrami-Kolmogorov model where isothermal annealing
treatments were performed. For example, an activation energy of 85.9
kJ/mol was estimated for the cold-drawn AZ31 alloy at annealing
temperatures ranging from 483 to 573 K and holding times ranging from
30 min to 8 h [40].

It was demonstrated earlier that the presence of nano-sized AlgMns
(~10 nm) and Mg;7Al;5 (—10-40 nm) phases in the microstructure of
the HPT-processed AZ31 alloy inhibited the grain boundary motion
during the annealing treatments leading to a delay for the static
recrystallization process [20]. It is believed that the relative high acti-
vation energy obtained for the static recrystallization process is a
consequence of the presence of second phases and is indicative of the
good thermal stability of the hybrid material.

The activation energy for recrystallization in HPT-processed Mg-
1.4Ce (wt.%) alloy calculated by DSC analysis was found to decrease
with increasing numbers of HPT turns and the values range from 87.48
to 72.33 kJ/mol for N = 1/2 and 10 turns, respectively [43]. The
decrease in activation energy was attributed to the increase in stored
energy and the number of recrystallization nucleation sites, such as
grain boundaries and dislocations, with increasing numbers of HPT
turns [36,43]. A similar observation was reported for the hot-rolled
Mg-1.3La (wt.%) alloy, where the activation energy decreased slightly
from 112 to 97 kJ/mol after 20 and 50 % of thickness reduction,
respectively [31].

3.2. Grain growth activation energy

Fig. 2 shows SEM images near the AZ31 and Mg-0.6Gd interfaces of
the hybrid material after isochronal annealing for 1 h at 423, 523, 623
and 723 K. The interface between the AZ31 and Mg-0.6Gd regions are
identified by dashed yellow lines in each SEM micrograph. The corre-
sponding mean grain size in the annealed AZ31 and Mg-0.6Gd regions is
displayed in Fig. 2e where the linear intercept method was used to
determine these mean grain sizes.

In addition, EDS mapping for Al, Zn and Mn elements of selected
areas in the AZ31 region annealed at 523 K (Fig. 2b) shows the Mg;7Al; 2,
Mg,Zn and AlgMns phases and the STEM image in the HAADF mode of
the selected area in the Mg-0.6Gd region annealed at 623 K shows
Mg12Gd and MgsGd phases (Fig. 2c).

The mean grain sizes based on the SEM micrographs of the AZ31 and
Mg-06Gd regions after HPT processing was reported earlier as 0.30 +
0.03 and 0.34 + 0.02 pm, respectively [19]. As can be seen from Fig. 2a
and e, the grain size of the AZ31 region increased after annealing at 423
K to ~1.1 £ 0.5 pm and then decreased after annealing at 523 K to
~0.35 + 0.6 um because of the precipitation of a large Mgj7Al; phase
(~ 50-90 nm) and a small (~40 nm) phase as evident in the EDS map
shown in Fig. 2b. As mentioned above, the deformation microstructure
of the AZ31 region exhibited already nano-sized AlgMns and Mg;7Aljo
particles [19,28]. In practice, the presence of these nano-sized particles
was the main reason for restricting the DRX in the HPT-processed AZ31
alloy [19,28]. Fig. 2c and the results reported previously [20] show that
precipitation does not develop in the AZ31 region after annealing at 623
and 723 K and this leads to grain growth.

In the case of the Mg-0.6Gd region, the grain size increased slowly
from ~0.41 £ 0.2 to ~0.75 + 0.2 pm after annealing at 423 and 523 K,
respectively. Subsequently, the microstructure exhibits a notable grain
growth at higher temperatures. The mean grain size increases signifi-
cantly at an annealing temperature of 623 K to ~2.10 + 0.7 um even
with extensive precipitation of the MgsGd and Mg;,Gd phases as shown
in Fig. 2c and the HAADF image within the red frame. Based on the
HAADF image, the MgsGd phase is located along the grain boundaries
while Mg;2Gd particles with an approximately spherical shape and a
diameter of ~20 nm are distributed within the grains. This precipitation
does not restrict the grain boundary mobility as observed in the AZ31
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Fig. 2. SEM micrographs near the AZ31/Mg-0.6Gd interfaces after annealing for 1 h at (a) 423, (b) 523, (c) 623, and (d) 723 K, (e) evolution of the mean grain size of
the AZ31 and Mg-0.6Gd regions as a function of annealing temperature for the hybrid material. In addition, EDS mapping for Al, Zn and Mn elements of the selected
area in the AZ31 region annealed at 523 K (Fig. 2b) shows the Mg;,Al;5, MgoZn and AlgMns phases and the STEM image in HAADF mode of the selected area in the
Mg-0.6Gd region annealed at 623 K shows the Mg;2Gd and MgsGd phases (Fig. 2c).

region which suggests that the MgsGd and Mg;>Gd phases probably
precipitated after completing the recrystallization and grain growth
processes.

Based on the Mg-Gd phase diagram [27], the MgsGd and Mg;2Gd
phases are not expected to precipitate in an Mg-Gd alloy containing 0.6
% of Gd element. Furthermore, the development of the Mg,Zn phase was
never reported in the AZ31 alloy. It was suggested that the combination
of the high strain induced by HPT processing and the formation of the
interface bonding by solid diffusion is the origin of the unexpected
precipitations in both the AZ31 and Mg-0.6Gd regions [20]. Indeed, the
fabrication of the hybrid AZ31/Mg-0.6Gd material by HPT processing
allows both the AZ31 and Mg-0.6Gd regions to store high energies in the
form of high dislocation densities, vacancies or grain boundaries which
can promote solute diffusion and provide nucleation sites for precipitate
phases. The enhancement of precipitation phenomena by HPT process-
ing is widely reported in Mg-based alloys [18,44-47].

The microstructure of the hybrid material became more homoge-
neous after annealing at 723 K (Fig. 2d) where the interface bonding is
less visible and the precipitates dissolved in the Mg-0.6Gd region [20].
The average mean grain of the AZ31 and Mg-0.6Gd regions at 723 K

reached values of 3.0 + 0.3 and 5.3 + 0.8 um, respectively.

The mean grain size of the AZ31 and Mg-0.6Gd regions in the hybrid
material can be used to examine the grain growth kinetics using the
following equation [48]:

o —dn —E,
[ Aew (ﬁ) @

where d is the mean grain size at the annealing time of t = 1 h, dy is the
initial mean grain size at t = 0 h corresponding to the deformation
condition (taken as 0.30 £ 0.03 um for the AZ31 region and 0.34 + 0.02
um for the Mg-0.6Gd region), n is the grain growth exponent which is
related to the mobility and energy of the grain boundaries [49], A is the
grain growth rate constant and E; is the activation energy for grain
growth that corresponds to the slope of a plot of In(d" —dj) against
1000/RT,,.

The grain growth exponent n is determined by analysing the slope of
the curve of In(dd/dt) as a function of In(d) where, for the material
without defects, n should be equal to 2. Unfortunately, an experimental
determination of n was not possible for these results because isothermal
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annealing was not performed. Based on previous investigations, the
grain growth exponent for various deformed Mg-based alloys is often in
the range of 2-4 [40,50-55] although some investigations reported
much higher values such as n = 8 [42,56]. The presence of micro-
structural heterogeneities including the presence of solute drag, dislo-
cation substructure and the grain orientation is responsible for the
deviation of n from the ideal value [42,57].

Hence, the activation energy for the present results was calculated by
separately assuming n = 2, 4 and 8. Fig. 3 shows the evolution of
In(d* —d?) as a function of 1000/RT, with these different grain growth
exponents for the AZ31 and Mg-0.6Gd regions of the hybrid material,
respectively. It is evident that the plot of the AZ31 region can be sepa-
rated into two stages which may be identified as the low-temperature
and high-temperature stages. The precipitation of the Mg;7Al;2 and
Mg,Zn phases hindered grain growth in the low-temperature stage and
therefore the activation energy in this stage was not considered since it
has no physical meaning. An AZ31 alloy processed by equal-channel
angular pressing [58] and HPT-processed Mg-1.4Nd (wt.%) alloy [59]
were also shown to have two distinct ranges of grain growth activation
energy. By contrast, the plot for the Mg-0.6Gd region (Fig. 3b) can be
well fitted by a single line and this confirms that the precipitation of the
MgsGd and Mg12Gd phases does not affect the grain growth process.
This result demonstrates that the nature of both the second phase and
the solute element play a key role in controlling the grain growth process
in Mg composite materials.

Table 1 summarizes the values of the activation energy for grain
growth with different n values for the AZ31 and Mg-0.6Gd regions of the
hybrid material. Using n = 2 gives values for the activation energy for
both the AZ31 (88.2 + 1.3 kJ/mol) and Mg-0.6Gd (52.7 + 5.1 kJ/mol)
regions that are lower than the activation energy for grain boundary
diffusion in pure Mg (~92 kJ/mol). It is reasonable to anticipate that the
value of n = 2 underestimates the real activation energy since, as already
noted, n is equal to 2 for materials with no defects. However, the evo-
lution of the microstructures of both the AZ31 and the Mg-0.6Gd regions
shown in Fig. 2 and the former reports [19-21,28] demonstrate that the
alloys are far removed from a material without defects and micro-
structural heterogeneity.

When n = 4, the activation energy in the AZ31 region of 146.2 + 8.4
kJ/mol is close to the activation energy for lattice self-diffusion in pure
Mg (~135 kJ/mol). For the Mg-0.6Gd region, the activation energy of
90.9 £+ 13.5 kJ/mol corresponds to the activation energy for grain
boundary diffusion in pure Mg (~92 kJ/mol). The activation energies
when n = 8 are equal to 272.7 4+ 25.6 and 173.1 + 30.6 kJ/mol in the
AZ31 and Mg-0.6Gd regions, respectively, and these values are signifi-
cantly higher than the activation energy for lattice self-diffusion in pure
Mg which suggests that a value of n = 8 overestimates the real activation
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Table 1
Activation energy for grain growth of hybrid AZ31/Mg-0.6Gd material using
different grain growth exponents (n = 2, 4 and 8).

Eg (kJ/mol) n=2 n=4 n=38

88.2+ 1.3
52.7 £ 5.1

146.2 + 8.4
90.9 + 13.5

272.7 £ 25.6
173.1 £+ 30.6

AZ31 region
Mg-0.6Gd region

energy.

Usually, the activation energy for grain growth of the AZ31 alloy is in
the range of 92-115 kJ/mol [42,50,55] and the high activation energy
in the present analysis appears to be associated with the precipitates
(Mg17Al;2 and MgsZn) and the segregation of the Zn element at the grain
boundaries [20]. This precipitation was also the origin of the high grain
growth activation energy of ~147 kJ/mol in the temperature range of
523-723 K for an HPT-processed Mg-1.4Nd (wt.%) alloy [59]. The lower
activation energy for the Mg-0.6Gd region is reasonable because the
grain growth process occurred in a microstructure which was already
dynamically recrystallized and contained a low dislocation density [58].

The difference in the recrystallization and grain growth mechanisms
found for the AZ31 and Mg-0.6Gd regions confirms the heterogeneous
thermal stability of this hybrid AZ31/Mg-0.6Gd material. Thus, these
results provide useful information for tailoring and appropriately
adjusting the processing of new Mg-based composites.

4. Summary and conclusions

The activation energy for recrystallization of the hybrid AZ31/Mg-
0.6Gd material fabricated by HPT processing through 20 turns was
calculated using DSC analyses. In addition, the activation energies for
grain growth were estimated using microstructural observations after
isochronal annealing at 423, 523, 623 and 723 K for 1 h. The key con-
clusions are as follows:

e The exothermic peak in the hybrid material is attributed to the
recrystallization of the AZ31 region. The activation energy of
recrystallization was estimated as 112 + 10 kJ/mol which falls be-
tween the activation energies for bulk and grain boundary diffusion.

o The precipitation of Mg;7Al;, and Mg,Zn phases in the AZ31 region
significantly obstructs the grain growth process in the low-
temperature range of 423-523 K. By contrast, the impact of precip-
itation of MgsGd and Mg;2Gd phases on grain growth of the Mg-
0.6Gd region is less evident due to their development after com-
plete recrystallization and grain growth.

e The activation energies for grain growth in the AZ31 and Mg-0.6Gd
regions with grain growth exponent of n = 4 were found equal to
146.2 + 8.4 and 90.9 + 13.5 kJ/mol, respectively.

Fig. 3. Evolution of ln(d” —dg) as a function of 1000/RT, with different grain growth exponents (n = 2, 4 and 8) for (a) AZ31 and (b) Mg-0.6Gd regions of the

hybrid material.
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Experiments were conducted to systematically assess the superplastic properties and the microstructural changes
of an Al-3Mg-0.2Sc alloy processed by 10 HPT revolutions at room temperature (RT =~ 300 K) or at 450 K after
subsequent tensile testing at temperatures from 473 to 723 K over a wide range of strain rates. The HPT pro-
cessing at RT led to the development of elongated grains with an average size of ~140 nm whereas the grain
structures were equiaxed and slightly larger (~150 nm) after HPT at 450 K. After HPT processing at RT, the Al-
Mg-Sc alloy exhibited true superplastic flow at low homologous temperatures and attained a maximum elon-
gation of ~850 % at 523 K. Nevertheless, the elongations decreased at temperatures T > 623 K and an elongation
higher than 400 % was only achieved at 673 K for a strain rate of & = 4.5 x 10”3 s~1. The material processed by
HPT at 450 K displayed superior microstructural stability and substantially higher superplastic ductilities.
Elongations of >1100 % were attained at 673 K for strain rates from 3.3 x 10 *to 1.0 x 10! s~! and a record
elongation of ~1880 % for an HPT-processed metal was achieved at 1.5 x 1072 s™! at 673 K. High strain rate
superplasticity was also reached for an extended range of temperatures and strain rates. Analysis of the data
confirms a stress exponent of ~2 which is consistent with superplastic flow by grain boundary sliding accom-

modated by dislocation glide and climb.

1. Introduction

The processing of alloys through severe plastic deformation (SPD)
procedures has been extensively evaluated over the last three decades in
order to fabricate metals with ultrafine grain sizes [1-4]. These mate-
rials usually exhibit improved mechanical strength and superplastic
properties by comparison with their counterparts prepared using con-
ventional metal-working procedures this due to the exceptional levels of
grain refinement introduced during SPD processing [3]. Although
various SPD processes are now available, major focus has been devoted
to the procedures of equal-channel angular pressing (ECAP) [5] and
high-pressure torsion (HPT) [6,7] using anvils having quasi-constrained
configurations [8,9]. Both techniques require relatively simple appa-
ratus and they permit the processing of difficult-to-work materials by
controlling the imposed pressure and the temperature in the work-pieces
[10-12]. In practice, HPT processing is more effective than ECAP
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because it leads to both smaller grain sizes [13,14] and larger fractions
of grain boundaries having high angles of misorientation [15].

As the strain rate in superplasticity is inversely proportional to the
square of the grain size [16], SPD processing produces nanostructured
metals that may be used for superplastic forming at faster production
rates [17-20]. In this context, the Al-Mg-Sc alloys have attracted sig-
nificant attention due to their enhanced microstructural stability
[21-25] which is promoted by the precipitation of nanosized AlsSc
particles [26-29]. This could potentially permit the application of this
alloy as aircraft components exposed to temperatures up to ~573 K for
short periods to replace traditional Al-Li alloys or heavier materials such
as titanium alloys [27]. It has been recently demonstrated that Al-Mg-Sc
alloys reach yield stresses >600 MPa after HPT [25,30]. It was also
revealed that even after exposure to temperatures up to 623 K for 1 h the
yield strength remains higher than 300 MPa [25]. Accordingly, the
Al-Mg-Sc alloys consistently achieve high strength at low temperatures
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[25,30] and excellent superplastic ductilities after SPD [31].

