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Whiosek
z dnia 15.09.2023
o przeprowadzenie postepowania w sprawie nadania stopnia doktora habilitowanego

w dziedzinie nauk inzynieryjno-technicznych w dyscyplinie! inzynieria materialowa.

Okreslenie osiggniecia naukowego bedacego podstawa ubiegania si¢ o nadanie stopnia
doktora habilitowanego jest jednotematyczmy cykl 9 publikacji zatytulowany
nZjawiska zachodzgce w materialach o strukturze nanometrycznej podczas
ekspozycji na rézne warunki srodowiskowe”.

Whnioskuje — na podstawie art. 221 ust. 10 ustawy z dnia 20 lipca 2018 r. Prawo o szkolnictwie
wyzszym i nauce (Dz. U. z 2021 r. poz. 478 zm.) — aby komisja habilitacyjna podejmowata
uchwale w sprawie nadania stopnia doktora habilitowanego w glosowaniu tajaym/jawnym*?

Zostalem poinformowany, ze:

Administratorem w odniesieniu do danych osobowych pozyskanych w ramach postgpowania w
sprawie nadania stopnia doktora habilitowanego jest Przewodniczqgcy Rady Doskonalosci 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
obowiqzkow oraz srodkow odwolawczych przewidzianych w tym postgpowaniu.

Szezegdtowa informacja na temat przetwarzania danych osobowych w postegpowaniu dostgpna jest
na stronie www.rdn.gov.pl/klauzula-informacyvina-rodo.html
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caerrreessie e MRS, ..o
(podpis wnioskodawcy)

! Klasyfikacja dziedzin i dyscyplin wg. rozporzadzenia Ministra Nauki i Szkolnictwa Wyzszego z dnia 20 wrzes$nia
2018 r. w sprawie dziedzin nauki i dyscyplin naukowych oraz dyscyplin w zakresie sztuki (Dz. U. z 2018 r. poz.
1818).

2 * Niepotrzebne skreslié.
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Autoreferat

1. Imig i nazwisko.

Agnieszka Teresa Krawczynska

2. Posiadane dyplomy, stopnie naukowe lub artystyczne — z podaniem podmiotu

nadajacego stopien, roku ich uzyskania oraz tytulu rozprawy doktorskie;j.

DOKTOR NAUK TECHNICZNYCH 2012 r., Wydzial Inzynierii Materialowej,
Politechnika Warszawska
Zmiany mikrostruktury i wlasciwosci
mechanicznych nanostrukturalnej stali
austenitycznej ~ 316LVM  pod  wplywem
wygrzewania w roznych warunkach
Promotor: Prof. dr hab. inz. Malgorzata

Lewandowska

MAGISTER INZYNIER 2006 r., Wydzial Inzynierii Materialowe;,
Politechnika Warszawska
Kompozyty A1203-SiCw
Promotor: Prof. dr hab. inz. Andrzej Olszyna

3. Informacja o dotychczasowym zatrudnieniu w jednostkach naukowych Ilub

artystycznych.

18.02.2009 - 31.12.2014 starszy referent ds. administracyjnych,
Wydzial Inzynierii Materialowej, Politechnika
Warszawska

01.12.2012 — 30.06.2013 post-dok
Centre d’Elaboration des Matériaux et d’Etudes
Structurales (Toulouse, France)

02.02.2015 - 31.07.2020 specjalista naukowo-techniczny
Wydzial Inzynierii Materialowej, Politechnika
Warszawska

01.08.2020 — aktualnie adiunkt badawczy
Wydzial Inzynierii Materialowej, Politechnika
Warszawska
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4.  Omowienie osiggnie¢, 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 pozn.

zm.).

4.1 Cykl publikacji wchodzacych w sklad osiagniecia naukowego

Osiagnigciem, o ktorych mowa w art. 219 ust. 1 pkt. 2 ustawy z dnia 20 lipca 2018 r.
Prawo o szkolnictwie wyzszym i1 nauce (Dz. U. z 2021 r. poz. 478 z pdézn. zm.) jest
jednotematyczny cykl 9 publikacji zatytutowany ,,Zjawiska zachodzace w materialach o

strukturze nanometrycznej podczas ekspozycji na rézne warunki srodowiskowe”.

Przedstawiony cykl publikacji nie ma charakteru chronologicznego, a ujety jest
zagadnieniowo. Wynika to z faktu, ze rownolegle do analizy wplywu defektow powstatych w
mikrostrukturze w wyniku proces6w SPD na zjawiska zachodzace podczas wygrzewania pod
wysokim ci$nieniem hydrostatycznym (ang. high hydrostatic pressure annealing (HPA),
prowadzitam badania wplywu defektow mikrostruktury powstalych w wyniku procesow
SPD na warstwy powstajace w wyniku procesu niskotemperaturowego azotowania
jarzeniowego stali austenitycznej oraz na zdolno$¢ odbicia naswietlonych luster z molibdenu

do zastosowan w reaktorach termojadrowych.

Dla kazdej publikacji wskazano catkowitg liczbe cytowan wg. bazy Web of Science (Zwos) 1
Scopus (Zs) - w nawiasach liczba cytowan po odrzuceniu cytowan witasnych, impact factor
(IF) czasopisma obowigzujacy w roku opublikowania artykutu oraz liczbe punktow zgodnie z
listg Ministerstwa Nauki 1 Szkolnictwa Wyzszego obowigzujaca w roku opublikowania

artykutu MNiSW. Sumaryczny impact factor cyklu publikacji wynosi 36,737.

IH. A.T. Krawczynska, L. Ciupinski, M. Gloc, D. Setman, M. Spychalski, P. Suchecki,
M.O. Liedke, M. Butterling, A. Wanger, E. Hirschmann, P. Petersson, Impact of high

pressure torsion processing on helium ion irradiation resistance of molybdenum, Mater.

Charact. 191 (2022). https://doi.org/10.1016/j.matchar.2022.112151.

Zwos: 0(0), Zs:0(0), IF(2022): 4,7, pkt. MNiSW: 100
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W tym artykule pelitam rolg¢ autora wiodacego i bylam wykonawca projektu w ramach
ktorego powstata publikacja (Projekt migdzynarodowy EUROFUSION, zadanie ,,Irradiation
testing of mirrors: microscopy studies of surface”). Po pierwsze mdj udzial w pracy polegat
na stworzeniu koncepcji przeprowadzanych badan. Koncepcja ta pojawita si¢ w wyniku
wczesniejszej pracy w dwoch projektach: (1) w projekcie Sonata, w ktorym zajmowatam si¢
materiatami o rozdrobnionej mikrostrukturze oraz (2) w projekcie Eurofusion, w ktorym
zajmowalam si¢ mikrokrystalicznymi  lustrami do zastosowania w  reaktorach
termojadrowych. W celu poprawy zdolnos$ci odbicia luster, zaproponowatam rozdrobnienie
ich mikrostruktury metodg skrecania pod wysokim ci$nieniem hydrostatycznym (ang. high
pressure torsion (HPT)). W celu szczegdlowej analizy defektéw obecnych w warstwie
optycznie czynnej nawigzalam wspotprace z dr Maciejem Liedke z Institute of Radiation
Physics, Helmholtz-Zentrum Dresden-Rossendorf, gdzie zostaly wykonane badania
spektroskopii anihilacji pozytronow. Dodatkowo w artykule bytam odpowiedzialna za:
= opracowanie metodyki badan,
= przeprowadzenie procesow HPT,
= wykonanie badan mikrotwardo$ci wraz z analizg wynikéw,
= analiz¢ wynikow nanotwardosci, gestosci dyslokacji, rodzaju i rozmieszczenia
defektow oraz zdolno$ci odbicia luster w konteks$cie przedstawionego tematu badan,
= przeprowadzenie obserwacji mikrostruktury przy uzyciu skaningowej i transmisyjnej
mikroskopii elektronowej oraz mikroskopii jonowej wraz z analizag uzyskanych
wynikoéw,

= calo$ciowe opracowanie publikacji wraz z korekcja po recenz;ji.

2H. A.T. Krawczynska, M. Lewandowska, A.T. Fry, Microstructural characterization and
residual stress distribution in a nanostructured austenitic stainless steel, Int. J. Mater. Res.

(2018). https://doi.org/10.3139/146.111672.

Zwos: 1(1), Zs:2(2), IF(2018): 0,851, pkt. MNiSW: 30

W tym artykule pelilam rolg autora wiodacego i bytam wykonawca projektu, w ramach
ktorego powstata publikacja (projekt OPUS finansowany przez NCN , Tworzenie
dyfuzyjnych warstw azotowanych na stali austenitycznej o strukturze nanometrycznej”). Po
pierwsze bylam pomystodawca pomiaru rozkladu naprezen na S$rednicy pretow

odksztalconych w wyniku procesu hydroektruzji (ang. hydrostatic extrusion (HE)) przy
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uzyciu metody dyfrakcji rentgenowskiej cosa, poniewaz nie mozliwe bylo zastosowanie w
przypadku tak steksturowanych materiatbw metod konwencjonalnych. Dodatkowo bylam
odpowiedzialna za:

= opracowanie metodyki badan,

= wykonanie badan mikrotwardo$ci wraz z analizg wynikéw,

= wykonanie badan napr¢zen wraz z analizg wynikow w konteks$cie tematu badan,

= przeprowadzenie obserwacji mikrostruktury przy uzyciu transmisyjnej mikroskopii

elektronowej wraz z analizg uzyskanych mikrostruktur,

= calosciowe opracowanie publikacji wraz z korekcja po recenzji.

3H. A.T. Krawczynska, W. Chrominski, E. Ura-Binczyk, M. Kulczyk, M. Lewandowska,
Mechanical properties and corrosion resistance of ultrafine grained austenitic stainless steel
processed by hydrostatic extrusion, Mater. Des. 136 (2017).
https://doi.org/10.1016/j.matdes.2017.09.050.

Zwos: 34(28), Zs:33(27), IF(2017): 4,525, pkt. MNiSW: 35

W tym artykule petnilam role autora wiodacego i bylam wykonawca projektu, w ramach
ktorego powstata publikacja (projekt OPUS finansowany przez NCN , Tworzenie
dyfuzyjnych warstw azotowanych na stali austenitycznej o strukturze nanometryczne;j”).
W tym artykule bytam odpowiedzialna za:

= opracowanie cato§ciowej koncepcji artykutu,

= opracowanie metodyki badan mikrostruktury i wtasciwosci mechanicznych,

= wykonanie obserwacji mikrostruktury przy uzyciu transmisyjnej mikroskopii

elektronowej oraz analiz¢ uzyskanych mikrostruktur,
= analize¢ wynikoéw badan wytrzymatosciowych,
= dyskusje wynikow bez cze¢sci dotyczacej korozji,

= zredagowanie i przygotowanie publikacji.

4H. A.T. Krawczynska, J. Zdunek, R. Sitek, M. Lewandowska, Formation of the Nitrided
Layers on an Austenitic Stainless Steel with Different Grain Structures, Adv. Eng. Mater.

(2018). https://doi.org/10.1002/adem.201701049
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Zwos: 3(2), Zs:4(3), IF(2018): 2.906, pkt. MNiSW: 30

W tym artykule petnilam role autora wiodacego i bylam wykonawca projektu, w ramach
ktorego powstata publikacja (projekt OPUS finansowany przez NCN ,,Tworzenie
dyfuzyjnych warstw azotowanych na stali austenitycznej o strukturze nanometryczne;j”).
W tym artykule bytam odpowiedzialna za:
= opracowanie cato§ciowej koncepcji artykutu,
= opracowanie metodyki badan,
= wykonanie obserwacji mikrostruktury przy uzyciu transmisyjnej 1 skaningowej
mikroskopii  elektronowej oraz mikroskopii jonowej, analiz¢ uzyskanych
mikrostruktur,
= analiz¢ wynikow badan sktadu fazowego 1 sktadu chemicznego warstw w kontekscie
tematu badan,

= zredagowanie i przygotowanie publikacji (wlaczajac dyskusje wynikow).

SH. A.T. Krawczynska, M. Kerber, P. Suchecki, B. Romelczyk-Baishya, M. Oskar, M.
Butterling, E. Hirschmann, A. Wagner, M. Lewandowska, D. Setman, The impact of high
hydrostatic pressure maintenance after high-pressure torsion on phenomena during high
hydrostatic pressure annealing, Mater. Sci. Eng. A. 840 (2022) 142874.
https://doi.org/10.1016/].msea.2022.142874

Zwos: 1(1), Zs:2(2), IF(2022): 6,4, pkt. MNiSW: 140

Bylam pomystodawca i1 kierownikiem projektu, w ramach ktérego powstata publikacja
(projekt Sonata finansowany przez NCN ,Rekrystalizacja i1 rozrost ziaren w silnie
odksztatconej stali austenitycznej”).
W tej pracy odpowiedzialna bytam za:

= opracowanie catosciowej koncepcji artykutu,

= opracowanie metodyki badan,

= asystowanie podczas modernizacji urzadzenia HPT w celu przeprowadzenia procesow

HPT i HPA,
= przeprowadzenie procesow HPT 1 HPA,

= wykonanie badan mikrotwardos$ci oraz analiz¢ uzyskanych wynikow,
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= analize¢ wynikoOw uzyskanych podczas statycznej proby rozciggania w konteksScie
tematu badawczego,

= analize rodzaju i rozmieszczenia defektow w kontekscie tematu badawczego,

= przeprowadzenie obserwacji mikrostruktury przy uzyciu skaningowej i transmisyjnej
elektronowej mikroskopii, mikroskopii jonowej oraz analiz¢ uzyskanych
mikrostruktur,

= calo$ciowe opracowanie publikacji wraz z korekcja po recenz;ji.

6H. A.T. Krawczynska, S. Gierlotka, P. Suchecki, D. Setman, B. Adamczyk-Cieslak, M.
Lewandowska, M. Zehetbauer, Recrystallization and grain growth of a nano/ultrafine
structured austenitic stainless steel during annealing under high hydrostatic pressure, J. Mater.

Sci. (2018). https://doi.org/10.1007/s10853-018-2459-1.

Zwos: 13(9), Zs:16(11), IF(2018): 3,442, pkt. MNiSW: 30

Bylam pomystodawca i1 kierownikiem projektu, w ramach ktérego powstata publikacja
(projekt Sonata finansowany przez NCN ,Rekrystalizacja 1 rozrost ziaren w silnie
odksztatconej stali austenitycznej”).
W tej pracy odpowiedzialna bytam za:

= opracowanie catosciowej koncepcji artykutu,

= opracowanie metodyki badan,

= przeprowadzenie procesow HPT,

* wykonanie badan mikrotwardo$ci wraz z analizag wynikow,

= analize¢ sktadu fazowego stali po procesie HPT w konteks$cie tematu badawczego,

= przeprowadzenie obserwacji mikrostruktury przy uzyciu skaningowej i transmisyjnej

mikroskopii elektronowej oraz analiz¢ uzyskanych mikrostruktur,

= przygotowanie i zredagowanie publikacji (wlaczajac dyskusje wynikow).

7H.  A.T. Krawczynska, S. Gierlotka, P. Suchecki, D. Setman, B. Adamczyk-Cieslak, M.
Gloc, W. Chrominski, M. Lewandowska, M. Zehetbauer, Phenomena Occurring in
Nanostructured Stainless Steel 316LVM during Annealing under High Hydrostatic Pressure,
Adv. Eng. Mater. (2019). https://doi.org/10.1002/adem.201800101.

Zwos: 3(1), Zs:4(1), IF(2019): 3,217, pkt. MNiSW: 100
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Bylam pomystodawca i kierownikiem projektu, w ramach ktérego powstata publikacja
(projekt Sonata finansowany przez NCN ,Rekrystalizacja i1 rozrost ziaren w silnie
odksztalconej stali austenityczne;j”).
W tej pracy odpowiedzialna bytam za:
= opracowanie cato§ciowej koncepcji artykutu,
= opracowanie metodyki badan,
= przeprowadzenie procesOw HPT,
= analiz¢ tekstury stali po procesie HPT oraz wynikéw korozji w kontekscie tematu
badawczego,
= przeprowadzenie obserwacji mikrostruktury przy uzyciu skaningowej i transmisyjnej
mikroskopii elektronowej oraz analize¢ uzyskanych mikrostruktur wraz z analiza
sktadu chemicznego wydzielen,

= przygotowanie i zredagowanie publikacji (wlaczajac dyskusje wynikow).

8H. A.T. Krawczynska, P. Suchecki, B. Adamczyk-Cieslak, B. Romelczyk-Baishya, M.
Lewandowska, Influence of high hydrostatic pressure annealing on the recrystallization of
nanostructured  austenitic  stainless  steel, Mater. Sci. Eng. A. (2019).

https://doi.org/10.1016/1.msea.2019.13838]1.

Zwos: 9(8), Zs:11(9), IF(2019): 4,652, pkt. MNiSW: 140

Bylam pomystodawca i kierownikiem projektu, w ramach ktérego powstata publikacja
(projekt Sonata finansowany przez NCN ,Rekrystalizacja 1 rozrost ziaren w silnie
odksztalconej stali austenityczne;j”).
W tej pracy odpowiedzialna bytam za:
= opracowanie cato§ciowej koncepcji artykutu,
= opracowanie metodyki badan,
= wykonanie badan mikrotwardo$ci wraz z analizg wynikéw,
= analiz¢ wynikow tekstury oraz wynikoéw ze statycznej proby rozciggania w kontekscie
tematu badan,
= przeprowadzenie obserwacji mikrostruktury przy uzyciu skaningowej i transmisyjnej
mikroskopii elektronowej oraz analiz¢ uzyskanych mikrostruktur,

= przygotowanie i zredagowanie publikacji (wlaczajac dyskusje wynikow).
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9H.

A.T. Krawczynska, M. Kerber, P. Suchecki, B. Romelczyk-Baishya, M.

Lewandowska, D. Setman, The impact of the stacking fault energy of nanostructured metals

on phenomena during annealing at the high hydrostatic pressure, Mater. Sci. Eng. A. 808
(2021) 140913. https://doi.org/10.1016/j.msea.2021.140913.

Zwos: 3(3), Zs:4(3), IF(2021), 6,044, pkt. MNiSW: 140

Bylam pomystodawcag i1 kierownikiem projektu, w ramach ktérego powstata publikacja

(projekt Sonata finansowany przez NCN ,Rekrystalizacja i1 rozrost ziaren w silnie

odksztatconej stali austenitycznej”).

W tej pracy odpowiedzialna bytam za:

opracowanie cato§ciowej koncepcji artykutu,

opracowanie metodyki badan,

asystowanie podczas modernizacji urzadzenia HPT w celu przeprowadzenia proceséw
HPT i HPA,

przeprowadzenie procesoOw HPT 1 HPA,

analiz¢ wynikow uzyskanych w statycznej probie rozciggania oraz badan
kalorymetrycznych w kontek$cie tematu badawczego,

przeprowadzenie obserwacji mikrostruktury przy uzyciu skaningowej i transmisyjnej
elektronowej mikroskopii, mikroskopii jonowej oraz analiz¢ uzyskanych
mikrostruktur,

przygotowanie i zredagowanie publikacji (wlaczajac dyskusje wynikow).

10
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4.2 Wstep

Materialy otrzymywane metodami duzego odksztalcenia plastycznego (ang. severe
plastic deformation, SPD) cieszg si¢ duzym zainteresowaniem $§wiata nauki od wielu lat, co
wida¢ chocby w liczbie artykutow publikowanych w tej tematyce. Jeszcze w 2000 roku liczba
publikacji wynosita ponizej 100, teraz siega 1000 rocznie. Wynika to z faktu, ze metody SPD
umozliwiaja wytworzenie obj¢tosciowych materialdw nanostrukturalnych, ktére definiowane
sg3 wg NanoSPD Steering Commitee jako ultradrobnoziarniste materiaty o wielko$ci ziarna
ponizej 1 mikrometra (wymiary w skali submikronowej i nanometrycznej) zawierajace
glownie granice ziaren o duzym kacie dezorientacji. Takie materialty maja w swojej
mikrostrukturze dodatkowo takze nanowydzielenia, czy nanoblizniaki, ale przede wszystkim
charakteryzuja si¢ duza gestoscia defektow. Wtasnie ta duza gestos¢ defektow tzn. wakansow,
dyslokacji, btedéow ulozenia, blizniakow czy granic ziaren odpowiada za wyjatkowe
wlasciwosci tych materiatow takie jak niespotykana do tej pory wytrzymalosé,
nadplastyczno$¢ oraz wlasciwosci absorbcji 1 desorpcji wodoru, odpornosci na korozje czy
wlasciwos$ci magnetyczne.

Duza gestos¢ defektow charakterystyczna dla tych materiatéw jest takze kluczowa dla zjawisk
zachodzacych podczas eksploatacji i/lub kolejnych etapdw przetwarzania, w tym obrobek
cieplnych i cieplno-chemicznych. W ten watek rozwoju materiatbw nanostrukturalnych
wytwarzanych metodami SPD wpisuje si¢ prezentowane przeze mnie osiggnigcie. Celem
ogélnym prowadzonych badan bylo zrozumienie wplywu defektow mikrostruktury
utworzonych w wyniku duzego odksztalcenia plastycznego na zjawiska zachodzace w
materialach podczas takich procesow jak naswietlanie jonami He, niskotemperaturowe
azotowanie jarzeniowe czy wygrzewanie pod wysokim ciSnieniem hydrostatycznym.
Osiagniecie dotyczy trzech zagadnien szczegotowych:
=  Okreslenie wplywu defektow mikrostruktury powstalych w wyniku procesow
SPD na zdolnos¢ odbicia naswietlonych luster z molibdenu do zastosowan w
reaktorach termojadrowych, (1H)
= Okreslenie wplywu defektow mikrostruktury powstalych w wyniku proceséow
SPD na tworzenie warstw procesie niskotemperaturowego azotowania
jarzeniowego stali austenitycznej, (2H-4H)
= Okreslenie wplywu defektow mikrostruktury powstalych w wyniku procesow
SPD na zjawiska zachodzace podczas wygrzewania pod wysokim ci$nieniem

hydrostatycznym (SH-9H).
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Specyficzna mikrostruktura materiatow wytwarzanych metodami SPD wymaga
zastosowania do jej opisu zaawansowanych metod mikroskopii elektronowej. Doswiadczenie
w tym zakresie zdobywalam w mojej macierzystej instytucji (na Wydziale Inzynierii
Materiatlowej Politechniki Warszawskiej), jak rowniez podczas stazu postdoktorskiego w
Centre d’Elaboration des Matériaux et d’Etudes Structurales w ramach wspotpracy z dr hab.
inz. Frederic Mompiou, a takze podczas realizacji projektu Polonium w ramach wspotpracy z
prof. dr hab. inz. Karine Masenelli-Varlot z INSA Lyon. Ta wspotpraca miedzynarodowa
znacznie wzbogacila mdj warsztat badawczy, m.in. o analize¢ defektéw powstatych podczas
rozciggania in situ w oparciu o analize projekcji stereograficznej a takze umiejetnosé
zbierania danych i analizy zdje¢ dyfrakcyjnych w celu okreslenia orientacji ziaren przy uzyciu
oprogramowania ASTAR. W swojej pracy wykorzystywalam szereg urzadzen dost¢pnych na
Wydziale Inzynierii Materiatlowej Politechniki Warszawskiej, takich jak:

- 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,

- mikroskop jonowy (FIB) firmy Hitachi model NB5000 nanoDUET,

- mikroskop jonowy (FIB) firmy Hitachi model FiB NB-2100,

- transmisyjny mikroskop elektronowy (TEM) firmy Jeol model 1200.

Dodatkowo swoje badania wsparfam innymi metodami badawczymi, takimi jak dyfrakcja
rentgenowska, roznicowa kalorymetria skaningowa, jak réwniez spektroskopia anihilacji
pozytronow.

Badania w ramach przedstawionego cyklu publikacji realizowatam we wspolpracy z
o$rodkami krajowymi i zagranicznymi, w$rdd ktorych pragne wymienic:

- Instytut Wysokich Ci$nien PAN (wspotpraca z dr hab. inz. Mariuszem Kulczykiem oraz dr
inz. Stanistawem Gierlotka),

- Wydzial Fizyki Uniwersytetu Wiedenskiego, Wieden, Austria (wspolpraca z prof.
Michaelem Zehetbauerem, dr Darig Setman i dr Michaelem Kerberem)

- Institute of Radiation Physics, Helmholtz-Zentrum Dresden-Rossendorf, Drezno, Niemcy
(wspolpraca z dr Maciejem Liedke)

- Department of Fusion Plasma Physics, KTH Royal Institute of Technology, Uppsala,
Szwecja (wspolpraca z prof. Markiem Rublem oraz dr Per Pettersonem)

- National Physical Laboratory, Teddington, Wielka Brytania (wspotpraca z prof. Anthonym
Fry’em).
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4.3 Motywacja

Jedng z nietypowych wlasciwos$ci materiatow otrzymywanych metodami SPD jest ich
podwyzszong odporno$¢ na naswietlanie jonami w stosunku do materialow o
mikrometrycznej wielko$ci ziarna. Badania pokazuja, Ze naswietlanie energetycznymi
czastkami prowadzi najpierw do przemieszczenia atomow, po ktérym nastepuje rekombinacja
defektow, az do powstawania skupisk wakansoéw, pecherzykow a nastgpnie pustki. W
koncowej fazie naswietlania w zalezno$ci od dawki promieniowania obserwuje si¢ rowniez
powstawanie pe¢cherzy czy ubytkdw materiatow na powierzchni. Chociaz proponowane sg
rézne sposoby zwigkszenia odporno$ci na naswietlanie, to wytwarzanie materiatow metodami
SPD o duzej gestosci defektow wykazuje  spory potencjal.  Wynika to stad, ze
dwuwymiarowe defekty takie jak nierownowagowe granice ziaren s3 miejscami gdzie
gromadzg si¢ powstate w wyniku naswietlania defekty 1 emitowane s3 atomy
mi¢dzyweztowe, ktore moga rekombinowa¢ z wakansami powstatymi podczas naswietlania
we wnetrzu ziaren [1]. Daje to zatem materiatom uzyskanym w wyniku proceséow SPD
zdolnos¢ do samoregeneracji w wyniku naswietlania. Warto zauwazy¢, ze na powierzchni
wytworzonego w procesie HPT nanostrukturalnego wolframu po naswietlaniu jonami He
1,0x10** m™ nie pojawily si¢ pecherze w przeciwienstwie do mikrostrukturalnego wolframu
[2]. Biorac te fakty pod uwagg, podjetam si¢ zbadania wptywu rozdrobnionej mikrostruktury
molibdenu uzyskanej w wyniku procesu HPT na zdolno$¢ odbicia naswietlonych luster z
molibdenu. Zagadnieniu temu poswigcona jest publikacja 1H. W reaktorach termojadrowych
waznym elementem sg lustra diagnostyczne wytworzone z molibdenu, ktore prowadza plazme
na drodze odbicia do systemu kontroli plazmy. Istotne jest aby ich powierzchnia nie ulegta
degradacji w wyniku naswietlania jonami helu czy wodoru [3], do czego dochodzi podczas

pracy reaktora.

Kolejng istotng wlasciwoscig materiatow uzyskiwanych metodami SPD jest ich
zwigkszona dyfuzyjnos¢. Wynika to glownie z faktu, ze w tych materiatach wystepuje duza
gestos¢ granic ziaren oraz innych defektow, ktore peinig role drog szybkiej dyfuzji. Ma to
szczegOlne znaczenie w wielu procesach technologicznych, w ktorych dyfuzja odgrywa
znaczacg role, jak podczas tworzenia warstw dyfuzyjnych np. warstw azotowanych. Proces
azotowania jarzeniowego ma na celu zwigkszenie odpornosci na zuzycie przez tarcie i
korozj¢. Jest on czesto stosowany w celu poprawy wilasciwosci stali austenitycznych. W

wyniku azotowania stali austenitycznych powstaje dyfuzyjna warstwa austenitu azotowego
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tzw. faza S. Tworzenie warstw azotowanych w materiatach mikrokrystalicznych jest dobrze
poznane, jednak w przypadku materialow otrzymywanych metodami SPD pozostaje jeszcze
wiele kwestii do wyjasnienia. Wyniki niektorych badan wykazuja, ze w krotszym czasie
mozna uzyska¢ w nich znacznie grubsza warstwe dyfuzyjng [4]. Jednak ze na ich niska
stabilnos$¢ cieplng niezbedne jest zastosowanie azotowania niskotemperaturowego, a wigc w
przedziale temperatur 300-450°C.

Roézne metody SPD prowadza do uzyskania réznych mikrostruktur, réznych granic
ziaren, wigc rozny jest ich wptyw na szybkos$¢ dyfuzji azotu w glab materialu. Zatem
podjetam watek badawczy polegajacy na analizie wptywu réznych granic ziaren utworzonych
w wyniku metod SPD w stali austenitycznej na zachodzenie proceséw azotowania. Dokladne
zrozumienie tego zjawiska moze prowadzi¢ do wytworzenia materialbw o optymalne;j
gestosci defektow stuzacej do otrzymania odpowiedniej grubosci warstwy azotowanej w

odpowiednio krotkim czasie. Zagadnieniu temu sg poswigcone publikacje 2H-4H.

Zwigkszona dyfuzyjnos$¢ granic ziaren materiatdéw otrzymywanych metodami SPD z
jednej strony umozliwia obnizenie temperatury i1 skrocenie czasu procesoéw technologicznych
jak azotowanie, a z drugiej strony jest wadg tych materiatow, gdyz prowadzi do ich znacznie
obnizonej stabilnos$ci cieplnej. W szczegdlnosci czyste metale rozdrobnione metodami SPD
charakteryzuja si¢ niska stabilnos$cia cieplna, co powoduje, ze rozrost ziarna obserwujemy w
nich juz w temperaturze pokojowej. Z tego wynika, ze konieczna jest dalsza stabilizacja ich
mikrostruktury np.: stosujac wygrzewanie lub przeprowadzajac procesy SPD w podwyzszone;j
temperaturze. Konwencjonalne metody wygrzewania nie przynosza zadowalajacych efektow,
gdyz prowadza czgsto do znacznego zmniejszenia wytrzymalo$ci. Z tej przyczyny coraz
popularniejsze staje si¢ zastosowanie niekonwencjonalnych metod wygrzewania. W swoich
badaniach zaproponowatam metod¢ HPA (ang. high hydrostatic pressure annealing (HPA)).
Metoda ta, w przeciwiefnstwie do innych metod jak np. wygrzewania pradem czy impulsami
pradowymi, spowalnia procesy dyfuzji w materiale, co daje lepsza mozliwos¢ kontroli nad
przemianami, ktéore zachodza w mikrostrukturze. Dodatkowo, mozliwos¢ zastosowania
wysokiego ci$nienia hydrostatycznego (migdzy cis$nienia) bezposrednio po procesie SPD, a
przed HPA, daje mozliwo$¢ utworzenia mikrostruktur niemozliwych do wytworzenia
metodami konwencjonalnymi. Przyczynia si¢ to do znacznego poszerzenia wiedzy na temat
materialdow otrzymywanych metodami SPD oraz niekonwencjonalnego wygrzewania HPA.

Wyroéznieniem moich prac jest zastosowanie do przeprowadzenia procesow HPA urzadzenia
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do przeprowadzenia procesow HPT. W tym celu we wspotpracy z dr Darig Setman 1 dr
Michaelem Kerberem zmodyfikowali§my i doposazyliSmy urzadzenie HPT.