Although numerous studies have highlighted the excellent mechan-
ical properties of Al-Mg-Sc alloys, their widespread commercial use re-
mains limited due to the relatively high cost of scandium (Sc) additions.
For this reason, these Sc-containing aluminium alloys are predominantly
utilized in specialized applications where performance outweighs ma-
terial cost considerations, such as in aerospace components and in the
automotive industry [27,32].

The superplastic properties of Al-Mg-Sc alloys have been extensively
examined after ECAP [21,33-37]. For example, an Al-3Mg-0.2Sc alloy
processed by 8 ECAP passes at room temperature (RT) attained an
elongation of ~2580 % after tensile testing at 3.3 x 107> s~ at 723 K
[33]. Similarly, an Al-Mg-Sc-Zr alloy displayed an even higher ductility
after processing by ECAP at the high temperature of ~600 K with a
maximum elongation of ~4100 % in tensile deformation at 723 K [36].
Although these results demonstrate that the processing of Al-Mg-Sc al-
loys through ECAP at high temperatures permits the achievement of
superior superplastic ductilities, the reasons for this behaviour are not
fully understood.

It has been shown that finer grain structures are produced in Al-Mg-
Sc alloys by HPT processing than by ECAP [38-40] but, nevertheless,
this is not supported by higher elongations in tensile testing at high
temperatures [38,41]. The lower tensile elongations recorded in samples
processed by HPT are generally attributed to the utilisation of miniature
specimens or at least to specimens cut from discs having relatively small
thicknesses [38,40,42,43]. Furthermore, the microstructures developed
during HPT at RT are less thermally stable than after ECAP [21,25,44],
and grain coarsening can potentially reduce the superplastic properties
at high temperatures and low strain rates.

These observations motivated the current research to provide a more
comprehensive understanding of the superplastic behaviour of Al-Mg-Sc
alloys after processing by HPT. It is important to note that higher su-
perplastic elongations were reported for the Mg-9Al [45] and AZ61 [46]
alloys after processing by HPT at elevated temperatures and recent in-
vestigations revealed a remarkable enhancement in the thermal stability
of the Al-3Mg-0.2Sc alloy after undertaking the HPT processing at ~450
K [24,25,47]. Thus, it appears that this strategy has the potential of
enhancing the superplastic properties of Al-Mg-Sc alloys after HPT
processing.

Accordingly, the present research was conducted to evaluate the flow
properties and microstructural changes of an Al-3Mg-0.2Sc alloy after
processing through 10 turns of HPT at 300 or 450 K and subsequently
testing in tension at temperatures from 473 to 723 K. The overall
objective was to determine the range of strain rates and temperatures in
which this alloy exhibits true superplastic flow and to identify the op-
timum deformation conditions for attaining tensile elongations that are
adequate for achieving reasonably rapid superplastic forming.

2. Experimental material and procedures

An Al-3% Mg-0.2 % Sc (in wt. %) alloy was used in this research. This
material was supplied by China Rare Metal Material Corporation
(Jiangxi Province, China) as forged billets with diameters of ~10 mm.
The billets were solution treated at 880 + 2 K for 1 h and then quenched
in water to maximise the Sc content in solid solution and thereby pro-
duce a uniform array of grains with an average size of ~300 pm.
Thereafter, the bars were cut in the form of discs and then ground to
thicknesses of ~0.8 mm.

These Al-3Mg-0.2Sc discs were processed by HPT either at RT ~ 300
K (HPT-RT) or at ~450 + 5 K (HPT-HT) where this corresponds to ho-
mologous temperatures (Ty) of ~0.3 and ~0.5, respectively. As docu-
mented in earlier studies [25,45,47,48], a processing temperature of
~450 K was attained by using a heating element encircling the massive
anvils. The temperature was controlled by inserting a thermocouple
within a specially designed hole in the upper anvil such that the tip of
the temperature sensor was positioned at a distance of ~10 mm from the
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upper surface of the HPT disc. The HPT samples were initially com-
pressed within the depression of the quasi-constrained anvils [49-51]
until a nominal pressure of 6 GPa was achieved. They were then sub-
jected to torsional straining up to 10 HPT turns using a rotation rate of
~1 rpm.

The HPT-processed discs were ground to the mid-thickness positions
and finally they were polished using 0.06 pm silica colloidal. Vickers
hardness measurements were recorded along the entire surfaces of the
polished samples using an FM300 microhardness tester under a load of
~200 gf and a dwell time of 15 s. As in an earlier study [52], the
measurements followed a rectilinear grid with indentations separated by
0.3 mm and the individual hardness values were then used to construct
colour-coded contour maps.

As reported earlier [25,48,53-55], two off-centre miniature tensile
specimens, having widths and gauge lengths of ~1.0 and 1.1 mm,
respectively, were machined from each HPT-processed disc using elec-
trical discharge wire cutting. After processing, the surfaces of the discs
became curved due to the elastic distortion of the anvils [56]. Therefore,
in order to remove any irregularities, the surfaces of the HPT-processed
samples were ground and polished to a thickness of ~0.6 mm. Tensile
tests were conducted using a Zwick Z030 testing machine over wide
ranges of strain rates (¢) and temperatures (T) varying from 3.3 x 1074
to 1.0 s ' and 473-723 K, respectively. The procedure involved
clamping the miniature specimens within specially designed grips and
then assembling the grips and specimen in the testing machine equipped
with a tubular furnace. The miniature specimens were held in a hot
chamber for ~10 min to permit temperature stabilisation and thereafter
pulled to failure at a constant rate of cross-head displacement with the
temperature held constant to within +2 K during testing. The tensile
tests were conducted at least in duplicate for each individual tempera-
ture and strain rate condition to ensure the reproducibility of the results.
A M420 stereoscope was used to obtain images of the fractured speci-
mens and to measure the final lengths in the gauge sections of the
samples.

Following tensile testing, observations of the surfaces of the frac-
tured specimens were undertaken using a JSM6500F thermal field
emission scanning electron microscope (SEM) operating at 15 kV. The
secondary electron (SE) images were used to measure the average grain
boundary spacing (L) in the gauge sections of the tested specimens using
the linear intercept method. The microstructures of the Al-3Mg-0.2Sc
alloy tensile tested at selected strain rates at 673 K were also exam-
ined using transmission electron microscopy (TEM) with a JEOL 1200EX
microscope operating at 200 kV and through orientation imaging mi-
croscopy using electron backscattered diffraction (EBSD). The EBSD
scans were conducted at the grip and within the gauge areas of the
fractured specimens with a minimum step size of 0.09 pm whereas the
TEM examinations were performed on lamellas extracted by focused ion
beam along the gauge sections. The EBSD mappings were conducted at
an operating voltage of 15 kV using tilt angles and working distances of
60° and ~15 mm, respectively. Orientation maps were generated from
each EBSD scan, and these results were used to analyse the distributions
of the correlated misorientation angles and the grain diameters
measured using the equivalent circle method.

The microstructures of the HPT-processed discs were investigated
through scanning transmission electron microscopy (STEM) using a
Hitachi 5500 microscope operating at 30 kV. Discs of ~3 mm diameter
were punched at distances of ~3.5 mm from the centres of the HPT discs
and then twin-jet electropolished with 70 % CH30H and 30 % HNOs at
~250 K using a Struers Tenupol-5 system.

3. Experimental results
3.1. Vickers microhardness and microstructure after HPT

Fig. 1 shows colour-coded contour maps for the distributions of the



P.H.R. Pereira et al.

Materials Science & Engineering A 916 (2024) 147320

Al - Mg - 0.2%5c

HPFT: 10 tuma, & GPa, 1 mpm
T 300 K

T|.p T- 450 K

Hartness (Hy]

. i
B 15

¥ (i)
(&)

& 3 4 A 1 F & i

X [mm}
=)

Fig. 1. Colour-coded contour maps revealing the distributions of the Vickers microhardness over the surfaces of Al-Mg-Sc discs processed by 10 HPT revolutions at
(a) 300 and (b) 450 K. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Vickers hardness over the surfaces of Al-Mg-Sc discs processed by 10
HPT turns at RT and 450 K. As noted earlier [47,57], the unprocessed
Al-3Mg-0.2Sc alloy displayed a fairly uniform hardness distribution with
an average value of ~60 Hv. After 10 HPT revolutions at RT the
microhardness distribution in Fig. 1 is a doughnut-like pattern con-
taining an outer ring of higher hardness values in the range of ~190-210
Hv whereas the central area shows lower hardness values within the
interval of ~110-150 Hyv.

It is readily apparent from Fig. 1 that the microhardness distribution
is more homogenous after processing at 450 K although the hardness
values are lower and mostly lie within the range of ~170-190 Hv. These
results are consistent with recent results demonstrating that the same Al-
Mg-Sc alloy exhibits yield strengths of ~600 and 550 MPa after HPT at

Al - .
HPT 10 turns, & GPa, 1 mpm

300 and 450 K, respectively [25]. Thus, the local mechanical strength
after HPT at different temperatures, as represented by the Vickers
hardness values, shows similar percentage differences compared with
the yield strengths measured after tensile testing using miniature
specimens.

The dislocation and grain structures of representative Al-Mg-Sc mi-
crostructures obtained after processing through 10 HPT revolutions are
depicted in the STEM images presented in Fig. 2. Average grain sizes of
~140 and ~150 nm were calculated for the Al-3Mg-0.2Sc alloy after
HPT at RT and 450 K, respectively, although the grain structures
appeared more elongated after processing at RT. A more thorough ex-
amination of Fig. 2 reveals the presence of sparse dislocations within
some of the grains which are mostly isolated as shown in detail in Fig. 2

[{]

(&)

(d}

Fig. 2. STEM images showing dislocation and grain structures in the Al-3Mg-0.2Sc alloy processed through 10 turns of HPT at (a and b) RT and (c and d) 450 K.
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(b) and (d).

These findings are consistent with both the TEM and the EBSD results
documented in a recent report [25]. For example, it was demonstrated
that there is no precipitation of nano-sized AlsSc particles in the
solution-treated Al-3Mg-0.2Sc alloy when HPT processing up to 10
turns. Furthermore, the dislocation density estimated through Rietveld
refinement of X-Ray diffraction profiles of the alloy processed by up to
10 HPT revolutions at 300 K was ~5 x higher than after processing at
450 K.

3.2. Tensile properties at high temperatures

Fig. 3 shows representative plots of true stress vs true strain for the
Al-3Mg-0.2Sc alloy processed through 10 HPT turns at either 300 or 450
K and subsequently tested in tension at 523 or 673 K using strain rates
from 3.3 x 10 % to 1.4 s. As in recent studies [48,58], the plots were
obtained by converting the load and displacement data into true stress
and true strain by considering uniform deformation along the gauge
sections of the miniature specimens. Accordingly, although the values of
true stress at strains beyond the maximum load do not reflect the precise
flow behaviour, the maximum true stress obtained in each test probably
provides a better estimate of the load bearing capacity of the micro-
structures developed at the later stages of testing as further documented
in the discussion section.

The results in Fig. 3 demonstrate that the HPT-HT material consis-
tently exhibits lower flow stresses and higher elongations than the same
alloy processed by HPT at RT for tensile tests carried out at comparable
temperatures and strain rates. For both processing temperatures, it is
also emphasized that the flow behaviour of the HPT-processed alloy at
high temperatures strongly depends upon the strain rates. For tests
conducted at 523 K, it is apparent that the material processed at 450 K
reaches lower flow stresses and higher maximum strains than the HPT-
RT metal for ¢ > 1072 5™, Nonetheless, specimens tested at 523 K using
lower strain rates display very similar ductilities although the latter

Fig. 3. True stress vs true strain curves for the Al-3Mg-0.2Sc alloy processed
through 10 HPT turns at either 300 or 450 K and then tensile tested at (a, ¢) 523
and (b, d) 673 K using strain rates from 3.3 x 10%to 1.4 st
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require higher yield stresses.

Inspection of Fig. 3 reveals that increasing the testing temperature
from 523 to 673 K promotes a marked decrease in the flow stresses
regardless of the HPT temperature. There is a significant increase in the
ductility for the alloy processed at 450 K as follows from the attainment
of £ > 2.5 for strain rates from 3.3 x 10~ to 107! s™1. Conversely, it is
shown that the specimens of the HPT-RT material fail at similar or even
lower strains at 673 K compared with the testing temperature of 523 K. It
is important to emphasize that the alloy processed by HPT at 450 K
reaches a maximum strain of ~2.4 when tested at 673 K with a strain
rate of 3.3 x 107! s7! and this was not achieved for the HPT-RT spec-
imens under any testing condition in Fig. 3(a) and (b). Furthermore, the
HPT-HT material exhibits a more significant work hardening during
testing at 673 K than the alloy processed by HPT at 300 K.

Fig. 4 displays the appearance of the deformed specimens of the Al-
3Mg-0.2Sc alloy after tensile testing and pulling to failure for the same
conditions presented in Fig. 3. The values of the elongations to failure
(Al/1p) are shown on the right-hand side of the fractured samples where
Al and [y are the change in length and the initial gauge length, respec-
tively. Examination of Fig. 4 demonstrates that the HPT-RT samples
tested in tension at 523 K achieved elongations >400 % for ¢ < 1.4 x
1072 57! revealing the occurrence of both superplastic flow which re-
quires an elongation of at least 400 % [59] and the advent of high strain
rate superplasticity which occurs at strain rates at and above 1072 s~
[60]. Furthermore, the general lack of any visible incipient necking
within the gauge lengths of the specimens processed by HPT at 450 K
confirms the occurrence of quasi-stable plastic flow and true super-
plasticity [61].

Nevertheless, it is noted that an increase in the testing temperature to
673 K consistently leads to a reduction in the tensile ductility such that
for the material processed by HPT at RT there is an elongation of Al/lp >
400 % only at ¢ ~ 4.5 x 10~* s™!. A more detailed inspection of the
fractured specimens in Fig. 4 (a) shows that the HPT-RT specimens
develop very diffuse necking during testing at 673 K for ¢ < 4.5 x 107>
s~ ! as the widths of the samples are reasonable constant along the entire
gauge lengths. By contrast, there is a sharper width gradient for the HPT-
RT samples tested at 523 K even though the material then reaches higher
elongations.

The results in Fig. 4 (b) demonstrate reliably that the Al-Mg-Sc alloy
processed by HPT at 450 K exhibits greater ductility than after pro-
cessing by HPT at 300 K. High strain rate superplasticity is achieved
during testing at 523 K for strain rates as high as 1.0 x 107 s,
Additionally, the HPT-HT alloy achieves extraordinarily high elonga-
tions for all testing strain rates at 673 K with a maximum elongation of
1880 % when testing with a strain rate of 1.5 x 10~2s~L. This represents
the highest elongation achieved to date in conventional Al alloys sub-
jected to HPT processing [31,62,63] and it exceeds the earlier
record-breaking elongation of 1600 % reported for the same alloy pro-
cessed by HPT for 2 revolutions at RT when samples of ~1 mm in
thickness were subjected to tensile testing at 573 K using a strain rate of
3.3 x 103 s~ [40]. It should be noted also that elongations >980 %
were recorded for the HPT-HT specimens when testing at 673 K at all
strain rates over the range from 3.3 x 107%t03.3 x 1071571,

To better visualize the variation of the tensile elongations with the
strain rate and temperature, Fig. 5 shows plots of the Al/l, values vs
strain rate for the Al-3Mg-0.2Sc alloy processed by 10 HPT turns at (a)
RT and (b) 450 K for tensile tests conducted at temperatures from 473 to
723 K. Fig. 5 (a) shows that the HPT-RT material achieves an elongation
of ~560 % when pulled to failure at 473 K for ¢ = 1.4 x 1073 s7! but
increasing the temperature to 573 K leads to a general enhancement of
ductility. Nevertheless, the tensile elongations decrease significantly
when increasing the temperature to 673 K.

The plots in Fig. 5 (b) demonstrate that the alloy processed by HPT at
450 K exhibits superior superplastic properties such that elongations
>400 % were achieved for tests performed at 473 K with ¢ < 3.3 x 1072
s~L. The elongations tend to increase with increasing temperatures with
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Fig. 4. Fractured specimens of the Al-3Mg-0.2Sc alloy processed by 10 HPT turns at (a) 300 K and (b) 450 K and then pulled to failure at 523 and 673 K.
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Fig. 5. Elongation vs strain rate for the Al-3Mg-0.2Sc alloy processed by 10 HPT revolutions at (a) 300 and (b) 450 K and tensile tested using various strain rates at
temperatures from 473 to 723 K.
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maximum values at 673 K and slightly lower elongations at 723 K. It is
important to note that elongations higher than 600 % were consistently
obtained for all tests conducted at strain rates ranging from 3.3 x 10~*
to 1072571,

Fig. 6 shows plots of the variation of the flow stress at ¢ = 0.3 with
the strain rate for the alloy processed by 10 HPT turns at two different
temperatures and tested in tension using various strain rates at tem-
peratures from 473 to 723 K. The experimental data were plotted using
logarithmic scales for both the stress and the strain rate so that the local
slopes of these curves represent the apparent strain rate sensitivity, m.

It is apparent from Fig. 6 (a) that the plots of the HPT-RT alloy
indicate two separate slopes depending on the strain rate and temper-
ature. For tests at 473 K there is a value of m ~ 0.5 for ¢ < 10" 2s land a
slope of ~0.22 at faster strain rates. Furthermore, the range of strain
rates with m ~ 0.5 expands towards faster strain rates (~4.5 x 10 2%shH
with increasing temperatures up to T ~ 623 K.

A comparison of Fig. 6 (a) and (b) shows that the alloy processed at
450 K displays markedly lower flow stresses at € = 0.3 than after HPT at
RT. The curves of the HPT-HT metal at 473 and 523 K exhibit a
sigmoidal profile with a slope of ~0.5 at intermediate strain rates. The
curves in Fig. 6 (b) showm > 0.5 for T > 573 K considering € > 1072571,
However, these slopes decrease at lower strain rates and the HPT-HT
alloy exhibits m values of ~0.2-0.3 at temperatures from 573 to 673
Kand ¢ < 1072 51, It should be noted that the HPT-HT alloy achieves
highzer f{ow stresses during deformation at 723 K than at 673 K for ¢ >
107“s .

3.3. Microstructures after deformation at high temperatures

Fig. 7 shows typical orientation maps and the corresponding {111}
pole figures taken along (a) the undeformed area and (b) the gauge
section of the specimens processed by HPT at RT and tested in tension at
673 K with a strain rate of 4.5 x 10~2 s~ 1. Examination of Fig. 7 (a)
reveals the onset of abnormal coarsening at the grip area of the minia-
ture specimen during heating at 673 K for the period of ~660 s when
considering the total time the sample was held within the tensile testing
apparatus. This is consistent with a recent study where the same alloy
underwent secondary recrystallisation and extensive grain growth after
heating at either 623 or 673 K for 1 h [25]. This microstructure displays
fine grains together with a population of grains having sizes of tens of
micrometres with the {100} planes nearly parallel to the thickness
direction.

By contrast, the grains in the gauge section are predominantly ori-
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ented with the {110} planes parallel to the thickness direction. It should
be noted that these grains are elongated towards the tensile axis and
contain a substantial fraction of low-angle grain boundaries (LAGBs)
with misorientation angles ranging from 2 to 15° and which are often
organised in the form of subgrains. The grain structures in the gauge
area of the specimen are slightly finer than in the undeformed section
and measurements for each orientation map gave values of the average
grain size, L, of ~2.2 and ~2.5 pm in the undeformed and gauge section,
respectively.

Histograms detailing the distributions of grain diameters and the
fraction of correlated boundaries as a function of the misorientation
angles are presented in Fig. 1A of the Supplementary Material. They
reveal that the gauge section of the specimen has a narrower distribution
of grain diameters although there is evidence of bimodal distributions of
grain diameters for both areas. The histograms of the misorientation
angles for the HPT-RT alloy are noticeably different from the Mackenzie
distribution shown by the solid line in Fig. 1A (b) [64] and this may be
attributed to the development of a preferential texture and sub-
structures. The deformed and the undeformed areas of the samples have
fractions of LAGBs of ~26 and 22 %, respectively, and these values are
higher than the fraction measured after HPT at RT [25].

Fig. 8 shows orientation maps and the corresponding {111} pole
figures taken at the undeformed areas and the gauge sections of the
fractured specimens of the alloy originally processed by HPT at 450 K
and then tested in tension at 673 K using various strain rates. The lines
coloured in white denote X3 60° <111> twin boundaries. Inspection
shows that abnormal coarsening gradually evolves in the undeformed
areas of the HPT-HT alloy as specimens are tested at slower strain rates
and the consequent exposure to the testing temperature for longer pe-
riods of time leads to larger grain sizes. In contrast with the HPT-RT
material, the deformed areas of the fractured specimens have grains
with larger sizes than their undeformed counterparts and the micro-
structures display very few LAGBs.

The gauge section of the material tested at 1.0 s Llin Fig. 8 (b) shows
a weaker texture than the undeformed area but there is an increase in
the fraction of grains with a texture component around {110}. There is
also evidence for the development of an essentially random texture
during testing at 3.3 x 1072 5! for the alloy in Fig. 8 (d) processed by
HPT at 450 K. Furthermore, after tensile testing at 3.3 x 10~ s7! in
Fig. 8 (f) the grains in the HPT-HT sample exhibit higher aspect ratios
than after deformation at faster strain rates and there is some evidence
for twinning activity and the onset of abnormal grain growth. Similar
histograms were constructed for the HPT-RT metal tested at 673 K and
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Fig. 6. True stress at € = 0.3 vs strain rate for the Al-3Mg-0.2Sc alloy processed by 10 HPT revolutions at (a) 300 and (b) 450 K and tensile tested using various strain

rates at temperatures from 473 to 723 K.
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Fig. 7. Orientation maps and corresponding {111} pole figures taken along (a) the undeformed and (b) the gauge area of the fractured specimens of the Al-3Mg-

0.2Sc alloy subjected to 10 HPT turns at 300 K and tested in tension at 673 K.
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Fig. 8. Orientation maps and corresponding {111} pole figures taken along (a,
¢, e) the undeformed and (b, d, f) the gauge area of the fractured specimens of
the Al-3Mg-0.2Sc alloy subjected to 10 HPT revolutions at 450 K and tested in
tension at 673 K at strain rates of (a, b) 1.0, (¢, d) 3.3 x 102 and (e, f) 3.3 x 10™*
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they are presented in Fig. 2A of the Supplementary Material corre-
sponding to the orientation maps shown in Fig. 8.

It is well established that, due to the occurrence of grain boundary
sliding, the grains become elevated above the surfaces of specimens
during straining under superplastic conditions [48,65,66]. For this
reason, a thorough examination of the surface topography of the frac-
tured samples permits measurement of the grain sizes in the
HPT-processed alloy after tensile testing. Several SE images were taken
along the deformed areas of the fractured specimens and examples are
shown in Fig. 3A of the Supplementary Material for the samples tested at
673 K after processing at (a) 300 and (b) 450 K. These images were used
to estimate the grain sizes after tensile testing and to thereby analyse the
grain growth kinetics under dynamic conditions. The results are pre-
sented in Fig. 9 as plots of grain size vs time at testing temperature for
the Al-3Mg-0.2Sc alloy processed by HPT at RT or 450 K and tested in
tension at temperatures from 473 to 723 K.

It is readily apparent from Fig. 9 that the material processed by HPT
at RT displays faster kinetics of grain coarsening than the material
processed by HPT at 450 K under comparable conditions of tensile
testing. After straining at 473 K, all specimens continue to exhibit
ultrafine-grained (UFG) structures even after prolonged exposure times
of ~4 h. There is a substantial increase in grain size after raising the
temperature from 473 to 523 K although the grain sizes in the HPT-HT
alloy are smaller. Further increases in temperature produce minor
coarsening for the material processed by HPT at 450 K but the grain sizes
increase markedly for the HPT-RT material deformed at T > 573 K.

To investigate whether high temperature straining leads to the
development of second phases in the HPT-processed alloy, TEM obser-
vations were undertaken along the gauge sections of the miniature
specimens of the Al-3Mg-0.2Sc alloy originally subjected to 10 HPT
revolutions at either 300 or 450 K and then tested at 673 K using similar
strain rates. Typical results are shown in Fig. 10 in which the TEM im-
ages on the left were obtained using transfer electron (TE) contrast but
the micrographs on the right were from atomic number (Z) contrast.

For both processing temperatures, it is readily apparent that there is
a profuse distribution of second phase particles in the vicinity of the
grain boundaries of the HPT-processed alloy. These second phases were
identified as AlsSc precipitates using electron dispersive spectroscopy
and the electron diffraction patterns (see Fig. 4A and 5A in the Sup-
plementary Material). These phases appear to display smaller sizes and
cover large amounts of the grain boundaries in the HPT-HT material
compared with the alloy processed by HPT at 300 K. Furthermore, the
AlsSc particles appear to be in a later stage of coalescence in the latter
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Fig. 9. Average grain size (L) vs total time at the testing temperature for miniature specimens of the Al-3Mg-0.2Sc alloy subjected to 10 HPT turns at (a) 300 and (b)
450 K and tested in tension at temperatures from 473 to 723 K using strain rates ranging from 3.3 x 10 to 1.0 s%.
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Fig. 10. TEM images taken along the gauge areas of the fractured specimens of the Al-3Mg-0.2Sc alloy subjected to 10 HPT turns at (a, b) 300 and (c, d) 450 K and
tested in tension at 673 K using similar strain rates.

material and they form relatively thick films along the grain boundaries 4. Discussion

of the grains having sizes of ~1-2 pm.
4.1. Superplastic characteristics after HPT

Fig. 11 shows colour-coded maps that were constructed using the
data from Fig. 5 to plot the variations in elongation with temperature
and strain rate where the broken lines added to these plots delineate the
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Fig. 11. Colour-coded contour maps showing the tensile elongations achieved in miniature specimens of the Al-3Mg-0.2Sc alloy processed through 10 HPT turns at
(a) 300 and (b) 450 K and tested in tension at temperatures from 473 to 723 K using strain rates ranging from 3.3 x 10 to 1.0 s™'. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

contours where there is an elongation of at least 400 %. Following the
earlier definition of superplastic flow [59], these broken lines therefore
represent the onset of true superplasticity at the slower strain rates. The
maps of temperature vs strain rate in Fig. 11 provide a new procedure for
depicting the superplastic data and careful analysis shows the trends are
generally consistent with the reported results for many other super-
plastic ultrafine-grained materials [67]. It follows from Fig. 11 that the
alloy processed through 10 HPT revolutions at 473 K displays remark-
able ductility compared with the samples processed by HPT at RT. The
HPT-HT material reached high elongations for all testing conditions
examined in this research and exhibited true superplastic ductilities over
an extended range of temperatures and strain rates. In general, the
elongation values for the HPT-HT alloy increase with increasing tem-
perature up to T =~ 673 K where elongations higher than 1000 % were
achieved for tests conducted at ~3.3 x 104 < £ < 3.3 x 10 ! s~ L. There
is also consistent evidence that the superplastic properties of the alloy
processed by HPT at RT deteriorate at T > 623 K.

In superplastic materials the variation of elongation with strain rate
shows a peak at intermediate strain rates [68-70]. The true stress vs true
strain curves at superplastic conditions often show a sigmoidal shape
which allows the classification of three distinct deformation regimes. At
extremely high strain rates (region III), the contribution of grain
boundary sliding (GBS) to the total straining decreases and intragranular
dislocation processes are more prominent. This leads to a reduction in
the strain rate sensitivity and thus the achievement of lower elongations
at faster strain rates. By contrast, the decrease in strain rate occurs
concurrently with more intense grain coarsening at very low strain rates
(region I). The increase in grain size and the formation of subgrain
structures are detrimental for GBS and favours the onset of internal
cavities at the grain boundaries which ultimately leads to premature
failure during tensile testing.

At an intermediate range of strain rates (region II), there is an opti-
mum condition in which the material achieves enhanced superplastic
properties. Within this deformation regime, the material is capable of
retaining ultrafine-grained structures and the recovery kinetics are suf-
ficiently fast to efficiently accommodate GBS by dislocation climb into
the opposite grain boundaries. As a consequence, it exhibits higher m
values and thus superior ductility. Also, the strain rate sensitivity tends
to increase with temperature concurrently with the recovery kinetics
and the superplastic ductility. Nonetheless, this effect is counteracted by
grain coarsening and the formation of subgrains which adversely affect
the action of GBS and may lead to premature failure. Accordingly, in the

current study the optimum condition for superplasticity was achieved
for the Al-Mg-Sc alloy processed by HPT at 450 K for tests carried out at
673 K and at 1.5 x 107257 %,

The superplastic behaviour observed in this alloy processed by HPT
at 450 K is intrinsically associated with its improved thermal stability
compared with the HPT-RT material. It is demonstrated in Fig. 9 that the
HPT-HT material is capable of retaining fine grain structures for pro-
longed times during tensile testing at high temperatures. This is
consistent with the coarsening kinetics during static annealing as re-
ported in earlier studies [25,47,57]. Also, the presence of precipitates
influences superplastic behaviour, as the Zener pinning effect more
effectively hinders grain boundary migration when the particles are
smaller and more uniformly distributed [71,72].

The results in Fig. 10 reveal that the AlsSc particles are substantially
smaller and more dispersed in the Al-Mg-Sc alloy processed by HPT at
450 K even though the total time at the testing temperature was ~1430
s, whereas the Al alloy processed by HPT at RT was exposed to the
testing temperature of 673 K for only ~540 s. Accordingly, superplastic
flow will occur at faster rates in the material processed by HPT at 450 K
as it preserves the smaller grains and thereby exhibits a higher density of
HAGBs which are then available to undergo GBS during deformation at
high temperatures [16,62,67].

It is worth noting that the material processed by HPT at RT was re-
ported to have a large fraction of grains with L > 10 pm after heating at
623 and 673 K [25]. These structures have a large fraction of LAGBs as
shown in Fig. 7. In addition, even though the HPT-RT specimens
continue exhibiting fine grain structures capable of deforming by GBS,
this mechanism may not be operative in the abnormally coarse grains
which will probably deform by dislocation glide and climb in the tensile
tests performed at faster strain rates. For this reason, the decrease in the
elongations in the HPT-RT material tested at € > 4.5 x 102slandatT
> 623 K is attributed directly to the reduced contributions from GBS in
the overall straining.

This conclusion is supported by the orientation maps corresponding
to the gauge section of the HPT-RT alloy deformed at 673 K as it shows
many grains having the {110} planes parallel to the thickness direction
which is a common feature for FCC metals strained under non-
superplastic conditions [73]. Furthermore, these grains are elongated
along the tensile direction and this is not consistent with the occurrence
of straining by Rachinger GBS [74,75] which is the fundamental
mechanism of superplastic flow [16]. Finally, the plots in Fig. 6 (a)
demonstrate that the range of strain rates with m ~ 0.22 increases for T
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> 623 K and this suggests that dislocation climb becomes predominant
at these testing conditions in accordance with the results presented in an
earlier study for a coarse-grained Al-Mg-Sc alloy tested over many orders
of magnitude of strain rate [44].