Wiadomo, ze w przypadku konwencjonalnego wygrzewania pod ci$nieniem
atmosferycznym stopien odksztatcenia plastycznego, od ktérego zalezy gestos¢
wprowadzonych defektow, znacznie wplywa na uzyskang mikrostrukture po procesie
wygrzewania. Podczas wygrzewania materialow uzyskanych metodami SPD zachodza
procesy zdrowienia, rekrystalizacji i rozrostu ziarna, jednak maja one inny przebieg, niz w
przypadku materiatow odksztalconych metodami konwencjonalnymi. Dzieje si¢ tak dlatego,
ze przewazaja w nich granice o duzym kacie dezorientacji, a o matym kacie dezorientacji
stanowig okoto 20% wszystkich granic. Trudno zatem wyrdznic etap tworzenia si¢ zarodkow
rekrystalizacji, tj. segmentdw granic ziaren o duzym kacie dezorientacji. W duzym
uproszczeniu podczas wygrzewania materiatow odksztalconych metodami SPD mozna
wyrozni¢ czegsciowa anihilacje defektow na granicach ziaren 1 wewnatrz ziaren, czemu
towarzyszy relaksacja napr¢zen, a nastgpnie migracje nierownowagowych granic ziaren, co
moze prowadzi¢ do anormalnego rozrostu ziaren. Dodatkowe zastosowanie wysokiego
cisnienia hydrostatycznego podczas wygrzewania spowalnia procesy dyfuzji zwigzane
bezposrednio z ruchem wakanséw, a wiec spowalnia ruchliwo$¢ granic ziaren. Wobec tego
nalezaloby si¢ spodziewac, ze wprowadzajac duza gestos¢ wakanséw metodami SPD, wplyw
ci$nienia bgdzie mniejszy, niz stosujac konwencjonalne metody odksztalcenia plastycznego.
Jest to jednak znaczne uproszczenie, poniewaz wplyw zastosowanego wysokiego ci$nienia
hydrostatycznego w podwyzszonej temperaturze w zrdéznicowany sposob wptywa na ruch
r6znych granic ziaren. Do ruchu  granic nachylonych typu <110> niezbgdny jest
skoordynowany ruch wielu atoméw, a do ruchu granic nachylonych typu <100> i <111>
wystarczg przeskoki pojedynczych atoméw [5, 6]. Dodatkowo ruch granic o matym kacie
dezorientacji, odbywajacy si¢ w wyniku migracji wakansOw granic ziaren, moze by¢
catkowicie wstrzymany przy odpowiednio wysokim cis$nieniu [7]. Biorgc pod uwage fakt, ze
w materiatach uzyskanych metodami SPD udzial granic o duzym kacie dezorientacji jest
znaczny, wplyw wysokiego cisnienia hydrostatycznego podczas wygrzewania bedzie
szczegOlnie istotny. Do tej pory, poza wiasnymi badaniami, badania nad wptywem
wysokiego ci$nienia hydrostatycznego zastosowanego podczas wygrzewania, koncentrowatly
si¢ na badaniu materiatéw odksztatconych do nieznacznych stopni odksztatcenia. Zagadnieniu

temu sg poswiecone publikacje SH-9H.
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4.4 Opis merytoryczny osiagnie¢

4.4.1 Okreslenie wplywu defektow mikrostruktury powstalych w wyniku procesow SPD
na zdolno$¢ odbicia naswietlonych luster z molibdenu do zastosowan w reaktorach

termojadrowych

Istotnym tematem, jakim si¢ zajetam, byta weryfikacja mozliwosci zastosowania
nanostrukturalnego molibdenu otrzymanego metoda HPT na lustra diagnostyczne w
reaktorach termojadrowych w celu poprawy odpornosci luster na naswietlanie jonami He.
Temat ten nie zostal wczesniej poruszony w literaturze, zatem moje badania maja oryginalny
wklad w rozwdj dyscypliny. To wlasnie defekty utworzone podczas procesow SPD
warunkuja poprawe odpornosci na naswietlanie jonami. Dodatkowo uzyskana nanostruktura
zapewnia duzo nizszg chropowato$¢ powierzchni po procesie czyszczenia luster niz
konwencjonalna mikrostruktura o wielkosci ziaren z zakresu mikrometrycznego, co z kolei
zapewnia pozadang kierunkowg zdolnos¢ odbicia luster. Czyszczenie luster jest niezbednym
procesem w reaktorach, gdyz oprocz uszkodzenia powierzchni luster na skutek naswietlania
jonami ich zdolno$¢ odbicia moze ulec pogorszeniu w wyniku osadzania zanieczyszczen
obecnych w plazmie [8]. Osadzanie zanieczyszczen jest niemozliwe do uniknigcia podczas
dzialania reaktora, dlatego czyszczenie in-service jest konieczne. Podczas 10-cyklowego
czyszczenia plazmg zauwazono znaczny wzrost chropowatosci luster z powloka Mo o
mikroziarnach, podczas gdy powloki nanostrukturalne pozostaly o praktycznie niezmienionej
chropowatosci [9]. Jednak zastosowanie powlok w reaktorach nie jest optymalnym
rozwigzaniem z uwagi na mozliwo$¢ ich delaminacji, co w efekcie moze doprowadzi¢ do
zanieczyszczenia plazmy.

W celu weryfikacji poszerzenia mozliwo$ci zastosowania nanostrukturalnego Mo w
reaktorach  termojadrowych  przeprowadzitam  analiz¢ ~ wpltywu  mikrostruktury
nanostrukturalnego lustra otrzymanego w wyniki HPT na zdolno$¢ odbicia naswietlonych
luster. Potencjalne lustra zostaly odksztalcone w procesie HPT w wyniku zastosowania
jednego 1 pieciu obrotow. Procesy HPT zostaly przeprowadzone w ramach wspoipracy z dr
Darig Setman z Wydzialu Fizyki, Uniwersytetu Wiedenskiego. W wyniku odksztatcenia
znacznie zmniejszyla si¢ $rednia wielko$¢ ziarna z 2.00 um do 500 i 100 nm, odpowiednio po

jednym i pigciu obrotach (Rys. 1).
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Rys. 1 Mikrostruktury luster z Mo a) lustro nieodksztatcone, b) lustro po procesie HPT, jeden obrét (lamelka
FIB), ¢) lustro po procesie HPT, pi¢¢ obrotow (lamelka FIB) — przekroje poprzeczne; a) BSE-SEM (SU8000
Hitachi) b), ¢) TEM, kierunek naswietlania jest rownolegly do krotszej krawedzi zdjecia; SEM Hitachi
Su8000, FIB Hitachi NB5000, TEM Jeol 1200 [1H]

Naswietlanie luster jonami He oraz badania zdolnosci odbicia luster przeprowadzono we
wspoOtpracy z dr Per Petersonem i prof. Markiem Rublem z Department of Fusion Plasma
Physics, KTH Royal Institute of Technology w Szwecji w ramach projektu Eurofusion —
zadanie Irradiation testing of mirrors: microscopy studies of surface. Badania catkowite]
zdolnos$ci odbicia luster mikrokrystalicznych 1 nanostrukturalnych przed procesem
naswietlania wykazaty identyczne wartosci. Nastgpnie lustra zostaty naswietlone jonami He
2keV, dawka o wartosci 8x10'® cm™ w Ion Technology Center, Uppsala University. Warunki
naswietlania zostaty dobrane na podstawie modelowania Stopping and Range of Ions in
Matter (SRIM) tak, aby naswietli¢ optycznie aktywna warstwe wynoszacg 15-20 nm. Dawka
zostala dobrana na podstawie wczes$niejszych eksperymentdéw, ktdre pozwolity na znalezienie
takiej dawki progowej, przy ktorej po naswietlaniu widoczne zmiany w mikrostrukturze luster
mozna zaobserwowac przy uzyciu transmisyjnego mikroskopu elektronowego. Chociaz w
rzeczywistych warunkach lustra beda naswietlane przez neutrony, izotopy wodoru i jony He,
w niniejszym eksperymencie zbadano tylko naswietlanie jonami He. Powszechnie wiadomo,
ze naswietlanie neutronami prowadzi do powstania wakansOw czy atomow
miedzyweztowych. Biorac pod uwage, ze istnieje silna interakcja He z defektami oraz ze HPT
moze rowniez doprowadzi¢ do powstania duzej gestosci wakansOw, zrezygnowano z
jakiekolwiek wcze$niejszego naswietlenia neutronami. Badania catkowitej zdolno$ci odbicia
luster po naswietlaniu wykazaty spodziewane zmniejszenie zdolnos$ci odbicia luster.
Zaskakujacym jednak byto nieznaczne obnizenie zdolno$ci odbicia luster nanostrukturalnych
w porownaniu do luster mikrokrystalicznych o 2,5%. Wskazuje to na nieznaczne pogorszenie
odporno$ci na naswietlanie jonami He luster nanostrukturalnych w poréwnaniu do

mikrokrystalicznych.
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W swoich dalszych badaniach skupitam si¢ na wyjasnieniu obserwowanego zjawiska
przede wszystkim w oparciu o analiz¢ mikrostruktury przy uzyciu transmisyjnej mikroskopii
elektronowej. W celu lepszego zrozumienia réznic w mikrostrukturze luster trudnych do
zobrazowania w oparciu o mikroskopi¢ elektronowg zastosowatam spektroskopi¢ anihilacji
pozytronéw. Nawigzatam wspotprace z dr Maciejem Liedke z Institute of Radiation Physics,
Helmoltz-Zentrum Dresden-Rassendorf. Na podstawie przeprowadzonych badan
udowodnitam, ze w przypadku luster odksztatconych jak i nieodksztalconych powstaja w
wyniku naswietlania nanopecherzyki do glebokosci 20 nm pod powierzchnig luster. Poniewaz
ich wielko$¢ 1 gestos¢ jest porownywalna miedzy sobg, nie sg one przyczyng réznic we
wspotczynniku odbicia migdzy lustrami odksztalconymi a nieodksztatconymi.

W wyniku rozdrobnienie ziarna w wyniku HPT doszto do znacznego zwigkszenia
powierzchni wzglednej granic ziaren. Podczas naswietlania jonami He jony te sg
putapkowane w granicach ziaren. Aglomeracja jonow He prowadzi do zarodkowania
pecherzykow w granicach ziaren. Wskutek aglomeracji pgcherzykow w granicach ziaren
tworza si¢ nanopgknigcia w warstwie optycznie aktywnej (Rys. 2). To wlasnie te
nanopgkniecia mogg by¢ odpowiedzialne za zmniejszenie zdolnosci odbicia luster
nanostrukturalnych w poréwnaniu do luster mikrokrystalicznych, poniewaz w przypadku
luster nanostrukturalnych wystgpuje wigksza gestos¢ granic ziaren, a wigc jest wigcej miejsc
do zarodkowania nanopgkni¢¢. Nanopeknigcia pojawiaja si¢ tylko w/przy w niektorych
granicach ziaren, co moze wynika¢ z wielu czynnikéw, wsrod ktorych warto wymieni¢ m.in.

dezorientacje granic ziaren, charakter granic ziaren 1 lokalne odksztatcenia.
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Rys. 2 Przekroj poprzeczny przez lustra naswietlone jonami He: a) lustro nieodksztalcone, b) lustro po procesie
HPT, jeden obrot (lamelka FIB), c) lustro po procesie HPT, pi¢¢ obrotow (lamelka FIB) — przekroje
poprzeczne; FIB Hitachi NB5000, TEM Jeol 1200, STEM Hitachi HD2700 [1H]

Niewielka roznica wspdiczynnika odbicia pomigdzy naswietlonymi lustrami
roznigcymi si¢ znacznie stopniem odksztalcenia moze wynikaé ze sposobu przygotowania
powierzchni probek do eksperymentow. Przed naswietlaniem powierzchnia luster zostata
wyszlifowana 1 wypolerowana mechanicznie. Mechaniczne przygotowanie powierzchni
probek prowadzi do powstania defektoéw w warstwie przypowierzchniowej, ktdra to warstwa
odgrywa kluczowa role podczas odbicia promieniowania. Wyrazne zmiany w mikrostrukturze
byty widoczne nawet do 1 um w glab probki. Przeprowadzajac badania Doppler broadening
variable energy positron annihilation spectroscopy (DB-VEPAS) wyznaczono parametr S w
funkcji glebokosci materialu. Precyzujac, parametr S okresla wktad w widmie powstaly w
wyniku anihilacji elektrondw o niskich pgedach w zwiagzku z tym jest on bardzo czuty na
obecnos$¢ wakansow i1 ich skupisk. Parametr ten osiggnal najwyzsza wartos$¢ na gltebokosci 20
nm ponizej powierzchni luster nieodksztalconych i po procesie HPT. Sugeruje to, iz pomimo,
ze probki roznig si¢ znacznie stopniem odksztalcenia, sa podobne pod wzgledem gestosci
defektow typu wakansow. Wobec tego to witasnie granice ziaren odgrywaja najistotniejsza
role w obserwowanych roéznicach w zdolnosci odbicia mikrokrystalicznych 1

nanostrukturaluch luster. Dodatkowo przeprowadzono badania variable energy positron

19



dr inz. Agnieszka Krawczynska Autoreferat

annihilation lifetime spectroscopy (VEPALS), ktore udowodnity, ze w lustrach po HPT
wystepuja wicksze skupiska wakanséw w granicach ziaren niz w lustrach nieodksztatconych.
Powoduje to, ze w takich granicach jest wyzsze prawdopodobienstwo powstania nanopgknigc.

Pomimo iz moje badania wykazaly, ze nanostrukturalne lustra Mo po naswietlaniu
jonami He 8x10'®cm™ wykazuja mniejsza zdolno$¢ odbicia niz lustra mikrokrystaliczne,
nalezy si¢ spodziewac, ze ta tendencja odwroci si¢ dla wyzszych dawek naswietlania. Bedzie
to spowodowane faktem, Ze nanopeknigcia utworzone na granicach ziaren tworza porowatos¢
otwartg, ktéra moze przyczyni¢ si¢ do uwolnienia jonow He z luster 1 opdzni¢ formowanie
pecherzy, ktorych pojawienie si¢ drastycznie obniza zdolno$¢ odbicia. Przeprowadzone
badania nie wykluczaja mozliwosci zastosowania nanostrukturalych luster w reaktorach
termojadrowych, wskazuja natomiast na istotne rdznice powstajace w mikrostrukturze

materiatow nanostrukturalnych i1 mikroziarnistych w wyniku naswietlania jonami He.

4.4.2 Okreslenie wplywu defektow mikrostruktury powstalych w wyniku procesow
SPD na tworzenie warstw w procesie niskotemperaturowego azotowania

jarzeniowego stali austenitycznej

Kolejny podjety przez mnie watek badawczy dotyczyt okreslenia wplywu charakteru
granic ziaren utworzonych podczas proceséw HE na zimno i1 na goragco w stali austenitycznej
na grubo$¢ warstwy azotowanej powstajacej podczas niskotemperaturowego azotowania
jarzeniowego. W wyniku procesu HE na zimno i1 na gorgco uzyskane sumaryczne
odksztatcenie rzeczywiste wynositlo 1,4. Dane literaturowe wskazywaly, ze wprowadzone
defekty podczas odksztalcenia plastycznego zapewnia wysoka dyfuzyjnos¢ tak otrzymanych
materiatow, co z kolei moze przyczyni¢ si¢ do zwigkszenia wydajnosci procesow azotowania
jarzeniowego. Jako metode rozdrobnienia ziarna wybratam HE, gdyz w przeciwienstwie do
innych stosowanych technik SPD umozliwia otrzymanie duzych obje¢to$ci materiatu w postaci
pretow, ktore latwo moga znalez¢ zastosowanie w przemyS$le [10]. Procesy HE zostaty
przeprowadzone w Instytucie Wysokich Cisnien PAN przez dr hab. inz. Mariusza Kulczyka, a
procesy niskotemperaturowego azotowania jarzeniowego zostaly przeprowadzone w

Politechnice Rzeszowskie;j.

W wyniku procesu HE uzyskujemy bardzo duze rozdrobnienie mikrostruktury
materiatu, jednak mikrostruktury probek odksztalcanych w niskiej 1 wysokiej temperaturze

r6znily si¢ znaczaco. Mikrostruktura probki po procesie HE na zimno sktada si¢ gtéwnie z
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nanoblizniakéw odksztatcenia oraz pasm Scinania [2H, 3H], co przedstawia Rys. 3. Inaczej
wyglada mikrostruktura stali austenitycznej po procesie HE prowadzonym na goraco (Rys. 4).
W tej mikrostrukturze mozna zauwazy¢ obszary w orientacji <111> i <100>. Obszary w
orientacji <l11>, sg to obszary o wysokiej gestosci dyslokacji, gdzie dyslokacje tworza
granice dyslokacyjne. Natomiast obszary w orientacji <100> sktadaja si¢ z podziaren o niskie;j
gestosci dyslokacji, a takze wyrdzni¢ tu mozna pojedyncze catkowicie zrekrystalizowane

ziarna [2H, 3H].

Rys. 3 Mikrostruktury probki po procesie HE na zimno a) przekrdj poprzeczny i wzdluzny, b) blizniaki
odksztatcenia w jasnym i ciemnym polu wraz z dyfrakcja, ¢) nanoblizniaki widoczne na przekroju wzdtuznym
wraz z transformatg Fouriera w orientacji [011] osnowy i [0-1-1] nanoblizniakéw; TEM Jeol 1200, STEM

Hitachi 2700 [2H]
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Rys. 4 Mikrostruktury probki po procesie HE na goraco przedstawiajace obszary w orientacji <111> (a,b) i
<100> (¢, d, e); obserwacje podstruktur przy uzyciu stabej wiazki b) i d); TEM Jeol 1200 [3H]

Poniewaz materialy nanostrukturalne charakteryzuja si¢ nizszg stabilno$cig cieplng niz
materiaty mikrokrystaliczne, azotowanie zostalo przeprowadzone w odpowiednio niskiej
temperaturze 430°C tak, aby zachowac rozdrobnienie mikrostruktury. Analiza mikrostruktury
podioza nie ujawnila istotnych zmian w poréwnaniu do stanu przed azotowaniem, co oznacza,
ze zastosowane warunki azotowania zapewniaja stabilno$¢ nanometrycznej struktury podloza
i utrzymanie wysokich wilasciwosci mechanicznych (Rys. 5). Zaobserwowalam w probce

wyzarzone] 1po HE na gorgco blizniaki utworzone w fazie S [4H].

Analiza grubo$ci warstw (obserwacje w skaningowym mikroskopie elektronowym)
pozwolila stwierdzi¢, ze w probkach po wyzarzaniu $rednia grubo$¢ warstw wynosi nieco
ponizej 5 um, natomiast po HE na zimno 1 goraco ta grubo$¢ wzrasta nieco powyzej 5 um, co
oznacza, ze rozdrobnienie mikrostruktury nie powoduje wzrostu szybkosci dyfuzji. Jest to
wynik znaczaco r6zny od doniesien literaturowych, ktore wskazujg na istotny wzrost grubosci
warstw w przypadku probek o rozdrobnionym ziarnie. Nalezy jednak zwrdci¢ uwage, ze
mikrostruktura podtoza w przypadku probek po HE (duzy udzial granic blizniaczych w
przypadku probki po HE na zimno i struktura subziarnowa z duza gestoscig dyslokacji w

przypadku probki po HE na goraco) znaczaco réznita si¢ od mikrostruktury probek badanych
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w literaturze, gdzie mikrostruktura sktadata si¢ z dobrze wyksztatconych ziaren o duzym

udziale granic o duzym kacie dezorientacji.

Rys. 5 Mikrostruktury warstw azotowanych i podtoza probki: a) wyzarzonej, b) po procesie HE na goraco, c¢) po
procesie HE na zimno (SEM-BSE); mikrostruktury fazy S w probkach d) wyzarzonej, e) po procesie HE na
goraco, f) po procesie HE na zimno wraz z dyfrakcja w orientacji [110]; SEM Hitachi Su 8000, TEM Jeol 1200
[4H]

Analiza glebokosci, na jakg wnika azot, przy uzyciu spektroskopii elektronow Auger’a
pozwolita zauwazy¢ znaczne rdznice w profilach stezenia azotu w zalezno$ci od
mikrostruktury podloza. Glgbokos¢, na ktéorg wnika azot, wynosi w przypadku probki
wyzarzonej 1 po HE na goragco 8 um, a na zimno 7 pm. Najwigksze st¢zenie azotu przy
powierzchni zaobserwowano w probce po HE na zimno (w przyblizeniu 50%at.), najnizsze w
probce po wyzarzaniu (w przyblizeniu 25%at.). Stezenie azotu we wszystkich probkach
zmniejsza si¢ od powierzchni w glagb materiatu, jednak ksztalt profili znacznie r6znit si¢ w
zalezno$ci od mikrostruktury podtoza. Taki wynik eksperymentu wskazuje, ze we wszystkich
przypadkach wzrost warstw azotowanych kontrolowany jest dyfuzja objg¢tosciowa. Brak
réznic w kinetyce wzrostu warstw przypisano specyficznej mikrostrukturze podtoza. Granice
specjalne, jakimi sg granice blizniacze lub dyslokacyjne, chetnie putapkujg azot, przez co nie

stanowig drog tatwej dyfuzji, a dyfuzja zachodzi w objetosci materiatu.

Przeprowadzone przeze mnie badania dowodza, ze rozdrobnienie mikrostruktury w
wyniku procesow SPD nie zawsze doprowadza do przyspieszonej dyfuzji, gdyz zalezy ona od

rodzaju defektow 1 ich rozmieszczenia.
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4.4.3 OkreSlenie wplywu defektow mikrostruktury powstalych w wyniku procesow

SPD na zjawiska zachodzace podczas HPA

W tym watku badawczym postawitam sobie za cel zrozumienie zjawisk zachodzacych
podczas HPA 1 okreslenie mozliwosci optymalizacji wlasciwosci nanomateriatlow ta droga.
Dokonatam wigc szczegdlowej analizy mikrostruktur powstatych w wyniku proceséw SPD w
r6znych materiatach i jej wptyw na uzyskane mikrostruktury i wlasciwosci materiatow w
wyniku procesu HPA. Jak zostanie przedstawione ponizej, kombinacja procesow SPD i HPA
daje mozliwos¢ wytworzenia takich mikrostruktur, ktére sg niemozliwe do otrzymania
konwencjonalnymi metodami wygrzewania [SH], co daje wymierny wklad w rozwdj
dyscypliny inzynierii materialowej (Rys.6). W efekcie mozliwe staje si¢ wytworzenie
materiatow o wysokiej wytrzymalosci 1 zadowalajacej plastycznosci (Rys. 7). Wyniki
pokazuja ze miedzy cisnienie zastosowane mi¢dzy HPT 1 HPA doprowadzito do wzrostu
wytrzymato$ci z niewielkim zmniejszeniem plastyczno$ci w pordéwnaniu do odcigzonej
probki po HPT. Zjawisko to mozna wytlumaczy¢ wigkszym udzialem objetosciowym ziarna o

mniejszej srednicy ktore warunkujg wieksza wytrzymatosc.
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Rys. 6 Zaleznos¢ Hall-Petch dla probek Ni po rdéznych obrobkach cieplno-plastycznych; punkt
Ni_ HPT L HPA nie lezy na linii trendu; wygrzanie konwencjonalne (Ni_A), po procesie HPT (Ni_HPT), oraz
dodatkowo po procesic HPA z zastosowaniem mig¢dzy cisnienia (Ni HPT L HPA) oraz bez zastosowania

miedzy ci$nienia (Ni HPT U HPA) [5H]
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Rys. 7 Wykresy napr¢zenie-odksztalcenie dla probek Ni: wygrzanych konwencjonalnie (Ni_A), odksztatconych
w procesie HPT (Ni_HPT), oraz dodatkowo po procesic HPA z zastosowaniem miedzy cis$nienia

(Ni_HPT L HPA) oraz bez zastosowania mi¢dzy ci$nienia (Ni HPT U HPA) [SH]

Warto tez nadmienié, ze prezentowane w tej czesci wyniki powstalty w wyniku
realizacji projektow, ktorych bytam kierownikiem: SONATA finansowany przez NCN UMO-
2014/15/D/ST8/00532 1 WTZ PL 11/2018 finansowany przez Ministerstwo Nauki i
Szkolnictwa Wyzszego oraz Austrian Federal Ministry of Education, Science and Research.
Procesy HPA stali austenitycznej zostaly przeprowadzone w Instytucie Wysokich Ci$nien
UNIPRESS PAN dzigki uprzejmosci dr inz. Stanistawa Gierlotki. Procesy HPA pozostatych
materiatlow omawianych w dalszej czesci autoprezentacji zostaly po raz pierwszy na $§wiecie
przeprowadzone przy uzyciu urzadzenia do HPT. Bylo to mozliwe dzigki modernizacji
urzadzania do HPT, ktorej to modernizacji dokonatam wraz dr Darig Setman i dr Michael
Kerber z Wydzialu Fizyki Uniwersytetu Wiedenskiego. Warunki procesow HPA zostaty

dobrane w wyniku wielu eksperymentow.

4.4.3.1 Okreslenie wplywu mikrostruktury powstalej w wyniku SPD na przemiany

zachodzqgce w mikrostrukturze podczas wygrzewania konwencjonalnego i HPA

W  pierwszym etapie badan skoncentrowatam si¢ na okre§leniu wpltywu
mikrostruktury stali austenitycznej powstatej w wyniku procesu HPT na zmiany zachodzace
w jej mikrostrukturze podczas wygrzewania konwencjonalnego i HPA tj. na rozroscie ziarna,
procesach wydzieleniowych oraz dominujacych orientacjach. Procesy HPT przeprowadzitam

osobiscie na Wydziale Fizyki Uniwersytetu Wiedenskiego. Takie badanie porownawcze
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wnosi istotne informacje na temat mozliwosci, jakie niesie zastosowanie wysokiego ci$nienia
hydrostatycznego podczas wygrzewania dla materiatéw nanostrukturalnych.

W pierwszym etapie badan scharakteryzowatam mikrostrukture stali austenitycznej po
HPT. Moje badania dowiodly, ze stal austenityczna po procesic HPT charakteryzuje sig¢
srednig wielko$cig ziarna ponizej 100 nm oraz duza gestoscig dyslokacji. Moje dalsze badania
wykazatly, ze po procesie HPA przeprowadzonym w temperaturze 900°C w czasie 10 minut
pod cisnieniem 2 GPa i 6 GPa $rednia wielko$¢ ziarna d> wynoszaca odpowiednio 1,4 1 0,6
pm jest zdecydowanie mniejsza niz w wyniku konwencjonalnego wygrzewania w tej samej
temperaturze, ktora wynosita 2,0 um (Rys. 7) [6H]. Zastosowane wysokiego cisnienia
hydrostatycznego podczas wygrzewania znacznie utrudnia migracj¢ granic ziaren mimo
wytworzenia w materiale duzej gestosci defektow w wyniku procesu HPT. Co ciekawe, wraz
ze wzrostem cisnienia wzrasta wspotczynnik zmiennos$ci rozktadu wielkosci ziarna CV(d»),
definiowany jako stosunek odchylenia standardowego do wartosci $redniej wielkoS$ci ziarna.
Oznacza to, ze coraz trudniejszy jest ruch wakanséw, a wraz z nim ruch granic wymagajacych

skoordynowanego ruchu wakansow.

Rys. 8 Mikrostruktury stali austenitycznej po procesie HPT oraz wygrzewaniu konwencjonalnym
(HPT _10_0.1MPa) i HPA (HPT 10 2GPai HPT 10 6GPa) ; SEM Hitachi Su8000 [6H]

Kolejnym istotnym aspektem, jaki poruszylam, byly badania wptywu ci$nienia
zastosowanego podczas wygrzewania na procesy wydzieleniowe [7H]. Analiza wptywu
ci$nienia zastosowanego podczas wygrzewania na wielko$¢ ziarna pozwolita stwierdzi¢, ze
HPA zdecydowanie zahamowato rozrost ziarna, wi¢c nalezaloby si¢ spodziewaé, ze
spowolnione beda réwniez procesy wydzieleniowe, ktorych szybkos¢ zalezy bezposrednio od
szybkosci dyfuzji. Niezaleznie od zastosowanego ci$nienia zaobserwowatam obecno$é¢
wydzielen. Wydzielenia powstaty na granicach ziaren jak rowniez w ziarnach. Udowodnitam,
ze HPA nie zatrzymato catkowicie procesow wydzieleniowych, ale zastosowane ci$nienia 6
GPa wyraznie zahamowalto wzrost wielkosci wydzielen. Dodatkowo zwigkszyta si¢ liczba

wydzielen, co wykazatam poprzez analiz¢ wielkosci komoérek Woronoja. Zwigkszona
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wyraznie liczba wydzielen w porownaniu do wygrzewania pod cisnieniem atmosferycznym
moze by¢ spowodowana przez zmniejszenie tempa wspinania i poslizgu dyslokacji, co
umozliwia obcym atomom segregacj¢ na liniach dyslokacji. W przypadku stali austenityczne;j
istotny jest rowniez sktad chemiczny powstajacych wydzielen a szczegolnie weryfikacja
obecnosci wydzielen bogatych w chrom typu Cr3Cs. Wydzielenia te powstajg podczas
wygrzewania stali austenitycznej pod cisnieniem atmosferycznym w zakresie temperatur 480-
815°C 1 prowadza do uczulenia stali na korozj¢ mig¢dzykrystaliczng. Weryfikacja sktadu
chemicznego wydzielen zostata przeprowadzona poprzez wykonanie przyspieszonego testu
korozyjnego podatnos$ci na korozje mi¢dzykrystaliczng. Po tescie korozyjnym na powierzchni
probek mozna zauwazy¢ wytrawienia. Wytrawienia sg efektem korozji osnowy w sasiedztwie
wydzielen zawierajacych Cr. Zatem korozja mig¢dzykrystaliczna jest tu w poczatkowym
stadium. Przyspieszony test korozyjny pozwolit stwierdzi¢, ze wygrzewanie pod ci$nieniem 6
GPa doprowadzito do powstania wydzielen bogatych w Cr. Zauwazylam wiec, ze podczas
HPA zaszly procesy tworzenia wydzielen bogatych w Cr, ktore podczas konwencjonalnego
wygrzewania pojawilyby si¢ w znacznie nizszej temperaturze.

Dowiodlam réwniez, ze w przypadku materialdw nanostrukturalnych wysokie
ci$nienie zastosowane podczas wygrzewania ma istotny wplyw na tworzace si¢ dominujace
orientacje 1 teksture [7H]. Jest to bardzo istotny wktad w rozwo6j wiedzy na temat czynnikow
ksztattujacych tekstur¢ materiatdw, gdyz do tej pory wplyw cisnienia podczas wygrzewania
byt zaniedbywany. Do tej pory uwazano, ze na tekstur¢ majg wplyw gtownie takie czynniki
jak wielko$¢ ziarna, tekstura odksztatcenia, stopien odksztatcenia, czas wygrzewania,
temperatura wygrzewania czy szybko$¢ nagrzewania. W przypadku materialow o strukturze
krystalicznej regularnej $ciennie centrowanej po odksztalceniu konwencjonalnym i
wygrzewaniu obserwuje si¢ pojawienie si¢ tekstury kubicznej ({001}<100>). Jednak w
przypadku stali austenitycznej odksztatlconej w procesie HPT, a nastepnie wyzarzonej
konwencjonalnie w temperaturze 900°C, dominuje orientacja <111>. Dzieje si¢ tak dlatego,
ze podczas wygrzewania nastgpuje ruch granic o duzym kacie dezorientacji utworzonych
podczas HPT, a wiadomo, ze granice o pewnych orientacjach 40°<111> wykazuja duzo
wickszg ruchliwo$¢ niz pozostate. Natomiast mozna zauwazy¢, ze po HPA, pojawia si¢
oprocz dominujgcej orientacji <111> orientacja <100>. To zjawisko wyjasnitam w sposob
nastepujacy: podczas wygrzewania pod ci$nieniem atmosferycznym granice o duzym kacie
dezorientacji migruja i w rezultacie mikrostruktura stali austenitycznej po wygrzewaniu
sktada si¢ z ziaren w orientacji <111>, gdyz granice <111> majg najwyzsza mobilnos¢.

Jednakze pod podwyzszonym ci$nieniem podczas wygrzewania ruch granic jest bardziej
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ograniczony. Z tego powodu dostarczana energia podczas wygrzewania moze umozliwié
zarodkowanie nowych zrekrystalizowanych ziaren w orientacji <100>.

Kwesti¢ wplywu wysokiego ci$nienia hydrostatycznego na zmiany w teksturze
zgltebitam doktadnie na przyktadzie stali austenitycznej odksztatconej w procesie walcowania
profilowego (ang. profile rolling PR) [8H]. Dowiodtam, ze HPA doprowadza do pojawienia
si¢. nowych komponentéow tekstury {111}<11-2>, opréocz tych wyksztalconych po

wygrzewaniu konwencjonalnym {001}<100>, <I11>, <001>.