It follows from Fig. 6 that the HPT-HT alloy exhibits lower flow
stresses than the HPT-RT alloy. However, it is noted that the apparent
strain rate sensitivity tends to be < 0.5 in these samples for tests con-
ducted at ¢ < 1072 s7! although the specimens consistently attained
superplastic elongations. It should be noted, however, that these values
need to be evaluated with caution as for each corresponding testing
temperature grain coarsening tends to be more prominent at slower
deformation rates and thus prolonged testing times [76,77]. For this
reason, the grain sizes of the Al-Mg-Sc alloy at the same testing tem-
perature are essentially different for the datum points recorded at the
equivalent strain of 0.3 for each individual strain rate. Accordingly, the
following section proposes a more adequate model to describe the su-
perplastic flow in the HPT-processed Al alloy.

4.2. The mechanism of flow under superplastic conditions

The strain rate under steady-state conditions during superplastic
flow at high temperatures is given by the following expression [16]:

b\?/0\2
(a) ©
where A is a dimensionless constant having a value of ~10 for con-
ventional metals, Dy, is the grain boundary diffusion coefficient, G is the

shear modulus, b is the Burgers vector, k is Boltzmann’s constant, d is the
spatial grain size given by d = 1.74 L [78] and

( Qgh)
T kT
Dg :Dg_gb e

where D o, gb is a frequency factor and Qg, is the activation energy for
grain boundary diffusion.

To identify whether the rate-controlling flow process in all HPT
samples displaying elongations of Al/lp > 400 % is GBS, the temperature

. ADgGb
£=

kT M

(2)

and grain size compensated strain rate (éKT /Dg,GB) (d/b)* was plotted
against the normalized stress (6 /G) in Fig. 12. These plots were con-
structed considering ¢ as the maximum flow stress and d as the spatial
grain size in the fractured metal. As in earlier studies [48,62,67,79,80],
the calculations used values of Dy g = 1.86 x 1074 mzs’l, Qg = 86 kJ
mol ™!, G (MPa) = (3.022 x 10% - 16T [81] and b = 2.86 x 107" m
[81]. The solid line labelled &g shows the theoretical prediction for
superplasticity controlled by grain boundary sliding accommodated by
dislocation glide within the grains and subsequent climb into the
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opposite grain boundaries [16]. Also, additional data were included in
Fig. 12 for various superplastic Al-Mg-Sc alloy processed by HPT [38,41,
42].

It is readily apparent from Fig. 12 that the experimental values from
both the current research and the earlier studies [38,41,42] are consis-
tent with the predictions from the theoretical model for GBS in super-
plasticity although many of these values tend to lie slightly above é&g,.
Nevertheless, as indicated in Fig. 12 and from results plotted in a recent
review for this Al-Mg-Sc alloy [31], experimental datum points for the
alloy processed by ECAP and HPT at RT generally lie below £g,. Thisis a
direct consequence of the thermally unstable Al-Mg-Sc microstructures
developed after processing at RT since the grain sizes were taken from
measurements performed immediately after the SPD processing.

It is important to note that the results obtained after conventional
metal-working processes are generally more consistent with the theo-
retical predictions because these materials display less pronounced grain
coarsening during superplastic straining. In the present research, the
calculations considered the maximum flow stress and the spatial grain
size along the gauge area of the fractured specimens. This means that,
although grain growth occurred concurrently with pronounced work
hardening during the tensile testing, the present procedure gave a more
accurate assessment of the rate-controlling mechanism during
superplasticity.

4.3. The influence of subgrain formation on the accommodation process
during GBS

There are increases in the fractions of LAGBs organised as subgrains
in the HPT-RT metal during deformation at 673 K. Accordingly, in
addition to the effect of grain coarsening, there are slower accommo-
dation rates during GBS due to a hindrance in dislocation glide by the
subgrain boundaries [82] and this may also contribute to the reduction
in ductility observed in the HPT-RT alloy at T > 623 K. To analyse if
there is any correlation between the presence of subgrains and the
elongations achieved in this study, Fig. 13 shows the variation of the
values of L with the normalized stress, 6/G, for the alloy tested in ten-
sion after processing by HPT for 10 turns at (a) 300 and (b) 450 K,
respectively, where the solid line represents the prediction for the
equilibrium subgrain size, A, in AI-Mg alloys estimated as A=
20b (6/G)™" [44,83,84].

Examination of Fig. 13 shows that, as anticipated based on the
theoretical analysis [16], for all samples giving superplastic elongations
there is a value of L < 1. This is consistent with the orientation maps in
Fig. 8 as subgrains are nearly absent in the HPT-HT alloy after testing at
673 K for ¢ < 3.3 x 1072 s™L. Thus, GBS is easily accommodated by
dislocation glide under these conditions and this permits the

Fig. 12. Temperature and grain size compensated strain rate as a function of normalized stress for Al-3Mg-0.2Sc specimens exhibiting superplastic elongations after
10 turns of HPT processing at 300 or 450 K and tensile tested at temperatures from 473 to 723 K: additional data are also included for various superplastic Al-Mg-Sc
alloys processed by HPT [38,41,42] and the solid line shows the theoretical prediction for superplastic flow, &g, [16].
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Fig. 13. Plots of grain size vs normalized stress for the Al-3Mg-0.2Sc alloy processed by 10 HPT turns at (a) 300 and (b) 450 K and tested in tension at temperatures
from 473 to 723 K using various strain rates: the solid line represents the theoretical prediction for the equilibrium subgrain size, A [44,83,84].

achievement of extensive superplastic ductilities. By contrast, L > 1 for
the HPT-RT alloy tested in tension at 673 K for & > 4.5 x 1074571, as
confirmed in Fig. 7 (b) for ¢ = 4.5 x 1072 s}, and accordingly the ac-
commodating intragranular slip occurs at slower rates and this ulti-
mately promotes premature failure during tensile testing due to the
occurrence of internal cavitation [82]. This failure mode is more likely
to occur during deformation at slower strain rates which is consistent
with the nearly uniform widths of the fractured specimens deformed at
673 K for € < 4.5 x 1073 571 as shown in Fig. 4 (a).

It also follows from Figs. 11 and 13 that elongations >400 % were
not always achieved in the HPT-processed alloy at testing conditions
where L < ) and this is because GBS is thermally-activated so that the
sliding rates of adjacent HAGBs increase with increasing temperatures.
Although the lack of subgrains facilitates the advent of accommodation
during superplasticity, GBS requires exceptionally small grain sizes to
operate during deformation at fast strain rates and low temperature [85,
86]. In addition, the existence of second phase particles along the grain
boundaries makes sliding more difficult and these particles appear to
have larger sizes for the HPT-RT alloy deformed at 673 K as shown in
Fig. 10.

4.4. An examination of the total elongations achieved in tensile testing

It is important to emphasize that the Al-3Mg-0.2Sc alloy used in this
research achieved exceptionally high elongations for an HPT-processed
material during deformation at 673 K with an elongation of ~1880 % at
this temperature for a strain rate of ¢ = 1.5 x 102 s~ ! as shown in Fig. 4
(b). This is the highest elongation reported for any material after con-
ventional HPT processing when tensile tests were conducted using
miniature samples cut from the discs with initial thicknesses of ~0.6
mm. Nevertheless, in comparing the tensile elongations achieved using
different processing techniques, it is important to note that earlier ex-
periments showed conclusively that the measured elongations in tensile
testing were dependent upon the initial overall dimensions of the
specimens. Specifically, it was established that higher elongations may
be achieved by using specimens having reduced gauge lengths and
larger thicknesses [87,88].

In order to demonstrate and understand the reasons underlying the
relatively lower ductilities encountered in Al-Mg-Sc alloys after HPT
when compared with processing by ECAP, miniature tensile specimens
having the same dimensions utilized in the current research were sub-
jected to tensile testing at 523 K and at a strain rate of ~107° s 1 [24,
31]. The results consistently revealed that the elongations attained after
HPT at 450 K were ~2 x higher than after ECAP. It has been shown that
the Al alloy processed by HPT at 450 K exhibits smaller grain sizes and
lower hardness after tensile testing than the ECAP-processed alloy. This
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confirms that HPT processing at 450 K permits the achievement of su-
perior superplasticity at this temperature range due to its enhanced
stability.

Also, this set of experiments with miniature tensile specimens was
carried out over a wider range of temperatures and strain rates [44].
Although superplastic elongations of ~1880 % were achieved using
conventional tensile specimens for the same alloy after ECAP at RT
followed by tensile testing at 673 K and at 3.3 x 102s7! [33], the
maximum elongation reached in a miniature specimen under compa-
rable processing and testing conditions was ~980 %. Conversely, an
elongation to failure of ~1780 % was achieved in the current study for a
miniature specimen of the Al-3Mg-0.2c alloy after HPT at 450 K and
subsequent tensile testing at 673 K and at 3.3 x 102 s~ 1. This confirms
the intrinsic influence of sample size on the elongations achieved under
superplastic conditions. It should be further noted that the comparably
lower flow stress values at 673 K are consistent with the enhanced
ductility encountered after HPT at 450 K compared with after HPT at RT
or even ECAP at RT.

Earlier experiments on an Alg(CoCrFeMnNi)g; high-entropy alloy
processed by HPT showed that it was possible to achieve an elongation
of 2000 % at 1073 K using a strain rate of 5 x 1072 s~! [89] but the
specimen thickness was 0.7 mm which is larger than in the present
investigation. There are also reports of high elongations of 2580 % in an
Al-3Mg-0.2Sc alloy [33] and 4100 % in an Al-5Mg-0.2Sc alloy [36] but
these samples were processed by ECAP where the tensile samples have
thicknesses of 2 mm or larger. Finally, it is noted that an elongation to
failure of 2320 % was reported at a temperature of 298 K for a Bi-43Sn
alloy [90] where the sample was processed using the new procedure of
tube high-pressure shearing (t-HPS) [91] and the experiments were
undertaken using tensile specimens having thicknesses of ~2 mm [92].
Based on this analysis, it is apparent that the maximum elongation of
1880 % achieved in the present study is exceptionally large when
considering the very thin gauge thickness of ~0.6 mm which severely
limits the number of grains available in the specimen cross-section.

4.5. The role of processing temperature on the microstructural evolution
during HPT

The Al-3Mg-0.2Sc alloy processed by HPT at RT exhibits slightly
elongated grain structures with an average size of ~140 nm. It also
displays a dislocation density of ~3.6 x 10'® m~2 as reported in a recent
study [25]. These microstructural features are consistent with earlier
experiments performed using Al-Mg-Sc alloys processed by SPD at low
homologous temperatures [38,42,93,94]. At this range of temperature
and strain rate, the restoration mechanism during severe plastic defor-
mation is mechanically-driven which gives rise to grains having higher
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aspect ratios [95-97].

After HPT at ~450 K, the same Al alloy displays a homogenous array
of equiaxed grains with a mean size of ~150 nm, but a considerably
lower dislocation density of ~0.7 x 108 m—2 [25]. It is thus apparent
that the restoration mechanism which permits the achievement of a
steady state grain size in the Al-3Mg-0.2Sc alloy during HPT processing
at ~450 K is prominently assisted by dynamic recovery. This is consis-
tent with its relative low density of dislocations and the nearly equiaxed
grain structures, as obtained in a recent study performed with an
Al-Mg-Sc-Zr alloy processed by HPT at 473 K [30].

It should be noted also that the material processed by 10 HPT turns at
RT exhibits a broader distribution of grain sizes and sharper gradients in
the distributions of extrinsic dislocations throughout the Al micro-
structure. As demonstrated in detail in an earlier investigation [25],
these microstructural features provide conditions for grain boundary
migration at faster rates in the material processed by HPT at RT which
also shows a more intense susceptibility for abnormal grain coarsening.

The excellent superplastic behaviour achieved in the current inves-
tigation is attributed to the enhanced microstructural stability which
was promoted by undertaking the HPT processing at 473 K [25]. Thus,
this permitted the preservation of an extremely small grain size in the
Al-Mg-Sc microstructure and these grains co-existed with a larger pro-
portion of HAGBs and more dispersed AlsSc precipitates compared with
the material processed by HPT at RT.

5. Summary and conclusions

1 An Al-3Mg-0.2Sc alloy was processed through 10 turns of HPT at RT
~ 300 K and at 450 K to produce a homogeneous array of grains with
average sizes of ~140 and 150 nm, respectively. The HPT-processed
material was then subjected to tensile testing over a wide range of
strain rates and temperatures.

2 Superplastic elongations >400 % were achieved in the alloy pro-
cessed by HPT at 300 K during deformation at temperatures up to
573 K and a maximum elongation of ~850 % was achieved at 523 K
with a strain rate of é = 4.5 x 1073 s1. Nevertheless, the tensile
elongations decreased for tests conducted at T > 623 K due to
extensive grain coarsening.

3 The alloy processed by HPT at 450 K showed enhanced low tem-
perature superplasticity with elongations >900 % for tests conducted
at 573 K for 3.3 x 1073 <é£<1.0 x 1071 s7L, High strain rate su-
perplasticity was attained over an extended range of strain rates.
These results are due to the exceptionally small grain sizes and the
low fractions of LAGBs in the alloy during deformation at low
temperatures.

4 The material processed by HPT at 473 K exhibited optimum super-
plastic ductilities at 673 K and a record elongation of ~1880 % was
achieved at this temperature at £ = 1.5 x 102 s~! for an Al-based
alloy processed by HPT. Superplastic elongations >980 % were
attained at 673 K for ¢ < 3.3 x 107! s, This enhanced super-
plasticity originated from a combination of the high diffusion rates at
673 K and the retention of microstructures with very fine grains
having larger proportions of HAGBs.

5 Analysis of the data confirms a stress exponent of ~2 for the HPT-
processed material during superplastic flow demonstrating that
flow occurs by GBS accommodated by dislocation glide and climb.
The high elongations occur when the grain size remains smaller than
the equilibrium subgrain size. The absence of subgrains under these
conditions was confirmed by orientation maps and this facilitates
accommodation by intragranular slip during GBS.
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Experiments were performed to examine the flow behaviour at room temperature (RT ~ 300 K) and the
microstructural stability of a solution-treated Al-3Mg-0.2Sc alloy processed through 10 turns of high-pressure
torsion (HPT) at either RT or 450 K and further annealed for 1 h at temperatures (T) up to 773 K. The results
revealed that the Al-3Mg-0.2Sc alloy achieved yield strengths of ~590 and 540 MPa after HPT at RT and 450 K,
respectively. This followed from the higher dislocation densities achieved after processing at RT since both
microstructures had average grain diameters of ~320 nm. After annealing at T > 523 K, there was evidence for
the onset of dynamic strain ageing (DSA) during tensile testing at RT and this occurred concurrently with in-
creases in the elongations to failure. The grain structures developed during HPT at 450 K exhibited superior
microstructural stability than after HPT at RT for comparable heating conditions. A model derived for materials
having second-phase particles was applied to understand the microstructural evolution observed during heating.
It is shown that the values calculated for the driving and restraining pressures for boundary migration and the

boundary stability factors are consistent with the experimental results.

1. Introduction

The need for more fuel-efficient transports has driven the tailoring of
novel aluminium alloys with high load bearing capacities and low
densities [1-4]. Some applications such as aircraft also demand resis-
tance against incipient recrystallisation after exposure at high temper-
atures for short periods of time. This can be achieved by the addition of
dispersoid-forming elements such as Zr, Ce, and Sc in the Al alloys [5-7].
Al-Mg-Sc alloys with up to 0.3 wt% Sc are capable of significantly
delaying recrystallisation due to the formation of nano-sized AlsSc dis-
persoids [7-10]. These precipitates hinder grain boundary migration
due to the Zenner pinning effect which enhances the microstructural
stability by comparison with alloys having no second phases [11-13].

The superior thermal stability of Al-Mg-Sc alloys is especially
appealing considering the possibility of retaining ultrafine-grained
(UFG) structures produced by severe plastic deformation (SPD) pro-
cedures [14,15], such as equal-channel angular pressing (ECAP) [16]
and high-pressure torsion (HPT) [17,18], after heating for prolonged
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times. As recently reported [19,20], the presence of AlgSc makes it
possible to achieve extremely high elongations to failure in
SPD-processed Al-Mg-Sc alloys due to deformation through grain
boundary sliding [21-23]. It is noted, however, that the A1-3Mg-0.2Sc
alloy has finer grain sizes after HPT [24-26] but it exhibits lower su-
perplastic ductilities than after ECAP due to the occurrence of grain
coarsening during deformation at high homologous temperatures (Tf)
[19,24,27,28].

These results have motivated several investigations which were
designed to evaluate procedures for further improving the thermal sta-
bility of nanostructured materials. Some of these strategies include
inducing the formation of nanosized particles and/or solute segregation
at grain boundaries by applying the SPD procedure in alloys having
second phase particles prior to processing [29-34] and the processing of
alloys at higher temperatures [26,35-37]. It was shown that the
Al-3Mg-0.2Sc alloy achieves an elongation to failure of ~1020% during
testing at 523 K and at 1073 57! after HPT at 450 K [26]. On the other
hand, the same metal after HPT at RT reaches an elongation of ~620%

Received 18 August 2023; Received in revised form 27 September 2023; Accepted 28 September 2023

Available online 29 September 2023
0921-5093/© 2023 Elsevier B.V. All rights reserved.


mailto:ppereira@demet.ufmg.br
www.sciencedirect.com/science/journal/09215093
https://www.elsevier.com/locate/msea
https://doi.org/10.1016/j.msea.2023.145766
https://doi.org/10.1016/j.msea.2023.145766
https://doi.org/10.1016/j.msea.2023.145766
http://crossmark.crossref.org/dialog/?doi=10.1016/j.msea.2023.145766&domain=pdf

P.H.R. Pereira et al.

when tested under an equivalent condition. These differing results
demonstrate the need for conducting a more thorough investigation to
model the microstructural changes in HPT-processed Al-Mg-Sc alloys
during heating at various temperatures.

Although different studies have examined the flow behaviour of
Al-Mg-Sc alloys after processing by ECAP or other conventional metal-
working techniques [38-40], there is a lack of data on the flow prop-
erties at room temperature (RT) for this alloy after processing by HPT. In
addition, if annealing is undertaken after processing, the onset of
different solid-state reactions such as static recovery and precipitation
could offer conditions for the achievement of an adequate combination
between material strength and ductility and thereby provide important
insight on the tailoring of the mechanical properties of this alloy.

Accordingly, the current research was designed to study the effect of
HPT processing at different temperatures on the flow behaviour at
ambient temperature and the microstructural stability of an Al-3Mg-
0.2Sc alloy processed by HPT at either RT or 450 K and with subsequent
annealing for 1 h at temperatures up to 773 K. A theoretical model was
used to provide further understanding on the microstructural changes
observed in the HPT-processed alloy during heating.

2. Experimental material and procedures

This investigation was undertaken using Al-3% Mg-0.2% Sc (% in
weight) billets of ~10 mm diameter provided by the China Rare Metal
Material Corporation in the as-forged state. First, the as-received Al-Mg-
Sc billets were solution-treated at 880 + 2 K for 1 h and thereafter
quenched in iced water to homogenise the grain structures and maxi-
mise the Sc content in the Al matrix. The solubilised bars were cut in the
form of discs having thicknesses of ~1 mm and thereafter were ground
down to ~0.8 mm.

The solution-treated Al-Mg-Sc discs were processed through quasi-
constrained HPT [41,42] at either room temperature (~300 K) or at
450 + 5 K. The high temperature was achieved by using a resistive
heating element positioned around the anvils as described in earlier
investigations [29,35,43]. First, the discs were compressed within the
shallow depression of the anvils [44] using a nominal pressure of 6 GPa.
For processing at ~450 K the pressure was held constant without any
rotation of the lower anvil for ~10 min to permit a more accurate
temperature control and thereafter the discs were subjected to 10 rev-
olutions at a rotation speed of ~1 rpm.

Afterwards, the HPT-processed discs were annealed for 1 h at
selected temperatures from 423 to 773 K. For each procedure, the
furnace was heated to the annealing temperature and then the HPT-
processed discs were rapidly inserted into the hot chamber to give a
nearly isothermal heating condition.

The flow behaviours of the Al-3Mg-0.2Sc alloy processed by up to 10
turns of HPT followed by annealing at different conditions were assessed
through tensile testing using miniature specimens with gauge lengths
and widths of ~1.1 and 1.0 mm, respectively. As in earlier reports [29,
45-47], two off-centre specimens were cut from each processed disc
using electrical discharge machining. The surfaces of the tensile speci-
mens were carefully flattened through grinding and polishing down to
~0.6 mm to remove any irregularities impressed by the anvils during
processing. Tensile tests were carried out at RT using a Zwick Z030
universal testing machine at a constant rate of crosshead displacement
to give an initial strain rate of 1.0 x 107 s,

The microstructures of the HPT-processed and subsequently
annealed Al-Mg-Sc discs were examined through orientation imaging
microscopy using electron backscattered diffraction (EBSD). Sample
preparation involved grinding using abrasive papers and final polishing
using 0.06 pm silica colloidal. EBSD scans were conducted at positions
located at ~3 mm from the disc centres using a JSM6500F thermal field
emission microscope with a minimum step size of 30 nm. Orientation
maps were generated from each EBSD scan and these results were used
to calculate the area-weighted grain diameters and assess the
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distributions of the correlated misorientation angles and the grain
diameters.

The Al-3Mg-0.2Sc alloy was also examined through transmission
electron microscopy (TEM) using a JEOL 1200EX facility. Discs of ~3
mm in diameter were punched at positions located at ~3.5 mm from the
centre of both the HPT-processed discs and the discs subjected to post-
HPT annealing for 1 h at 673 K. The punched discs were electro-
polished using a Struers Tenupol-5 system using an electrolytic solution
of 30% HNO3 and 70% CH3OH at ~250 K.

The surfaces of the HPT-processed discs were analysed by means of
X-Ray diffraction (XRD) using a Bruker D2 Phaser X-ray diffractometer
with Cu Ka radiation. The XRD profiles were recorded through 6-26
scans undertaken with a step size of 0.02° and using a scanning angle
interval from 30 to 110°. The mean crystallite size (D.) and the micro-

strain ((¢2)'/2) were estimated from Maud software and these parame-
ters were used to estimate the density of dislocations (p) from the
following expression [48,49]:

2 \/5 82 1/2
PEEAE ok €))
D.b
where b is the modulus of the Burgers vector.
3. Experimental results

3.1. Tensile properties

Fig. 1 shows engineering stress vs engineering strain curves obtained
at RT for the Al-3Mg-0.2Sc alloy after 10 turns of HPT at either 300 or
450 K and subsequently annealed for 1 h at temperatures ranging from
423 to 773 K. It is readily apparent that the material exhibits extremely
high flow stresses, exceeding 650 MPa, immediately after HPT at RT.
Nevertheless, it displays very limited ductility such that the material
fails without any noticeable necking.

After annealing at increasing temperatures, the stress-strain curves of
the alloy processed at RT show a clear trend of increasing ductility and a
reduction in the flow stresses during tensile testing. Additionally, the
curves start to exhibit a serrated flow for HPT-processed samples
annealed at T > 523 K. This flow behaviour was documented earlier for
different Al-Mg-Sc alloys having UFG structures [20,38,40] and sug-
gests the occurrence of dynamic strain ageing (DSA). It should be noted
that the uniform elongation continues at very low values and strain
hardening becomes more prominent when the HPT-processed metal
undergoes annealing at T > 623 K.

A comparison of Fig. 1 (a) and (b) shows that the material processed
by HPT at RT exhibits higher flow stresses immediately after processing
and after annealing up to T = 523 K than the same alloy processed at
450 K and annealed at similar conditions. This trend is more readily
visible in Fig. 2 that depicts the yield stress (,), tensile strength (¢;,) and
elongation to failure (AL/Lg, where AL and Ly are the increase in length
and the initial length, respectively) as a function of annealing temper-
ature for the curves presented in Fig. 1. The datum points in Fig. 1 (a)
and (b) follow the same tendency of the plots of microhardness vs
annealing temperature displayed in earlier reports [35,50]. In practice,
annealing up to T = 423 K leads to a slight reduction in the yield strength
of the HPT-processed samples. Conversely, the decrease in the oy values
with increasing temperatures becomes more significant when the
annealing is performed at 473 K < T < 623 K. For T > 623 K, 6y con-
tinues to decrease with increasing annealing temperatures but at a much
lower rate.

The variation of the tensile strength as a function of annealing
temperature is very similar to the trend already described for the yield
stress. Nevertheless, annealing at 423 K promoted a more sizable
reduction in the o, values when compared with the material processed
by 10 HPT revolutions at RT. It follows from Fig. 2 (c) that the elonga-
tions achieved in the HPT-processed alloy increase with increasing
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Fig. 1. Stress vs strain curves obtained at RT for the Al-3Mg-0.2Sc alloy processed by HPT at (a) 300 or (b) 450 K and annealed for 1 h at temperatures from 423 to

773 K.

annealing temperatures and the plots exhibit a general sigmoidal shape.
It is important to note that annealing at 523-573 K leads to very sharp
increases in the AL/Lg values and this is especially evident for the alloy
processed by HPT at 450 K and further annealed at 523 K.

3.2. Microstructures after HPT

Table 1 summarizes the values calculated using the XRD profiles
shown Fig. 1A of the Supplementary Material in Maud software for the
crystallite size, the microstrain and the density of dislocations after
processing through 10 HPT turns at 300 and 450 K, respectively. It is
apparent that processing at 450 K led to a slightly larger crystallite size
(~190 nm) than HPT at RT (~160 nm). However, both the microstrain
and the dislocation density are significantly lower in the material pro-
cessed at the higher temperature. This is attributed to the faster recovery
kinetics at a homologous temperature of ~0.5 when compared with
processing at RT (Ty ~ 0.3).

Fig. 3 shows typical orientation maps obtained at positions located at
~3 mm from the centre of the A1-3Mg-0.2Sc discs subjected to 10 HPT
revolutions at either 300 or 450 K. The low-angle grain boundaries
(LAGBs) with misorientation angles between 2 and 15° are coloured in
gray whereas the high-angle grain boundaries (HAGBs) correspond to
black lines. The results in Fig. 3 demonstrate that the grain structures in
the Al-Mg-Sc alloy processed at different temperatures exhibit similar
sizes but are slightly elongated in the material processed by HPT at RT.
Additionally, there appears to exist a larger area of grains whose {110}
planes are parallel to the thickness direction in the alloy processed at RT.
By contrast, HPT at 450 K gives a microtexture with a more prominent
participation of grains having {111} planes parallel to the disc thickness.

The data collected in the EBSD scans is presented in Fig. 4 as histo-
grams showing (a) the variation in the area fraction of grain diameters
measured using the circle equivalent method and (b) the fraction of
correlated boundaries as a function of the misorientation angle. It is
readily seen that the distributions of grain diameters show a close
resemblance for both HPT temperatures although it is somewhat
broader after HPT at RT. The area-weighted grain size (d) calculated for
both HPT conditions is ~0.32 pm.

Inspection of in Fig. 4 (b) reveals that the misorientation distribu-
tions marginally deviate from the theoretical Mackenzie distribution
(black contours) for a random array of grain structures [51]. This is due
to the presence of a small number of LAGBs which corresponds to ~20%

of the correlated boundaries used to construct the histogram for the
material processed by HPT at 300 K.

Fig. 5 gives representative bright field (BF) TEM micrographs and
their corresponding SAED patterns showing the dislocation and grain
structures in the alloy processed by HPT at RT and 450 K. It is evident
that the grain structures in the material processed at 300 K exhibit
higher aspect ratios than after HPT at 450 K. This suggests the occur-
rence of a mechanically-driven process of boundary migration during
HPT at RT as documented for other materials processed at low Ty [33,
52]. On the other hand, the alloy deformed at 450 K exhibits a uniform
array of equiaxed grains which usually follows from thermally-assisted
boundary migration [52].

The SAED patterns in both microstructures exhibit annular shapes
which are consistent with the EBSD results and indicate that the grains
are separated mainly by HAGBs. It is important to highlight that Al3Sc
particles were not detected in the microstructures of the solution-treated
alloy after 10 HPT revolutions at either 300 or 450 K. Furthermore, some
of the grains display a few internal dislocations and they are not ar-
ranged in the form of cells at this stage of processing.

The linear intercept method was used to estimate the average grain
boundary spacing (L) using several TEM micrographs and the orienta-
tion maps shown in Fig. 3. The calculations based on the TEM images
gave grain boundary spacings of ~140 and 150 nm for the alloy pro-
cessed by HPT at RT and 450 K, respectively, whereas L was estimated as
~170 nm from the EBSD maps for both HPT temperatures. These results
are consistent with earlier investigations in which a grain size of ~150
nm was measured for Al-3Mg [25,29] and Al-3Mg-0.2Sc [25] alloys
after 5-10 HPT turns at RT.

3.3. Microstructures after annealing

Fig. 6 presents typical orientation maps for the Al-3Mg-0.2Sc alloy
processed through 10 HPT revolutions at 300 K and subsequently
annealed for 1 h at various temperatures. Inspection of Fig. 6 (a) and (b)
reveals that after heating at 523 and 573 K the microstructures of the
alloy have very few LAGBs and are mainly constituted by equiaxed ar-
rays of submicrometre grains with mean diameters of ~0.56 and 0.67
pm for these two temperatures, respectively.

An increase in the annealing temperature to the range of 623-673 K
leads to the development of a bimodal distribution of grain sizes as is
evident in Fig. 6 (c) and (d) and this is shown in more detail in the form
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Fig. 2. (a) Yield stress, (b) tensile strength and (c) elongation to failure as
function of annealing temperature for the Al-3Mg-0.2Sc alloy processed by HPT
at (a) 300 or (b) 450 K, annealed for 1 h and further tested in tension at RT.

of histograms in Fig. 2A of the Supplementary Material. There remain
existing UFG structures but nevertheless they correspond to an area
fraction of <30% after heating at 673 K. Conversely, the remaining
microstructure exhibits grains with sizes of the order of tens of micro-
metres and they appear preferably oriented with the {110} and {100}
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Table 1
Crystallite size, microstrain and dislocation density for the Al-3Mg-0.2Sc alloy
processed through 10 HPT revolutions at 300 or 450 K.

Processing Crystallite size Microstrain Dislocation density
condition (nm) (%) (m2 x 10™%)
HPT: 300 K, 10 160 + 2 0.048 +0.004 3.6 = 0.4

turns
HPT: 450 K, 10 190 + 2 0.012 £+ 0.002 0.7 £ 0.1

turns

planes parallel to the disc thickness. Additional increases in the
annealing temperature to the interval of 723-773 K promotes the for-
mation of a uniform distribution of grains having a similar microtexture
when compared with the abnormally larger grains developed during
annealing at 623-673 K.

The microstructural evolution after annealing of the alloy processed
by HPT at 450 K is presented in the orientation maps in Fig. 7. As with
the material processed by HPT at RT, annealing at temperatures ranging
from 523 to 573 K promotes the formation of equiaxed grain structures
in the material processed originally at 450 K. However, these grains
achieve smaller sizes after annealing as follows from plots of the mean
grain diameter as a function of temperature in Fig. 8.