4.4.3.2 Okreslenie wplywu roinych metod odksztalcenia plastycznego na zjawiska

zachodzgce podczas procesu HPA

W swoich badaniach skoncentrowatam si¢ rowniez na porownaniu wplywu réznych
metod odksztatcenia plastycznego na zjawiska zachodzace podczas HPA [6H]. Wybratam
dwie metody odksztalcenia plastycznego: PR i HPT, dla ktérych to metod catkowite
odksztatcenie wynosito 3,4 i 79 i przeprowadzitam obrazowanie i analiz¢ tak uzyskanych
mikrostruktur. Mikrostruktury tak odksztatconych stali znacznie si¢ r6znig. Odksztatcenie
metoda HPT prowadzi do utworzenia w materiale wigkszej gestosci defektow niz stosujac
metode PR. Mikrostruktura stali uzyskana podczas procesu HPT jest jednorodna i sktada si¢ z
ziaren o $redniej wielko$ci ponizej 100 nm. Natomiast mikrostruktura stali po procesie PR
jest niejednorodna 1 sktada si¢ z wydtuzonych pasm odksztatcenia plastycznego podzielonych
na podziarna o szerokosci 50-100 nm i dtugosci 100-300 nm. Wystepuja tu nanoblizniaki
odksztatcenia o §redniej szerokos$ci 5-10 nm oraz granice o malym kacie dezorientacji.

Proces HPA przeprowadzony w temperaturze 900°C przez 10 min prowadzi do
powstania mniejszej sredniej wielko$ci ziarna w przypadku stali odksztatconej metodg PR niz
HPT zaro6wno po zastosowaniu cisnienia 2 jak 1 6 GPa. Co ciekawe, stosujgc ci$nienie
atmosferyczne zalezno$¢ jest odwrdcona i mniejsze ziarno uzyskamy po procesie HPT (Rys.
8). Wyjasnitam to zjawisko koncentrujac si¢ na wplywie niejednorodnosci mikrostruktury
uzyskanej po procesie odksztalcenia jak 1 wplywem granic blizniaczych. Niejednorodna
mikrostruktura uzyskana w procesie PR prowadzi do powstania uprzywilejowanych miejsc
zarodkowania ziaren podczas wygrzewania pod cisnieniem atmosferycznym, ktore nastepnie
szybko rosng, co prowadzi do anormalnego rozrostu ziarna. W jednorodnej mikrostrukturze
utworzonej w wyniku HPT na poczatku procesu wygrzewania nast¢puje zdrowienie
nierownowagowych granic ziaren, ktérych mobilnos¢ w ten sposdb zmniejsza sig,

zapewniajagc roOwnomierng migracj¢ granic ziaren. W sytuacji zastosowania wysokiego
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cisnienia podczas wygrzewania obecne w probce PR granice blizniacze rozumiane jako
nachylone granice 70.5° <110>, do ktérych ruchu wymagany jest skoordynowany ruch grupy
atomoOw, na skutek niewystraczajacego st¢zenia wakansow wykazuja utrudniong migracje pod
wysokim cisnieniem hydrostatycznym. Dodatkowo w prébce PR utrudniony jest ruch granic o
matym kacie dezorientacji. W przypadku probki po HPT stezenie wakanséw podczas HPA

jest wystarczajaca, aby zapewni¢ duzo wigkszg mobilnos$¢ granic ziaren.

Rys. 9 Mikrostruktury stali austenitycznej po procesic PR, HPT oraz wygrzewaniu konwencjonalnym i HPA;

TEM Jeol 1200 [6H]

Podsumowujgc, aby mozna byto efektywnie ksztattowa¢ mikrostrukture w wyniku
zastosowania procesu HPA, material wyjSciowy powinien zawiera¢ jak najmniejszy udziat
blizniakow odksztatcenia, gdyz granice blizniacze wykazuja duza stabilno$¢ cieplng podczas
HPA. W celu zweryfikowania wyciagnietych wnioskdw w nastepnej kolejnosci zbadatam
wplyw energii btedu utozenia (EBU) na zjawiska zachodzace w mikrostrukturze materiatlow

podczas procesu HPA.

4.4.3.3 Wplyw EBU na zjawiska zachodzgce w mikrostrukturze materiatow podczas procesu
HPA

W celu zbadania wptywu EBU na zjawiska zachodzace w mikrostrukturze materiatow
podczas procesu HPA wytypowatam dwa materialy znacznie réznigce si¢ EBU: Ni o
EBU=125 mJm™ oraz Ag o EBU=16 mJm™ [9H]. Materialy te charakteryzowatly sie ta sama
czystoscig, aby nie wprowadza¢ dodatkowego czynnika, ktory moglby utrudnié¢ interpretacje

wynikow. Materialy po procesie HPT, w ktorym to zostaly odksztalcone do tego samego
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stopnia odksztatcenia, zostaly poddane procesowi HPA w tej samej temperaturze
homologicznej, 0,4Tm. Bezposrednio po procesie HPT obserwacje mikroskopowe pozwolity
zauwazy¢, ze mikrostruktury Ni i Ag roznily sie znacznie. Srednia wielko$é ziarna Ni
wynosita 140 nm, a Ag 120 nm. Dodatkowo w przypadku Ni nie zaobserwowano zadnych
blizniakéw odksztalcenia. Blizniaki odksztatcenia o $redniej szerokosci 10 nm byty obecne w
Ag.

Obserwacje mikrostruktury po procesie HPA pozwolilty zauwazyé, ze EBU
spowodowata w roznym stopniu spowolnienie rozrostu ziarna. HPA znacznie utrudnia rozrost
ziarna w poréwnaniu z wygrzewaniem konwencjonalnym. W przypadku Ni w wyniku HPA
uzyskaliSmy $rednig wielko$¢ ziarna po HPA wynoszaca 70% tej po wygrzewaniu
konwencjonalnym, a w przypadku Ag wynoszaca 13% tej po wygrzewaniu konwencjonalnym
(Rys. 9). Co wiecej, HPA takze wptyneto na jednorodnos¢ uzyskanych mikrostruktur biorgc
pod uwage wielkos¢ ziarna. Niejednorodno$¢ mikrostruktury Ni po HPA w poréwnaniu do
wygrzewania konwencjonalnego wzrosla, a niejednorodnos$¢ mikrostruktury Ag zmniejszyta
si¢. Te obserwowane przemiany w mikrostrukturze mozna wyjasni¢c wptywem gestosci

defektow utworzonych podczas HPT w materiatach r6znigcych si¢ EBU.

Rys. 10 Mikrostruktury Ag i Ni po procesie HPT oraz po procesie HPT i wygrzewaniu konwencjonalnym
(CA) (a), c), e)) lub HPA (b), d), f)); a)-e) SEM Hitachi Su8000, f) TEM Jeol 1200 z dyfrakcja w orientacji
[011] [9H]

Pomimo, ze w materiale o niskiej EBU gestos$¢ dyslokacji jest wyzsza niz w materiale

o wysokiej EBU, co znacznie ulatwia rozrost ziaren podczas konwencjonalnego
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wygrzewania, stezenie wakansOw jest nizsze. Jest to efektem dwoch rownolegle
zachodzacych procesow generacji i1 anihilacji wakanséw. Poniewaz entalpia migracji
wakansow jest nizsza dla Ag niz dla Ni, oznacza to, ze gegstos¢ wakansoOw po procesie HPT
jest wyzsza w materiale o wyzszej] EBU. W efekcie wigksza gesto§¢ wakansow podczas HPA
znacznie utatwia w Ni migracje granic ziaren. Dodatkowym czynnikiem utrudniajgcym
rozrost ziarna w materiale o niskiej EBU jest duza ggsto§¢ nanoblizniakow. Jesli traktowac te
granice jak nachylone 70,5° <110>, ktére do ruchu wymagaja zsynchronizowanego ruchu
wielu atomow, mozna tatwo wyjasni¢ ich utrudniony ruch podczas HPA. Podobne zjawisko

obserwowatam podczas procesu HPA stali austenitycznej odksztatconej w wyniku PR.

4.4.3.4 Okreslenie wplywu wysokiego cienienia hydrostatycznego zadanego pomiedzy
procesem HPT a HPA na zZjawiska zachodzgce w mikrostrukturze materialow podczas

procesu HPA

Kolejnym moim istotnym wkladem w rozwdj wiedzy w dyscyplinie inzynieria
materiatlowa jest wykazanie waznego wplywu wysokiego ci$nienia hydrostatycznego
zadanego pomiedzy HPT a HPA na przemiany zachodzace w mikrostrukturze, jak rowniez
wlasciwo$ci mechaniczne tak otrzymanych materiatéw [SH]. To zagadnienie nie zostato
nigdy wczesniej podjete, gdyz do tej pory nie stosowano tego samego urzadzenia do
przeprowadzenia procesu HPT 1 HPA. Wiadomo, ze podczas odcigzania probki po procesie
HPT znaczna ilo$¢ defektow ulega anihilacji szczegolnie w materiatach o niskiej stabilnosci
cieplnej [11,12]. Zatem zastosowanie mi¢dzy ci$nienia, aby zachowaé defekty powstate w
materiale w wyniku HPT, prowadzi do uzyskania nowych mikrostruktur po procesie HPA
(Rys. 10). W przeprowadzonym eksperymencie wykazatam, ze zastosowane migdzy ci$nienie
pozwala na zachowanie pewnej gestosci wygenerowanych w procesie HPT Ni wakansow.
Fakt, ze wicksza gestos¢ kompleksow monowakans-dyslokacja byta wykrywalna w prébee z
zastosowanym mi¢dzy ci$nienia, potwierdzily badania variable energy positron lifetime

spectroscopy (VEPALS) (Rys. 10).
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Rys. 11 a) Mikrostruktura Ni po HPA a) bez miedzy cisnienia b) z miedzy ci$nieniem, c) dtugos¢ zycia

pozytronow i wzgledna intensywno$¢ w funkcji gtgbokosci wnikania i energii implantacji [SH]

Co wigcej, zastosowane miedzy ci$nienie spowodowato utrudniony ruch wakanséw do
granic ziaren. Takie warunki pozwolity na utworzenie wigkszych aglomeratow wakansow niz
w probce bez zastosowanego mig¢dzy ci$nienia, co rdwniez potwierdzity badania VEPALS.
Oznacza to, ze pomimo wigkszej gestosci wakansoOw w materiale poddanym dziataniu migdzy
ci$nienia ich migracja do granic ziaren jest utrudniona. W rezultacie utrudniony jest ruch
granic ziaren podczas HPA, co skutkuje mniejszg srednig wielko$cig ziarna po tej obrobce
cieplno-mechanicznej.  Zastosowanie migdzy ci$nienia jest dodatkowym czynnikiem
pozwalajacym na ksztaltowanie optymalnych mikrostruktur o niespotykanych wcze$niej

wlasciwosciach.
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4.5 Podsumowanie wkladu naukowego w rozwoj dyscypliny Inzynieria Materialowa

M¢j wkiad naukowy w rozwoj dyscypliny inzynieria materiatowa mozna podsumowac
nastepujaco:
=  Okreslenie wplywu defektow mikrostruktury powstatych w wyniku procesow SPD na
zdolnos¢ odbicia naswietlonych luster z molibdenu do zastosowan w reaktorach
termojgdrowych
Dowiodlam, Ze powstanie nanopekni¢¢ na granicach ziaren luster z Mo po
naswietlaniu jonami He, 2keV dawka 8x10'¢ [cm], skutkuje obnizong o 2,5%
zdolnoscia odbicia nanostrukturalnych luster z Mo w porownaniu z lustrami
mikrokrystalicznymi. Jest to zwigzane z utworzeniem wigkszej liczby nanopeknied
w przypadku luster nanostrukturalnych niz mikrokrystalicznych, co wynika z wigkszej
powierzchni wzglednej granic ziaren w lustrach nanostrukturalnych. Nie wynika to z
réznic w gestosci defektow, gdyz ta jest zblizona w warstwie optycznie aktywnej z
powodu stosowania konwencjonalnego szlifowania i polerowania do przygotowania

powierzchni luster.

v Okreslenie wplywu defektow mikrostruktury powstatych w wyniku procesow SPD na
tworzenie warstw powstalych w procesie niskotemperaturowego azotowania
jarzeniowego stali austenitycznej
Wykazalam brak wyraznych roé6znic w grubosci warstw azotowanych w stali
austenitycznej po procesie wygrzewania, HE na zimno i goraco. Brak réznic w
kinetyce wzrostu warstw przypisalam specyficznej mikrostrukturze podtoza,
mianowicie granicom blizniaczym 1 dyslokacyjnym, ktére chetnie putapkuja azot,

przez co nie stanowig drog tatwej dyfuzji, a dyfuzja zachodzi w objetosci materiatu.

»  Okreslenie wpltywu defektow mikrostruktury powstatych w wyniku procesow SPD na
zjawiska zachodzqce podczas HPA
Dowiodlam, ze HPA utrudnia zajsScie proceso6w rekrystalizacji i rozrostu ziarna
w stali austenitycznej odksztalconej przy uzyciu HPT i PR. Opdéznienie to jest
duzo bardziej wyrazne w przypadku prébek poddanych obrébce PR. Wynika to z
wigkszego stezenia wakansow, wigkszej gestosci dyslokacji, mniejszego udziatu

granic o matym kacie dezorientacji 1 blizniaczych a wigkszym udziale
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nierownowagowych granic ziaren w probce po HPT. Wszystkie te czynniki
zwigkszajg mobilnos$¢ granic ziaren podczas HPA.

Podczas HPA stali austenitycznej po HPT pojawia si¢ oprocz dominujacej
orientacji <111> orientacja <100>, nieobecna podczas wygrzewania
konwencjonalnego. Wynika to z faktu, ze podczas HPA ruch granic jest bardziej
ograniczony, rowniez i tych o najwyzszej mobilnosci w temperaturze pokojowej. Z
tego powodu dostarczana energia podczas wygrzewania moze umozliwié
zarodkowanie nowych zrekrystalizowanych ziaren w orientacji <100>.

HPA sprzyja zarodkowaniu wydzielen w stali austenitycznej po HPT i utrudnia
ich wzrost, co skutkuje wyzsza liczbg Cr23Ce weglikow podczas HPA pod
ciSnieniem 6 GPa, niz stosujagc wygrzewanie konwencjonalne. Zwigkszona
wyraznie liczba wydzielen w porownaniu do wygrzewania pod ci$nieniem
atmosferycznym moze by¢ spowodowana przez zmniejszenie tempa wspinania i
poslizgu dyslokacji, co umozliwia obcym atomom segregacj¢ na liniach dyslokacji.
HPA opoznia procesy rozrostu ziarna wyrazniej w materialach o niskiej
wyrazniej niz w materialach o wysokiej EBU. Jest to odmienny wpltyw w
poréwnaniu do wygrzewania konwencjonalnego. Wolniejsze tempo wzrostu ziarna
podczas HPA w przypadku Ag (w porownaniu z Ni) przypisalam wigkszej
powierzchni wzglednej granic blizniaczych i mniejszemu st¢zeniu wakansow.
Zastosowane miedzy ciSnienie pomiedzy HPT a HPA powoduje utrudniony ruch
wakanséw do granic ziaren i doprowadza do powstania mniejszej Sredniej
wielkos$ci ziarna niz w materiale bez zastosowania mie¢dzy ci$nienia. Takie warunki
pozwolily na utworzenie wigkszych aglomeratéw wakanséw niz w probce bez
zastosowanego migdzy cisnienia. Oznacza to, ze pomimo wigkszego stezenia
wakansow w materiale poddanym dziataniu miedzy ci$nienia, ich migracja do granic
ziaren jest utrudniona. Zastosowanie miedzy ciSnienia jest dodatkowym
czynnikiem pozwalajacym na ksztaltowanie optymalnych mikrostruktur o

niespotykanych wczesniej wlasciwosciach.

Dodatkowo podczas badan powstalo nowatorskie rozwigzanie technologiczne, umozliwiajace

zastosowanie mi¢dzy ci$nienia pomig¢dzy procesem HPT a HPA.
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4.6 Realizowane aktualnie i w najblizszej przyszlosci badania

Przeprowadzone badania dotyczace wygrzewania pod wysokim ci$nieniem
hydrostatycznym sg kontynuowane w obecnie trwajacym projekcie WEAVE UNISONO
(UMO-2021/03/Y/ST5/00253) ,,Ksztaltowanie nanomateriatbw w wyniku wygrzewania pod
wysokim ci$nieniem”, ktory w 2022 dostatam w ramach konkursow w organizowanych przez
NCN. Projekt ten ma charakter miedzynarodowy. Umozliwia mi on kontynuowanie juz
rozpoczetych prac wraz z zespotem austriackim, a takze utworzenie zespotu badawczego. Po
stronie polskiej zespdl sktada si¢ z ze mnie jako kierownika, doktoranta i post-doka.
Jednocze$nie zostalam promotorem pomocniczym pracy doktorskiej mgr inz. Tanmay
Engineer ,,Designing Novel Nanomaterials by High Pressure Annealing”. Dodatkowo te
tematyke kontynuuje w ramach przyznanego w 2022 roku GRANTU przez Rade Naukowg
Dyscypliny na Wydziale Inzynierii Materiatlowej ,Ksztalttowanie nanostruktury stopu
aluminium w procesie starzenia pod wysokim ci$nieniem hydrostatycznym”, w ramach
ktorego student mgr inz. Tanmay Engineer realizuje swoja prace magisterska.

Badanie wplywu defektéw mikrostruktury na wtasciwosci materialdéw rozszerzytam o
watek dotyczacy wpltywu defektow na wlasciwosci antybakteryjne. Realizacje tego
zagadnienia badawczego umozliwia mi uzyskany w roku 2022 projekt SONATA BIS (UMO-
2021/42/E/ST5/00118) ,,Ksztattowanie mikrostruktury materiatow metalicznych w celu
poprawy ich wlasciwosci antybakteryjnych” przyznany w ramach konkursow
organizowanych przez NCN. W ramach tego projektu stworzylam zesp6t badawczy
sktadajacy si¢ ze mnie jako kierownika oraz dwdch doktorantdw: mgr inz. Karoliny Budniak
oraz mgr Anny Michalichy. Jednoczes$nie zostaltam promotorem pomocniczym w pracy

doktorskiej mgr inz. Karoliny Budniak.

Literatura:

1. X.M. Bai, A.F. Voter, R.G. Hoagland, M. Nastasi, B.P. Uberuaga, Efficient annealing
of radiation damage near grain boundaries via interstitial emission, Science (80-. ).
(2010), https://doi.org/10.1126/science.1183723.

2. 0. El-Atwani, J.A. Hinks, G. Greaves, S. Gonderman, T. Qiu, M. Efe, J.P. Allain,
Insitu TEM observation of the response of ultrafine- and nanocrystalline-grained
tungsten to  extreme  irradiation  environments, Sci. Rep. (2014),

https://doi.org/10.1038/srep04716.

35



dr inz. Agnieszka Krawczynska Autoreferat

10.

11.

12.

A. Litnovsky, V.S. Voitsenya, R. Reichle, M. Walsh, A. Razdobarin, A. Dmitriev, N.
Babinov, L. Marot, L. Moser, R. Yan, M. Rubel, A. Widdowson, S. Moon, S.G. Oh,
Y. An, P. Shigin, I. Orlovskiy, K.Y. Vukolov, E. Andreenko, A. Krimmer, V. Kotov,
P. Mertens, Diagnostic mirrors for ITER: research in the frame of international
tokamak physics activity, Nucl. Fusion. (2019), https://doi.org/10.1088/1741-
4326/ab1446.

H. Ferkel, M. Glatzer, Y. Estrin, R.Z. Valiev, RF plasma nitriding of a severely
deformed  high alloyed steel, Scr. Mater. 46 (2002) 623-628.
https://doi.org/10.1016/S1359-6462(02)00031-3.

W. Lojkowski, D.A. Molodov, G. Gottstein, L. S. Shvidlerman, The mechanism of
grain boundary migration in aluminium bicrystals. Mater Sci Forum (1996) 207—
209:537-540

L. S. Shvindlerman, U. Czubayko, G. Gottstein, D. A. Molodov, High pressure effect
on grain boundary migration and mechanism of grain boundary migration. Mater Sci
Forum (1996) 204-206:45-54

V. Sursaeva, S. Protasova, W. Lojkowski et al, Microstructure evolution during
normal grain growth under high pressure in 2-D aluminium foils. Texture Mictrostruct
(1999) 32:175-185

A.T. Krawczynska, L. Ciupinski, P. Petersson, Impact of material migration and
radiation damage on the reflectivity of molybdenum mirrors: Laboratory test for
DEMO. Phys Scr, (2020). https://doi.org/10.1088/1402-4896/ab3e81.

L. Moser, L. Marot, R. Steiner, R. Reichle, F. Leipold, C. Vorpahl, F. Le Guern, U.
Walach, S. Alberti, I. Furno, R. Yan, J. Peng, M. Ben Yaala, E. Meyer, Plasma
cleaning of ITER first mirrors, in, Phys. Scr. (2017), https://doi.org/10.1088/1402-
4896/aa8130.

W. Pachla, J. Skiba, M. Kulczyk, S. Przybysz, M. Przybysz, M. Wréblewska, R.
Diduszko, R. Stepniak, J. Bajorek, M. Radomski, W. Fafara, Nanostructurization of
316L type austenitic stainless steels by hydrostatic extrusion, Mater. Sci. Eng. A. 615
(2014) 116-127. https://doi.org/10.1016/j.msea.2014.07.069.

E. Schafler, Strength response upon pressure release after high pressure torsion
deformation, Scripta Mater. (2011), https://doi.org/10.1016/j.scriptamat.2010.09.026.
E. Schafler, Effects of releasing the hydrostatic pressure on the nanostructure after
severe plastic deformation of Cu, Scripta Mater. (2010),
https://doi.org/10.1016/j.scriptamat.2009.12.004.

36



dr inz. Agnieszka Krawczynska Autoreferat

5.

5.1

Informacja o wykazywaniu si¢ istotng aktywnosciag naukowa albo artystyczng
realizowang w wigcej niz jednej uczelni, instytucji naukowej lub instytucji kultury,

w szczegoOlnosci zagraniczne;.

Podczas studiow doktoranckich, ktére realizowatam na Wydziale Inzynierii
Materiatowej Politechniki Warszawskiej odbylam dwumiesigczny (09.-10.2010) staz
naukowy w Erich Schmid Institute of Materials Science w Leoben w Austrii w
ramach programu KMM-VIN RESEARCH FELLOWSHIPS. Staz odbylam pod
opieka Prof. Rainhard Pippan. Podczas stazu przygotowywatam probki do proceséw
HPT, przeprowadzalam procesy HPT, wykonywatam pomiary mikrotwardosci oraz
badania wiasciwosci wytrzymatosciowych. W efekcie wspotpracy powstat artykut:

A.T. Krawczynska, M. Lewandowska, R. Pippan, K.J. Kurzydlowski, The effect of

high pressure torsion on structural refinement and mechanical properties of an
austenitic stainless steel, J. Nanosci. Nanotechnol. (2013).

https://doi.org/10.1166/jnn.2013.7468.

5.2 Bezposrednio po obronie doktoratu odbytam 7-miesi¢czny staz podoktorski (12.2012-

06.2023) w Centre d’Elaboration des Matériaux et d’Etudes Structurales w
Tuluzie we Francji w ramach projektu Strategy for Tailoring Multiscale
Microstructures. Mechanical Properties and Micromechanical Modelling (MIMIC).
Staz odbyt si¢ pod opieka dr hab. inz. Frederic Mompiou. Podczas stazu badatam
mechanizmy odksztalcenia plastycznego w nanokrystalicznym/ultradrobnoziarnistym
niklu  przy uzyciu transmisyjnej mikroskopii elektronowej Jeol 2010.
Przeprowadzatam zaré6wno badania in-situ rozciggania probek jak i obserwacje post-
mortem probek po konwencjonalnych statycznych probach rozciggania w
transmisyjnym mikroskopie elektronowym. W efekcie wspolpracy powstaty dwa
artykuty:

L. Farbaniec, G. Dirras, A. T. Krawczynska, F. Mompiou, H. Couque, F. Naimi, F.

Bernard, D. Tingaud, Powder metallurgy processing and deformation characteristics
of bulk multimodal nickel, Mater. Charact. (2014).
https://doi.org/10.1016/j.matchar.2014.05.008.

D. Tingaud, P. Jenei, A. T. Krawczynska, F. Mompiou, J. Gubicza, G. Dirras,

Investigation of deformation micro-mechanisms in nickel consolidated from a bimodal
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powder by spark plasma sintering, Mater. Charact. (2015).
https://doi.org/10.1016/j.matchar.2014.11.025.

5.3 Podczas realizacji projektu SONATA (UMO-2014/15/D/ST8/00532), ktorego bylam
kierownikiem, nawigzatam wspotprace z Prof. Michaelem Zehetbauerem oraz dr
Daria Setman i dr Michaelem Kerberem, umozliwiajacag mi odbycie tygodniowego
stazu na Wydziale Fizyki Uniwersytetu Wiedenskiego. Podczas stazu
przygotowatam probki do procesow HPT, przeprowadzatam procesy HPT oraz
badatam wtasciwosci wytrzymatosciowe probek. W efekcie wspotpracy powstaty trzy
artykuty:

A.T. Krawczynska , M. Kerber, P. Suchecki, B. Romelczyk-Baishya, M. Oskar, M.

Butterling, E. Hirschmann, A. Wagner, M. Lewandowska, D. Setman, The impact of
high hydrostatic pressure maintenance after high-pressure torsion on phenomena
during high hydrostatic pressure annealing, Mater. Sci. Eng. A. 840 (2022) 142874.
https://doi.org/10.1016/j.msea.2022.142874.

A.T. Krawczynska, S. Gierlotka, P. Suchecki, D. Setman, B. Adamczyk-Cieslak, M.

Lewandowska, M. Zehetbauer, Recrystallization and grain growth of a nano/ultrafine
structured austenitic stainless steel during annealing under high hydrostatic pressure, J.
Mater. Sci. (2018). https://doi.org/10.1007/s10853-018-2459-1.

A.T. Krawczynska, S. Gierlotka, P. Suchecki, D. Setman, B. Adamczyk-Cieslak, M.

Gloc, W. Chrominski, M. Lewandowska, M. Zehetbauer, Phenomena Occurring in
Nanostructured Stainless Steel 316LVM during Annealing under High Hydrostatic
Pressure, Adv. Eng. Mater. (2018). https://doi.org/10.1002/adem.201800101.

Wspotprace z dr inz. Darig Setman kontynuowatam w ramach projektu WTZ PL
11/2018 finansowanego przez Ministerstwo Nauki i Szkolnictwa Wyzszego oraz
Austrian Federal Ministry of Education, Science and Research, ktorego bylam
kierownikiem po stronie polskiej. W ramach tego projektu odbylam dwa staze
naukowe na Wydziale Fizyki Uniwersytetu Wiedenskiego (01.02-31.03.2019 i
10.02-13.03.2020), z ktorych drugi zostal przerwany z powodu wybuchu epidemii
koronawirusa. Podczas stazu modernizowatam urzadzenie HPT wraz z dr Michaelem
Kerberem, aby mozliwe bylo przeprowadzenie eksperymentdow HPA, a nast¢pnie
przeprowadzitam takie eksperymenty na materiatach r6znigcych si¢ EBU. Dodatkowo

przeprowadzitam eksperymenty z zastosowaniem mi¢dzy cis$nienia, ktore jednoczenie
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byly badaniami wstgpnymi do projektu WEAVE-UNISONO. W efekcie tej
wspolpracy powstat jeden artykut:
A.T. Krawczynska, M. Kerber, P. Suchecki, B. Romelczyk-Baishya, M.

Lewandowska, D. Setman, The impact of the stacking fault energy of nanostructured
metals on phenomena during annealing at the high hydrostatic pressure, Mater. Sci.

Eng. A. 808 (2021) 140913. https://doi.org/10.1016/j.msea.2021.140913.

5.4 W ramach projektu Polonium 2018-2019, finansowanym przez Ministerstwo Nauki 1

5.5

Szkolnictwa Wyzszego oraz Les Ministéres de I'Europe et des Affaires étrangeres et
de 1'Enseignement Supérieur et de la Recherche, ktorego bytam kierownikiem po
stronnie polskiej, odbytam w ciggu dwoch lat cztery tygodniowe staze w INSA Lyon.
Podczas stazy przeprowadzalam badania plastyczno$ci tlenku aluminium w réznej
skali podczas eksperymentdéw in situ w mikroskopach elektronowych. W okresie stazu
wspolpracowatam z Prof. K. Masenelli-Varlot. Probki do badan przygotowywatam
przy uzyciu FIB NB5000.W efekcie wspotpracy zostata przedstawiona na konferencji
Nanomechanical Testing in Materials Research and Development 29.10-04.112019 w
Malaga, Hiszpanii:

prezentacja ustna: Nanomechanical Testing in Materials Research and Development,
L. Joly-Pottuz, A.T. Krawczynska, T. Plocinski, I. Issa, V. Garnier, S. Le Foch, D.
Machon, K. Masenelli-Varlot

W dniach 13.06.-18.06.2023 odbylam staz w Helmholtz-Zentrum Dresden-
Rossendorf, podczas ktoérego przeprowadzalam eksperymenty DB-VEPAS i VEPALS
otrzymujac finansowanie z ramach konkursu Mobility PW. Wspotprace z dr M.
Liedke rozpoczetam juz w 2020 roku, jednak z powodu epidemii koronawirusa nie
mogtam uczestniczy¢ w badaniach w Instytucie osobiscie. Od 2020 roku wspolpraca
zaowocowala dwoma artykulami:

A.T. Krawczynska, .. Ciupinski, M. Gloc, D. Setman, M. Spychalski, P. Suchecki,
M.O. Liedke, M. Butterling, A. Wanger, E. Hirschmann, P. Petersson, Impact of high

pressure torsion processing on helium ion irradiation resistance of molybdenum,
Mater. Charact. 191 (2022). https://doi.org/10.1016/j.matchar.2022.112151.
A.T. Krawczynska, M. Kerber, P. Suchecki, B. Romelczyk-Baishya, M. Oskar, M.

Butterling, E. Hirschmann, A. Wagner, M. Lewandowska, D. Setman, The impact of

high hydrostatic pressure maintenance after high-pressure torsion on phenomena
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during high hydrostatic pressure annealing, Mater. Sci. Eng. A. 840 (2022) 142874.
https://doi.org/10.1016/j.msea.2022.142874.

5.6 Aktywnie wspotpracowatam z Prof. Markiem Rublem 1 z dr inz. Perem Peterssonem z
Royal Institute of Technology (KTH) jako wykonawca migdzynarodowego projektu
EUROFUSION, zadanie ,Irradiation testing of mirrors: microscopy studies of
surface”. Analizowatam defekty powstate w wyniku naswietlania luster z molibdenu
przy uzyciu FIB Hitachi NB5000, TEM Jeol 1200, STEM Hitachi HD2700. W wyniku
tej wspolpracy powstaly trzy artykuty:

A.T. Krawczynska, Ciupinski, M. Gloc, D. Setman, M. Spychalski, P. Suchecki, B.
Adamczyk-Cies$lak, M.O. Liedke, M. Butterling, A. Wanger, E. Hirschmann, P.

Petersson, Impact of high pressure torsion processing on helium ion irradiation
resistance of molybdenum, Mater. Charact. 191 (2022).
https://doi.org/10.1016/j.matchar.2022.112151.

A.T. Krawczynska, .. Ciupinski, P. Petersson, Impact of material migration and

radiation damage on the reflectivity of molybdenum mirrors: Laboratory test for
DEMO, in: Phys. Scr., 2020. https://doi.org/10.1088/1402-4896/ab3e81.
M. Rubel, S. Moon, P. Petersson, A. Garcia-Carrasco, A. Hallén, A. T. Krawczynska,

E. Fortuna-Zalesna, M. Gilbert, T. Plocinski, A. Widdowson, Metallic mirrors for
plasma diagnosis in current and future reactors: Tests for ITER and DEMO, in: Phys.
Scr., 2017. https://doi.org/10.1088/1402-4896/aa8e27.

W ramach projektu Techmatstrateg I1I ,,Nowe powloki zwigkszajace trwato$¢ narzedzi
w procesach kucia 1 wyciskania”, ktorego bylam wykonawca, wspotpracowatam z
Prof. Tomaszem Moscickim z IPPT PAN i badatam mikrostrukture powtok WBrTi/Ta
magnetronowo natozonych na podloze stalowe przy uzyciu SEM Su8000. W ramach
wspolpracy powstat artykut:

M. Mazdziarz, R. Psiuk, A.T. Krawczynska, M. Lewandowska, T. Moscicki, Effect

of zirconium doping on the mechanical properties of W1-xZrxB2 on the basis of first-
principles calculations and magnetron sputtered films, Arch. Civ. Mech. Eng. 4 (2022)
http://dx.doi.org/10.1007/s43452-022-00513-6
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W ramach wspotpracy z Prof. Agnieszkag Kowalkowska z Wydziatu Biologii
Uniwersytetu Gdanskiego obserwowatam procesy wydzieleniowe w storczykach przy
uzyciu TEM Jeol 1200. W ramach wspolpracy powstaty trzy artykuly:

A K. Kowalkowska, A.T. Krawczynska, Anatomical features related with pollination
of Neottia ovata (L.) Bluff & Fingerh. (Orchidaceae), Flora Morphol. Distrib. Funct.
Ecol. Plants. (2019). https://doi.org/10.1016/j.flora.2019.03.015.

N. Wisniewska, A.K. Kowalkowska, M. Kozieradzka-Kiszkurno, A.T. Krawczynska,

J. Bohdanowicz, Floral features of two species of Bulbophyllum section Lepidorhiza
Schltr.: B. levanae Ames and B. nymphopolitanum Kraenzl. (Bulbophyllinae Schiltr.,
Orchidaceae), Protoplasma. 255 (2018) 485-499. https://doi.org/10.1007/s00709-017-
1156-2.

A K. Kowalkowska, M. Pawlowicz, P. Guzanek, A.T. Krawczynska, Floral nectary

and osmophore of Epipactis helleborine (L.) Crantz (Orchidaceae), Protoplasma.

(2018). https://doi.org/10.1007/s00709-018-1274-5.

Informacja o osiggnigciach dydaktycznych, organizacyjnych oraz popularyzujacych

nauke lub sztuke.

6.1 Osiagni¢cia dydaktyczne

Z uwagi na charakter mojego zatrudnienia w Politechnice Warszawskiej — na stanowisku

adiunkta w grupie pracownikow badawczych, a wczesniej specjalisty naukowo-

technicznego — moje do$wiadczenie dydaktyczne jest nieduze. Tym niemniej w miarg

mozliwos$ci staram si¢ wilaczaé w proces ksztatcenia studentéw i doktorantow. Moje

osiggniecia w tym zakresie s3 nastepujace.

6.1.1 Opieka nad dyplomantami i doktorantami

Pod moja opieka oraz w ramach prowadzonych przeze mnie projektéw zostaty

zrealizowane/sg realizowane nastgpujace prace inzynierskie i magisterskie:

Praca inzynierska: Dawid Fura ,,Wpltyw wyzarzania na mikrostrukture 1 wtasciwosci
stali nanokrystalicznej” — w ramach mojego projektu Sonata, 2017

Praca magisterska: Pawetl Wolanowski, tytut: ,,Wptyw energii btedu utozenia na
zjawiska zachodzace w materiatach ultradrobnoziarnistych podczas wyzarzania pod

wysokim ci$nieniem” — w ramach mojego projektu WTZ, 2020
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= Tanmay Engineer, tytul: ,Nanostructure design in aluminium alloy duringageing
under high hydrostatic pressure” — w ramach mojego grantu Rady Naukowej

Dyscypliny Inzynieria Materiatowa PW, praca w trakcie realizacji, promotor

Promotor pomocniczy podczas realizacji pracy doktorskiej.
= Mgr inz. Karolina Budniak, tytul: ,Ksztaltowanie mikrostruktury materiatow
metalicznych w celu poprawy ich wilasciwosci antybakteryjnych”, data rozpoczgcia
2022, w ramach mojego projektu Sonata bis
= Mgr inz. Tanmay Engineer, tytut: ,,Designing Novel Nanomaterials by High Pressure

Annealing”, data rozpoczecia 2023, w ramach mojego projektu Weave-Unisono

6.1.2 Od 2013 roku pomagam prowadzi¢ zajecia ze studentami w Laboratorium
Elektronowej Mikroskopii Skaningowej. Tematyka zaje¢ dotyczy obrazowania
mikrostruktur przy uzyciu SEM i TEM oraz badania sktadu chemicznego materialow przy

uzyciu spektroskopii z dyspersja energii.

6.2 Osiggnigcia organizacyjne
Bytam kierownikiem pigciu projektow finansowanych przez MNiSW i NCN oraz jednego
grantu Rady Naukowej Dyscypliny Inzynieria Materialowa PW.

1) SONATA 8 o tytule ,Rekrystalizacja i rozrost ziaren w silnie odksztalconej stali
austenitycznej” (2014/15/D/ST8/00532) finansowany przez NCN. W wyniku realizacji
tego projektu powstaly trzy artykuty:

A.T. Krawczynska, S. Gierlotka, P. Suchecki, D. Setman, B. Adamczyk-Cieslak, M.

Lewandowska, M. Zehetbauer, Recrystallization and grain growth of a nano/ultrafine
structured austenitic stainless steel during annealing under high hydrostatic pressure, J.
Mater. Sci. (2018). https://doi.org/10.1007/s10853-018-2459-1.

A.T. Krawczynska, S. Gierlotka, P. Suchecki, D. Setman, B. Adamczyk-Cieslak, M.

Gloc, W. Chrominski, M. Lewandowska, M. Zehetbauer, Phenomena Occurring in
Nanostructured Stainless Steel 316LVM during Annealing under High Hydrostatic
Pressure, Adv. Eng. Mater. (2018). https://doi.org/10.1002/adem.201800101

A.T. Krawczynska, P. Suchecki, B. Adamczyk-Cieslak, B. Romelczyk-Baishya, M.

Lewandowska, Influence of high hydrostatic pressure annealing on the
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recrystallization of nanostructured austenitic stainless steel, Mater. Sci. Eng. A.

(2019). https://doi.org/10.1016/j.msea.2019.138381.

2) WTZ PL 11/2018 o tytule ,, The impact of the stacking fault energy of nanomaterials on
phenomena during annealing at high hydrostatic pressure” finansowany przez
Ministerstwo Nauki i Szkolnictwa Wyzszego oraz Austrian Federal Ministry of Education,
Science and Research. W wyniku realizacji projektu opublikowatam jeden artykut:

A.T. Krawczynska, M. Kerber, P. Suchecki, B. Romelczyk-Baishya, M.

Lewandowska, D. Setman, The impact of the stacking fault energy of nanostructured
metals on phenomena during annealing at the high hydrostatic pressure, Mater. Sci.

Eng. A. 808 (2021) 140913. https://doi.org/10.1016/j.msea.2021.140913.

3) Polonium 2018-2019 o tytule ,,Badanie plastycznos$ci tlenku aluminium w réznej skali
podczas eksperymentéw in-situ w roznej skali”, finansowany przez Ministerstwo Nauki i
Szkolnictwa Wyzszego oraz Les Ministéres de 1'Europe et des Affaires étrangeres et de
I'Enseignement Supérieur et de la Recherche. Wyniki projektu zostaty przedstawione na
konferencji Nanomechanical Testing in Materials Research and Development 29.10-
04.112019 w Malaga, Hiszpanii:

referat: Nanomechanical Testing in Materials Research and Development, L. Joly-

Pottuz, A.T. Krawczynska, T. Plocinski, I. Issa, V. Garnier, S. Le Foch, D. Machon,

K. Masenelli-Varlot

4) SONATA BIS 11 (UMO-2021/42/E/ST5/00118) o tytule ,Ksztatltowanie
mikrostruktury — materiatdow  metalicznych  w  celu  poprawy ich  wlasciwosci

antybakteryjnych” finansowany przez NCN. Projekt w realizacji od roku 2022.
5) WEAVE-UNISONO (UMO-2021/03/Y/ST5/00253) o tytule ,Ksztaltowanie
nanomaterialow w wyniku wygrzewania pod wysokim ci$nieniem” finansowany przez

NCN. Projekt w realizacji od roku 2022.

6) GRANT Rady Naukowej Dyscypliny o tytule ,,Ksztaltowanie nanostruktury stopu

aluminium w procesie starzenia pod wysokim ci$nieniem hydrostatycznym”
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6.2.2 Organizacja konferencji naukowych
e Cztonek Komitetu Organizacyjnego XVI Konferencji Mikroskopii Elektronowej,
Jachranka, wrzesien 2017.

e Udziat w organizacji konferencji EMRS Fall Meeting w latach 2007-2011.

6.2.3 Inne
e (Czlonek Polskiego Towarzystwa Materiatoznawczego od 2022 roku
e Czlonek Zespotu ds. Opracowania Kryteriow Oceny Nauczycieli Akademickich na

Wydziale Inzynierii Materialowej PW

6.3 Osiagniecia popularyzujace nauke

W latach 2017-2019 reprezentowatam Politechnik¢ Warszawska w ramach organizowanego
w INSA Lyon ,International Partner Day”. Celem mojego udzialu w tym wydarzeniu byto
zachgcenie studentow z INSA Lyon do podjecia studiow w Politechnice Warszawskie;.
Studenci INSA Lyon musza podczas studidow spedzi¢ minimum jeden semestr na uczelni

zagraniczne;j.

7. Oprocz kwestii wymienionych w pkt. 1-6, wnioskodawca moze poda¢ inne

informacje, wazne z jego punktu widzenia, dotyczace jego kariery zawodowe;.

7.1 W roku 2015 odbytam dwumiesigczny staz 09.-10.2015 w National Physical Laboratory
w Teddington w Anglii w ramach programu Skills (121/US/SKILLS/2015) organizowanego
przez Fundacje na rzecz Nauki Polskiej w celu podniesienia kwalifikacji zwigzanych z
zarzadzaniem badaniami naukowymi oraz zarzadzaniem zespotami naukowymi.

7.2 W roku 2021 dostatam Nagrode zespotowa I stopnia Rektora Politechniki Warszawskiej
za osiggniecia w latach 2019-2020.

Wynikiem mojej dotychczasowej dziatalno$ci naukowej jest 54 publikacji, z czego 45 zostato
opublikowanych w czasopismach z listy JCR. Po uzyskaniu stopnia doktora bratam udziat w
15 konferencjach krajowych 1 miedzynarodowych. Bytam kierownikiem 6 projektow, z czego
3 finansowanych przez NCN i 2 finansowanych przez MNiSW oraz odpowiednio Les

Ministeres de I'Europe et des Affaires étrangeres et de 1'Enseignement Supérieur et de la
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Recherche i Austrian Federal Ministry of Education, Science and Research a takze 1 grantu

Rady Naukowej Dyscypliny Inzynierii Materialowej PW. Bralam udzial jako wykonawca w

realizacji 10 projektow finansowanych przez NCN, NCBR i fundusze europejskie. Jako

ekspert bytam recenzentem 4 wnioskow o finansowanie i recenzentem 12 artykutéw z bazy

JCR. Dodatkowo jestem wspoOtautorem 2 patentéw i jednego wdrozenia. W Tabeli 1

przedstawiam swoje wskazniki bibliometryczne.

Tabela 1 Moje wskazniki bibliometryczne

Wskazniki bibliometryczne

Baza Wg Scopus Wg Web of Science
(opcja Basic Search and (opcja Researchers and
Wskaznik Secondary Documents) Cited Reference)
Indeks Hirsha bez
. 13 13
autocytowan
Liczba publikacji
54 48
Liczba cytowan
590 556
Liczba cytowan bez
, 523 487
autocytowan
Liczba publikacji jako
) 21 21
pierwszy autor
..... A Xeowmapaes

(podpis wnioskodawcy)
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Zatacznik 4



Wykaz osiagnieé¢ naukowych albo artystycznych, stanowiacych znaczny wklad w rozwoj

okreslonej dyscypliny

Informacje zawarte w poszczegolnych punktach tego dokumentu powinny uwzglednial
podzial na okres przed uzyskaniem stopnia doktora oraz pomiedzy uzyskaniem stopnia

doktora a uzyskaniem stopnia doktora habilitowanego.

L WYKAZ OSIAGNIEC NAUKOWYCH ALBO ARTYSTYCZNYCH,
O KTORYCH MOWA W ART. 219 UST. 1. PKT 2 USTAWY

1. Cykl powigzanych tematycznie artykulow naukowych, zgodnie z art. 219 ust. 1. pkt

2b ustawy;

Tytul: Zjawiska zachodzace w materialach o strukturze nanometrycznej podczas

ekspozycji na rozne warunki srodowiskowe

1H. A.T. Krawczynska, L. Ciupinski, M. Gloc, D. Setman, M. Spychalski, P.

Suchecki, M.O. Liedke, M. Butterling, A. Wanger, E. Hirschmann, P. Petersson, Impact
of high pressure torsion processing on helium ion irradiation resistance of molybdenum,
Mater. Charact. 191 (2022). https://doi.org/10.1016/j.matchar.2022.112151.

IF(2022): 4,7, pkt. MNiSW: 100

2H. A.T. Krawczynska, M. Lewandowska, A.T. Fry, Microstructural

characterization and residual stress distribution in a nanostructured austenitic stainless
steel, Int. J. Mater. Res. (2018). https://doi.org/10.3139/146.111672.

IF(2018): 0,851, pkt. MNiSW: 30

3H. A.T. Krawczynska, W. Chrominski, E. Ura-Binczyk, M. Kulczyk, M.

Lewandowska, Mechanical properties and corrosion resistance of ultrafine grained
austenitic stainless steel processed by hydrostatic extrusion, Mater. Des. 136 (2017).
https://doi.org/10.1016/].matdes.2017.09.050.

IF(2017): 4,525, pkt. MNiSW: 35

4H. A.T. Krawczynska, J. Zdunek, R. Sitek, M. Lewandowska, Formation of the

Nitrided Layers on an Austenitic Stainless Steel with Different Grain Structures, Adv.
Eng. Mater. (2018). https://doi.org/10.1002/adem.201701049.
IF(2018): 2.906, pkt. MNiSW: 30




5H. A.T. Krawczynska, M. Kerber, P. Suchecki, B. Romelczyk-baishya, M.
Oskar, M. Butterling, E. Hirschmann, A. Wagner, M. Lewandowska, D. Setman, The

impact of high hydrostatic pressure maintenance after high-pressure torsion on
phenomena during high hydrostatic pressure annealing, Mater. Sci. Eng. A. 840 (2022)
142874. https://doi.org/10.1016/j.msea.2022.142874

IF(2022): 6,4, pkt. MNiSW: 140

6H. A.T. Krawczynska, S. Gierlotka, P. Suchecki, D. Setman, B. Adamczyk-

Cieslak, M. Lewandowska, M. Zehetbauer, Recrystallization and grain growth of a
nano/ultrafine structured austenitic stainless steel during annealing under high hydrostatic
pressure, J. Mater. Sci. (2018). https://doi.org/10.1007/s10853-018-2459-1.

IF(2018): 3,442, pkt. MNiSW: 30

7H. A.T. Krawczynska, S. Gierlotka, P. Suchecki, D. Setman, B. Adamczyk-
Cieslak, M. Gloc, W. Chrominski, M. Lewandowska, M. Zehetbauer, Phenomena

Occurring in Nanostructured Stainless Steel 316LVM during Annealing under High
Hydrostatic Pressure, Adv. Eng. Mater. (2018). https://doi.org/10.1002/adem.201800101.
IF(2019): 3,217, pkt. MNiSW: 100

8H. A.T. Krawczynska, P. Suchecki, B. Adamczyk-Cieslak, B. Romelczyk-

Baishya, M. Lewandowska, Influence of high hydrostatic pressure annealing on the
recrystallization of nanostructured austenitic stainless steel, Mater. Sci. Eng. A. (2019).
https://doi.org/10.1016/;.msea.2019.138381.

IF(2019): 4,652, pkt. MNiSW: 140

9H. A.T. Krawczynska, M. Kerber, P. Suchecki, B. Romelczyk-Baishya, M.

Lewandowska, D. Setman, The impact of the stacking fault energy of nanostructured
metals on phenomena during annealing at the high hydrostatic pressure, Mater. Sci. Eng.
A. 808 (2021) 140913. https://doi.org/10.1016/j.msea.2021.140913
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A.T. Krawczynska, S. Gierlotka, D. Setman, M. Lewandowska, M. Zehetbauer

6) International Conference on Structural Integrity 2017, Funchal, Portugal, 04.09. -
07.09.2017
Tytut wystgpienia: Improvement of corrosion resistance of AZ-91E magnesium alloy
by plasma electrolytic oxidation
A. T. Krawczynska, M. Spychalski, B. Moronczyk, N. Piotrowska, L. Nieuzyta, M.
Wojucki, R. M. Molak
7) EMRS Spring Meeting 2016, Lille, France, 2016-05-02 - 2016-05-06

Tytut wystgpienia: The effect of microstructural features on the formation of nitrided
layers in an austenitic stainless steel
A.T. Krawczynska, R. Sitek, M. Lewandowska, K.J. Kurzydtowski
8) European Stainless Steel and Duplex Steel Conference 2015, Graz, Austria, 28.04-
30.04.2015

Tytut wystgpienia: Nitriding a nanostructured austenitic steel - processing, properties
and characterisation

A.T. Krawczynska, R. Sitek, M. Lewandowska, K.J. Kurzydtowski

Przed uzyskaniem stopnia doktora:
9) 33rd Riso International Symposium on Materials Science: Nanometals - Status and
perspective 2012, Riso, Denmark, 03.09. - 07.09.2012
Tytut wystgpienia: Improving mechanical properties of nanometals by annealing,
A.T. Krawczynska, T. Brynk, M. Rosinski, A. Michalski, S. Gierlotka, E. Grzanka,
S. Stelmakh, B. Patosz, M. Lewandowska, K.J. Kurzydtowski,
10) Stainless Steel Conference, Science and Market 2011, Como, Italy, 21.09.- 23.09.2011

Tytut wystgpienia: Effects of electropulsing on the annealing behaviour of
nanostructured austenitic stainless steel,
A.T.Krawczynska, M.Rosinski, A.Michalski, Lewandowska, K.J.Kurzydtowski

11) E-MRS 2011 Fall Meeting 2011, Poland, Warsaw, 19.09.-23.09.2011

Tytut wystgpienia: Mechanical properties of nanostructured stainless steel 316LVM
annealed under pressure

A.T. Krawczynska, T. Brynk, S. Gierlotka, E. Grzanka, S.Stelmakh, B. Patosz, M.

Lewandowska, K.J. Kurzydtowski
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12) 29th Riso International Symposium on Materials Science 2008, Denmark Riso, 01.09.-
05.09.2008
Tytut wystgpienia: Microstructure characterization of nanostructured Eurofer 97 steel,

A.T. Krawczynska, M. Rasinski, M. Lewandowska, K. J. Kurzydtowski

Wystagpienia w postaci prezentacji posterowych:

Po uzyskaniu stopnia doktora:
1) 20" International Conference of Fusion Reactor Materials, virtual, 24.10.-29.10.2021
poster: Microstructure study of irradiation resistance of nanostructured Mo mirrors

A. T. Krawczynska, 1.. Ciupinski, M. Gloc, D. Setman, M. Spychalski, P. Petersson

2) 17" International Conference on Plasma-Facing Materials and Components for Fusion
Applications, Holandia, Einhoven, 20.05.-24.05.2019
poster: Impact of Material Migration and Radiation Damage on the Reflectivity of
Molybdenum Mirrors: Laboratory test for DEMO
A. T. Krawczynska, .. Ciupinski, M. Gloc, M. Spychalski, D. Setman, P. Petersson,
M. Rubel

3) XVI International Conference on Electron Microscopy, Polska, Jachranka, 10.09.-
13.09.2017
poster: Microstructure characterization of nanograined stainless steel 316LVM
annealed under high hydrostatic pressure
A.T. Krawczynska, S. Gierlotka, D. Setman, W. Chrominski, M. Lewandowska,
M. Zehetbauer
4) The 16™ Electron Microscopy Congress, Lyon, Francja , 28.08-02.09.2016

poster: The comparison of grain boundaries in a nanostructured austenitic stainless
steel annealed conventionally and under high hydrostatic pressure
A.T. Krawczynska, S. Gierlotka, M. Lewandowska

5) Euromat 2015, Warszawa, Polska, 20.09-24.09.201 5,

poster: Diversity of microstructures of the austenitic stainless steel produced by
hydrostatic extrusion
A.T. Krawczynska, M. Kulczyk , M. Lewandowska

6) SCANDEM 2015, Jyvaskyla, Finlandia, 9-11.06.2015,

poster: STEM analysis of modified LiMnO powder for application in lithium-ion

batteries
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A. T. Krawczynska, M. Andrzejczuk, M. Lewandowska, M. Michalska, L. Lipinska,

A. Czerwinski
7) XV International Conference on Electron Microscopy EM2014, Krakow, Polska, 15-18.09.
2014,
poster: STEM characterization of LiMn204 powder modified by metal oxides
A.T. Krawczynska, M. Andrzejczuk, P. Bazarnik, M. Lewandowska, M. Michalska,

L. Lipinska, A. Czerwinski

Przed uzyskaniem stopnia doktora:

8) E-MRS 2012 Fall Meeting, Warszawa, Polska, 17-21.09.2012,
poster: Intergranular corrosion resistance of nanostructured austenitic stainless steel,
A.T.Krawczynska, M. Gloc, K. Lublinska

9) E-MRS 2011 Spring Meeting Nicea, Francja, 9-13.05.2011,

poster: The effect of high pressure torsion on structural refinement and mechanical
properties of an austenitic stainless steel,
A.T.Krawczynska, M. Lewandowska, R. Pippan, K.J. Kurzydtowski

10) E-MRS 2009 Fall Meeting, Warszawa, Polska, 14-18.09.2009,

poster: Recrystallization and Grain Growth in Nano-structured Austenitic Stainless
Steel under Electric Current Heating,

A.T.Krawczynska, M. Lewandowska, R. Kuziak. K.J. Kurzydtowski

11) The 10th European Congress of Stereology and Image Analysis, Mediolan, Wiochy, 22-
26.06.2009,
poster: Quantitative description of the nano-structures in 316LVM austenitic stainless
steel,
A.T.Krawczynska, M. Lewandowska, K.J. Kurzydtowski
12) 25th Symposium on Fusion Technology (SOFT 2008), Rostock, Dania, 15-19.09.2008

poster: Thermal stability of nanostructured Eurofer 97 steel,
A.T.Krawczynska, M. Rasinski, M. Lewandowska, K.J. Kurzydtowski
13) NanoSPD4, Goslar, Niemcy, 18-22.08.2008,

poster: Recrystallization in nanostructured austenitic stainless steel,
A.T.Krawczynska, M. Lewandowska, K.J. Kurzydtowski
14) Stainless Steel Conference, Science and Market, Helsinki, Finlandia, 10-13.06.2008,

poster: Fabrication of nanostructured stainless steel via hydrostatic extrusion,
A.T.Krawczynska, M. Lewandowska, K.J. Kurzydtowski
15) E-MRS 2007 Fall Meeting, Warszawa, Polska, 17-21.09.2007,
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poster: Nanostructure Formation in Austenitic Stainless Steel,

A.T.Krawczynska, M. Lewandowska, K.J. Kurzydtowski

16) Euromat 2007, Norymberga, Niemcy, 10-13.09.2007,

1)

2)

3)

poster: Microstructure and mechanical properties of Eurofer 97 steel subjected to
hydrostatic extrusion,

A.T.Krawczynska, M. Rasinski, M. Lewandowska, K.J. Kurzydtowski

Wystgpienia posterowe w ktorych mialam wspotudzial:

EMRS Spring Meeting 2023,
poster: Deposition of superhard WB2 based coatings using HiPIMS

A. T. Krawczynska, M. Ciemiorek, T. Moscicki, M. Lewandowska

23rd International Conference on Plasma Surface Interactions in Controlled Fusion
Devices, Princeton, USA, 17-22.2018
poster: Impact of low-Z and high-Z ion-induced damage on the reflectivity
molybdenum mirrors and sub-surface distribution of gas bubbles

L. Ciupinski, A. T. Krawczynska, P. Petersson, M. Rubel

XV International Conference on Electron Microscopy EM2014, Krakow, Polska, 15-
18.09. 2014,

poster: STEM characterization of LiMn204 powder modified by metal oxides

M. Andrzejczuk, A. T. Krawczynska, P. Bazarnik, M. Lewandowska, M. Michalska,

L. Lipinska, A. Czerwinski,

8. Wykaz udzialu w komitetach organizacyjnych i naukowych konferencji krajowych lub

mi¢dzynarodowych, z podaniem petnionej funkc;ji.

8.1 Cztonek Komitetu Organizacyjnego XVI Konferencji Mikroskopii Elektronowej,

Jachranka, wrzesien 2017 rok.

9. Wykaz uczestnictwa w pracach zespoléw badawczych realizujacych projekty

finansowane w drodze konkursow krajowych lub zagranicznych, z podziatem
na projekty zrealizowane 1 bedace w toku realizacji, oraz z uwzglgdnieniem informac;ji

o petnionej funkcji w ramach prac zespotow.

16



Rola pelniona

Nazwa programu

Lp Numer projektu Tytul projektu w projekcie i zrodlo .
finansowania
realizowane
. UMO-2021/03/Y/ iszijhr‘l’i‘f(’ﬁmiv “amm"tf’“amdv Kierownik Weave-Unisono
’ ST5/00253 ynku wygrzewania po erownt NCN
wysokim ci$nieniem
Ksztaltowanie  mikrostruktury
5 UMO-2021/42/ materialtow  metalicznych w Kierownik Sonata bis
’ E/ST5/00118 celu poprawy ich wiasciwosci NCN
antybakteryjnych
zrealizowane
Badanie plastycznosci tlenku
3 Polonium aluminium w roznej skali Kierownik Polonium,
’ 2018-2019 podczas eksperymentow in situ MNiSW
w mikroskopach elektronowych
4 CROAIL/ T/ D) svekwSstﬁﬁizeactj)?iliszrt(;ﬁg;te?l:::ﬁ Kierownik SIOLEMEE,
: ST8/00532 : : J NCN
austenitycznej
Wplyw energii bledu utozenia
5 WTZ nanomaterialdw na zjawiska Kierownik WTZ,
’ 2018-2019 zachodzace podczas wyzarzania MNiSW
pod wysokim ci§nieniem
realizowane
Nowe powloki zwiekszajace
6 TECHMATSTRATEG trwato$¢ narzedzi w procesach Wykonawca Techmatstrateg I,
' -111/0017/2019-00 . . . y NCBiR
kucia i wyciskania
Implementation of activities
described in the Roadmap to
EUROFUSION | Fusion during Horizon 5020 Euratom 2014-20,
7. . Wykonawca 2021-2023
nr.633053 through a joint programme of fundusze europejskie
the member of the EUROfusion
consortium
zrealizowane
Opracowanie nowych powtok
LIDER/003/ antykorozyjnych dla  stopu LIDER.
8. 097/L-5/13/ magnezu AZ-91E stosowanego Wykonawca NCBiR’
NCBR/2014 na elementy silnikow i
przektadni lotniczych
Opracowanie technologii
nieniszczacego diagnozowania
gazociggdéw w  oparciu o
POIR.04.01.01-00- magnetyczng metodg INGA,
o 0052/18 bezkontaktowa i  sensory Wykonawea NCBiR
zintegrowane z
wykorzystaniem  algorytmow
uczenia maszynowego
Nowe  polimerowe ogniwa
fotowoltaiczne: Badanie
wplywu  budowy  polimeru,
architektury ~ ogniwa  oraz PBS 1,
10. PBS1/A5/27/2012 rodzaju domieszki na Wykonawca NCBIiR
sprawno$¢ polimerowych
ogniw stonecznych opartych na
poliazometinach i politiofenach
Badania i rozwoj
nowoczesnych technologii PBS 1
11. PBS1/A1/4/2012 polimerowych baterii litowo- Wykonawca o
: . NCBiR
jonowych o podwyzszonym
bezpieczenstwie eksploatacji
Ptytki o  strukturze ultra
12 UMO-2016/23/B/ grrl(i):(ilt(r)z;)aignIStejz’dolnoéci mafie(J) Wykonawca OPUS,
’ ST8/02097 7 . . NCN
glebokiego ttoczenia i

odksztalcenia nadplastycznego
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przy duzej szybkosci
odksztalcenia

Tworzenie dyfuzyjnych warstw

UMO-2013/11/ azotowanych na stali
BST8/03641 austenitycznej o strukturze

nanometrycznej

OPUS,

Wykonawca NCN

10.

1.

NANOMET - Nowe materialy
metaliczne o strukturze POIG
nanometrycznej do zastosowan Wykonawca NCBil,{
w nowoczesnych galeziach
gospodarki

POIG.01.03.01-00-

14. 015/08

Udzial w projektach jako kierownik/wykonawca po uzyskaniu stopnia doktora: 1-13
Udzial w projektach jako kierownik/wykonawca przed uzyskaniem stopnia doktora:

14

Wykaz czlonkostwa w miedzynarodowych lub krajowych organizacjach

1 towarzystwach naukowych wraz z informacjg o pelnionych funkcjach.

10.1. Cztonek Polskiego Towarzystwa Materiatoznawczego od 2022 roku

Wykaz stazy w instytucjach naukowych lub artystycznych, w tym zagranicznych,

z podaniem miejsca, terminu, czasu trwania stazu i jego charakteru.

11.1. 13.-18.06.2023, Institute of Radiation Physics Helmholtz-Zentrum Dresden
— Rossendorf — staz naukowy w ramach Mobility PW, wspotpraca z dr O. Liedke,
przeprowadzenie badania defektow przy uzyciu doppler broadening variable energy
positron annihilation spectroscopy (DB-VEPAS) 1 variable energy positron
annihilation lifetime spectroscopy (VEPALS)

11.2.  Cztery tygodniowe staze w ciggu 2018 i 2019 roku w INSA Lyon w ramach
projektu POLONIUM MNiSW, wspodlipraca z Prof. K. Masenelli-Varlot w obszarze
badan plastycznos$ci tlenku aluminium w réznej skali podczas eksperymentow in situ

w mikroskopach elektronowych

11.3 10.02-13.03.2020 Uniwersytet Wiedenski, Wydzial Fizyki — staz naukowy w
ramach projektu WTZ MNiSW, wspotpraca z Prof. M. Zehetbauer i dr Darig Setman

w dziedzinie nanomateriatéw 1 wyzarzania pod wysokim ci$nieniem hydrostatycznym
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11.4. 01.02-31.03.2019 Uniwersytet Wiedenski, Wydzial Fizyki — staz naukowy w
ramach projektu WTZ MNiSW, wspotpraca z Prof. M. Zehetbauer 1 dr Darig Setman
w dziedzinie nanomateriatow 1 wygrzewania pod wysokim ci$nieniem

hydrostatycznym

11.5. 18.01-22.01.2016 Uniwersytet Wiedenski, Wydzial Fizyki — staz naukowy w
ramach projektu Sonata, wspotpraca z profesorem M. Zehetbauer w dziedzinie

nanomaterialow

11.6. 09.-10.2015  National Physical Laboratory (Teddington, Anglia) — staz w
ramach programu Skills organizowanego przez Fundacj¢ na rzecz Nauki Polskiej w
celu podniesienia kwalifikacji zwigzanych z zarzagdzaniem badaniami naukowymi oraz

zarzadzaniem zespotami naukowymi

11.7. 12.2012-06.2013 Centre d’Elaboration des Materiaux et d’Etudes Structurales
(Toulouse, France) — post-dok, wspotpraca dr hab. Inz. F. Mompiou w dziedzinie

mechanizmow odksztatcenia nanokrystalicznego/ultradrobnoziarnistego niklu

11.8. 09.-10.2010 Erich Schmid Institute of Materials Science (Leoben, Austria)
— staz naukowy w ramach projektu KMM.VIN, wspotpraca z profesorem R. Pippanem

w dziedzinie nanomaterialow

. Wykaz cztonkostwa w komitetach redakcyjnych i radach naukowych czasopism wraz

z informacjg o petnionych funkcjach (np. redaktora naczelnego, przewodniczacego

rady naukowej, itp.).

Brak

. Wykaz recenzowanych prac naukowych lub artystycznych, w szczegdlnosci

publikowanych w czasopismach mi¢dzynarodowych.

13.1. Wykaz recenzowanych prac naukowych publikowanych w czasopismach

migdzynarodowych:
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14.

a) Recenzent 1 artykutu w czasopi$mie Journal of Materials Science Springer

b) Recenzent 3 artykutow w czasopi§mie Materials Letters Elsevier

c) Recenzent 2 artykulow w czasopismie Advanced Engineering Materials Wiley
d) Recenzent 1 artykulu w czasopi$mie Physica Status Solidi B Wiley

e) Recenzent 1 artykutu w czasopi$mie Journal of Applied Physics AIP Publishing
f) Recenzent 2 artykutow w czasopismie Metals MDPI

g) Recenzent 1 artykutu w czasopi$mie Coatings MDPI

h) Recenzent 1 artykutu w czasopi§mie Nanomaterials MDPI

Wykaz uczestnictwa w programach europejskich lub innych programach

mig¢dzynarodowych.