Similarly, annealing at 623-673 K promotes the onset of a duplex
distribution of grain sizes. Nevertheless, the grains with sizes in the
submicrometre range constitute a much larger fraction of the micro-
structure and exceeding an area fraction of 70% after annealing at 673
K. The group of larger grains also attains markedly smaller sizes. It
should be further noted that the grain structures at this temperature
range display grains with {110} and {111} planes lying parallel to the
thickness direction.

A homogenous array of grain structures with average diameters up to
~5 pm developed in the alloy processed by HPT at 450 K after heat
treatments at 723-773 K. By contrast with the alloy processed by HPT at
~300 K, a minor population of grains displays {110} planes oriented
towards the thickness direction but the microtexture is mostly formed by
{100} and {111} planes parallel to this direction. It is therefore evident
from Fig. 8 that HPT at 450 K leads to a slower kinetics of grain growth
and this is especially noted for annealing temperatures between 623 and
673 K.

Histograms showing the distributions of correlated boundaries as a
function of misorientation angles after annealing are displayed in
Fig. 3A of the Supplementary Material. They demonstrate there are no
sizable differences between the distributions obtained at comparable
temperatures, except at T = 623 and 673 K where the alloy originally
processed at RT exhibits a significantly larger fraction of LAGBs.

To provide information concerning the nature, size, and distribution
of second phase particles in the Al-3Mg-0.2Sc alloy after annealing for 1
h at 673 K, TEM and High-Resolution TEM (HRTEM) micrographs are
shown in Figs. 9 and 10 for the samples processed by HPT at either 300
or 450 K, respectively. The TEM micrographs reveal the occurrence of
extensive precipitation of Al3Sc particles during heating at 673 K for
HPT discs initially processed at either temperature. Examination of the
dispersoid morphology suggests that most of these phases exhibit a
coffee-bean-like appearance, suggesting a coherency with the Al matrix
even after 1 h of annealing. In the lower region of Fig. 9 (c), there is
evidence for the presence of nano-sized dispersoids in the metal pro-
cessed by HPT at RT. These dispersoids exhibit radii of less than ~5 nm
and are closely spaced and partially coherent with the Al matrix, as
suggested from their characteristic coffee-bean-like contrast and
confirmed in the HRTEM images in Fig. 9 (e) and (f).

Nevertheless, Al3Sc particles with diameters exceeding ~25 nm
become incoherent with the Al matrix, as shown clearly in the HRTEM
image in Fig. 9 (d). It should be noted, however, that there are a few
Al3Sc precipitates having notably larger sizes in the range of hundreds of
nanometres. These particles probably correspond to AlsSc precipitates
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Fig. 3. Orientation maps of the Al-3Mg-0.2Sc alloy subjected to 10 turns of HPT at either (a) 300 or (b) 450 K.

Fig. 4. Histograms of (a) the area fraction of grain diameters and (b) the misorientation angles of the Al-3Mg-0.2Sc alloy processed through 10 HPT turns at 300 or

450 K.

that were not fully dissolved during the initial solution treatment and
remain stable ever after HPT processing followed by annealing at 673 K.
Furthermore, the interspacing distance between precipitates is signifi-
cantly larger near the coarse particles, which is apparent in the micro-
graphs in Figs. 9 and 10. It should be noted that the bi-dimensional TEM
images are direct projections of 3D volumes. Consequently, Al3Sc pre-
cipitates may misleadingly overlap and thereby give a deceptive
impression of larger phases, as follows from Fig. 9 (e) and (f) for the
alloy initially processed by HPT at RT.

It is also evident in Fig. 10 that a few of the grain boundaries are
pinned by AlsSc precipitates and these boundaries exhibit clear bulges
suggesting the occurrence of strain-induced grain boundary migration
delayed by the Zener pinning effect. Fig. 11 displays histograms showing
the size distributions of the Al3Sc nanoparticles for the Al-Mg-Sc discs
subjected to 10 HPT revolutions at either RT or 450 K followed by
annealing at 673 K. These plots were generated by measuring the radii of
precipitates (r) using the circle equivalent method in Image J software
with representative TEM micrographs having high magnifications as in
Fig.. 9 (c) and 10 (e). In these calculations, totals of 153 and 192 par-
ticles were recorded for discs initially processed by HPT at RT or 450 K,
respectively.

The histograms presented in Fig. 11 demonstrate that the HPT discs
exhibit similar size distributions after annealing, even though it is
apparent that AlsSc phases with lower radii are detected for the alloy
subjected to HPT at 450 K. After annealing at 673 K, the mean radius of
the nanoparticles was estimated as ~3.2 and 3.3 nm for the Al-Mg-Sc
alloy processed by 10 HPT turns at RT or 450 K, respectively. These

values show reasonable agreement with earlier experiments undertaken
on an Al-0.25Sc alloy [53] where an average precipitate radius of ~3.5
nm was recorded after heating under similar conditions.

4. Discussion

4.1. Flow properties after HPT at different temperatures and further
annealing

The results of this research reveal that the application of 10 HPT
revolutions at 300 and 450 K to the solution-treated Al-3Mg-0.2Sc alloy
successfully promotes the development of a uniform array of sub-
micrometre grains with average diameters of ~320 nm. It should be
noted, however, that an increased contribution of dynamic recovery
during 450 K HPT at Ty =~ 0.5 promotes both the formation of more
equiaxed grain structures and the partial annihilation of dislocations
and this leads to much lower p values by comparison with the same alloy
after HPT at RT (see Table 1). These microstructural features allow the
achievement of values of oy ~ 550 and 600 MPa immediately after
processing at 450 K and RT, respectively, as shown in Fig. 1.

After annealing for 1 h at 423 K, the tensile strength of the alloy
subjected to HPT at RT decreases from ~680 to 580 MPa whereas there
is only a minor reduction in o, for the alloy processed at 450 K. These
differences are associated with the occurrence of static recovery which
has a more prominent effect in the material originally processed at RT as
it displays a higher density of dislocations prior to annealing. The results
in Figs. 6-8 reveal that grain coarsening becomes evident after
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Fig. 5. TEM micrographs and corresponding SAED patterns revealing grains and dislocation structures in the AlI-3Mg-0.2Sc alloy processed through 10 HPT turns at

either (a, b) 300 or (c, d) 450 K.

annealing at T > 523 K. This is consistent with the drops in the values of
oy and 6, shown in Fig. 2.

Nevertheless, it is important to emphasize that the grains structures
in the HPT-processed material continue to exhibit average sizes <1 pm
after heating at temperatures of 523-573 K. Also, there is evidence of
further grain growth, the formation of a duplex structure and precipi-
tation of AlsSc particles at temperatures ranging from 623 to 673 K. It is
well-known that the Hall-Petch relationship [54-56] may be used to
predict the effect of grain boundary strengthening at RT in Al alloys as
shown in the following equation:

6, =0y + kd™*? )

where 6y and k are alloy constants. To better understand the micro-
structural changes associated with material strength during annealing,
Fig. 12 shows plots of 6, vs d~%° and o, vs AL/Lj for the alloy processed
by HPT at either 300 or 450 K and further annealed for 1 h at temper-
atures within the interval of 423-773 K.

It is readily apparent in Fig. 12 (a) that the values of 6, and d~°° do
not lie in a single line as expected if the Hall-Petch equation was
uniquely sufficient to predict the flow behaviour. On the contrary, the
datum points can be divided into three regions based on the observed
trends. For the region with d~°5 > 1400 m~%5, there is an increasing
strength with decreasing grain size and the data belonging to this in-
terval correspond to material in the HPT-processed state and after
annealing at 523 and 573 K. The HPT-processed alloy reaches o, values
> 500 MPa and there is a consistent reduction in o, after heating at 523
and 573 K.

Regardless of the HPT processing temperature, the Al-Mg-Sc alloy
annealed at 523-573 K exhibited grain coarsening and probably a
decrease in the density of dislocations by comparison with the HPT-
processed states. This is consistent with the increases in the fractions
of HAGBs in the orientation maps as shown in Fig. 3A in the

Supplementary Material and the higher elongations achieved during
tensile testing as highlighted with a blue oval in Fig. 12 (b). There is also
evidence that deformation is controlled by dynamic strain ageing due to
the onset of type B Portevin-Le Chatelier (PLC) serrations in the stress-
strain curves in Fig. 1 which contribute to the increased ductility dur-
ing tensile testing, where this matches results for a UFG Al-6Mg-0.2Sc
alloy deformed under comparable conditions [38,57].

It should be noted that the time exposure during annealing at 523 K
(1 h) was probably not sufficient to promote the precipitation of Al3Sc
particles in the supersaturated alloy but the formation of coherent dis-
persoids in supersaturated Al-Sc alloys has been documented after 8
passes of ECAP at T = 573 K [58] and after ageing at 573 K for shorter
times [8]. Accordingly, the most prominent strengthening mechanisms
in the Al-Mg-Sc alloy heat treated up to T = 523 K are probably grain
boundary, dislocation and solid solution strengthening whereas the
contribution from the precipitation becomes relevant only for T > 573 K.

It is surprisingly revealed in Fig. 12 (a) that, although an increase in
the annealing temperature from 573 to 623 K promotes a marked
reduction in the grain sizes, in practice the HPT discs processed at RT or
450 K exhibit very similar yield strengths. This follows from the anal-
ogous ageing kinetics for the Al-Mg-Sc alloy at 573 and 623 K which
generate homogeneous arrays of coherent particles with radii below 2
nm after heating at comparable conditions [8,9,59]. It has been shown
that Al-Sc alloys achieve a peak ageing condition for AlsSc particles
having r values ranging from ~1 to 2 nm and this led to an increment in
6y up to ~180-210 MPa by comparison with the supersaturated alloy
[59]. For this reason, the yield strength in the Al-3Mg-0.3Sc alloy after
annealing at 573-673 K is insensitive to the grain size since the mean
free path for dislocation motion is determined instead by the particle
interspacing. Furthermore, DSA together with shearing of coherent
dispersoids are almost certainly the prevalent deformation mechanisms
[59].

Finally, it is interesting to note that there is an abrupt decrease in the
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Fig. 6. Orientation maps of the Al-3Mg-0.2Sc alloy subjected to 10 HPT turns at RT and subsequently annealed for 1 h at temperatures from 523 to 773 K.
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Fig. 7. Orientation maps of the Al-3Mg-0.2Sc alloy subjected to 10 HPT turns at 450 K and subsequently annealed for 1 h at temperatures from 523 to 773 K.

o, values when annealing is conducted at T > 673 K. This change in the nucleate at dislocations and grain boundaries and they become pro-
flow behaviour is attributed to the onset of discontinuous precipitation gressively larger with increasing temperature [60]. Also, the AlsSc
of the Al3Sc dispersoids as also documented for other Al-Sc alloys at T > particles eventually lose their coherency with the Al matrix as is

643 K [8]. In this temperature range, the precipitates preferably apparent from the TEM observations.



P.H.R. Pereira et al.

Fig. 8. Average grain diameter as a function of annealing temperature for the
Al-3Mg-0.2Sc alloy processed through 10 turns of HPT at 300 either or 450 K.
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Fig. 9. (a, ¢) Bright and (b) dark field TEM and HRTEM images showing details
of the (d) incoherent and (e, f) semi-coherent Al;Sc precipitates of the Al-3Mg-
0.2Sc alloy processed by up to 10 turns of HPT at RT and further annealed at
673 K for 1 h.
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This phenomenon is consistent with the mechanical behaviour and
microstructural features of the A1-3Mg-0.2Sc alloy annealed at 673 K as
the occurrence of heterogenous precipitation renders areas having
depleted fractions of dispersoids. These regions correspond to abnor-
mally grown grains whose interiors exhibit larger free paths for dislo-
cation motion and are thus softer than the remaining areas
encompassing UFGs and more closely spaced particles. Consequently,
plastic straining is probably first triggered within the areas having larger
grains and fewer AlsSc particles and this is consistent with the
decreasing yield strength with increasing annealing temperature.

It should be noted that, although o, appears to decrease with
increasing grain sizes for annealing at T > 673 K, it is unlikely that grain
boundary strengthening becomes again predominant because the mean
free path is consistently determined by the precipitate interspacing.
There may also occur a gradual change in the deformation mechanism
from precipitate shearing to Orowan looping due to the increasing
presence of nonshearable particles as reported for other Al-Sc alloys
[59,61]. This is consistent with the occurrence of considerable
work-hardening in the HPT-processed alloy deformed at RT after
annealing at T > 673 K. It also explains the increased elongations
attained during tensile testing [38,62]. Furthermore, DSA remains
prevalent during deformation at RT as follows from the presence of
oscillations in the stress-strain curves. Nevertheless, the PLC serrations
are now from types B + C which are consistent with the increase in grain
size with increasing temperature [38,39,57].

4.2. Microstructural stability after HPT at different temperatures

This research demonstrates that the microstructural stability of
Al-Mg alloys with Sc additions is markedly improved by conducting
HPT at 450 K as the Al-3Mg-0.2Sc alloy displays a more homogenous
array of grain structures with lower sizes after annealing for the same
duration and temperature. The reasons underlying this conclusion can
be evaluated through a calculation of the restraining pressure due to the
Zenner pinning effect (P,) and the driving pressures for boundary
migration associated with the release of the internal energy due to stored
dislocations (P4) and the grain boundary energy (P,) as expressed in the
following equations [63]:

p—il? €)
.

where k is a shape factor equal to 1.5 for spherical precipitates, y is the
energy associated with HAGBs and f and r are the volume fraction and
the mean precipitate radius,

P,=05Gbp'? @

where G is the shear modulus and

po

Table 2 displays the values estimated for f considering equilibrium
conditions for the Al-Sc phase diagram [7] together with the precipitate
radii obtained in this research and in other studies for solubilised Al-Sc
alloys having similar compositions [9,53] after heat treatment at tem-
peratures from 573 to 773 K. The values calculated for P, using eq. (3)
are also tabulated. The results reveal that the high fraction of AlsSc
precipitates with radii below 2 nm leads to pinning pressures >1.0 MPa
as predicted for the Al-3Mg-0.2Sc alloy after annealing for 1 h at
573-623 K. Conversely, the P, values are drastically reduced at higher
temperatures and are lower than 0.1 MPa after heating at 773 K. It
should be further noted that the r values measured in this research show
excellent agreement with the values reported for an Al-0.25Sc alloy
annealed for ~1 h [53].

The driving pressures for the HPT-processed Al-3Mg-0.2Sc alloy
were calculated using egs. (4) and (5) with G = 25.42 GPa, b = 2.86 x

(5)
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Fig. 10. (a, ¢, d and e) Bright and (b) dark field TEM images showing details of the Al;Sc precipitates of the Al-3Mg-0.2Sc alloy processed by up to 10 turns of HPT at

450 K and further annealed at 673 K for 1 h.

107 %m [64] and y = 0.324 Jm? [65]. The estimated values of P4 and Py
are shown in Table 3 together with the sum of the driving and
restraining pressures (P = Pg + Pq -P;) for migration of HAGBs. It fol-
lows from Table 3 that the pressure due to stored dislocations appears to
play a minor role by comparison with P; regarding the potential for
recrystallisation. The interfacial energy due to the presence of grain
diameters of ~320 nm is three orders of magnitude higher than Py
considering the dislocation densities predicted using the XRD profiles.

10

Nevertheless, P > 0 for all annealing temperatures in Table 3 and this
suggests that grain coarsening may occur if the grain boundary mobil-
ities are sufficiently high [63,66].