14.1 Uczestnictwo w programie Unii Europejskiej Horyzont 2020 1 Horyzont Europa

w ramach pracy w projekcie Eurofusion

. Wykaz udzialu w zespotach badawczych, realizujacych projekty inne niz okreslone

w pkt. 11.9.

15.1 GRANT Rady Naukowej Dyscypliny, Wydzial InZzynierii Materialowe;j
Politechniki Warszawskiej ,,Ksztattowanie nanostruktury stopu aluminium w procesie
starzenia pod wysokim ci§nieniem hydrostatycznym” 2022-2023, kierownik

15.2 GRANT IDUB Technologie Materialowe — 1, Wydziat Inzynierii Materialowe;j
Politechniki Warszawskiej ,Stabilno$¢ termiczna i1 mechanizmy odksztalcania
hybrydowych materialow nanokrystalicznych wytwarzanych technikami skrecania

pod wysokim ci$nieniem (HPT)” 2020-21, wykonawca

. Wykaz uczestnictwa w zespotach oceniajagcych wnioski o finansowanie badan,

wnioski o przyznanie nagrod naukowych, wnioski w innych konkursach majacych

charakter naukowy lub dydaktyczny.
16.1. Wykaz uczestnictwa w zespotach oceniajacych wnioski o finansowanie badan:

a) Recenzent i cztonek panelu ekspertow oceniajacy 2 wnioski projektowe ztozonych

w ramach Programu Operacyjnego Inteligentny Rozwoj 2014-2020 (NCBiR)
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b) Recenzent i cztonek panelu ekspertow oceniajagcy 1 wniosek  projektowy
ztozonych w ramach Programu Bekker (NAWA)
c) Recenzent i czlonek panelu ekspertow oceniajacy 1 wniosek projektowy

ztozonych w ramach konkursu Preludium (NCN)

2) WSPOLPRA Z OTOCZENIEM SPOLECZNYM I GOSPODARCZYM

1.

Wykaz dorobku technologicznego.

Brak

Wspotpraca z sektorem gospodarczym.

2.1 Wspdtpraca w ramach pracy w projekcie Techmatsrateg III (NCBiR) z firmami
Sanha 1 Albatros w celu opracowania cienkich powlok nowej generacji o bardzo
wysokiej twardosci, odpornosci na §cieranie oraz matej chropowatosci. Powtoki te
maja za zadanie przyczyni¢ si¢ do istotnej poprawy trwatos$ci matryc stosowanych na
szerokg skal¢ przez firmg¢ Sanha Polska m.in. do kucia na goraco bezolowiowego
stopu miedzi CW 724R. oraz firmie Albratros Aluminium do wyciskania profili
aluminiowych.

2.2 Wspotpraca w ramach pracy w projekcie INGA (NCBiR) z firmg
Energodiagnostyka, ktora zajmuje si¢ badaniami wad w rurociggach metoda
bezkontaktowej diagnostyki magnetycznej. W wyniku wspolpracy udato sie
opracowa¢ technologi¢ nieniszczacego diagnozowania gazociggdw w oparciu o
magnetyczng metod¢e bezkontaktowa 1 sensory zintegrowane z wykorzystaniem

algorytmow uczenia maszynowego.

Wykaz uzyskanych praw wlasnosci przemystowej, w tym uzyskanych patentow

krajowych lub migdzynarodowych.

3.1 Patent polski, nr PL 238391, Sposob wytwarzania elementow konstrukcyjnych z

kompozytow na bazie szkiel metalicznych metodg selektywnego przetapiania
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proszkéw, wspolautorzy z jednostki: W. Swieszkowski, A.T. Krawczynska, R.

Wroblewski, rok uzyskania praw: 2021

3.2 Patent polski, nr PL 229820, Sposob obrobki pretow materiatu dla nadania mu
plastycznosci w niskich temperaturach oraz zastosowanie materiatu poddanego
obrobce do wytwarzania elementow pracujgcych w ciektym azocie, wspotautorzy z
jednostki: Z. Pakiela, M. Lewandowska, A.T. Krawczynska, rok uzyskania praw:
2018

4. Wykaz wdrozonych technologii.

4.1  Wdrozenie polskie: nr PL 233190, Sposob wytwarzania addytywnego

trojwymiarowych obiektow, wspotautorzy z jednostki A. T. Krawczynska, W.

Swieszkowski, K. Kurzydtowski, rok wdrozenia 2018, nazwa podmiotu wdrazajacego:

3D-Lab sp. z 0.0.

5. Wykaz wykonanych ekspertyz lub innych opracowan wykonanych na zaméwienie

instytucji publicznych lub przedsigbiorcow.

5.1 Udziat jako wykonawca w pracach na zlecenie przemystu:

a) Badania mikrostruktury pianek produkowanych przez firm¢ KFB w celu
zobrazowania wielko$ci 1 rozmieszczenia porow w piankach do wyghuszania
pomieszczen

6. Wykaz udziatu w zespotach eksperckich lub konkursowych.

6.1 Recenzent i1 cztonek panelu ekspertow oceniajacy 2 wnioski projektowe

ztozonych w ramach Programu Operacyjnego Inteligentny Rozwoj 2014-2020

(NCBiR)

7. Wykaz projektow artystycznych realizowanych ze srodowiskami pozaartystycznymi.

Brak
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3) DANE NAUKOMETRYCZNE
1. Impact Factor (w dziedzinach i dyscyplinach, w ktorych parametr ten jest
powszechnie uzywany jako wskaznik naukometryczny).

Sumaryczny Impact Factor: 135,895

2. Liczba cytowan publikacji wnioskodawcy, 2z oddzielnym uwzglednieniem

autocytowan.

= Web of Science Core Collection (opcja Researchers i Cited Reference)

sumarvcznie z wykluczeniem
Y autocytowan
Liczba cytowan 556 487

= Scopus (opcja Basic Search i Secondary Documents)

. z wykluczeniem
sumarycznie ,
autocytowan
Liczba cytowan 590 523

3. Indeks Hirscha.

=  Web of Science Core Collection (opcja Researchers 1 Cited Reference)

. z wykluczeniem
sumarycznie ,
autocytowan
Indeks Hirscha 14 13

= Scopus (opcja Basic Search i Secondary Documents)

. z wykluczeniem
sumarycznie .
autocytowan
Indeks Hirscha 15 13
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Zestawienie tabelaryczne osiaggnie¢ przedstawionych w wykazie

L.P. | L.P. | Kryterium wg Pkt I, IIL, IV Tak(liczba)/Brak
II 1. Wykaz opublikowanych monografii naukowych. Brak
2 Wykaz opublikowanych rozdzialbw w monografiach Brak
naukowych.
3. Wykaz czlonkostwa w redakcjach naukowych Brak
monografii.
4, Wykaz opublikowanych artykuldéw w czasopismach Tak
naukowych:
- publikacje naukowe w czasopismach z bazy JCR, 45
- publikacje naukowe w czasopismach spoza bazy JCR. 9
5. Wykaz osiagnig¢ projektowych, konstrukcyjnych, Brak
technologicznych.
6. Wykaz publicznych realizacji dziet artystycznych. Brak
7. Wykaz wystapien na krajowych lub miedzynarodowych Tak
konferencjach naukowych 1lub artystycznych, z
wyszczegolnieniem przedstawionych wykladow na
zaproszenie
1 wyktadoéw plenarnych.
- poster 16
- referat 12
8. Wykaz udzialu w komitetach organizacyjnych i Tak
naukowych konferencji krajowych lub
mig¢dzynarodowych, z podaniem petnionej funkcji. 1
9. Wykaz uczestnictwa w pracach zespotow badawczych Tak
realizujagcych  projekty  finansowane w  drodze
konkurséw krajowych lub zagranicznych, z podziatem
na projekty zrealizowane i bedace w toku realizacji, oraz
z uwzglednieniem informacji o pelnionej funkcji w
ramach prac zespotow. 14
10. Wykaz czlonkostwa w  miedzynarodowych lub Tak
krajowych organizacjach 1 towarzystwach naukowych
wraz z informacjg o pelnionych funkcjach. 1
11. Wykaz stazy w instytucjach naukowych lub Tak
artystycznych, w tym zagranicznych, z podaniem
miejsca, terminu, czasu trwania stazu i jego charakteru. 8
12. Wykaz cztonkostwa w komitetach redakcyjnych i radach Brak
naukowych czasopism wraz z informacjg o petlionych
funkcjach (np. redaktora naczelnego, przewodniczacego
rady naukowej, itp.).
13. Wykaz  recenzowanych  prac  naukowych lub Tak
artystycznych, w szczegolnosci publikowanych w
czasopismach miedzynarodowych. 12
14. Wykaz uczestnictwa w programach europejskich lub Tak
innych programach migdzynarodowych. 1
15. Wykaz udzialu w zespotach badawczych, realizujacych Tak
projekty inne niz okreslone w pkt. I1.9. 2
16. Wykaz uczestnictwa w zespolach oceniajacych wnioski Tak
o finansowanie badan, wnioski o przyznanie nagrod
naukowych, wnioski w innych konkursach majacych
charakter naukowy lub dydaktyczny. 4
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111 1. Wvykaz dorobku technologicznego. Brak
2. Wspélpraca z sektorem gospodarczym. Tak
2
3. Wykaz uzyskanych praw wlasnosci przemystowej, w Tak
tym uzyskanych  patentéw krajowych lub
miedzynarodowych. 2
4. Wykaz wdrozonych technologii Tak
1
5. Wykaz wykonanych ckspertyz lub innych opracowan Tak
wykonanych na zaméwienie instytucji publicznych lub
przedsiecbiorcow. 1
6. Wykaz udzialu w  zespolach eksperckich lub Tak
konkursowych., 2
7. Wykaz projektéw artystycznych realizowanych ze Brak
srodowiskami pozaartystycznymi.

v 1. Impact Factor (w dziedzinach i dyscyplinach, w ktdrych 135,895
parametr ten jest powszechnie uzywany jako wskaznik
naukometryczny).

2. Liczba cytowan publikacji wnioskodawcey, z oddzielnym
uwzglednieniem autocytowan.
- Web of Science 556
bez autocytowan 487
- Scopus 590
bez autocytowan 523
3. Indeks Hirscha.
- Web of Science (bez autocytowar) 13
- Scopus (bez autocytowan) 13

4

{podpis wnioskodawcy)
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Warszawa, 07.08.2023 r.
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Dotyczy:

informacji o cytowaniach publikacji, ktérych autorem lub wspétautorem jest
dr inz. Agnieszka Krawczynska

o Web of Science Core Collection (opcja Researchers i Cited Reference)

; z wykluczeniem
sumarycznie y
autocytowan
Liczba cytowan 556 487
Indeks Hirscha 14 13
JIF 135,895

e Scopus (opcja Basic Search 1 Secondary Documents)

: z wykluczeniem
sumarycznie ;
autocytowan
Liczba cytowan 590 523
Indeks Hirscha 15 13
e Punkty MNiSW
Punkty MNiSW 3370
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Statement

Publication title, jonrnal, year, doi:

Impact of high pressure torsion processing on helium ion irradiation resistance of molybdenum,
Mater. Charact. 191 (2022). hitps://doi.org/10.1016/.matchar.2022.112151.

Imiona i nazwiska autoréw publikacji:

Agnieszha Teresa Krawczynska, Lukasz Ciupinski, Michal Gloc, Daria Setman, Maciej
Spvchalski, Boguslawa Adamcezyk-Cieslak, Przemystaw Suchecki, Maciej Oskar Liedke, Maik

Butterling, Andreas Wanger, Eric Hirschmann, Per Petersson
L/OGane—

Statement on the substantive contribution of the work to the above-mentioned publication and
consent to submit it for habilitation

Lp.

Autor

Conitribution

Signature

Agnieszka
Teresa
Krawczynska

In this article T was responsible for:

- conceptualization of all performed research,

- methodology selection,

- performing HPT experiments,

- performing microhardness experiments and analysing
results,

- analysing nanchardness, dislocation density, positron
annihilation spectroscopy and reflectivity results in the
context of the research subject,

- performing all microstructure observations using
scanning, transmission electron microscopes and a
focused ion beam, analysis of obtained microstructures,

- writing the original draft of the paper, reviewing and
editing.

Co-authors® contribution:

=)

2 Lukasz Analysing reflectivity measurements, results discussion and
Ciupinski editing the final version of the article /
{
3 | Michat Gloc | Preparing samples for scanning electron microscopy observations ‘/'(, Z’l@”
4 Daria Setmarn | Conceptualization of HPT experiments
5 Macief Performing nanchardness measurements and caloulation of | H//%é)
Spychalski nanochardness values s
6 Przemystaw Preparing samples for positron annihilation spectroscopy 3 E& :
Suchecki experiments (o7 W
A, 3
Bogusiawa Performing X-ray diffraction experiments and calculating | /. ﬂ,,
7 | Adamczyk- A [
o gathered data
Cieslak /

/v

/4 M?&'\SM—




Statement

Publication title, journal, year, doi:

Impact of high pressure torsion processing on helium ion irradiation resistance of molybdememn,
Mater. Charace. [91 (2022). htips-i/doi.org/10.1016/f maichar.2022.112151.

Imiona i nazwiska autoréw publikacji:

Agnieszha Teresa Krawcgyriska, Eukasz Ciupiviski, Michal Glec. Daria Setman, Mucig
Spychaiski, Boguslawa Adarmczyk-Cleslak, Eraemystaw Suchecki, Macief Oskar Liedke, Maik
Butterling, Andreas E’anger Evic Hirschmann, Per Petersson

Statement on the substartlve contribution of the work to the above-raentionzd publication and
consent to submit i for habilitation

In this art:cl‘e I was r_e.s'pnns:b!e for:
- conceptualization of all performed research,
< methodology selection,

- performing HPT experiments,
- performing microhardness experiments and analysing
' results,
! | Agriestka - analysing panchardness, dislocation density, positron ; -
1 | Feresa anaihilation spectroscopy and reflectivity results in the /4 Mh&ar
Krawcgynska context of the research subject, '

- perfonning =Y microsimclure  observations  using
scanning, fransmission elecion microscopes and a
focused ron beam, analysis of obtained nicrostructures,

-  writing the original drsfl of the paper, reviewing and
editing.

Co-authors’ centribution:

5 Lukasz Analysmg reﬂeotmty mensurements, results discussion and & C"lé
Ciupinski editing the final version of the article 4 . .!rf’

JR

3 | Michal Gloc | Preparing samples for scanning electron microscopy observations w (4 o-

| 4 | Daria Setman | Conceptualization of HPT experiments %/( A

Maciej Performing nanohardness measurements and calewlation of {%\.
Spychalski nanchardness values /

Przentystaw | Preparing samples for positron annihilation spectroscopy £ il
Suchecki experiments tHtlo

i
v




8 Maciej Oskar | Performing positron annihilation spectroscopy experiments and ” M
Liedke analysing obtained results L) AL

9 Maik Performing positron annihilation spectroscopy experiments and | —
Burteriing analysing obtained resulis =T

10 Andreas Performing positron annihilation spectroscopy experimenis and _
%nger“wimw analysing obtained results §

i Eric Performing positron annihilation spectroscopy experiments and | <~
Hirschmann | enalysing cbtained results > i
Per Preparing mirrors surface for irradiation experiments, irradiating

12 Petersson mirrors with helium ions and reflectivity measurements and

analysis




Statement

Publication dtle, journal, year, doi:

Microstructural characterization and residual stress distribulion in a nanostructured austenitic
stainless steel, Int. J. Mater. Res. (2018), https.//doi.org/10.3139/146.111672,

Names and surnames of publication authors:
Agnieszka Teresa Krawezynska, Malgorzala Lewandowska, Anthony Thomas Fry

Statement on the substantive contribution of the work to the above-mentioned publication and
conseat to submit it for habilitation

‘No.?Amhm Contribution -‘Sigmture

- conceptuslization of all performed research,
| - methodology selection,

- performing microhardness measurements and analysing
results,

| , -  performing residual stress measurements and analysing | Z
Agnieszha residual stress results in the comtext of the research/4 M prsis

! Teresa subject, J
Krawezynska - performing all microstructure observations using
transmission electron microscopes, analysing obtained
microstructures,
- writing the original draft of the paper (including the
| discussion part), reviewing and editing. ‘

’ In this article I was responsible for: 1
|

Co-authors' contribution:
Ji, |

Malgorzata | . . I(
2 7 dowsha Editing the final version of the article | (}&
' 3 Antony | Verifying residual stress messurements results and analysis, A | 3.
Thomas Fry | editing the final version of the article J?’ “




Oséwiadczenie

Tytul publikacji, czasopismo, rok wydania, strony:

Mechanical properties and corrosion resistance of wltrafine grained austenitic stainless steel

processed by

hydrostatic extrusion, Mater. Des. 136

https://doi.org/10.1016/]. matdes. 2017.09.050.

Imiona i nazwiska antoréw publikacji:

(2017).

Agnieszka Teresa Krawcgyriska, Witold Chromiviski, Ewa Ura-Bivczyk, Mariusz Kulczyk,
Malgorzata Lewandowska

Oéwiadczenie o merytorycznym wktadzie pracy w wyzej wymieniong publikacje i wyrazenie
zgody na przedstawienie do habilitacji

Lp. | Autor

Zakres widadu w prace

Podpis

Agnieszia
1 Teresa
Krowcegpsshka

W tym artykule bytam odpowiedzialna za:

- opracowarie calosciowej koncepcji artykutu,

- opracowanie metodyki badah mikrostruktury i
wiasciwosci mechanicznych,

- wykonanie obserwacji mikrostruktury przy uzyciu
transmisyjnej mikroskopii elektronowej oraz analiza
uzyskanych mikrostruktur,

- analize wynikéw badan wytrzymalosciowych,

- dyskusje wynikéw bez czedei dotyczace) korozji,

- zredagowanie i przygotowanie publikacji.

A Moorocfeplsma

Widad pozostatych wspdtautorow:

Witold Wykonanie badan EBSD wraz z ich analiza, zredagowanie czedci M
2 Chrominski artykuhu poswieconej analizie EBSD i
Ewa Ura- Opracow:a{lle met(?dy%q‘ bada'n koroz:\/Jl:lych, wykon'al‘ﬂe bada‘r:n e .
3 Biicrvk odpornosdci korozyjnej i analizy wynikdw oraz czgsei dyskusji &g AP
i dotyczgcej odpornoscei na korozje stali austenitycznych A
4 Mariusz Opracowanie parametrdéw  wyciskania hydrostatycznego 1
Kulezyk wytworzenie materiahu do badal )
Nadzor nad realizacjs badari, kierowanie projektem, w ramach ~/ f
Malgorzara . ) g . oo
5 ktorego powstata praca, wspotudziat w dyskusji wynikow i
Lewandowska . .
wspolredagowanie manuskryptu )




Oswiadczenie

Tytul publikacji, czasopismo, rok wydania, strony:

Formation of the Nitrided Layers on an Austenitic Stainless Steel with Different Grain
Structures, Adv. Eng. Mater. (2018). https://doi.org/10.1002/adem. 201701049.

Imiona i nazwiska autoréw publikacji:

Agnieszka Teresa Krawcegyriska, Joanna Zdunek, Ryszard Sitek, Malgorzata Lewandowska,

Oswiadezenie o merytorycznym wkiadzie pracy w wyzej wymieniong publikacije 1 wyrazenie
zgody na przedstawienie do habilitacji

Lp. | Autor Zakres wikladu w prace Podpis
W tym artykule bylam odpowiedzialna za:
- opracowanie calosciowej koncepcji artykutu,
- opracowanie metodyki badan,
- wykonanie obserwacji mikrostruktury przy uzyciu |
Agniestka transmisyjnej 1 skaningowej mikroskopii elektronowej A Y
1 Teresa oraz  mikroskopli jonowej, analize uzyskanych’
Krawezyriska mikrostruktur,

- analizeg wynikéw badan skiadu fazowego i skladu
chemicznego warstw w kontekscie tematu badan,
- zedagowanie 1 przygotowanie publikacjii (wlaczajac

dyskusje wynikow).

Wkiad pozostalych wspélautordw:

> Joanna Przeprowadzenie badan skladu fazowego oraz analiza uzyskanych |/ ) - p
Zdunek wynikow MLLLLU{
Przygotowanie zgladéw metalograficznych i wykonanie ich }~ %7'
4 | Ryszard Sitek obserwacji przy uzyciu mikroskopu $wietlnego, Opracowaniég, ‘ ;{[ (%,
parametréw niskotemperaturowego azotowania jarzeniowego ]
Nadzor nad realizacjg badan, kierowanie projektem, w ramach
5 |Malgorzata |\ ieeo powstal Sludziat w dyskusji wynikéw i
i go powstala praca, wsp iat w dyskusji wynikéw 1

wspdlredagowanie manuskryptu
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Statement

Publication title, journal, year, doi:

The impact of high hydrostatic pressure maintenance after high-pressure torsion on phenomena
during high hydrostatic pressure annealing, Mater. Scii Eng A 840 (2022) 142874.
https.//doi.org/10.1016/f.msea.2022.142874.

First and second names of co-authors:

Agnieszka Teresa Krawcgynska, Michael Kerber, Przemystaw Suchecki, Barbara Romelezyk-
Baishya, Maciej Oskar, Maik Butterling, Evic Hirschmann, Andreas Wagner, Malgorzata
Lewandowska, Daria Setman

Statement on the substantive contribution of the work to the above-mentioned publication and
consent to submit it for habilitation

spectroscopy results in the context of the research
subject,

- performing all microstructure observations using
scanning, transmission electron microscopes and a
focused ion beam, analysis of obtained microstructures,

- writing the original draft of the paper, reviewing and
editing.

Lp. | Autor Contribution Signature
In thig article I was responsible for:
- conceptualization of all performed research,
- methodology selection,
- assisting in redevelopment of the HPT device into the
HPT and HPA device,
- performing HPT and HP A experiments,
- performing microhardess measurements and analysis of
results, ;
Agnieszka - analysing tensile tests results in the context of the /4 LAY
1 Teresa research subject,
Krawczyriska - analysing variable energy positron annihilation lifetime

Co-authors’ contribution:

2 Michael Redeveloping the HPT device into the HPT and HP A device
Kerber

3 Przemystaw Preparing samples for scanning electron microscopy | . ! 21{ E
Suchecki observations and positron annihilation spectroscopy experiments | < g ft
Barbara :

4 | Romelczyk- Performing tensile tests and calculating obtained parameters Wk’
Baishya Yool ol

5 Maciej Oskar | Performing the variable energy positron annihilation lifetime uf
Liedke spectroscopy experiment and analysing obtained results id . AUy




Maik

Performing the vanable energy positron annihilation lifetime

Butterling spectroscopy experiment and analysing obtained results

~ Eric Performing the variable energy positron annihilation lifetime
Hirschmann | spectroscopy experiment and analysing obtained results

R Andreas Performing the variable energy positron annihilation lifetime
Wagner spectroscopy experiment and analysing obtained results

o |Malgorzata | e the final version of the article h
Lewandowska

10 | Daria Setman | Conceptualization of HPA experiments




Statement

Publication title, journal, vear, doi:

The impaci of high hydrostaiic pressire mainteaaace afiee high-pressure torsion vn phenomena
during high hvdrostutic pressure anneofing, Mater. Sci. Eng 40 840 (2022) 142874
hips.idoiorg 0. 1010 msea. 2022, 142874,

First and second names of co-authors:

Agnieszka Teresu Krawegyasha, Michael Kevber, Prgemysioy Suchecki, Barbara Romelezvk-
Baishya, Maciej Oskar. Muaik Burterling, Evic Hivschmann, Andreas Wagner, Molgorzaia
Lewandowsha, Dariu Setman

Statement on the substantive contribution of the work o the above-mentioned publication and
consent to submit it for habilitation

In this article | was responsible for:

- conceptualization of all performec research,

- methodology selection,

- assisting in redevelopment of the TIPT device into lhe
HPT and HPA device,

- performing HPT and HPA experiments,

- performing microhardess measurements and analysis of
results,

- analysing lensile tests results in the context of the
research subject,

-~ analysing variable energy positren annihilation lifetime
spectroscopy results in the eonlexi of the researgh
subjeet,

- performing  afl  micrestructie  observations  using
scanning, trangmission c¢lectron microscopes and a
tocused ion beam, analysis of obtaimed microstructures,

- writing the original deaft of the paper, reviewing and
editing,

Lp. | Autor Contribution
Agniestha

1 Teresa
Kruwczyrisia

Co-authors” eontribution:

Signature

2 Michael
Kerber
3 Przemystaw
Suchecki
| Bwrbara
4 | Romelezyk-
|| Baishya
5 Maciej Oskar

Redeveloping the HPI device into the HIPT and TIPA devive

for

electron  tnicroscopy

Preparing  samples scanning

observations and positron annihilation spectroseopy experiments

Performing lensile tests and calculating obtained parameters

Liedke

spectroscopy experiment and analysing obtained resulls

Performing the variable energy positeon ammihitation lifetime

S




5 | Maik Performing the variable energy posiiron amniilation ffetime | |
Butterling spectioscopy experiment and analysing obtained results ¥

g | Eric | Performing the variable energy posiiron annibilation lifetme |/ |
Hirschmann | spectroscopy experiment and analysing obtzined results YA -

8 | Andreas | Performing the variable energy positron annibilation fifetime /{ "
Wagner | spectroscopy experiment and analysing oblained results b 4 Ml,f'
Malgorzata | ... Ty . "‘\X{ |

8 L avandowika Editing the final version of the article | M. |

| 168 | Daria Setiman _ Conceptualization of HPA experiments | 2//’346]2(4




Statement

Publication title, journal, year, doi:

Recrystallization and grain growth of a nano/ultrafine structured austenitic stainless steel
during anrealing under high hydrostatic presswre, J  Mater. Scii  (2018).
hitps://doi.org/10.1007/s10853-018-2459-1.

Names and surnames of publication authors:

Agnieszka Teresa Krawcgyriska, Stanistaw Gierlotka, Przemysfaw Suchecki, Daria Setman,
Bogustawa Adamczyk-Cieslak, Malgorzata Lewandowska, Michael Zehetbauer

Statement on the substantive contribution of the work to the above-mentioned publication and
consent to submit it for habilitation

No. | Author Contribution Signature

In thus article I was responsible for:
- conceptualization of all performed research,
- methodology selection,

- performing HPT experiments,
- performing microhardness experiments and analysing
resuits,
Agnieszka - analysing X-_ray diffraction results in the context of the 74 '\‘Zw‘,u. e
1 Teresa resemh. subject, . . ]
Krawczyriska - performing all microstructure observations using

scanning and transmission electron microscopes,
analysing obtained microstructures,

- writing the original draft of the paper (including the
discussion part), reviewing and editing.

I was the leader of the project SONATA under which the
research was carried out.

Co-authors” contribution:

Stanisiaw . , b ) @ (L
2 Gierlotka Performing HPA experiments \7(14 L

Przemystaw Preparing samples for scanning electron microscopy = VEL
Suchecki observations S

4 | Daria Setman | Conceptualization of HPT experiments

=7

Bogustawa Performing X-ray diffraction experiments and -calculating ‘4,470//

5 Adamczyk- W% i
. gathered data gy’

Cieslak %
o Malgorzata Editing the final version of the article M

Lewandowska €

Michael

Zehetbauer Editing the final version of the article




Statement

Publication title, journal, year, doi:

Recrystallization and grain growth of a nano/ultrafine structured austenitic stainless steel
during anmnealing under high hydrostatic pressure, J. Mater. Sci. (2018).
https://doi.org/10.1007/s10853-018-2459-1,

Names and surnames of publication authors:

Agnieszka Teresa Krawczynska, Stanistaw Gierlotka, Przemystaw Suchecki, Daria Setman,
Bogustawa Adamczyk-Cieslak, Malgorzata Lewandowska, Michael Zehetbauer

Statement on the substantive contribution of the work to the above-mentioned publication and
consent to submit it for habilitation

No. | Author Contribution Signature

In this article T was responsible for:
- conceptualization of all performed research,
- methodology selection,
- performing HPT experiments,
- petforming microhardness experiments and analysing
results,
- analysing X-ray diffraction results in the context of the

Agnieszka .
research subject,
1 Teresa . . . .
Kl - performing all microstructure observations using
24 scanning and transmission electron microscopes,

analysing obtained microstructures,
- writing the original draft of the paper (including the
discussion part), reviewing and editing.

I was the leader of the project SONATA under which the
research was carried out,

Co-authors’ contribution:

Stanisiaw

2 Cierlotka Performing HPA experiments
3 Przemystaw Preparing samples for scanning electron microscopy
Suchecki observations
4 Daria Setman | Conceptualization of HPT experiments é’ O‘é} 7
Bogustawa . . . . .
5 | Adamezyk- Performing X-ray diffraction experiments and calculating
Cieslak gathered data
Maligorzata

6 | Lewandowsk | Editing the final version of the article

a




Statement

Publication title, journal, year, doi:

Recrystallization and grain growth of a nano/ultrafine structured austenitic stainless steel
during annealing under high  |hydrostatic pressure, J. Mater. Sci (2018).
https://doi.org/10.1007/s10853-018-2459-1.

Names and surnames of publication authors:

Agnieszka Teresa Krawczynska, Stanisiaw Gierlotka, Przemystaw Suchecki, Daria Setman,
Bogusiawa Adamczyk-Cieslak, Malgorzata Lewandowska, Michael Zehetbauer

Statement on the substantive contribution of the work to the above-mentioned publication and
consent to submit it for habilitation

No. | Author Contribution Signature

In this article T was responsible for:
- concepmalization of all performed research,

- methodology selection,

- performing HPT experiments,

- performing microhardness experiments and analysing

results,
Agnieszka - analysing Xjray diffraction results in the context of the
1 Teresa research' subject, ] ' )

- performing all microstructure observations using

Krawczynska scanning and transmission electron microscopes,

analysing obtained microstructures,
- writing the original draft of the paper (including the
discussion part), reviewing and editing.

Iwas the leader of the project SONATA under which the research
was carried out.

Co-authors’ econtribution:

Stanistaw . )
2 Gierlotka Performing HPA experiments
3 g;z;r::, ].:mv Preparing samples for scanning electron microscopy observations

4 | Daria Setman | Conceptualization of HPT experiments

Bogustawa Performing X-ray diffraction experiments and calculating
5 | Adamczyk-
= gathered data
Cieslak
6 Maigorzaia Editing the final version of the article /) oo
Lewandowska / / W/ / g
. y ' / g / / VL
Michael - . . / ,}V ‘v! /(1/ !
7 Zehetbauer Editing the final version of the article [ 7,11?[/ /




Statement

Publication title, journal, year, dei;

Phenomena Occurring in Nanostructured Stainless Steel 316LVM during Annealing under
High Hydrostatic Pressure, Adv. Eng Mater. (2018).
hitps://doi.org/10.1002/adem. 201800101.

Names and surnames of publication authors:
Agnieszhka Teresa Krawczyriska, Stanistaw Gierlotha, Przemystaw Suchecki, Darvia Setman,

Bogusiawa Adamezyk-Cieslak, Michal Gloe, Witold Chrominski, Malgorzata Lewandowska,
Michael Zehetbauer

Statement on the substantive contribution of the work to the above-mentioned publication and
consent to submit it for habilitation

No, | Auothor Contribution Signature

In this article I was responsible for:
- conceptualization of all performed research,
- methodology selection,
- performing HPT experiments,
- analysing X-ray diffraction resulis and corrosion results

in the context of the research subject, A;_m;uﬂ;ﬁwu,
Agnieszka - performing all microstructure observations and chemical
1 Teresa analysis of precipitates using scanning and transmission
Krawczyrnska electron microscopes, analysing obtained

microsiructures and EDS results,
- writng the original draft of the paper (including the
discussion part), reviewing and editing.

I was the leader of the project SONATA under which the
research was carried out.

Co-authors’ contribution;

2 g;t;iiﬁ Performing HPA experiments W‘:—
3 Przemystaw | Preparing samples for scanming electron microscopy | QEL
Suchecki observations 2 -
4 | Daria Setman | Conceptualization of HPT experiments
B . e , , Eb,
5 A;ﬁiﬁ? Performing X-ray diffraction experiments and analysis of the/%”;;(
Cieslak results 78
6 | Michat Gloc | Performing corrosion experiments | M (4{5‘\,
L N A
7 Witold Performing EBSD research and results analysis, editing the part ?}\’,\)y_)
Chrominski of the article devoted to EBSD analysis




Statement

Publication title, journal, year, doi:

Phenomena Occurring in Nanostructured Stainless Steel 316LVM during Arnealing under
High Hydrostatic
adem.201800101.

Names and surnames of publication authors:

Pressure,

Adv. Eng. Mater. (2018).

hitps://doi.org/10.1002/

Agnieszka Teresa Krawczynska, Stanistaw Gierlotka, Przemystaw Suchecki, Daria Setman,
Bogustawa Adamczyk-Cieslak, Michat Gloc, Witold Chrominski, Malgorzata Lewandowska,
Michael Zehetbauer

Statement on the substantive contribution of the work to the above-mentioned publication and
consent to submit it for habilitation

No. | Author Contribution Signature
In this article I was responsible for:
- conceptualization of all performed research,
- methodology selection,
- performing HPT experiments,
- analysing X-ray diffraction results and corrosion results
in the context of the research subject,
Agnieszka - performing all microstructure observations  and
1 Teresa chemical analysis of precipitates using scanning and
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ARTICLE INFO ABSTRACT

Keywords: The microstructure of Mo was significantly refined by high pressure torsion to verify its irradiation tolerance in

Nanomaterials comparison with its micrograined counterpart. After deformation microhardness increased from 231 Hv0.2 for a

Ion irradiation microgarined sample to 542 and 558 Hv0.2, respectively after one and five rotations. Concurrently, the grain

f}:s;;ocl; microscopy refinement was observed, as the grain size decreased with the increase of the deformation degree down to 480

Severe plastic deformation and 110 nm, respectively for one and five r&tationzs. Subsequently, deformed Mo and a micrograined one were
irradiated by He ions to the dose of 8 x 10"°/cm “ to verify their potential application as fusion mirrors. Irra-
diations were followed by reflectivity measurements in the 300-2400 nm range with a dual beam spectrometer.
The measurements revealed that the applied dose causes a decrease in total reflectivity of the micrograined
sample, whereas the total reflectivity of deformed samples decreases by additional 2.5%. Nanohardness mea-
surements, detailed microscopy observations using focused ion beam and scanning transmission electron mi-
croscope as well as positron annihilation spectroscopy investigations were performed to elucidate changes in the
microstructure and understand the different mechanisms of bubble creation after irradiation in micrograined and
high pressure torsion processed samples.

1. Introduction nanostructurization shows the greatest potential. It is owed to
presence of high density of grain boundaries in nanostructured
materials. It has been proven that grain boundaries are sinks for
the irradiation-induced defects and emit interstitials which can
recombine with irradiation produced vacancies in grain interiors,

which brings about the self-healing capacity of nanostructured

In this paper, the radiation tolerance of bulk nanostructured Mo is
verified before its potential application in fusion reactors.

(i) Firstly and most importantly, nanostructured Mo is proposed

since grain refinement appear to be an efficient way to improve
radiation resistance [1-3]. Irradiation by energetic particles
firstly leads to atomic displacement defects followed by recom-
bination of defects up to the formation of clusters, bubbles and
voids. In the final phase macroscopic defects such as cracks,
surface blistering and fuzz are observed also depending on irra-
diation conditions. Although various approaches have been pro-
posed for reducing materials degradation due to irradiation such
as metallic glass or high-entropy alloys production,

materials [4]. Moreover, grain boundaries can trap He atoms [5]
and their structure has an impact on the efficiency of He atoms
accumulation [6]. Preferable are grain boundaries which contain
grain boundary dislocations as well as high-energy grain
boundaries of large He-to-vacancy ratio [7]. In this context
interesting is the efficiency of He ion trapping in non-equilibrium
grain boundaries created by severe plastic deformation (SPD)
processes [8-13]. SPD methods produce bulk samples with
nanostructured grains throughout the entire volume, resulting in
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(i)

properties different to their coarse grained counterparts most
notably superior mechanical properties such as exceptionally
high strength with significant plasticity. Exceptionally high
strength can be achieved since increased hydrostatic pressure
during deformation suppresses fracture and influences the
movement and interaction of the lattice defects which results in
the creation of nanograins of high-angle grain boundaries with
non-equilibrium structures. Non-equilibrium grain boundaries
possess high density of dislocations and large residual micro-
strain, factors facilitating diffusion [14].Concerning nano-
structured materials for fusion application, most of the research
concentrates on tungsten as tungsten is considered as the best
candidate for a plasma facing component (PFC) material. The
studies have shown that there exists a critical grain size (60 nm)
below which, in tungsten produced by orthogonal machining
process, lower He bubble density has been detected [15].
Reducing grain size is also essential in the latest stage of irradi-
ation when macroscopically observable damage is registered.
Nanostructured tungsten produced by high pressure torsion
(HPT) showed up to the He dose of 1.0x10%*m™2 no blisters
contrary to coarse grained tungsten [16]. The scarce work on
nanostructured ferritic steels reduced activation that are planned
to be applied for the first wall in fusion reactors indicate that
nanostructured steels produced by surface mechanical attrition
treatment (SMAT) and irradiated by He ions are characterized by
lower bubble density and smaller average bubble size in com-
parison with coarse grained counterparts [17]. Little is known
about the radiation resistance of bulk nanostructured Mo apart
from the work on magnetron sputtered nanocrystalline Mo of a
columnar structure [18]. In that work it has been evidenced that
in He irradiated grains smaller than 90 nm finer dislocation loops
and He bubbles are created as well as lower defect density is
observed.

Secondly, nanostructured molybdenum is proposed considering
its potential application for diagnostic mirrors. Diagnostic mir-
rors guide plasma radiation to variety of control and diagnostic
systems. Apart from the fact that their surface may degrade from
sputtering by plasma particles, their reflectivity will be decreased
by deposition of plasma impurities [19-24]. Actually, the main
candidate is single crystal Mo [24]. However, nanostructured
materials prove promising reflectivity after cleaning [25].
Deposition of plasma contaminants on mirrors is hard to avoid
during reactor operation, thus in-service mirror cleaning seems
indispensable. Therefore, the major sputtering will be produced
by the in-situ cleaning. Hence, mirrors should not lose their
reflectivity due to cleaning [25,26]. When the 10-cycle cleaning
was performed with 60 MHz radiofrequency-simulated argon
plasma capacitively coupled (CCRF) to the Mo coated mirrors,
significant increase of roughness of up to 70% was detected for
micrograined whereas nanocrystalline coatings stayed un-
changed [25]. A microcrystalline variant in comparison with
nanocrystalline while cleaned with Hy and Ar at high energy
exhibited doubled increase in diffuse reflectivity. These facts
suggest that nanocrystalline Mo coatings should preserve better
properties after cleaning than micrograined ones. However, the
cleaning of coatings can lead to their sputtering by some 20 nm
per a cleaning cycle with several hundreds of cycles envisaged for
a mirror lifetime. For this reason, in the present study an SPD
technique as HPT is proposed as an efficient technique to obtain
nanostructured bulk Mo mirrors. HPT technique has been
selected since it is the most efficient technique in grain refine-
ment in comparison with other SPD techniques [27-29]. As
recent publications showed, HPT can be successfully applied to
refine the microstructure of Mo [30,31]. Relatively few reports
are available on the HPT-processed Mo since this body-centered
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cubic metal has very high strength, which makes SPD-
processing difficult at ambient temperature.

The objective of our work is to compare the radiation tolerance of
bulk nanostructured Mo with micrograined Mo. There is scarce infor-
mation about nanostructured mirrors in the literature especially about
the investigation by microcopy techniques of the impact of the grain size
on the radiation tolerance. It is well-known that single crystal mirrors
are the best option. However, in order to verify the impact of grain
refinement by microscopy studies on radiation tolerance, the fact that
micrograins are observed, not single crystals, is meaningless since in the
microscope provides too localized probe from single grains only.
Accordingly, two types of materials were studied, namely micrograined
polycrystalline samples and nanostructured ones obtained by micro-
structure refinement effected with HPT processing. Although in real
reactor plasma conditions mirrors will be concurrently irradiated by
neutrons, hydrogen isotopes and He, in the present study only irradia-
tion by He ions is investigated. It is well-known that neutron irradiation
induces displacement damage resulting in formation of vacancies and
interstitial-type defects. Considering that there is a strong interaction of
He with this kind of defects and that HPT can also lead to the creation of
the high concentration of vacancies, any pre-damage simulating neutron
irradiation effects has been discarded.

2. Methods
2.1. Material

The material used in the present study is sintered, high purity (99,97
wt%) Mo supplied by Plansee A.G in a form of a rod of 10 mm in
diameter. The microstructure of Mo mirrors was refined by HPT. To this
aim, the material was cut into disks of 10 mm in diameter and 0.8 mm in
thickness. The disks were torsionally strained to 1 and 5 revolutions at a
constant pressure of 6 GPa at the room temperature with speed of 0.2
rpm. The strain defined as simple shear, y, was calculated according to
the equation y = 21 x r x n/t, where r, n and t are the distance from the
torsion axes, the number of applied revolutions and the mean thickness
of the sample, respectively. The equivalent strains eeq = v/ \/ 3 calculated
5 mm from the central point of the sample after 5 rotations were equal to
113. After HPT the final thickness of samples was 0.5 mm. PT experi-
ments were performed at the Faculty of Physics at the University of
Vienna. Further in the text, for simplification, samples are marked AS-R,
HPT_1 and HPT5 for as-received, one rotation and five rotations,
respectively.

2.2. Ion irradiation

Before irradiation samples were mechanically grounded and pol-
ished following the same procedure for AS-R, HPT_1 and HPT_5 using
firstly increasingly smaller diamond grains (30, 15, 6, 3 and 1.5 pm)
followed by (1, 0.3 and 0.05 pm) alumina suspension for the final sur-
face finish. The irradiation of Mo samples was performed with 2 keV
“He™ beams at the Ion Technology Centre (ITC) of the Uppsala Uni-
versity using a 350 kV Danfysik 1090 implanter with a beam current of
up to 1 mA at room temperature. Irradiation conditions were based on
the Stopping and Range of Ions in Matter by prof. Jonas F. Ziegler
(SRIM) [32] predictive modelling to implant in the optically active
layer: 15-20 nm. The irradiation dose was 8 x 10'® cm™2. The condi-
tions were selected based on previous unpublished results which
enabled finding the threshold dose when the effects of irradiation are
clearly visible in the microstructure by scanning transmission electron
microscopy (STEM) since microscopy studies are necessary to under-
stand and explain changes induced by radiation in grains interiors and at
grain boundaries. At this irradiation dose, He nano bubbles were
nucleated and resolvable in STEM studies of micrograined Mo poly-
crystalline samples.
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2.3. Analytical methods

2.3.1. X-ray measurements

Measurements of the crystallite size (using the Williamson-Hall
method) was performed by X-ray diffraction (XRD), at room tempera-
ture using a Bruker D8 Discover diffractometer with filtered Co Ka (A =
0.17902 nm) radiation, operated at Warsaw University of Technology
(WUT). X-ray patterns were collected from an area of approximately 1.5
mm in diameter, which centre was located 3.5 mm from the sample
center. The conditions of analysis were as follows: voltage of 40 kV,
current of 40 mA, angular range of 20 from 35° to 120°, step A20
=0.025°, and the counting time = 5 s. The XRD was also applied to
quantify the dislocation densities in the investigated materials. The
dislocations density, p, was calculated from XRD peak broadening using
modified Williamson-Hall plot:

Ke?
P=" @
where K for bee materials equals 14.4 with the Burgers vector of dislo-
cations, b, along (111), ¢ is the lattice strain evaluated from W-H plot, b
is the Burgers vector for molybdenum- 0.272 nm.

2.3.2. Microhardness and nanohardness measurements

The micro- and nanohardness measurements were performed at
WUT. The values of Vickers microhardness, Hv, were recorded along a
diameter with a separation of 0.5 mm. These measurements were made
using a Zwick microhardness tester under a load of 200 g and loading
time of 10s. Nanohardness tests were performed using a Triboscope 950
HYSITRON equipped with a Berkovich indenter. The loading force was
3 mN, the loading, holding and unloading times were 10, 2 and 10s,
respectively. The hardness values were calculated following the model
of Oliver and Pharr [33]. The tip area function was determined by a
series of indents at various depths (normal loads) in the sample of the
known elastic modulus (silica standard). Approximately 50 measure-
ments were performed in every sample before and after irradiation at the
perimeters with radii of 2.5, 3 and 3.5 mm.

The mean value (MV) and standard deviation (SD) were calculated
from microhardness and nanohardness measurements.

2.3.3. Doppler broadening variable energy positron annihilation
spectroscopy and variable energy positron annihilation lifetime spectroscopy

Doppler broadening variable energy positron annihilation spectros-
copy (DB-VEPAS) measurements have been conducted at the Helmholtz-
Zentrum Dresden-Rossendorf using apparatus for in-situ defect analysis
(AIDA) [34] of the slow positron beamline (SPONSOR) [35]. Positrons
have been implanted into samples AS-R and HPT 5 with discrete kinetic
energies E, in the range between 0.05 and 35 keV, which allows for
depth profiling from the surface down to couple of micrometers. A mean
positron implantation depth < z > can be approximated by a simple
material density dependent formula: <z 236/p~E11,‘62, where p = 10.28
g-cm~>. The measurements enabled calculating of the so-called S-
parameter representing a fraction of positrons annihilating with low
momentum valence electrons and describes vacancy like defects con-
centration and/or size [36]. For the analysis of positron diffusion length,
L., which is inverse proportional to defect concentration the VEPFit
code [37] has been utilized, which permits to fit S(E,) curves for
multilayered systems and to acquire thickness, L, and specific S-pa-
rameters for each layer within a stack.

Variable energy positron annihilation lifetime spectroscopy
(VEPALS) measurements have been conducted at the Mono-energetic
Positron Source (MePS) beamline at HZDR, Germany [38,39]. Typical
lifetime spectrum N(t) is described by:

N() = Z (}) e @
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where t is the time scale, t; and [; are the i-th positron lifetime compo-
nent and the relative intensity of the i-th component, respectively (XI; =
1) [40]. All the spectra were deconvoluted using a PALS(it fitting soft-
ware [41] into 3 discrete lifetime components t;, which directly evi-
dence 2 different defect types (sizes). The 3rd component (t3) was
neglected as residual fingerprint of surface Positronium a bound state of
electron and positron (<<0.5%) [42]. The corresponding relative in-
tensities I; reflect to a large extend concentration of each defect type
(size). In general, positron lifetime is directly proportional to defects
size, i.e., the larger is the open volume, the lower is the probability and
longer it takes for positrons to be annihilated with electrons [40,43,44].
The positron lifetime and its intensity has been probed in function of
positron implantation energy E, or in the other words implantation
depth (thickness) <z > .

2.3.4. Reflectivity measurements

The reflectivity was measured by Spectrophotometer Lambda 950
manufactured by PerkinElmer at Uppsala University Sweden with a step
of 5 nm in the 300-2400 nm range. An additional collimator was used to
handle the smaller size of the samples. As reference for the reflectivity an
Al mirror with known reflectivity was used. The uncertainty of the
measurement is largely limited by the amount of signal reaching the
detector that varieties for different wavelengths and can be seen by the
scatter of the data.

2.3.5. Microscopy observations

The microstructure of the samples has been studied at Microscopy
Laboratory of WUT. Microstructures of samples were revealed using
scanning electron microscope (SEM) SU8000 Hitachi in a back scattered
electron (BSE) — mode at 5 kV and transmission electron microscopy
(TEM) JEOL1200 at 120 kV. Surface observations of samples, both
before and after irradiation, were performed using SEM in scanning
secondary electron (SE) — mode at 15 kV electron accelerating voltage.
Observations were performed 3.5 mm from the sample center. Secondly,
cross-sectional lamellae before irradiation and of the ion irradiated re-
gion in the implanted samples were prepared by focused ion beam (FIB)
Hitachi NB5000, parallel to the radius direction. Before FIB cutting, the
surface of the sample was protected by thin carbon layer. Subsequently,
their microstructure was studied using STEM Hitachi HD2700 in bright
field (BF) — mode and Z-contrast (ZC) — mode operated at 200 kV and
TEM. Quantitative investigation of grains was performed using stereo-
logical and image analysis methods [45,46]. To determine their size and
shape parameters such as equivalent diameter, dp, and elongation
parameter, dpay/da, were used. The equivalent diameter is defined as
the diameter of a circle having an area equal to the surface area of a
given grain. The grain elongation factor is defined as the ratio of the
maximum to the equivalent diameter dpmax/d2. Moreover, the grain
boundary area in the unit volume, Sv, was determined by counting the
intersection points of the test lines with the grain boundary network
[47].

3. Results
3.1. Microhardness and nanohardness measurements after HPT

Microhardness of HPT-processed samples measured is presented in
Fig. 1 and Table 1. It has been proven that even after one rotation
microhardness significantly increased from 231 to 542 Hv0.2. The in-
crease of number of rotations to five caused further slight increase of
microhardness to 558 Hv0.2. The average values of nanohardness are
presented in Table 2. Nanohardness, similarly as microhardness in-
creases with the increase of the deformation degree from 4.7 to 7.8 and
8.7 GPa while measured at the perimeter of radius 3.5 mm for AS-R,
HPT 1 and HPT.5 samples, respectively. Nanohardness measured at
the perimeters of radii 2.5 and 3 mm showed comparable values. The
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Fig. 1. Microhardness distribution on the diameter of AS-R and HPT-processed
Mo samples.

Table 1
Mean Value (MV) and Standard Deviation (SD) of microhardness measured on
the diameter of AS-R and HPT-processed Mo samples.

MV (Hv0.2) SD (Hv0.2)
AS-R 231 8
HPT_1 542 19
HPT_S 558 31

Table 2
Mean Value (MV) and Standard Deviation (SD) of nanohardness measured along
various perimeters of AS-R and HPT-processed Mo samples.

AS-R HPT_1 HPT 5
Radius MV SD (NH MV (NH SD (NH MV (NH SD (NH
[mm] (NH3) 3) 3) 3) 3) 3)
[GPa] [GPa] [GPa] [GPa] [GPa] [GPa]
2.5 4.5 0.3 7.3 0.4 8.6 0.6
3 4.7 0.3 7.6 0.3 8.7 0.7
3.5 4.7 0.3 7.8 0.4 8.7 0.6

increase in microhardness and nanohardness after HPT is the effect of
defects creation and grain refinement which will be analyzed in detail in
section 3.2.

3.2. Microstructure evolution after HPT

3.2.1. Microstructure observations
HPT-processing leads to a significant grain refinement of Mo samples
even after one rotation as presented in Fig. 2. The average equivalent
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diameter decreases from 2.12 pm to 480 nm. It is accompanied by
changes in the shape factors. In AS-R samples grains are elongated
parallel to the rod direction with the elongation parameter of 1.7. After
one rotation ultra-fined grains become elongated perpendicularly to the
foreseen irradiation direction and elongation parameter increases to 2.4.
After five rotations the average equivalent diameter is reduced to 110
nm and the elongation decreases to 1.2, meaning that grains become
uniaxial. In microstructures after HPT-processing prevail high-angle
grain boundaries as can be recognized from the well-contrasting
grains. The decrease of the grain size is accompanied by the increase
of Sv which increases from 1.6 in the AS-R sample to 3.4 and 16.5 pm?/
um? after HPT-processing to 1 and 5 rotations, respectively.

3.3. X-ray measurements

The X-ray patterns are presented in Fig. 3 and the crystallite size,
dislocation density and strains in Table 3. As already seen at the
microstructure images, HPT processing refined the crystallite size from a
value greater than measurable by X-ray technique to approximately 500
and 100 nm for HPT_1 and HPT 5, respectively. Which is in a good
agreement with the grain size evaluated from the microstructural
studies. HPT led to a considerable increase in the dislocation density.
The dislocation density increased from 7.3 x 10'* to 8.3 x 10'® and 4.9
x 10'® m~2 after 1 and 5 rotations, respectively. The quite high density
of dislocations in the AS-R sample is certainly due to mechanical
grinding and polishing. The drop in the dislocation density between
HPT_1 and HPT_5 samples shall be attributed to the rearrangement of
dislocations after higher deformation, which contributed to the creation
of greater grain boundary density. The lattice distortion, da/a, increases
from 0.0019 for AS-R to 0.0065 for HPT_1 and afterwards slightly de-
creases to 0.0050 for HPT_5.

3.4. Reflectivity measurements

The results of reflectivity measurements are presented in Figs. 4 and
5. The total reflectivity of undeformed and deformed samples irradiated
with a He ion dose of 8x10'%cm™2 decreased, as presented in Fig. 4.
However, the total reflectivity of deformed samples decreased more
profoundly by approximately 2.5%, which is clearly observable in the
infrared range up to 2000 nm since above 2000 nm distortions start to
appear. This difference in reflectivity is well-visible at the magnified
part of the chart (Fig. 4 b)).

The diffuse and specular reflectivity is presented in Fig. 5. The diffuse
reflectivity values are relatively low. Before irradiation diffuse reflec-
tivity up to the wavelength of 2000 nm reaches maximally 8% for one of
the AS-R samples and simultaneously for the second AS-R sample is
below 2%. Before irradiation for HPT-processed samples the diffuse
reflectivity is between the values for two AS-R ones. As the diffuse
reflectivity is very sensitive to the quality of the samples surface finish,
and the two extreme values are observed for the non-deformed

Fig. 2. Microstructures of a) AS-R, b) HPT 1, ¢) HPT_5 - cross sections; a) BSE -SEM (SU8000 Hitachi) b), ¢) TE-TEM direction of foreseen irradiation is parallel to the

shorter edges of images.
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Table 3
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Fig. 3. X-ray patterns of AS-R and HPT-processed samples.

The crystallite size, lattice distortions and density of dislocations of the AS-R and

HPT-processed samples.

Sample indication Crystallite size da Density of dislocations
[nm] plm~2]

AS-R >1000 0.0019 7.3 x 10

HPT 1 522 0.0065 8.3 x 10%°

HPT_5 106 0.0050 4.9 x 10

materials, it can be argued that the refinement of microstructures of
samples does not influence this property, whereas obtaining consistently
the same surface finish for all samples is challenging. After irradiation
the diffuse reflectivity drops for all samples except the one non-
deformed with the lowest values before irradiation. The most signifi-
cant drop in diffuse reflectivity is observed for the samples with the
highest values before irradiation, that is for the one of AS-R samples and
the HPT 5 one. Based on the results, it can be argued that the applied
irradiation induces “smoothening” of the samples surfaces and that this
effect is more pronounced for non-deformed materials and those with
worse initial surface finish.

Not surprisingly, before irradiation the specular reflectivity mea-
surements yield revers results of those for diffuse reflectivity. Here
again, the two deformed materials fall into the envelope of the un-
deformed ones but in reversed order, HPT_1 heaving higher specular
reflectivity than HPT 5. After irradiation, before irradiation the best

performing materials, that is AS-R and HPT_1, lose the most in the
specular reflectivity values. It might be concluded the samples with the
best surface finish before irradiation quality are affected the most by the
He irradiation. The maximum difference in far infrared for non-
irradiated samples was in range of 8% whereas after irradiation this
spread of values diminishes to about 4%. As it was already mentioned
when discussing the total reflectivity, the deformed samples perform
worse than the non-deformed ones.

It is worth noticing, that in the range of some 700 nm to 1000 nm all
the samples after irradiation exhibit higher specular reflectivity values
than their non-irradiated counterparts.

3.5. Surface observations of irradiated samples

Exemplary images of samples surface after irradiation are presented
in Fig. 6. Irradiation by He ions with a dose of 8x10'%cm ™2 does not lead
to the creation of blisters on the samples surface contrary to earlier
observations of samples irradiated prior to He ions by Mo ions at 30 keV
to 10 dpa [48]. The bright particles that appear at the surface are resi-
dues of polishing with Al;O3 slurry. The images look exactly the same as
before irradiation.

3.6. Nanohardness measurements of irradiated samples

The penetration depth of the indenter, depending on the sample,
ranged from 70 to 110 nm (Fig. 7). This is more than the depth of He ion
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Fig. 5. Variation of a) diffuse and b) specular reflectivity in Mo samples irra-
diated with a He ion dose of 8x10'%cm 2.

implantation, which is about 20 nm. It is not possible to test the nano-
hardness of such a thin layer because it would require testing with a
maximum indentation depth of about 2 nm, which is a value much lower
than that at which we are able to determine nanohardness. This is due to
the fact that the indenters for nanohardness measurements are not sharp
enough and the useful measurement ranges start from about 30-40 nm.
The aim of the nanohardness test on samples after He ion implantation
was to investigate the influence of this implantation, which was ob-
tained by comparing the hardness values before and after implantation.
The obtained results indicate an increase in hardness after implantation,
which implicates that the layer with structural changes as a result of this
implantation has a higher hardness, although we were not able to
measure the hardness of the layer itself.

The comparison of nanohardness values before and after irradiation

2 um
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is summarized in Fig. 8. HPT-processing of samples results in a less
significant increase in nanohardness after irradiation approximately of
10% on average than measured in the undeformed sample approxi-
mately of 20%. Interestingly, in the case of AS-R and HPT_5 samples
independently of the perimeter the nanohardness increases of a similar
value in comparison with the non-irradiated state. However, in the case
of HPT 1 sample with the increase of perimeter one observes the
decrease in the difference between the nanohardness after HPT and
nanohardness after irradiation by 15, 11 and 6% respectively for 2.5, 3
and 3.5 mm radii. This difference is caused by the various degree of
deformation reached at the diameter of the sample during HPT and the
higher the deformation degree the lower increase in nanohardness after
irradiation. It also indicates that deformation after 5 rotations is more
uniform.

3.7. Cross section observations of irradiated samples

The microstructure of sample cross-sections after irradiation is pre-
sented in Fig. 9. The detailed observation of cross sections enabled
perceiving He bubbles down to 20 nm from the surface, both in unde-
formed and deformed samples. Moreover, nanocracks at some grain
boundaries were noticed in the near-surface region. The creation of
nanocracks by the mechanism of bubble accumulation at the grain
boundary observed in irradiated HPT_5 sample is presented in Fig. 10.

4
AS-R R=3.5mm - irradiated
HPT_1R=3.5mm - irradiated
3 - HPT_5 R=3.5mm - irradiated
—
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@ 2
(=]
5
o // »
1 LN g
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Fig. 7. Curves force-displacement of AS-R and HPT-processed Mo samples after
irradiation for the radius of 3.5 mm.

2 pm

Fig. 6. Samples surface after irradiation a) AS-R, b) HPT_1, ¢) HPT_5,
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Fig. 8. Nanohardness measured on various perimeters of AS-R and HPT-
processed Mo samples before and after irradiation.

4. Discussion

4.1. What is the reason for the variation in the magnitude of the increase
in mechanical properties after irradiation between nanostructured and
micrograined samples?

HPT leads to the microstructure refinement to approximately 500
and 100 nm after 1 and 5 rotations, respectively. The measurements
show greater grain refinement than in Mo investigated in [49,47]. It
might result from the choice of a different section for microscopy ob-
servations or difference in purity. The HPT does not only reduce the
grain size but it also leads to the increase in the dislocation density as
measured by X-rays. The dislocation density increases rapidly after 1
rotation and then slightly decreases after 5 rotations due to the anni-
hilation of dislocations during the transformation of low angle grain
boundaries into high angle grain boundaries. It is worth to notice that
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the initial density of dislocation is also at a considerable level. The
density of dislocations for annealed Mo should be approximately 3 x
10'2 m~2 [50]. In this study in the AS-R sample obtained by powder
sintering the density of dislocations is much higher and equals
7.3x10*m~2 as a result of conventional grinding and polishing applied
to obtain mirror like surface finish of the samples. This may be the
reason for the homogenous distribution of bubbles in the optically active
layer in undeformed and deformed samples. The homogenous distribu-
tion stems from a trapping capacity of He ions by dislocations [5]. Since
STEM observations enabled noticing that after irradiation by He™ the
depth where bubbles were created and distribution of bubbles is com-
parable for the micrograined and nanostructured variants it cannot,
therefore, be the reason for the difference in reflectivity.

The reason for the differences in reflectivity between undeformed
and deformed samples might originate from the difference in the grain
boundary density. Because of the grain refinement the total grain
boundary area in nanostructured Mo is far greater than that found in the
micrograined Mo. During irradiation He ions are trapped at grain
boundaries and since there is a large energy barrier for He diffusion back
into the matrix, He remains at grain boundaries. The agglomeration of
He ions gives the beginning to the bubble nucleation at grain boundaries
with dimensions approaching the mean free path of migrating He and
He-induced defects [51]. The bubbles agglomeration at grain bound-
aries leads to the creation of nanocracks in the optically active layer.
These nanocracks can be responsible for the decrease of reflectivity of
HPT-processed samples since the grain boundary density in HPT- pro-
cessed samples is higher than in micrograined ones and therefore more
sites for crack nucleation exists. Nanocracks appear only at some grain
boundaries which may be a result of many factors among which are
misorientation of grains, grain boundary character and local strains.
Moreover, the differences observed in the radiation response of various
grains depend on the grain orientation relative to the direction of the
irradiation which in turn has an impact on the grain boundary plane.
The importance of this fact has been proven in the work on Mo mirrors of
orientations (001), (110) and (111) irradiated by 3 keV He ions to a
fluence of 1x10%?He/m? at room temperature where the reflectivity
measurements of the single crystals showed smaller reduction in (100)
mirrors than in (110) and (111) mirrors [52]. This phenomenon can be
explained by channeling effects [53].

Apart from the impact of the grain refinement on the reflectivity, one
observes the impact of the grain refinement on the change in nano-
hardness values between non-irradiated and irradiated samples. The
magnitude of irradiation induced hardening is greater for micrograined
than HPT-processed samples. In [18], the hardening effect observed in
He ion irradiated samples was mainly attributed to He bubbles and
dislocation loops formation. It was suggested that in the case of nano-
crystalline magnetron sputtered Mo for grain below 90 nm the
irradiation-hardening decreased significantly since the density and size
of dislocation loops and He bubbles decreased. In our study no signifi-
cant difference in the bubble size was noticed between micrograined and
nanostructured samples. Furthermore, due to the high density of bub-
bles, dislocation loops were difficult to measure and compare. Thus, we
believe more nanocracks of intragranular character in HPT-processed
than in micrograined samples may result in more effective sinks for
He ions by creating open porosity. Moreover, vacancies generated by
HPT-processing may interact with self-interstitials formed during irra-
diation which in turn lead to the decrease of the density and size of
dislocation loops [54].

4.2. Why the difference in the reflectivity of samples is minor in
comparison with the difference in their microstructures?

The minor difference in reflectivity between samples varying in the
deformation degree in comparison to the great difference in their
deformation degree might result from technique of sample surface
preparation for radiation experiments. Before irradiation samples were
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mechanically ground and polished. This method in comparison to e.g.
electropolishing can introduce a high concentration of defects into the
near-surface volume that is of interest in our studies. In the case of
mechanically ground and polished tungsten, the depth up to which the
effects of preparation were observed was 30 nm as obtained from DB-
VEPAS [55]. To better explore the impact of the preparation tech-
nique on the optically active layer defects character, DB-VEPAS and
PALS measurements were performed on samples varying the most
noticeably in the deformation degree, namely AS-R and HPT_5. Fig. 11
shows the depth profile of the S parameter. It reaches the highest value

approximately 20 nm below the samples surface. Below 20 nm it starts
to decrease to reach a stable value at a depth of approximately 300 nm
for HPT_5 and 1100 nm for As-R. In bulk samples contrary to the near
surface layer it is visible that larger defect concentration is found in
HPT 5 sample. The calculated positron diffusion length L, and corre-
sponding defected layers thickness are presented in Table 4. The
strongly defected sub-surface layer has been found having a thickness of
about 18 and 37 nm for the AS-R and HPT_5, respectively. The defect
concentration in the sub-layer is slightly higher for AS-R than HPT_5
sample. In the case of HPT_5 the same shape of S has been registered
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Table 4

Sublayer thickness tg,, and positron diffusion lengths L,.
Sample indication Thickness, te,s [nm] L surf, [nm] L, puk [nm]
AS-R 18 0.7 157
HPT 5 37 3 67

near the sample edge and in the middle of the sample suggesting that
there are no changes in the defect concentration.