A thorough comparison of the XP values in Table 3 reveals, sur-
prisingly, that there is no significant difference in the net pressure for
boundary migration in the material processed by HPT at either 300 or
450 K for heat treatments conducted at similar conditions. Therefore, in
order to fully understand the reasons for the superior microstructural
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Fig. 11. Histograms revealing the size distributions for the Al3Sc precipitates in
the Al-3Mg-0.2Sc alloy processed by up to 10 turns of HPT at either 300 or 450
K and further annealed at 673 K for 1 h.

stability after HPT at 450 K it is first necessary to consider that the ve-
locity of the moving boundary (v) is expressed as follows [63,66]:

v=MZP (6)
where M is the grain boundary mobility.

The grain boundary mobility increases with increasing temperature
and may decrease due to segregation of solute atoms at grain boundaries
[33,63,66]. Furthermore, the M values depend upon the boundary
orientation to their neighbouring grains such that, in general, more
closely-packed grain contours display lower mobilities [63]. Also, some
orientation relationships may exhibit extremely high mobilities as re-
ported in Al alloys for <111 > tilt boundaries with misorientation angles
of ~40° [66,67].

However, in this investigation, there is no evidence for the occur-
rence of solute segregation in the Al-3Mg-0.2Sc alloy after 10 HPT
revolutions for both processing temperatures. Additionally, the orien-
tation maps after annealing are not conclusive in revealing a particular
orientation relationship having consistently faster growth rates. Thus,
the enhanced thermal stability in the Al-Mg-Sc alloy processed by HPT
at 450 K may be associated with a more homogenous microstructure
than after processing by HPT at RT.

The Al-Mg-Sc alloy processed at 300 K exhibits a notably higher
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density of dislocations which are heterogeneously distributed
throughout the HPT disc. It also displays grains with higher aspect ratios
and a broader size distribution. Therefore, these local gradients may
provide conditions for either triggering the discontinuous precipitation
of AlsSc particles or they may promote boundary motion at faster rates
during heating if this latter phenomenon precedes the precipitation of
large numbers of nanosized Al3Sc particles. Nevertheless, further studies

Table 2

Volume fraction of Al3Sc particles (f), mean precipitate radius (r) and estimated
Zener pinning pressure, P,, for an Al-Mg-Sc alloy after heating at temperatures
from 423 to 773 K for 1 h.

T (K) £ (%)” r (nm) P, (MPa)®

573 0.50 1.0 2.43

623 0.48 1.8" 1.29

673 0.46 3.2-3.3° 0.70-0.68
3.5¢ 0.64

723 0.43 9.5¢ 0.26

773 0.33 21.5¢ 0.08

@ Calculated from the Al-Sc phase diagram assuming equilibrium conditions
at temperature of annealing [7].

b Average radius of AlsSc precipitates in an Al-0.3Sc alloy aged for ~1 h [9].

¢ Values measured in the Al-3Mg-0.2Sc alloy in this research.

d Mean radius of Al3Sc particles in an Al-0.25Sc alloy annealed for ~1 h [53].

¢ Calculated using Eq. (4) using y = 0.324 Jm~2 [65].

Table 3

Sum of the driving (P4 and P,) and restraining (P,) pressures for boundary
migration (£P) and factor for boundary stability () for the Al-3Mg-0.2Sc alloy
processed through 10 HPT turns at 300 or 450 K after annealing for 1 h at
temperatures from 423 to 773 K.

Processing condition T (K) Py (MPa) P, (MPa) 2P (MPa) v

HPT: 300 K, 10 turns 573 0.04 3.04 0.65 1.20
623 1.79 0.64
673 2.37 0.35
723 2.86 0.11
773 3.00 0.04

HPT: 450 K, 10 turns 573 0.01 3.04 0.62 1.20
623 1.76 0.64
673 2.36 0.34
723 2.83 0.11
773 2.97 0.04

Fig. 12. Plots of (a) yield strength as a function of d-°° and (b) tensile strength as a function of elongation to failure for the Al-3Mg-0.2Sc alloy processed by HPT

and further annealed for 1 h at temperatures ranging from 423 to 773 K.
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are now needed to more fully elucidate the reasons for the superior
thermal stability encountered after HPT at 450 K.

The susceptibility for abnormal grain growth in alloys with second
phases can be analysed by calculating a boundary stability factor (y)
defined as follows [68]:

_kfd

V= 2r )

The application of Eq. (7) assumes a broadening in the distribution of
grain sizes which can be expressed as the ratio between the diameter of a
single grain and the mean grain size [68]. According to this model,
abnormal coarsening occurs when 0.25 < y < 1 and this may arise
concurrently with normal grain growth for 0.1 <y < 0.25. Fory < 0.1,
the distribution of grain sizes may show some dispersion and grain
growth should not be detected for y > 1. The various y values estimated
in this study are given in Table 3.

The boundary stability factor is estimated as ~1.20 MPa in the
Al-Mg-Sc alloy after heat treatment at 573 K. At first sight, this appar-
ently contradicts the model used to derive Eq. (7) but nevertheless the
calculations of y considered the mean precipitate radii achieved at the
end of annealing. It is possible, therefore, that boundary motion started
before precipitation and the HAGBs were effectively hindered only after
the formation of a critical number of nanosized particles. The y values
for the Al-3Mg-0.2Sc alloy range from 0.64 to 0.35 after annealing at
623 and 673 K and this is consistent with the current results as abnormal
grain coarsening was detected at these temperatures. After annealing at
T > 723 K, the distribution of grain sizes in the Al-Mg-Sc alloy is
reasonably uniform and this also agrees with the model as follows from
the y values shown in Table 3.

For convenience, Fig. 13 shows schematically the most relevant
microstructural changes occurring during heating for the A1-3Mg-0.2Sc
alloy processed through 10 HPT turns at different temperatures. These
illustrations demonstrate that after HPT at 300 or 450 K there is no
precipitation of Al3Sc dispersoids and the microstructures are composed
of a homogenous array of ultrafine grains having similar overall sizes.
Nevertheless, the grains are less elongated after processing at a high
homologous temperature and there are then fewer free dislocations.
Annealing at Ty up to ~0.60 leads to a minor increase in the overall size
of the grains and a reduction in the fraction of LAGBs. These combined
factors produce a decrease in the yield and tensile strengths and permit
the achievement of higher elongations during tensile testing at RT.

An increase in the homologous temperature to ~0.65-0.75 produces
abnormal grain coarsening in the Al microstructure and this occurs
concurrently with the heterogeneous nucleation of AlsSc dispersoids
[69]. Conversely, the Al-3Mg-0.2Sc alloy displays a uniform array of
grains having larger sizes after heating at Ty > 0.75. This follows from
the higher boundary mobilities at these temperatures which permit the
fast migration of grain boundaries prior to the precipitation of a large
number of nano-sized particles [60]. The ageing kinetics are also
accelerated at high homologous temperatures and this leads to particle
coarsening and the achievement of larger equilibrium grain sizes.

5. Summary and conclusions

1 A solution-treated Al-3Mg-0.2Sc alloy was subjected to 10 HPT
revolutions at RT ~ 300 K or at 450 K to produce a uniform array of
grains with an average diameter of ~320 nm. Tensile testing
together with XRD, EBSD and TEM analyses were conducted after
processing and after subsequent annealing for 1 h at temperatures (T)
up to 773 K.

2 After HPT at RT, the alloy achieved yield and tensile strengths of
~590 and 680 MPa, respectively. These values are significantly
higher than after HPT at 450 K even though the microstructures of
the Al-Mg-Sc alloy displayed nearly the same grain sizes. This is
attributed to the higher density of stored dislocations after process-
ing at ~300 K.
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Fig. 13. Schematic illustration of typical microstructural changes in an Al-Mg-
Sc alloy after HPT processing at RT or 450 K followed by annealing at different
temperatures.

3 There was evidence for the occurrence of dynamic strain ageing
(DSA) during deformation at RT for the HPT-processed Al-Mg-Sc
alloy annealed at T > 523 K. Type B Portevin-Le Chatelier serrations
were recorded in the flow curves after heat treatment at 523-573 K
and there was a transition from type B to type C oscillations for T >
623 K.

4 Grain boundary, dislocation and solid solution strengthening are the
main mechanisms operating during tensile testing at RT for the
Al-3Mg-0.2Sc alloy after HPT processing and after annealing up to T
~ 523 K. For T > 573 K, the contribution from precipitation becomes
relevant as the mean free path for dislocation motion is primarily
determined by the interspacing between AlsSc particles.

5 HPT at 450 K produces grain structures with greater thermal stability
in the Al-3Mg-0.2Sc alloy than processing at 300 K. This may orig-
inate from the higher density of heterogeneously distributed dislo-
cations along the microstructure formed during HPT at RT as the
local gradients may either trigger grain boundary migration at faster
rates or provide conditions for the discontinuous precipitation of
AlsSc particles during heating.

6 The grain structures of the HPT-processed material underwent
abnormal growth during annealing at 623 < T < 673 K and this was
not observed at other temperatures. This is consistent with the values
calculated for the boundary stability factor (y) using a theoretical
model derived for alloys having second-phase particles.
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DOW.42.73.15.2024 Krakow, dnia 04-12-2024

DECYZJA
DYREKTORA NARODOWEGO CENTRUM NAUKI
Nr DEC-2024/53/B/ST11/00531

Na podstawie art. 33 ust. 1 i 4 w zwigzku z art. 20 ust. 1 pkt 1) w zw. z art. 21 w zw. z art. 30
ust. 1 - 3 oraz w zw. z art. 24 ust. 1 pkt 4) i 5) ustawy z dnia 30 kwietnia 2010 r. o Narodowym
Centrum Nauki (t.j. Dz.U. z 2023 r. poz. 153) po rozpatrzeniu wniosku o finansowanie projektu
badawczego o nr rejestracyjnym 2024/53/B/ST11/00531 zlozonego w ramach konkursu
OPUS 27 na projekty badawcze

przyznaje

podmiotowi bedgcemu wnioskodawca:
Politechnika Warszawska

srodki finansowe w wysokosci: 1 690 900 zt (stownie: milion szeséset dziewiecdziesiat tysiecy
dziewiecset zt)

na realizacje projektu badawczego

pt. Synteza metoda skrecania pod wysokim cisnieniem niemieszalnych uktadéw
wykazujacych unikalne wlasciwosci fizyczne i mechaniczne,

ktory realizowac¢ bedzie Politechnika Warszawska.
Kierownikiem projektu bedzie Pan/i dr inz. Piotr Marcin Bazarnik,

z zastrzezeniem dopetnienia nastepujgcej czynno$ci: przedtozenia projektu umowy
o realizacje i finansowanie projektu badawczego podpisanego przez osobe/y umocowanag/e
do podpisywania uméw w imieniu wnioskodawcy oraz kierownika projektu.

Projekt umowy nalezy podpisa¢c w formacie PAdES zaawansowanym podpisem
elektronicznym lub kwalifikowanym podpisem elektronicznym zgodnym z Rozporzgdzeniem
Parlamentu Europejskiego i Rady (UE) NR 910/2014 z dnia 23 lipca 2014 r. w sprawie
identyfikacji elektronicznej i ustug zaufania w odniesieniu do transakcji elektronicznych na
rynku wewnetrznym oraz uchylajgce dyrektywe 1999/93/WE.

Projekt umowy nalezy przestaé na adres Elektronicznej Skrzynki Podawczej Narodowego
Centrum Nauki: /ncn/SkrytkaESP, w terminie 2 miesiecy od dnia dorgczenia niniejszej decyz;ji
wnioskodawcy.

Niedotrzymanie ww. terminu skutkowa¢ bedzie odmowg podpisania umowy przez Narodowe
Centrum Nauki oraz uchyleniem niniejszej decyzji w trybie art. 162 § 2 ustawy z dnia
14 czerwca 1960 r. Kodeks postepowania administracyjnego (t.j. Dz.U. z 2024 r. poz. 572).

NARODOWE CENTRUM NAUKI

UL. TWARDOWSKIEGO 16, 30-312 KRAKOW, TEL. +48 123419001, FAX 123419099, E-MAIL:
biuro@ncn.gov.pl
REGON: 121361537, NIP: 6762429638


mailto:biuro@ncn.gov.pl

Projekt umowy o realizacje i finansowanie projektu badawczego wraz z zatgcznikami dostepny
jest w systemie OSF (Obstuga Strumieni Finansowania) na stronie https://osf.opi.org.pl/.

Adresat niniejszej decyzji, przedktadajgc ww. umowe zobowigzuje sie do niewydatkowania
przyznanych niniejszg decyzjg srodkéw na wskazane przez Zespét Ekspertow na etapie oceny
wniosku koszty niekwalifikowalne, zgodnie z Kosztami w projektach badawczych, ktére
stanowig zatgcznik nr 2 do Regulaminu przyznawania Srodkow na realizacje zadan
finansowanych przez Narodowe Centrum Nauki w zakresie projektow badawczych,
okreslonego uchwatg Rady NCN, w brzmieniu majgcym zastosowanie dla konkursu OPUS 27,
ktérego tekst jednolity stanowi zatgcznik do uchwaty Rady Narodowego Centrum Nauki nr
23/2024 z dnia 4 marca 2024 r. Wykaz kosztéw uznanych za niekwalifikowalne znajduje sie
w uzasadnieniu oceny wniosku w systemie OSF (Obstuga Strumieni Finansowania)
dostepnym na stronie https://osf.opi.org.pl/.

Uzasadnienie

Z uzasadnieniem oceny wniosku mozna zapozna¢ sie poprzez system OSF (Obstuga
Strumieni Finansowania) dostepny na stronie https://osf.opi.org.pl/.

Pouczenie:

Na podstawie art. 33 ust. 2 ustawy z dnia 30 kwietnia 2010 r. o Narodowym Centrum Nauki,
w przypadku naruszenia procedury konkursowej lub innych naruszen formalnych,
wnioskodawcy przystuguje odwotanie do Komisji Odwotawczej Rady Narodowego Centrum
Nauki, ktorej siedziba miesci sie w Krakowie przy ul. Twardowskiego 16, 30-312 Krakow
w terminie 14 dni od dnia doreczenia niniejszej decyzji.

Odwotanie sktada sie za posrednictwem Dyrektora Narodowego Centrum Nauki, w formie
pisemnej, na adres: ul. Twardowskiego 16, 30-312 Krakdéw albo podpisane w formacie PAJES
zaawansowanym podpisem elektronicznym lub kwalifikowanym podpisem elektronicznym
zgodnym z Rozporzadzeniem Parlamentu Europejskiego i Rady (UE) NR 910/2014 z dnia 23
lipca 2014 r. w sprawie identyfikacji elektronicznej i ustug zaufania w odniesieniu do transakcji
elektronicznych na rynku wewnetrznym oraz uchylajace dyrektywe 1999/93/WE na adres
Elektronicznej Skrzynki Podawczej Centrum: /ncn/SkrytkaESP.