The analysis clearly shows that although the samples differ quite
considerably in the deformation degree their optically active layers
become quite comparable in terms of vacancy-type defect concentration
due to the preparation technique. Defects like vacancies are necessary to
create He-vacancy complexes and subsequently He bubbles or disloca-
tion loops. The detailed characterization of defects in the optically active
layer of AS-R and HPT_5 samples has been performed using PALS. The
technique has been successfully employed to describe temperature
dependent defect nanostructure in neutron [56-58] and a [59] irradi-
ated Mo. More recently, recrystallization processes have been investi-
gated by means of PALS in high temperature annealed [60] and
subjected to a dry sliding [61] Mo as well. Positron lifetime components

depth, (z) (nm)
11 33 64 102 146 196 11
100 —r———

depth, {z) (nm)
33 64 102 146 196

Materials Characterization 191 (2022) 112151

and their relative intensities measured down to the depth of about 50 nm
in AS-R and HPT_5 samples are presented in Fig. 12. PALS analysis for
the AS-R sample reveals mixture of dislocations (t7) and vacancy clus-
ters (t2) as dominant positron trapping centres. The lifetime 1, is shorter
compared to that for a monovacancy (blue dotted line in Fig. PALS) [62]
and longer than for the value representing the delocalized bulk anni-
hilation (at the crystal interstitial sites). The lifetime values which fall
between these two specific states (single vacancy and bulk) are typical
for dislocations. A dislocation line itself is only a shallow positron trap
[63]. Once positrons reach a dislocation they will quickly diffuse along
the dislocation line and will became trapped by a vacancy anchored in
the compressive elastic field of dislocation [63]. Hence, positrons are
finally annihilated in a monovacancy influenced by the elastic field of
dislocations, which results in shorter lifetime [64]. Since 71 of the AS-R
sample is shorter than of HPT_ 5 smaller concentration of vacancies
connected to dislocations is expected. Hence, HPT 5 has larger density
of monovacancies accordingly. The size of vacancy clusters can be
estimated as agglomeration of about 8-9 [57] (and based on calculations
for Nb having similar lattice parameter and bcc crystal structure [64]).
While the low temperature HPT processing of Ti bce produces vacancy
clusters consisting on the average of three vacancies [65]. After HPT
shorter lifetime 1 increases reaching nearly the value for monovacancy
and the longer lifetime 15 became larger than 400 ps (>15 vacancies). At
the same time the relative intensity I; (Ip) increases (decreases) sug-
gesting generation of monovacancies due to HPT, which tend to
agglomerate increasing the size of vacancy clusters. The concentration
of vacancy clusters most probably drops with depth as indicated by
smaller I,. This drop is reflected in larger positron diffusion length L of
the sub-surface region after HPT processing, however, the overall defect
concentration remains high. There is a high probability that vacancy
clusters in AS-R and HPT_5 samples are located at grain boundaries.
Since larger vacancy clusters are identified in HPT_5 sample than in AS-
R, the more prone its grain boundaries may be to nanocrack formation.

Additionally, microstructure observation of the polished AS-R cross
section directly after grinding and polishing has been done. Fig. 13
shows that the grinding and polishing can lead to the creation of sub-
grains even up to 1 pm.

This suggests that what differentiates the samples the most, is the
density and character of grain boundaries rather than the density of
vacancy-type defects. For this reason, with high probability grain
boundaries play a decisive role in the observed reflectivity differences.

It should be pointed out that during in-situ cleaning not only will the
deposited contaminants be removed but also approximately 20 nm of
the mirror material in each cycle. Since hundreds of cycles are

Fig. 12. Positron lifetime components and their relative in-
tensities as a function of positron implantation energy and
corresponding depth < z > for AS-R and HPT_5 samples.
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Fig. 13. Subgrains in the AS-R sample — cross section, BF-STEM.

envisaged, assuming 100, approximately 2 pm of the mirror will be
removed (This by the way may be yet another limiting factor for using
coatings for mirrors in fusion reactors). Analyzing the microstructure
after standard grinding and polishing, one can notice the impact of this
procedure to up to 1 pm. Of course, the impact of grinding and polishing
decreases with depth. Another issue is the impact of the cleaning tech-
nique on the mirror defect concentration. Studies suggest that during
sputtering also implantation occurs and leads to the creation of defects
such as vacancies and dislocations beneath the surface [66,67] as well as
argon deposition [68]. Taking these facts into consideration, the near
surface area after cleaning will always contain more defects than the
bulk material so the data presented in the present paper is highly rele-
vant for the mirrors in fusion devices.

4.3. The perspective of application of nanostructured Mo as irradiation
resistant materials

Although the present study shows that nanostructured Mo mirrors
after irradiation with 8 x 10'® cm™2 He ions demonstrate lower
reflectivity than micrograined ones, the trend might be reversed for
higher doses. It may be due to the fact that nanocracks formed at some
grain boundaries create open porosity which may facilitate an escape of
He from mirrors and retard the formation of blisters, which will decrease
the reflectivity drastically. This shall be further investigated in our
future studies. The delay of blisters formation in nanostructured tung-
sten in comparison to micrograined one was observed during in situ He
irradiation in a He ion microscope [16]. Moreover, it was found that the
presence of nanochannels in tungsten film irradiated with 190 keV He
ions accelerated the release of He and retarded the formation of large He
bubbles [69].

5. Conclusions

1. High-pressure torsion-processing leads to a significant grain refine-
ment up to 110 nm on the cross section.

2. The He-ion dose of 8x10'%cm~2 causes a decrease in total reflectivity
of the micrograined sample, whereas the total reflectivity of
deformed samples decreases by additional 2.5%.

3. Irradiation by He ions with a dose of 8x10'°cm ™2 does not lead to the
creation of blisters on the samples surface but causes He bubbles
creation within the optically active layer and nanocracks at grain
boundaries in all investigated samples. There is a higher density of
grain boundaries in refined samples which leads to the higher density
of nanocracks. It is highly probable that the nanocracks created at

10

Materials Characterization 191 (2022) 112151

grain boundaries in the optically active layer during irradiation are
responsible for lower after irradiation reflectivity of high-pressure
torsion-processed samples.
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Microstructural characterization and residual
stress distribution in a nanostructured austenitic

stainless steel

In this paper, residual stress distribution is investigated by a
novel X-ray cosa diffraction technique in a nanostructured
austenitic stainless steel after hydrostatic extrusion pro-
cesses. Hydrostatic extrusion performed at 20°C and with
a total true strain of 2.3 leads to the creation of a nanostruc-
ture consisting of nanotwins and shear bands. The results
reveal that the greatest compressive residual stresses of
—1 GPa are found 3 mm from the surface of the nanostruc-
tured austenitic stainless steel. These compressive residual
stresses restrict crack growth into the material, thereby pre-
venting catastrophic failure.

Keywords: Residual stresses; X-ray diffraction (XRD);
Nanostructured materials; Austenitic stainless steel

1. Introduction

Recently, much effort has been made to transform a con-
ventional micrograined microstructure into an ultrafine
grained and nanocrystalline one using the methods of se-
vere plastic deformation (SPD). The most effective SPD
techniques are: equal channel angular pressing (ECAP), ac-
cumulative roll-bonding (ARB), cyclic extrusion compres-
sion (CEC), high pressure torsion (HPT) and hydrostatic
extrusion (HE) [1, 2]. Among them one can single out HE
as this is a technique that leads to the creation of quite large
volumes of materials in the form of rods compared with
other techniques, which was described in [3] by Lewan-
dowska and Kurzydlowski. SPD can be successfully ap-
plied to refine the microstructure of various materials
including austenitic stainless steels. Austenitic stainless
steels are especially interesting materials due to their excel-
lent corrosion and thermomechanical properties. They can
be applied as structural materials in biomedical, pharma-
ceutical, petrochemical and nuclear power related applica-
tions. One of their main disadvantages is a relatively low
strength. This can be significantly improved using SPD.
The improvement in strength of a nanostructured and ultra-
fine grained austenitic stainless steel compared with a mi-
crocrystalline one has been reported in many works. As a
result of the grain refinement after HPT and HE the strength
increases to 1900 MPa and 1750 MPa, respectively [4, 5].
Moreover, SPD of steels can lead to the improvement of

wear and corrosion resistance [6—8]. All these properties
of steels after various SPD processes are reported in the lit-
erature. However, it seems quite obvious that apart from
these properties SPD has an impact on others such as resid-
ual stresses. Their presence can contribute to material fail-
ure by mechanisms such as creep, fatigue and stress corro-
sion cracking, with the majority of failures initiating at or
close to the surface. For this reason, residual stresses in the
near-surface region which are tensile are considered detri-
mental to material performance and those that are compres-
sive are beneficial, as proved for example by Webster [9].
The issue of residual stress measurements to the best
knowledge of the authors is neglected for nanomaterials
and ultrafine grained materials obtained by SPD. Measure-
ments which have been performed mainly refer to refined
microstructures obtained by shot peening as proved Zhan
et al. [10]. Shot peening is not an SPD technique, but is a
mechanical surface treatment in which small spherical pe-
ening media with sufficient hardness are accelerated in pe-
ening devices of various kinds and impact with the surface
of the treated work piece with a quantity of energy able to
cause surface plastic deformation. Shot peening is capable
of introducing high compressive stresses close to the sur-
face and leads to the improvement of the fatigue resistance.
It is certain that the SPD techniques create high residual
stresses. Their magnitude is not well described since Alex-
androv et al. [11] found that materials after SPD are highly
textured and in the case of textured materials, the applica-
tion of the conventional X-ray sin’y technique is limited.
However, a few reports can be found. For example, Mizera
et al. [12] measured residual stresses using a sin’y techni-
que in Ti-Al and Ti—-Al-Nb refined by HPT. They were
found to be compressive of approximately 660 MPa and
420 MPa in Ti—Al and Ti—-Al-Nb, respectively.

In this work, an attempt has been made to evaluate the re-
sidual stresses in a nanostructured austenitic stainless steel
processed by HE using the cosa diffraction technique,
which enables the measurement of stresses with a high pre-
cision and short time even for highly textured materials
[13—19]. This technique has recently enjoyed widespread
commercial application. It is still in the phase of optimiza-
tion, with lately X-ray incident angle oscillation introduced
by Miyazaki et al. and described in detail [15]. Moreover,
Delbergue et al. [19] found that the cosa method showed
better measurement repeatability than the sin’y when ap-
plied on a martensitic steel.
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2. Experimental procedure

Sandvik Bioline 316LVM austenitic stainless steel, sup-
plied as annealed 50 mm diameter rods, possessing the
chemical composition shown in Table 1, was used in this
study.

Billets were cut from rods and subjected to an HE pro-
cess [20, 21]. The HE process was performed under various
conditions. Hot HE of the billet heated to a temperature of
1000 °C was realized in one pass to achieve a final diameter
of 25 mm, equating to a total true strain of 1.4. HE at 20°C
was realized in two passes to achieve a final diameter of
25 mm and in five passes to achieve a final diameter of
16 mm equating to total true strains of 1.4 and 2.3, respec-
tively. In this article, these samples will be referred to as
HOT_HE_1.4, HE_1.4 and HE_2.3.

The X-ray diffraction (XRD) profile of HOT_HE_1.4
was obtained using a Bruker D8 Advance diffractometer
with Co-K, irradiation. The microstructures were examined
using a JEOL JEM 1200 EX transmission electron micro-
scope (TEM) operated at 120 kV. High-resolution imaging
was performed using a Hitachi-HD2700 scanning transmis-
sion electron microscope (STEM) equipped with a Cs cor-
rector and operated at 200 kV. For the transmission electron
microscopy examination, the samples were prepared by
mechanical polishing to a disk thickness of about 100 pm.
Further thinning to reach a thickness appropriate for elec-
tron transparency was carried out by electropolishing using
Struers electrolyte A2. The thin foils were cut to observe
the microstructure on longitudinal and cross section. The
microhardness of the samples was measured using Vickers
method under a load of 200 g.

For residual stress measurements, samples were polished
according to a conventional mechanical polishing proce-
dure (firstly with diamond suspension containing particles
of 3 um in diameter under a load of 15 N for 10 min and
subsequently with diamond particles of 1um in diameter
under a load of 10 N for 10 min). Residual stresses were
measured on cross-sections of samples using a Pulstec p-
x360 XRD system (Fig. 1). The residual stress measure-
ment is based on the cosa analysis method. This method
uses a single fixed angle of incident X-rays, in this case 30°
inclined to the sample surface. All the 360°-omnidirectional
diffracted X-rays are collected by a 2-dimensional detector
plate in a single exposure, producing an image of the whole
Debye—Scherrer ring, from which the residual stress is de-
termined. The principle of this method was first developed
by Taira etal. [13]. Hiratsuka etal. [14] showed good
agreement between this technique and with measured stres-
ses applied mechanically. The measurement was conducted
using Cr-Kg (4 =2.085 A) witha 1 mm pinhole collimator.
Additionally, oscillations were applied for measurements
of the annealed samples — coarse grained in order to im-
prove the measurement accuracy. Residual stresses were
calculated by analysing the Debye ring from the {311}

Beam direction Measurements were

made every 0.5 mm
/ on the diameter

Fig. 1. A sketch of the specimen indicating the location and also the
direction of residual stress measurement.

planes, assuming a Young’s modulus of 193 GPa, a Pois-
son’s ratio of 0.3 and a d,, of 148.513° 2-theta as the refer-
ence value — a value for the austenitic steel free from stres-
ses. The values of residual stresses presented are directly
calculated by the software and corrected manually in the
case of highly textured areas through the re-evaluation of
the diffraction cone. The manual correction involved alter-
ing the range over which the software made the calculation,
essentially reducing the portion of the diffraction cone
being used. Once this was done the software performed the
analysis as before but on a reduced dataset. For every value
of residual stress there is an associated reliability value,
which expresses the potential error band of a single mea-
surement.

3. Results and discussion

The microstructures after HE to a strain of 1.4 carried out at
room and elevated temperatures are presented in Fig. 2. For
the HOT_HE_1.4 sample, there are two types of region visi-
ble on cross-sections. Type 1 features well developed sub-
grains with the average size of 300 nm in the orientation
<001> (Fig. 1c). Type 2 possesses deformed microstructure
with a high density of dislocations arranged in dislocation
walls and cells with similar size of 300 nm. The orientation
z of these regions is widely spread around <111> direction,
as illustrated in Fig. 2d. On longitudinal sections, the sub-
grains in type 1 region are elongated, while dislocation cells
in type 2 regions are more equiaxial. In the case of the
HE_1.4 sample, the microstructure is highly inhomogeneous
and areas deformed by dislocation slip and twinning are visi-
ble. On longitudinal sections microstructural elements are
weakly oriented along the HE direction. Further deformation
leads to the refinement of the microstructure to the nanoscale
(Figs. 3 and 4). When observed on the cross-section (Fig. 3),
the microstructure consists of deformation twins of 20 nm in
width and 200 nm on average in length and shear bands. The
presence of deformation twins is confirmed by observations
in the dark field (Fig. 3b—d). On the longitudinal section, mi-
crostructural elements are arranged along the HE direction
and one can distinguish deformation nanotwins of a few nan-
ometers in width (Fig. 4b).

Table 1. Chemical composition (wt.%) of 316LVM austenitic stainless steel (Fe bal.).

C Si Mn P S

Cr Ni Mo Cu N

0.025 0.6 1.7 0.025 0.003

17.5 13.5 2.8 0.1 <0.1
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The residual stress profile is of interest since it affects
component fatigue performance. Initially, measurements
were performed on a cross-section of an annealed sample
in order to assess the impact of preparation technique on
the measured stresses. One could expect that annealed sam-
ples will be stress-free. However, some stresses are intro-
duced during polishing. In this experiment the average val-
ue of residual stress is —196 MPa in an annealed sample
polished in a conventional way with a standard deviation
of 58 MPa and the reliability of £76 MPa. This is in line
with the impact of standard polishing on residual stresses
reported by Rocha et al. [22]. It must be pointed out that
these compressive stresses introduced by polishing differ

Region type 2

Area deformed by twirining

between samples as the samples differ in the degree of work
hardening, which can be represented by changes in micro-
hardness values. In the annealed sample the microhardness
is on average 168 Hv0.2. After hot HE, it increases to
253 Hv0.2. HE at 20°C to the true strain of 1.4 and 2.3
causes a considerable increase in microhardness to 424
and 435 Hv0.2, respectively. The residual stresses were
then measured at the diameter of samples after various HE
processes applying the cosa technique. As one can see from
the X-ray diffraction profile of a HOT_HE_1.4 sample in
Fig. 5, there is no signal from {220} or {311} planes which
are commonly used in the sin’y method. For this reason,
this technique is not suitable in this case. Results of these

Region type 2

Fig. 2. Microstructures of (a—d) HOT_HE_1.4, and (e-f) HE_1.4 samples with selected area diffraction patterns (SAED) from areas indicated by a

circle.
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measurements are presented in Fig. 6. In the case of a
HOT_HE_1.4 sample residual stresses are distributed quite
homogeneously, with a tendency for them to be more ten-
sile in the middle than at the edges. Their value is low and
can be considered insignificant if one takes into considera-
tion the possible impact of polishing procedure on the value
of residual stresses. In the case of a HE_1.4 sample, residual
stresses are tensile (200 MPa) at the centre, becoming
highly compressive (500 MPa) around 7 mm from the
centre. Nearer to the edge they become less compressive
(~100 MPa). In the case of the HE_2.3 sample, the distribu-
tion of stresses is similar to that observed for the HE 1.4
sample. However, the changes in stress values between ten-
sile and compressive are substantial. In the former sample,
the maximum residual stresses achieved were —500 MPa
in compression and 200 MPa in tension. In the case of
HE_2.3 the maximum compressive stress achieved was
—1000 MPa with tensile stresses of 600 MPa. It appears that
the higher the compressive stresses the higher the tensile re-
sidual stresses required to balance them. In the literature
there is little information about the effect of the reduction
in area on the residual stress distribution in HE rods. Inoue
et al. [23] found that it is dependent on the extrusion ratio,
die angle and temperature. However, no exact values of re-
sidual stresses were given. It was noticed that after hydro-
static extrusion of copper, with an extrusion ratio of 2, that
tensile residual stress is left near the surface in the tangen-
tial and longitudinal directions and compressive stresses
should be expected in the centre. Others reported that the
compressive residual stresses in the centre of the rods in-
crease first, when the extrusion ratio increased from 1.25
to about 2.25. Mitha [24]. found that further increase in ex-
trusion ratio to 3.7 makes these stresses less compressive.
However, in this study the reduction in area was much high-
er reaching 4.1 (HE_1.4) and 9.7 (HE_2.3). As a result,
high tensile stresses were created in the middle of the sam-
ple reaching almost 600 MPa for the most deformed sample
changing into high compressive stresses of —1000 MPa
3 mm from the edge and then becoming less compressive
near the edge. These values are novel and original as they
reveal how high residual stresses can be generated in nanos-
tructured austenitic stainless steel after HE.

These results show that the creation of nanostructure by
HE leads to the creation of high compressive stresses. It is
worth mentioning that by applying HE to the reduction in
area of 9.7 Ye etal. [25] introduced higher compressive
stresses than in highly deformed austenitic stainless steel
304 after ultrasonic nanocrystal surface modification
(=450 MPa). The value of compressive stresses introduced
by HE to the nanostructured sample can be compared with
those present after shot peening performed on an austenitic
stainless steel sample in a traditional way (—637 MPa) or
after dual and triple shot peening (—683 and —756 MPa, re-
spectively) measured by Zhan et al. [10]. Nanostructures
obtained by sintering nanopowders or nanostructures ob-
tained by SPD and subjected to annealing even without
grain growth will exhibit no or much lower residual stres-
ses. Therefore, the magnitude of residual stresses does not
depend on the grain size but on the magnitude of the degree
of deformation. The grain refinement is an effect of the de-
formation, and HE as well as shot peening can lead to the
creation of nanostructures [26, 27]. It should be emphasized
that while one obtains a nanostructure by SPD, the sample
will contain high residual stresses. The distribution of these
stresses depends on the selected deformation techniques. In
the case of shot peening the compressive residual stresses
are near the surface; in the case of HE they are situated 2 -
3 mm below the surface.

During residual stress measurements by the cosa techni-
que Debye rings from the {311} are collected. These rings
illustrate qualitatively that there is texture present in the
samples via the presence of the two intense regions. In the
case of an annealed sample the Debye ring is similar to a
perfect ring (Fig. 6a). The intensity, however, slightly
changes on the diameter, which indicates that the signal
comes from only a few grains. Debye rings collected
1 mm and 4 or 6 mm from the edge and from the centre of
the sample are presented in Fig. 7. It can be noticed that a
highly textured microstructure is obtained after Hot HE,
uniformly at the diameter. However, after HE at 20 °C the
texture alters considerably at the diameter and becomes
the sharpest in the middle of the sample.

Fig. 3. Microstructures of an HE_2.3 sample — a cross-section: (a) a general view with SAED from an area indicated by a circle; (b—d) deformation
twins on the cross-section in the bright and dark fields and the corresponding SAED with the circled spot used in the dark field imaging.
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Fig. 4. Microstructures of a HE_2.3 sample — a longitudinal section: (a) a genaral view; (b) the nanotwins visible on the longitudinal section with
the Fourier transform pattern in the orientation [011] of the matrix and [011] of nanotwins.
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4. Conclusions

In summary, the novel X-ray cosa technique was success-
fully applied to measure the residual stresses in a nano-
structured highly textured 316LVM austenitic stainless
steel. HE performed at 1000 °C led to the creation of almost
stress-free samples. HE performed at 20°C, ¢=2.3, in-
troduced compressive residual stresses of the magnitude of
—600 MPa and —-1000 MPa approximately 2 and 3 mm
form the surface, respectively. These values are comparable
with those measured for shot peened samples. The findings
suggest that the compressive residual stresses restrict crack
growth into the material, thereby preventing catastrophic
failure.

This work was supported by Polish National Science Centre project
OPUS No.UMO-2013/11/B ST8/03641. The HE was carried out at
the Institute of High Pressure Physics of the Polish Academy of
Sciences.
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Fig. 5. The X-ray diffraction profile of a HOT_HE_1.4 sample.
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Fig. 6. Residual stress distribution along the diameter of samples: (a)
HOT_HE_1.4 and HE_1.4; (b) HE_2.3 with error bars indicating the
reliability value.
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Fig. 7. 3D plots of Debye rings from the {311} planes for the (a) annealed, (b—d) HOT_HE_1.4, (e-g) HE_1.4 and (h—j) HE_2.3 samples; the in-
tensity of the measurements increases with the change in color from blue (lowest intensity) through green to red (the highest intensity).
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HIGHLIGHTS

After HE performed at RT strength
reaches 1468 MPa and total elongation
8.4%.

After HE at 1000 °C, strength reaches
911 MPa and total elongation 23.0%.
HE at RT and at 1000 °C assures resis-
tance to uniform corrosion in 0.1 M
H2504.

HE at 1000 °C assures resistance to cor-
rosion in a 0.1 M H,S04 + 0.5 M NaCl
solution.
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ABSTRACT

The material studied is a commercially available 316LVM stainless steel with an initial grain size of 30 um. To re-
fine the microstructure down to the nanoscale, hot (at 1000 °C) and room temperature hydrostatic extrusion
were applied with a total true strain of 1.4. An annealed sample with coarse grains of 35 um in diameter was
used as a reference sample. The results indicate that after hot hydrostatic extrusion, the microstructure consisted
mainly of cells with tangled dislocation walls, while after room temperature hydrostatic extrusion, twins of var-
ious width and shear bands could be distinguished. Hydrostatic extrusion is also an efficient way to tailor the cor-
rosion resistance and mechanical properties of 316LVM stainless steel. Performed at room temperature,
hydrostatic extrusion resulted in an ultra-high-strength material with limited but sufficient ductility. Performed
at high temperature, hydrostatic extrusion resulted in a material with a very good combination of strength (ap-
proximately 900 MPa) and ductility (elongation to failure higher than 20%). Both hydrostatically extruded steels
maintained good passivation behavior in 0.1 M H,SO,. In the presence of chloride ions, susceptibility to localized
attack increased for the steel extruded at room temperature, but did not change for the hot-extruded steel.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

Austenitic stainless steels are widely used in many industrial sectors,
including chemical and bioengineering, due to their good corrosion re-
sistance. However, conventional microcrystalline austenitic stainless
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drawbacks restrict their wider use in other industrial branches. The me-
chanical properties (strength and fatigue behavior) of such steels can be
significantly improved by refining their structure to the nanoscale re-
gime, as has already been proved in a number of studies [1-9]. Micro-
structural refinement is an effective approach for strengthening; it can
be induced by extremely high plastic deformation using such methods
as equal channel angular pressing (ECAP) [2,3], high-pressure torsion
(HPT) [4-5], dynamic plastic deformation (DPD) [7], and hydrostatic ex-
trusion (HE) [8,9].

In general, grain size refinement results in improved resistance to
corrosion, but that improvement is strongly dependent on the process-
ing route used to obtain the refined structure [10-13]. The complex in-
terplay between a material and the method of processing affects several
characteristics, such as grain size distribution, chemical homogeneity,
internal stresses, dislocation density, and the volume fraction of grain
boundaries and texture, all of which affect corrosion resistance [14,
15]. It has been demonstrated that the passive films formed on
ultrafine-grained (UFG) and/or nanostructured (NS) stainless steel
have better barrier properties. A study by Zheng et al. [16] showed
that NS 304 stainless steel obtained by ECAP exhibits higher corrosion
resistance in 0.5 M H,SO,4. The improved barrier properties of the pas-
sive oxide were attributed to its greater compactness and stability. Sim-
ilarly, Zhang et al. [17] found that the improved passivity properties of
mild steel are due to the formation of a more continuous and denser
passive film. In contrast, the improved corrosion resistance of an Fe-
20Cr alloy obtained by a high-energy ball mill was attributed to the Cr
enrichment of the passive film [18].

In solutions containing Cl~ ions, UFG and NS stainless steels general-
ly show improved resistance against pitting corrosion [18-21]. A study
by Pisarek [22,23] revealed that a 316 stainless steel obtained by hydro-
static extrusion exhibited an extended stable passivity region, by about
0.4V in a borate buffer 4+ 0.1 M NaCl. A comprehensive review of the
pitting corrosion of NS stainless steel was presented by Liu et al. [24];
it was demonstrated that a nanocrystalline structure leads to a faster
repassivation rate and lower probability of stable pit growth. Hamada
et al. revealed that cold-rolling deteriorates the corrosion resistance
while the annealing of the cold-rolled austenitic steels improves their
resistance to localized attack [25]. However, there is a lack of detailed
studies on the influence of grain structure and grain boundary charac-
teristics on the corrosion behavior of UFG materials.

An improvement in strength is often accompanied by a decrease in
ductility, due to the inability to accumulate dislocations. This feature is
one of the major drawbacks of UFG/NS materials produced by severe
plastic deformation (SPD) and has restricted their practical application.
However, it should be emphasized that some research groups have
demonstrated UFG or NS materials with improved ductility [26-28].
To improve the ductility of UFG/NS materials produced by SPD, several
strategies have been employed [29,30]. In this context, the key issue is
to provide stabilizing mechanisms to avoid the instabilities that occur
during straining. One strategy that seems promising is to create a bi-
modal or multimodal grain size distribution. In such a microstructure,
large grains are responsible for great elongation, and the nanostructure
for enhanced strength. The idea is simple and can be induced through
unconventional as well as conventional thermomechanical treatment.
In the case of Cu, after ECAP cryo-rolling to >2000% and recrystallization
at 200 °C for 3 min, a bimodal grain size distribution was obtained [29].
Approximately 25% of the material was composed of micron-sized
grains, while the rest of the grains had sizes ranging from nanocrystal-
line up to a few hundred nanometers. This sample displayed high uni-
form strain and high overall ductility, while its strength was five to six
times higher than that of coarse-grained Cu. By changing the volume
fraction and distribution of the coarse grains, one can tailor the material
to have certain desired properties.

In the case of austenitic stainless steels, a spectacular result has been
obtained for a DPD-processed and annealed material, where a combina-
tion of 1 GPa tensile strength with an elongation-to-failure of 27% was

achieved [7,31,32]. Such extraordinary properties were attributed to
the material's specific microstructure, consisting of coarse grains
surrounded by nanotwins. The nanotwin bundles acted as a crucial
strengthening component, while statically recrystallized grains in the
shear banding regions were responsible for the high ductility. Also,
cold rolling and reversion annealing may lead to high strength (ranging
from 600 to 1000 MPa) combined with the elongation varying from 27
to 52%, depending on the annealing temperature [26]. However, for
other techniques of producing UFG and NS materials, mostly based on
SPD, a general trend has been observed: the higher the strength, the
lower the ductility. Therefore, there is still a need to develop a technol-
ogy capable of obtaining better ductility without compromising
strength and corrosion resistance.

In this context, the present study was initiated to evaluate the appli-
cability of HE as a method of producing high strength corrosion resistant
austenitic stainless steel with improved ductility. The major advantage
of HE includes its capability to produce relatively large volumes of prod-
ucts. In addition, it can be conducted at either room or elevated temper-
ature, making it possible to obtain various microstructures that differ in
terms of grain size and grain boundary characteristics. Both factors are
known to play an important role in controlling the properties of mate-
rials. Therefore, the specific aim of the present study is to evaluate the
influence of various microstructures (that differ in terms of grain size
and grain boundary characteristics) on the mechanical properties and
corrosion resistance of an austenitic stainless steel.

2. Material and methods

Sandvik Bioline 316LVM, a low carbon, vacuum-melted 316L grade
stainless steel, UNS S31673 certified to ASTM F138, supplied as annealed
50 mm-diameter rods, of the chemical composition shown in Table 1,
was used in this study.

Billets were cut from the rods and subjected to an HE process accord-
ing to the procedure described in Ref. [33]. The HE process was per-
formed under two conditions. Hot HE of a billet pre-heated to a
temperature of 1000 °C was performed in one pass to achieve a final di-
ameter of 25 mm (which corresponds to a cross-section reduction ratio
of 2). HE at 20 °C was carried out in three passes to achieve the same
final diameter, equivalent to a total true strain of 1.4. The strain rate dur-
ing the hot HE was 3.05 s~ ! and the room temperature HE 0.94, 2.39
and 3.66 s~ !, respectively in each pass. In the further text, these samples
will be referred to as HOT_HE and RT_HE, respectively. The as-received
annealed sample was used as a reference.

The samples for transmission electron microscopy (TEM) examina-
tion and electron backscatter diffraction (EBSD) orientation mapping
were mechanically polished to a disk thickness of about 100 pm. Further
thinning to reach a thickness appropriate for electron transparency was
carried out by electropolishing using Struers electrolyte A2. The micro-
structures of the cross-sections perpendicular to the extrusion axis were
examined using a JEOL 1200 TEM at 120 kV. In order to better display
the substructure, weak beam observations were applied. The EBSD ori-
entation mapping was performed on a Hitachi SU70 analytical scanning
electron microscope (acceleration voltage of 20 kV) equipped with a
Schottky emitter.

Depending on the degree of deformation, various step sizes were
used to capture the details of the microstructure, i.e. 500, 80 and
40 nm for the annealed, HOT_HE and RT_HE samples, respectively. Be-
cause of the high level of deformation applied to the material investigat-
ed, high density of microstructural defects and significant grain
refinement reduced the index rate of the Kikuchi maps during the

Table 1
Chemical composition (wt%) of austenitic stainless steel 316LVM.

C Si Mn P S Cr Ni Mo Cu N

0.025 0.6 1.7 0.025 0.003 17.5 135 28 0.1 <0.1
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EBSD scans. However, for the HOT_HE sample, this was still close to 80%,
and so these maps were treated as reliable. In the case of the RT_HE
sample, the index rate was at a level of 56%. The orientation map obtain-
ed for this condition is presented in the Results section, but no detailed
analysis was performed due to its poor quality. The index rate of the
annealed sample was close to 99%. Data analysis and orientation maps
were prepared with dedicated HKL Channel5 software. On the orienta-
tion maps, the boundaries with a misorientation angle >3° are indicated
by white lines, and boundaries with misorientation angle >15° by black
lines. The grains for grain size calculations from the orientation maps
were recognized as regions surrounded with boundaries with a misori-
entation angle >15°. Qualitative and quantitative studies of the
subgrains visible in TEM pictures were carried out using stereological
and image analysis methods [34,35]. The grain and subgrain sizes
were determined as the equivalent diameter, d,, defined as the diame-
ter of a circle having an area equal to the surface area of a given grain. To
establish the variation of the size of individual grains, a variation coeffi-
cient, CV(d,), defined as the ratio of the standard deviation to the mean
value, was determined. The tensile tests were carried out on an MTS Q
Test/10 machine at a strain rate of 10> 1/s. The samples for the tensile
tests had the following dimensions: a diameter of 2 mm and a gauge
length of 18 mm. For each condition three samples were tested.