Zgodnie z trescig art. 127a ustawy z dnia 14 czerwca 1960 r. Kodeks postepowania
administracyjnego (t.j. Dz.U. z 2024 r. poz. 572) przed uptywem terminu do wniesienia
odwotania strona moze zrzec sie prawa do wniesienia odwotania wobec organu administracji
publicznej, ktory wydat decyzje. Z dniem doreczenia organowi administracji publicznej
oSwiadczenia 0 zrzeczeniu sie prawa do wniesienia odwotania przez ostatnia ze stron
postepowania, decyzja staje sie ostateczna i prawomocna.

z upowaznienia Dyrektora Narodowego Centrum Nauki
Kierownik Dziatu Obstugi Wnioskéw
Katarzyna Sadowska-Likos

Otrzymuja:
1. Politechnika Warszawska

2. drinz. Piotr Marcin Bazarnik
3. aa

NARODOWE CENTRUM NAUKI

UL. TWARDOWSKIEGO 16, 30-312 KRAKOW, TEL. +48 123419001, FAX 123419099, E-MAIL:
biuro@ncn.gov.pl
REGON: 121361537, NIP: 6762429638
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DOW.420.35.83.2020 Krakow, dnia 20-11-2020

DECYZJA
DYREKTORA NARODOWEGO CENTRUM NAUKI
Nr DEC-2020/37/B/ST5/01837

Na podstawie art. 33 ust. 1 ustawy z dnia 30 kwietnia 2010 r. o Narodowym Centrum Nauki
(t.j. Dz.U. z 2019 r. poz. 1384) po rozpatrzeniu wniosku o finansowanie projektu badawczego o nr
rejestracyjnym 2020/37/B/ST5/01837 ztozonego w ramach konkursu OPUS 19 na projekty
badawcze

przyznaje

podmiotowi bedgcemu wnioskodawca:
Politechnika Warszawska

Srodki finansowe w wysokosci: 1 003 920 zt (stownie: milion trzy tysigce dziewiecset dwadzie$cia
zt)

na realizacje projektu badawczego

pt. Kompozyty na osnowie metalicznej wzmacniane nano-czastkami 2D i 3D wytwarzane
technika skrecania pod wysokim ci$nieniem,

ktory realizowac bedzie Politechnika Warszawska, Wydziat Inzynierii Materiatowe;.
Kierownikiem projektu bedzie Pan/i dr inz. Piotr Marcin Bazarnik,

z zastrzezeniem dopetnienia nastepujacej czynnosci: przedtozenia w formie elektronicznej,
projektu umowy o realizacje i finansowanie projektu badawczego podpisanego kwalifikowanym
podpisem elektronicznym w standardzie PAJES przez osobe/y umocowang/e do podpisywania
umow w imieniu wnioskodawcy oraz kierownika projektu.

Projekt umowy nalezy przesta¢ w formie elektronicznej na adres Elektronicznej Skrzynki
Podawczej Narodowego Centrum Nauki: /ncn/SkrytkaESP, w terminie 2 miesiecy od dnia
doreczenia niniejszej decyzji wnioskodawcy.

Niedotrzymanie ww. terminu skutkowac¢ bedzie odmowag podpisania umowy przez Narodowe
Centrum Nauki oraz uchyleniem niniejszej decyzji w trybie art. 162 § 2 ustawy z dnia
14 czerwca 1960 r. Kodeks postepowania administracyjnego (t.j. Dz.U. z 2020 r. poz. 256
z pézn. zm.).

Projekt umowy o realizacje i finansowanie projektu badawczego wraz z zatgcznikami, dostepny
jest w systemie ZSUN/OSF (Zintegrowany System Ustug dla Nauki/Obstuga Strumieni
Finansowania) na stronie www.osf.opi.org.pl.

Adresat niniejszej decyzji, przedktadajgc ww. umowe zobowigzuje sie do niewydatkowania
przyznanych niniejszg decyzjg srodkéw na wskazane przez Zespot Ekspertéw na etapie oceny
whniosku koszty niekwalifikowalne, zgodnie z Kosztami w projektach badawczych, ktére stanowig

NARODOWE CENTRUM NAUKI

UL. TWARDOWSKIEGO 16, 30-312 KRAKOW, TEL. +48 123419001, FAX 123419099, E-MAIL: biuro@ncn.gov.pl
REGON: 121361537, NIP: 6762429638
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zatgcznik nr 2 do Regulaminu przyznawania srodkéw na realizacje zadanh finansowanych przez
Narodowe Centrum Nauki w zakresie projektow badawczych, okreslonego uchwatg Rady NCN,
w brzmieniu majgcym zastosowanie dla konkursu OPUS 19, ktérego tekst jednolity stanowi
zatgcznik do uchwaty Rady Narodowego Centrum Nauki nr 49/2020 z dnia 29 kwietnia 2020 r.
Wykaz kosztéw uznanych za niekwalifikowane znajduje sie w uzasadnieniu oceny wniosku w
systemie ZSUN/OSF (Zintegrowany System Ustug dla Nauki/Obstuga Strumieni Finansowania)
dostepnym na stronie www.osf.opi.org.pl.

Uzasadnienie

Ze szczegotowym uzasadnieniem oceny wniosku, sporzadzonym przez Zespét Ekspertow,
mozna zapozna¢ sie poprzez system ZSUN/OSF (Zintegrowany System Ustug dla
Nauki/Obstuga Strumieni Finansowania) dostepny na stronie www.osf.opi.org.pl.

Pouczenie:

Na podstawie art. 33 ust. 2 ustawy z dnia 30 kwietnia 2010 r. o Narodowym Centrum Nauki,
w przypadku naruszenia procedury konkursowej lub innych naruszen formalnych, wnioskodawcy
przystuguje odwotanie do Komisji Odwotawczej Rady Narodowego Centrum Nauki mieszczgce;j
sie w Krakowie 30-312, przy ul. Twardowskiego 16, w terminie 14 dni od dnia doreczenia
niniejszej decyzji. Odwotanie sktada sie za posrednictwem Dyrektora Narodowego Centrum
Nauki, pisemnie, na adres: 30-312 Krakéw, ul. Twardowskiego 16 albo
w formie elektronicznej na adres Elektronicznej Skrzynki Podawczej Centrum: /ncn/SkrytkaESP.

Zgodnie z trescig art. 127a ustawy z dnia 14 czerwca 1960 r. Kodeks postepowania
administracyjnego (t.j. Dz.U. z 2020 r. poz. 256 z pézn. zm.) w trakcie biegu terminu do wniesienia
odwotania strona moze zrzec sie prawa do wniesienia odwotania wobec organu administracji
publicznej, ktéry wydat decyzje. Z dniem doreczenia organowi administracji publicznej
oswiadczenia 0 zrzeczeniu sie prawa do wniesienia odwotania przez ostatnig ze stron
postepowania, decyzja staje sie ostateczna i prawomocna.

Z upowaznienia Dyrektora Narodowego Centrum Nauki
Katarzyna Sadowska-Likos
Kierownik Dziatu Obstugi Wnioskow

Otrzymuja:
1. Politechnika Warszawska

2. drinz. Piotr Marcin Bazarnik
3. aa

NARODOWE CENTRUM NAUKI

UL. TWARDOWSKIEGO 16, 30-312 KRAKOW, TEL. +48 123419001, FAX 123419099, E-MAIL: biuro@ncn.gov.pl
REGON: 121361537, NIP: 6762429638
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Politechnika Warszawska
Wydgzial Inzynierii Materiatowej
dr inz. Piotr Marcin Bazarnik

Umowa nr UMO-2017/24/C/ST8/00145

do wniosku nr 2017/24/C/ST8/00145

pt. Synteza nowych materiatéw hybrydowych metoda
skrecania pod wysokim cisnieniem

Niniejszym os$wiadczam, ze dane zawarte na zataczonym wydruku umowy sa catkowicie zgodne z danymi
wprowadzonymi do bazy danych systemu OSF.

Umowa nr: UMO-2017/24/C/ST8/00145 - wygenerowana 2017-09-25 10:53:55 przez Piotr Bazarnik
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Umowa nr UMO-2017/24/C/ST8/00145

o realizacje i finansowanie projektu badawczego,
ktéry uzyskat finansowanie w ramach konkursu ,,SONATINA 1”

zawarta w dniu podpisania przez Dyrektora Narodowego Centrum Nauki
w Krakowie pomiedzy:

Narodowym Centrum Nauki w Krakowie, ul. Krélewska 57, 30-081 Krakéw, NIP 6762429638, REGON 121361537,
zwanym dalej ,Centrum”,

reprezentowanym przez Zbigniewa Btockiego - Dyrektora,

zwanego dalej ,Dyrektorem”,

a

Politechnika Warszawska

pl. Politechniki 1, 00-661 Warszawa

NIP: 5250005834, REGON: 000001554,

zwana(ym) dalej ,Jednostkg”, ktérg reprezentuje(a):
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Lanchester Building, Room 4029
Tel: +44 (0)23 8059 3766
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21% November, 2013

To whom it may concern:

Mr. Piotr Bazarnik

Piotr Bazarnik is currently a post-graduate student in the Faculty of Materials Science at Warsaw
University of Technology where he is undertaking a Ph.D. degree under the supervision of Prof.
Malgorzata Lewandowska. In order to gain additional experience, Piotr spent three months
working in my research group at the University of Southampton during the autumn of 2013. He
is now coming to the end of his stay in the U.K. and he will return to Poland next week.

Piotr has performed exceptionally well during his time in Southampton. He has worked hard on
his research project which concerns the processing and properties of ultrafine-grained
aluminium 5483 alloy, This alloy is similar to the conventional 5083 alloy except that it has less
impurities and a more stabilized chemical composition of the primary compounds of 4.8% Mg
and 1.0% Mn.

During his stay, Piotr has processed ultrafine-grained materials using both equal-channel angular
pressing (ECAP) and high-pressure torsion (HPT). These processing experiments were
conducted using different applied pressures and different amounts of strain. Piotr evaluated the
materials by taking extensive microhardness measurements and he determined the mechanical
properties by conducting tensile testing. I believe these results will make a valuable addition to
his Ph.D. research in Warsaw.

It was a pleasure having Piotr here in Southampton. 1 am impressed with his hard work and
enthusiasm. He is a great credit to Warsaw University of Technology and I am sure he will have

a successtul career in the field of Materials Science..

Please feel free to contact me by e-mail if additional information is needed.

Y/ a7 il

Terence G. Langdon, FREng
Professor of Materials Science
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Lausanne, 26 May, 2016

TO WHOM IT MAY CONCERN

I herewith confirm that mgr inz. Piotr Bazarnik had a 3 month research stay at the interdisciplinary
center for electron microscopy, EPFL where he was working full time.

Kind regards,

Prof. Cécile Hébert
Directrice du CIME
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Professor Terence G. Langdon, FREnNg.
Lanchester Buiding, Room 4029
Tel: +44 (0)23 8059 3766

langdon@soton.ac.uk

26 March, 2018

This letter confirms that Dr. Eng. Piotr Bazarnik of Warsaw Polytechnic University spent two
months (February and March 2018) conducting research at the University of Southampton in the
Centre for Bulk Nanostructured Materials. During this time, he carried out full-time research
within the project “Synthesis of Novel Hybrid Materials Using High-Pressure Torsion”, UMO-

2017/24/C/ST8/00145.

Please contact me by e-mail at the above address if additional information is required.

%“;
Terence G. Langdon, FREng

Professor of Materials Science
University of Southampton
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Materials Research Group
Faculty of Engineering and the
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U.K.

Professor Terence G. Langdon, FREng.
Lanchester Building, Room 4029
Tel: +44 (0)23 8059 3766

langdon@soton.ac.uk

28 August, 2019

This letter confirms that Dr. Eng. Piotr Bazarnik of Warsaw Polytechnic University spent one
month (August 2019) conducting research at the University of Southampton in the Centre for
Bulk Nanostructured Materials. During this time, he carried out full-time research within the
project “Synthesis of Novel Hybrid Materials Using High-Pressure Torsion”, UMO-

2017/24/C/ST8/00145.

Please contact me by e-mail at the above address if additional information is required.

Yours sincerely,

Z

Terence G. Langdon, FREng
Professor of Materials Science



mailto:langdon@soton.ac.uk

Politechnika C l uEzEL
Warszawska BADAWCZA

DYPLOM

Best Paper
dla

dr. inz. Piotra Bazarnika

za najlepsza publikacje w 2019 roku

~The fabrication of graphene-reinforced Al-
based nanocomposites using
high-pressure torsion”

14 grudnia 2020 r., Warszawa

it Q”l’/

Podpis przewodniczacego Podpis kierownika Zespotu
Komisji zarzadzajacego projektu ,Inicjatywa
Doskonatoéci - Uczelnia Badawcza”




REKTOR POLITECHNIKI WARSZAWSKIE]

W WA
P

NAGRODA

ZESPOLOWA STOPNIA I

dla

dr. inz.
Piotra Bazarnika

z Wydziatu Inzynierii Materiatowej

za osiggniecia naukowe
w latach 2017-2018

Rektor

sesam
Prof. dr hab. in§. Jan Szmidt

o )

Warszawa, dnia 1 paZdziernika 2019 roku




REKTOR POLITECHNIKI WARSZAWSKIE]

NAGRODA

ZESPOLOWA STOPNIA I

dla

dr. inz.
Piotra Bazarnika

z Wydziatu Inzynierii Materiatowej

za osiggniecia naukowe
w latach 2019-2020

Rektor

Prof. dr hab. inz. Krzysztof Zaremba

Warszawa, dnia 1 pazdziernika 2021 roku




REKTOR POLITECHNIKI WARSZAWSKIE]

NAGRODA

ZESPOLOWA STOPNIA I
dla

dr. inz.
Piotra Bazarnika

z Wydziatu Inzynierii Materiatowej

za osiggniecia naukowe
w latach 2021-2022

Rektor

Prof. dr hab. inZ. Krzysztof Zaremba

Warszawa, dnia 2 pazdziernika 2023 roku




POLITECHNIKA WARSZAWSKA
WYDZIAL INZYNIERIT MATERIALOWEJ

.
WOIVIRIE GMI Lo fuaeesssssesrsassancnesimannssanassssassss

Ldz, WM/ .. .2‘6@.5 ...............................

MINISTER
NAUKI I SZKOLNICTWAWYZSZEGO 21

Warszawa,

DECYZJA NR 0356/E-365/STYP/13/2018

Na podstawie art. 28a ust. 1 i art. 13 ust. 1 ustawy z dnia 30 kwietnia 2010 r. o zasadach finansowania nauki
(Dz. U. z 2018 r., poz. 87) oraz art. 104 ustawy z dnia 14 czerwca 1960 r. Kodeks postgpowania
administracyjnego (Dz. U. z 2017 r. poz. 1257, z 2018 r. poz. 149 i 650), po rozpatrzeniu wniosku nr rej.
356/STYP/13/2018 z dnia 31 marca 2018 r.

przyznaje
jednostce naukowej:
Politechnika Warszawska
Wydziat Inzynierii Materialowej

srodki finansowe w wysokosci 194 040 zi (slownie zlotych: sto dziewiecdziesiat cztery tysiace
czterdziesci )

na finansowanie w latach 2018 - 2021 stypendium naukowego dla wybitnego mtodego naukowca dla:
dr inz. Piotr Marcin Bazarnik

Srodki finansowe przekazane beda pod warunkiem zlozenia w terminie 30 dni od dnia, w ktérym niniejsza
decyzja stanie si¢ ostateczna, podpisanego projektu umowy okreslajacej szczegétowe warunki finansowania
i rozliczenia stypendium. Niezlozenie projektu umowy w wymaganym terminie uwaza si¢ za rezygnacje
z przyznanego finansowania.

Uzasadnienie:

W zwigzku z uwzglednieniem w catosci wniosku o przyznanie stypendium naukowego dla wybitnego
mlodego naukowca, na podstawie art. 107 § 4 ustawy z dnia 14 czerwca 1960 r. — Kodeks postgpowania
administracyjnego (Dz. U. z 2017 r. poz. 1257, z 2018 r. poz. 149 i 650), odstapiono od uzasadnienia decyzji.

Pouczenie:
Na podstawie art. 14 ust. 1 ustawy o zasadach finansowania nauki w przypadku naruszenia procedury
konkursowej lub innych naruszen formalnych przy przyznawaniu srodkéw finansowych
wnioskodawca moze zwrdci¢ sie do Ministra Nauki i Szkolnictwa Wyzszego z wnioskiem

0 ponowne rozpatrzenie sprawy w terminie 14 dni od dnia otrzymania decyzji.

ul. Wspdlna 1/3, 00-529 Warszawa
tel. (22) 828 19 44, faks: (22) 529 26 21, e-mail: sekretariat.minister@nauka.gov.pl, www.nauka.gov.pl
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