The electrochemical measurements were performed in 0.1 M H,SO4
and 0.1 M H,SO4 + 0.5 M Nadl solutions made from analytical grade re-
agents and distilled water and deaerated using argon prior and during
the measurements. Before electrochemical testing, the surface of the
samples was successively ground with 2500# SiC papers, and then
polished using polishing cloths with a diamond suspension of from 3
to 1 um until a mirror-bright surface finish was obtained. Finally, the
surfaces were cleaned ultrasonically in ethanol.

The measurements were performed using an AutoLab PGSTAT302N
potentiostat/galvanostat from Methrom in a conventional three-
electrode electrochemical cell, with the sample as a working electrode
(the exposed surface was 0.79 cm?), a platinum plate as auxiliary elec-
trode, and a silver chloride electrode as a reference electrode. Before po-
larizing, the samples were cleaned cathodically at a current of —5 mA
for 180 s to remove any pre-existing oxides. The open circuit potential
was measured for 30 min before the measurement. The potentiody-
namic scanning was initiated 150 mV below the open circuit potential
(OCP) at a scan rate of 1 mV/s, and the scan was stopped (0.1 M
H,S0,4) or reversed (0.1 M H,SO,4 + 0.5 M NaCl) when the current den-
sity reached 1 mA/cm?.

3. Results
3.1. EBSD observations

EBSD orientation maps for annealed (as-received) and HE processed
samples are presented in Fig. 1. The annealed sample has a microstruc-
ture typical of a recrystallized, low stacking fault energy material. It con-
sists of coarse grains having a privileged orientation of (100) parallel
to the extrusion direction (Fig. 1a). There is also a high density of an-
nealing twins present in this sample, as can be seen in both the orienta-
tion map in Fig. 1a and the misorientation angle distribution chart
(Fig. 2a) - a dominate misorientation angle of 60° is typical of the
twin boundaries.

In the case of the HOT_HE sample, primary grain boundaries are no
longer evident, and the microstructure has undergone an advanced
transformation. According to the EBSD maps, areas of orientation of

(111) and <(100) parallel to the extrusion direction are formed
(Fig. 1b) during hot HE. These two orientations are typical of fcc mate-
rials after HE. However, the intensity of the former is much stronger. It
is important to note that, in the case of the HOT_HE sample, there is a
high density of low-angle grain boundaries with a misorientation of
<15 degrees (Fig. 2b). They are arranged in the substructure within big-
ger larger areas having a particular orientation (see the white lines in

Fig. 2b). It should be noted that only grain boundaries with a misorien-
tation angle higher >3° are presented in this map. More detailed obser-
vations of the substructure were performed with TEM, as discussed in
the next subsection.

The EBSD orientation map of the RT_HE sample is presented in
Fig. 1c. The typical orientations of ¢100) and <(111) parallel to
the extrusion direction are accompanied by unresolved areas
marked in green. This indicates that this sample contains a high den-
sity of defects or microstructure elements of sizes below the resolu-
tion of the EBSD technique. However, one can recognize regions with
a low index rate, which most likely contain deformation twins and
shear bands.

The average equivalent diameter of grains in the annealed and
HOT_HE samples are presented in Table 2. It should be noted that for
the calculation of the grain size, only high angle grain boundaries
were taken into account. In the annealed sample, the microstructure is
homogenous and the average grain equivalent diameter is 35 pm. In
the case of HOT_HE sample, it is inhomogeneous and one can distin-
guish larger grains (with the average diameter of 6.4 um) which have
specific orientations of either (100) and <111) parallel to the extru-
sion direction and smaller ones whose average equivalent diameter is
1.2 um and are randomly oriented. The larger grains are divided into
subgrains, which are analyzed in detail in Section 3.2.

3.2. TEM observations

In the case of the HOT_HE sample, the TEM observations revealed
that the (111) oriented regions consist of a high density of disloca-
tions arranged in dislocation walls, while some randomly distributed
dislocations are also visible (Fig. 3a-b). The (100> regions consist of
square-shaped subgrains with a low density of dislocations in their inte-
riors (Fig. 3c-d). The smearing of diffraction spots in the diffraction pat-
tern in the (111) orientated regions is more profound than in the

(100) regions, suggesting that the number of misorientations in the
former regions is higher. Moreover, new completely recrystallized
grains with an orientation of (100> of approximately 3 pm in size
were formed (Fig. 3e).

The presence of dislocation substructures in (100) oriented
regions indicates that dynamic recrystallization (DRX) occurs during
hot HE [36]. The {100) orientation is typical of recrystallized grains.
The Schmid factor for resolved shear stress shows eight active slip
systems in a grain with (100) orientation parallel to the HE axis.
This favors the formation of cells and subgrains within grains so orient-
ed (Fig. 3c-d). In addition, the rare existence of dislocation-free
recrystallized grains suggests static recrystallization (Fig. 3e) [36]. Static
recrystallization could have taken place after the hot working, while the
workpiece remaining at a high temperature. Another possibility is that
new dislocation-free grains might form during hot deformation, with
their number increasing during the cooling stage of the sample after
deformation [37]. The average equivalent diameters of subgrains in
the HOT_HE sample are presented in Table 3. In the (111) oriented
regions, subgrains of 560 nm in size are present. Smaller subgrains of
359 nm are visible in the (100) oriented regions.

In the case of the RT_HE sample, the microstructure consists of
nanotwins and shear bands, visible in Fig. 4. Austenitic stainless steels
are low stacking fault energy materials, and so their plastic deformation
at relatively low temperatures occurs through a number of mechanisms
present simultaneously. Firstly, mobility of dislocations is significantly
lower than that of high stacking fault energy materials. Secondly, per-
fect dislocations are prone to dissociate into partials that can glide on
only one plane. Due to this phenomenon, deformation twins are creat-
ed, such as those visible in Fig. 4. On the other hand, when the ability
to increase the density of dislocations and nanotwins has been reduced,
plastic deformation can be accommodated by the formation of shear
bands.
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001 001 RT_HE
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Fig. 1. EBSD orientation maps of a) annealed, b) HOT_HE, ¢) RT_HE samples, d) grain orientation colour code and e) corresponding inverse pole figures.

3.3. Tensile tests Fig. 5. The mean values and standard deviation of ultimate tensile

strength, yield stress, uniform elongation, and total elongation are sum-
The stress-strain curves obtained during the room temperature ten- marized in Table 4. The fracture surfaces of samples are presented in
sile tests for the annealed, HOT_HE and RT_HE samples are shown in Fig. 6.
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Table 2
Average equivalent diameter d, of grains with standard deviation SD (d,) and coefficient
of variation CV(d,) for annealed and HOT_HE samples.

Table 3
Average equivalent diameter d,, standard deviation SD (d,), and coefficient of variation
CV(d,) of subgrains in the HOT_HE sample in (111) and (100) oriented regions.

Sample Avg (dy) [um] SD (dp) [um] CV(d3) Subgrains in HOT_HE sample Avg (dy) [nm] SD (d;) [nm] CV(dy)

Annealed 35 27 0.76 (111) oriented regions 560 239 0.42

HOT_HE (grains in orientations 6.4 4.0 0.62 (100) oriented regions 359 74 0.21
(111) and <¢100) )

HOT_HE (grains in orientations other than 1.2 0.6 0.54

(111) and (100) )

After RT_HE, the ultimate tensile strength increased to a value of
1468 MPa, and the uniform and total elongation were 1.3% and 8.4%, re-
spectively. After HOT_HE, the ultimate tensile strength increased to a
value of 911 MPa, and the uniform and total elongation were 13.8%
and 23.0%, respectively. It can be stated, then, that the process of HE
conducted at different temperatures is an efficient tool for tailoring
the mechanical properties of stainless steels. RT_HE leads to a material
having high strength accompanied by acceptable ductility. HOT_HE pro-
vides lower strength but significantly enhanced ductility in comparison
to the RT process.

Observations of the fracture surface reveal dimples in all samples,
which are typical of a plastic fracture. This indicates that although the
samples differ significantly in ductility represented by elongations

(uniform and total), the HE processed samples still have capacity to
plastic deformation before failure.

3.4. Corrosion tests

The polarization curves for the annealed, RT_HE and HOT_HE sam-
ples in the testing solutions are shown in Figs. 7 and 8. The electrochem-
ical parameters obtained from the polarization curves are listed in
Table 5.

In the 0.1 M H,SO4 solution, both hydrostatically extruded samples
show similar electrochemical behavior that differs slightly from that of
the annealed sample. After 30 min, the highest OCP was observed for
the annealed sample, while for both extruded samples it was lower by
~50-60 mV (Fig. 7a). The major differences in the scan are lower cur-
rent density in the cathodic branch and in the active-passive domain
for the annealed sample (Fig. 7b). This may suggest that the air-
formed passive films are more easily reduced on the extruded samples

1200 nm

Fig. 3. Microstructure of HOT_HE sample showing areas in orientation (111) (a,b)and (100) (c,d, e); observations of substructures using the weak beam technique b) and d).
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trace of
twinning
MELG

Fig. 4. Nanotwins in RT_HE samples a) with a corresponding diffraction pattern, b) dark field images in the orientation [011] of nanotwins, ¢) and [0-1-1] of matrix d); the circle in

a) indicates the position of the SAED aperture.

than on the annealed sample. This resulted in a smaller current in the
active-passive domain for the annealed sample. In the passive region,
the current densities are slightly lower for the extruded samples, and
up to 0.9 Vag/aga all three samples exhibit very similar behavior.
Above 0.9 V, the current density in the transpassive region is slightly
lower for the RT_HE sample.

Susceptibility to localized corrosion attack was studied by means of
cyclic polarization tests in a 0.1 M H,SO4 + 0.5 M NaCl solution
(Fig. 8). The breakdown potential (E,) is the potential at which the cur-
rent density increases abruptly, while the intersection of the reverse
scan with anodic curve gives the repassivation potential (Ep). Higher
values of E, and E,p,, and a smaller area enclosed by the loop indicate im-
proved corrosion resistance to localized attack. After cathodic pre-
polarization, the OCP quickly increased during the first 200 s and
reached a similar value of about ~ —0.29 Vag/agcs after 30 min exposure,
for all samples (Fig. 8a). The corrosion potentials and currents calculat-
ed from the Tafel plots from the potentiodynamic scan (Fig. 8b) are very
similar for all the samples; slightly lower currents and potentials were
observed for the extruded samples. All the samples show a small
active-passive transition peak after which the current density slowly
decreases in the passive region. The breakdown potential is the lowest
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200

0 10 20 30 a0 50
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Fig. 5. Stress-strain curves of austenitic stainless steel: annealed, RT_HE, HOT_HE samples.

for the RT_HE sample, and an increase in current is already observed
ata potential of about 0.5 Vag/agci. In the reverse scan, the RT_HE sample
has the largest area enclosed by a loop, indicating its high susceptibility
to crevice corrosion, whereas the annealed and HOT_HE samples
repassivate more readily.

These results are consistent with the SEM examination of the sur-
face, which revealed a severe corrosion attack under the rubber ring
(Fig. 9¢). The annealed and HOT_HE sample repassivates more readily,
and showed only a few, individual corrosion pits on the surface
(Fig. 8a-b).

4. Discussion
4.1. Effect of processing parameters on the microstructure refinement

As presented in the microstructure section, various microstructures
can be formed in 316LVM austenitic stainless steel, depending on the
processing conditions. The most important processing parameters that
affect microstructure evolution include strain, strain rate and tempera-
ture. The applied strains were identical in both HOT_HE and RT_HE
samples. The combined effect of strain rate and deformation tempera-
ture are often represented by a single parameter called the Zener-
Hollomon parameter, Z, which can be calculated from the following for-
mula:

Z =& exp(Q/RT) (1)

Table 4

Room temperature mean values and standard deviation of ultimate tensile strength, UTS;
yield stress, YS; total elongation, A; uniform elongation A, of austenitic stainless steel
samples annealed, RT_HE, HOT_HE.

Sample uTs YS Ay A¢
Average SD Average SD Average SD Average SD
[MPa]  [MPa] [MPa]  [MPa] [%] (% [%] (%]
Annealed 614 3 374 26 34.1 64 516 0.5
RT_HE 1468 11 1212 14 13 0.1 84 0.2
HOT_HE 911 3 752 6 13.8 0.1 230 0.5
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Fig. 6. Fracture surfaces of a) annealed, b) HOT_HE and c¢) RT_HE samples.

where, & is the strain rate, R is the gas constant, Q is an activation energy
for deformation, T is the deformation temperature. The Z parameter was
calculated, assuming that e = 3 s~ !, Q = 400 kJ/mol [38] for both
HOT_HE and RT_HE samples and T = 1273 K and 273 K, respectively.
Z equals 7.78 « 10'% and 1.1 « 1077 1/s, respectively, which corresponds
to InZ of 39 and 177.

During hot deformation, one could expect DRX to occur and the
value of Z (or InZ) can be used to evaluate the ability of materials to
this process under analyzed conditions. It was demonstrated that DRX
tends to take place under low Z, i.e. high temperature and slow strain
rate [39-41]. For high Z parameter, the strain required to complete
DRX is higher and may not be achieved during deformation. In the
HOT_HE sample, only partial DRX took place with several recrystallized
grains formed at the very specific places, i.e. along the grain boundaries
between the (001) and (111) oriented regions, as presented in
Fig. 10. This resembles the necklace mechanism - the typical mechanism
of DRX observed during the hot deformation of 316LVM stainless steel.
The necklace mechanism was previously observed in the literature at a
similar Z value 2.1 106 1/s [37]. The initiation of DRX is preceded by
growing fluctuations in grain boundary shape. The pre-existing grain
boundaries become serrated and some bugling occurs at parts of the
grain boundary [37,42-44]. The appearance of nuclei in regions so ori-
ented has been noticed previously, during the dynamic recrystallization
of copper [45].

The occurrence of partial DRX in the HOT_HE sample might be due to
the fact that the strain imposed (of 1.6) was too low to achieve a critical
strain required for total DRX for such a high value of Z parameter. Fur-
thermore, the initial grain size was quite large (above 30 um), and it is
well known that the rate of DRX is augmented by diminished initial
grain size.

For room temperature deformation, Z parameter can be rather used
to estimate the deformation mechanisms, as discussed in [46]. The very
high Z value of 1.1 « 1077 1/s (InZ = 177) favors deformation twinning,
which is in agreement with microstructural observations of the RT_HE
sample. The room temperature deformation does not allow so many
phenomena to happen at the same time, and therefore the resulting mi-
crostructure is less heterogeneous. TEM images reveal a microstructure

typical of cold-deformed low SFE metals, with a significant amount of
nanotwins and shear bands filled with dislocations.

4.2. Effect of microstructural features on tensile properties

Microstructural features have a direct influence on the response of a
material when external stresses are imposed. The stress-strain curves
presented in Fig. 5 show different behavior, depending on the process-
ing conditions and microstructure. The RT_HE sample shows almost
no susceptibility to accumulate strain after the value of yield strength
is exceeded. Plastic deformation basically occurs through the nucleation
and motion of new dislocations. This is possible when active sources are
present as well, as there is room for gliding. In a defected microstructure
such as that of the RT_HE sample, where the dislocation free path is sig-
nificantly reduced by the presence of nanotwin grain boundaries and
dislocations stored inside nanotwins, the emission of new dislocations
is not likely to occur. This results in a high value of yield strength, but
limits the material's ability to deform uniformly.

The HOT_HE sample behaves differently. Its yield strength value is
lower than that measured for the RT_HE, but work hardening occurs
during tensile tests. The subgrain structure observed in these samples
promotes further plastic deformation. Additionally, recrystallized grains
that are free from defects provide additional ductility. They can deform
easily, since no deformation substructure is present within them. The
dislocations can then be nucleated at a lower stress and glide unhin-
dered. The value of the yield stress of the HOT_HE sample (752 MPa)
can be compared with the literature data for austenitic steels of refined
microstructures. In the case of steels with the average grain size of 1 um,
the yield stress is 520 MPa for a 301 LN austenitic stainless steel [47],
618 MPa for an Nb-alloyed low-Ni high-Mn austenitic steel [48] and
700 MPa for a 304 austenitic steel [49]. The higher value obtained in
the present study for 316LVM steel can be attributed to higher content
of alloying elements, which effectively strengthen the material as well
as to the substructure present in the microstructure, which provides ad-
ditional strengthening effect.

The results show that the best method for maintaining quite a high
total elongation and improving ultimate tensile strength compared
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with the annealed sample is to apply hot HE. HOT_HE at 1000 °Cled to a
150% increase in strength while total elongation decreased to only 45%
of the initial value. Meanwhile, RT_HE led to a 240% increase in strength
while total elongation fell to just 16% of the initial value. In this case, the
value of the total elongation is comparable to the value obtained for the
RT_HE sample extruded to a true strain of 1.8, as reported in [50] (total
elongation of 8.4 for a true strain of 1.4 - initial diameter of 50 mm; total
elongation of 7.8% for a true strain of 1.8 - initial diameter of 10 mm). It
must be pointed out that, in these two cases, the elongation is nearly the
same, while the ultimate tensile strength is greater in the sample with
the greater true strain (1470 MPa for 1.4 true strain, and 1800 MPa for
1.8 true strain). This suggests that, during RT_HE, a high density of dis-
locations is created for these true strains. This reaches a saturation level
so that new dislocations cannot be accumulated. For this reason, it
would seem sensible to apply a higher true strain to gain strength with-
out losing plasticity.

It should be underlined that a value of elongation of 8% with an ulti-
mate tensile strength of 1470 MPa is a satisfactory result if one considers
the dimensions of the processed billet, which were 25 mm in diameter
and nearly one meter in length. (If the true strain is 1.5 and the final di-
ameter reaches 5 mm, one can achieve an ultimate tensile strength of
1320 MPa and total elongation of 14.5% [33]). Such a volume of material
provides opportunities for manufacturing construction elements - in
contrast to DPD, where the samples are 15 mm in diameter and
25 mm in length [7], or HPT, where typical samples are 8 mm in diam-
eter and 0.8 mm in height [4,51]. This quite high total elongation com-
pared with the elongation after HPT of approximately 4% [51] can be
attributed to the presence of nano-scale twins. Nanotwin boundaries
are effective in blocking dislocation motion, and at the same time they
act as slip planes that accommodate dislocations. Whereas in the HPT
samples deformed to high strains, nanograins are present as a result of
further fragmentation of submicron shear bands and the profuse inter-
section of twins.

Fig. 11 shows a comparison of the mechanical properties of austen-
itic stainless steels after selected plastic deformation processes, includ-
ing our HOT_HE sample, whose quite high elongation and strength
can be attributed to the presence of substructures. It must be

Table 5

Corrosion parameters of annealed, RT_HE, HOT_HE samples obtained from cyclic polariza-
tion curves: Eo — corrosion potential calculated from Tafel plots, ico — COrrosion current
calculated from Tafel plots, ipqess — current density in the passive domain at 0.45 V vs.
Ag/AgCl, E, - breakdown potential, E,., - repassivation potential.

Solution Sample  Ecor, VVS  dcorr ipass: Ep, Vs, Erp, Vvs.
Ag/AgCl  pA/cm? pA/cm?  Ag/AgCl Ag/AgCl

0.1 M H,S04 Annealed —0.24 03 4.3 - -
RT_HE —0.24 2.0 3.9 - -
HOT_HE —0.25 1.4 4.0 - -

0.1 M H,SO4 + 0.5 Annealed —0.30 15.1 4.0 0.96 0.34

M Nacl RT_HE —0.31 14.6 43 0.59 —0.10

HOT_HE —0.32 11.6 3.9 0.96 0.38

emphasized that its elongation is higher than in commercial grade
316LVM, yet its ultimate tensile strength is at the same level. This fact
makes this treatment interesting in terms of practical applications. The
prospective applications of a nanostructured stainless steel obtained
by HE was previously demonstrated in [33], where the first batch of
medical implants and instruments made of 316LVM steel manufactured
by Unipress in cooperation with Clavmed was presented. However, one
must remember that, to be used in aggressive environments, austenitic
stainless steels must also have high corrosion resistance.

4.3. Effect of microstructural features on corrosion resistance

It has been reported that a high density of active sites such as defects,
dislocations and grain boundaries in a nanomaterial where the passive
film can nucleate leads to a higher formation rate [21,55-57] and a
more compact, non-porous structure. Nanotwins and nanograins can
also enhance the passivation ability of 316L steel obtained by DPD
[55]. Another factor that can affect passivation behavior is texture.
Both HE-processed samples had a texture typical of fcc metals subjected
to extrusion processes. The strongest (111) texture was found in the
RT_HE sample. Also, in the HOT_HE sample, the majority of grains
have (111) orientation and the rest have (100) parallel to the ex-
trusion direction. The annealed sample has (100) as its dominant ori-
entation. Lindell and Peterson [58] investigated the influence of
crystallographic anisotropy of 316L steel on the corrosion rate of 316L
stainless steel in 30 vol% H,SO,4, and found that the corrosion rate in-
creases in the order (111) / (110) / {100) .

Despite the large differences in the microstructures of both ex-
truded samples, their electrochemical behavior in 0.1 M H,SO, is al-
most the same, and not very different from that of the annealed
sample. The only differences are evident in the larger current densi-
ties in the cathodic domain and in the active-passive transition re-
gion, which may suggest that the passive film in the HE processed
samples can be more easily reduced during pre-polarization at
—5 mA/cm?. This suggests that the passive film on the HE-
processed steels is probably more defected and can therefore be
more easily reduced during cathodic polarization, while the material
can dissolve more easily in the active-passive potential region. De-
spite the completely different microstructures of the RT_HE and
HOT_HE, those differences do not influence the electrochemical be-
havior in 0.1 M H,SO,.

In the presence of aggressive chloride ions (CI™), it is generally as-
sumed that all microstructural defects (grain boundaries, dislocations,
MnS inclusions) cause increased susceptibility to localized attack in aus-
tenitic steels. The density of defects that can deteriorate corrosion resis-
tance is much higher in a refined material. A higher density of defects
might lead to a lower concentration of chloride ions on each
defect, and so a greater driving force is needed for a stable pit to grow
[59,60]. In the 0.1 M H,SO4 4 0.5 M NaCl solution, a drop of resistance
to localized attack was observed only in RT_HE sample, while the
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Fig. 9. Light micrographs of morphology of localized attacks of a) annealed, b) HOT_HE and c) RT_HE samples after a potentiodynamic scan in a 0.1 M H,SO4 + 0.5 M Nadl (in the upper

right corner, light micrograph from the stereoscopic microscope).

HOT_HE sample maintained high corrosion resistance in the presence of
chloride ions. The morphology of corrosion attack reveals that the
RT_HE sample is very prone to crevice corrosion, while on the
HOT_HE sample only pitting corrosion occurred. Undoubtedly, the
effect of the microstructure of the RT_HE and HOT_HE samples on
corrosion resistance is much more pronounced in the presence of ag-
gressive ions, and has a large impact on the type of corrosion that oc-
curs. However, this is a very complex phenomenon that depends on a
large number of factors, and needs further research. Generally, the
chemical reactivity of cold-worked steels is higher than that of
annealed steels, as their internal energy is high. The morphology of
corrosion attack reveals that the RT_HE sample is very prone to
crevice corrosion and a severe localized attack is observed under
the O-ring. The shape of the potentiodynamic curves is almost identical
despite the differences in the microstructure of these two samples. It
seems that the grain refinement of the microstructure of HOT_HE
sample, and its different texture and misorientation angle, do not affect
its susceptibility to localized attack in the solution tested.

5. Conclusions

1. The study proved that it is possible to improve the strength-
plasticity balance in an austenitic stainless steel 316LVM pro-
duced by SPD without a loss in corrosion resistance.

2. Hydrostatic extrusion results in various microstructures, de-
pending on processing conditions: (1) performed HE at 1000
°C leads to the an equiaxial microstructure observed on a
cross section, which that differs for various orientations;
(2) HE at RT results in a nanotwinned microstructure and re-
gions having a high density of dislocations.

3. Hydrostatic extrusion is an efficient way to tailor the mechanical
properties of 316LVM stainless steel. After HE performed at ambi-
ent temperature, ultimate tensile strength increased to a value of
1468 MPa, while uniform and total elongation were 1.3% and
8.4%, respectively. After HE at 1000 °C, ultimate tensile strength
increased to a value of 911 MPa, while uniform and total elonga-
tion were 13.8% and 23%, respectively.

Fig. 10. Magnified detail of EBSD orientation map for the HOT_HE from Fig. 1; areas where the necklace mechanism is observed are indicated by arrows; misorientation angles between

newly recrystallized grains are placed at grain boundaries.
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Fig. 11. Comparison of mechanical properties of various austenitic stainless steels after plastic deformation [52-54].

4, The very promising combination of elongation and strength ob-
served for the HOT_HE sample was attributed to the substructure
created during hot extrusion.

5. Hydrostatic extrusion at RT and at an elevated temperature
makes it possible to maintain resistance to uniform corrosion in
0.1 M H,SO4. Moreover, hydrostatic extrusion at an elevated tem-
perature makes it possible to maintain corrosion resistance in a
0.1 M H,S04 + 0.5 M NaCl solution, whereas the grain refinement
at RT leads to a decrease in corrosion resistance.

The various microstructures created during hydrostatic extrusion
have an impact not only on strength, elongation and corrosion resis-
tance, but also on other properties such as wear resistance and the dif-
fusion processes that occur during surface modification (e.g.
nitriding). This is the subject of ongoing research.
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Formation of the Nitrided Layers on an Austenitic
Stainless Steel with Different Grain Structures

Agnieszka T. Krawczynska,* Joanna Zdunek, Ryszard Sitek,

and Maftgorzata Lewandowska

In this work, the formation of nitrided layers on an austenitic stainless steel
with very different grain structures is analyzed. Two different grain structures,
that is, 1) nanotwined and 2) consisted of dislocation low-angle grain
boundaries are produced by hydrostatic extrusion either hot (with preheating
at 1000 °C) or room temperature with a total true strain of 1.4. The coarse-
grained sample is used as a reference one. These three types of samples are
nitrided using low-temperature plasma-assisted nitriding at 430°C for 5 h.
Nitrided layers consisting of S-phase are produced on all the samples.
However, only minor differences in their thickness are observed. The analysis
reveals that the formation of nitrided layers is controlled by volume diffusion
disregarding the grain structure of the substrates. This is attributed to very
specific grain boundaries (twin and dislocation grain boundaries) dominating
in hydrostatically extruded samples. Such special grain boundaries do not
provide fast diffusion channel but act as trapping sites for diffusing atoms.
As a consequence, much more nitrogen is stored in the layers formed on the
samples previously subjected to hydrostatic extrusion but the layer thickness

does not differ significantly.

1. Introduction

Nitriding is a thermo-chemical treatment widely used to improve
surface properties such as the resistance of various materials to
wear and corrosion. It has been successfully applied with a
number of materials, including Ti alloys and steels.'™ In its
conventional version, nitriding is carried out within a tempera-
ture range of 450-600 °C. Nitriding can also effectively improve
properties of austenitic stainless steels, which feature excellent
corrosion resistance but suffer from low mechanical strength
and wear resistance. It should be noted however, that austenitic
stainless steels undergo sensitization upon annealing at
480-815 °C due to the grain boundary precipitation of chromium
carbides. As a result, areas in the vicinity of grain boundaries

Dr. A. T. Krawczynska, Dr. |. Zdunek, Dr. R. Sitek,
Prof. M. Lewandowska

Faculty of Materials Science and Engineering
Warsaw University of Technology

Woloska 141, Warsaw 02-507, Poland

E-mail: akrawczy@inmat.pw.edu.pl

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adem.201701049.

DOI: 10.1002/adem.201701049

Adv. Eng. Mater. 2018, 1701049

1701049 (1 of 8)

become depleted in chromium and lose
their corrosion resistance. Therefore, in the
case of austenitic stainless steels, a lower
processing temperature is required to avoid
this phenomenon.

Modern low-temperature nitriding meth-
ods have been developed and make it
possible to produce nitriding layers within
a temperature range of 300-450 °C, which is
significantly lower than that of carbide
precipitation. There are a large number of
reports on the low-temperature nitriding of
conventional coarse-grained austenitic
stainless steel.’* In general, they describe
the formation of expanded austenite yy (the
S phase) on the surfacelayers and a resulting
enhancement in wear and corrosion resis-
tance. One of the advantages of modern
nitriding is a cathodic sputtering process,
which is applied prior to nitriding in the
same working chamber, enabling the effec-
tive removal of oxides and contaminants
from the treated surfaces. Controlling the
nitriding potential in the nitrogen-hydrogen
atmosphere of the furnace is also possible, and makes it possible to
obtain the desired physico-chemical properties of the nitrided
layers.

The nitriding process is well established and well understood
for conventional coarse-grained materials. However, with the
recent rapid development of ultrafine-grained (UFG) and
nanocrystalline (NC) materials, the question arises as to how
grain refinement will affect nitriding. UFG and NC materials
feature a large number of grain boundaries which, on the one
hand, strengthen the material and ensure that it has very high
mechanical strength, but on the other hand, may act as potential
fast atomic diffusion channels. Enhanced atomic diffusivity in
UFG and NC materials compared with their coarse-grained
counterparts has been experimentally proven.'*™% It is due to
the fact that in conventional materials the lattice diffusion of
nitrogen dominates, while in ultrafine-grained materials nitro-
gen diffuses along the grain boundaries because the activation
energy is much lower than that for lattice diffusion. Moreover,
from a thermodynamic point of view, the driving force for nitride
formation is also enhanced in the case of materials having a
refined grain structure. This phenomenon was noticed in a-Fe
nitrided at 300°C for 9h.?% After nitriding, a continuous dark
gray surface layer about 10 um thick was observed on the surface
of an UFG Fe sample where two types of iron nitrides were
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found. In the coarse-grained sample, the nitrogen concentration
was negligible from the top surface to the substrate. Similar
conclusions were drawn from an experiment of nitriding
nanostructured and coarse-grained Ti Grade 2 at 500°C.2Y In
the nanostructured sample, a thicker layer was observed that
consisted of a more complex phase composition.

The effect of grain refinement on the nitriding process in austenitic
stainless steels was mostly studied in combination with SMAT
processing.”>*”) The idea was that SMAT improved the subsequent
nitrogen diffusion so that a thicker nitride layer was formed, which
enhanced the material’s mechanical properties. The results revealed
that nitriding a nanostructured austenitic steel previously subjected to
SMAT at 425 °C for 20 hleads to the creation of a layer twice as thick as
in the original sample only if the nitriding is performed after prior
polishing.” These nitriding conditions did not affect the nanostruc-
ture, which was composed of nanograins smaller than 50 nm. The
process of polishing was necessary to remove the barrier oxide. In
some cases, it was observed that the severe surface deformation
applied on austenitic steel samples can cause a phase transformation
from an austenitic to a martensitic phase.”” As a consequence, a
nitrided layer two times thicker was noticed on the samples with a
martensitic phase. The increase in thickness in this example may
represent not a contribution to microstructure refinement, but rather
to ahigher value of the nitrogen diffusion coefficient in the martensite
than in the austenite.*"

UFG and NC materials are frequently produced by employing
methods of severe plastic deformation (SPD). In these methods,
unusually high strain is applied, which brings about grain
refinement. However, it should be noted that the microstructure
of austenitic stainless steels subjected to SPD may differ
substantially depending on the processing conditions, and
consists of either ultrafine/nano grains (as in**>*) or nano-
twins.?>7) In this context, one may ask: does grain refinement
always make diffusion occur faster? In this work, we study the
formation of a nitrided layer during low temperature plasma-
assisted nitriding of different grain structures in austenitic
stainless steel. Various microstructures were obtained by
hydrostatic extrusion (HE) at elevated temperatures and at
room temperature. HE was proven to be an efficient method of
refining grain and enhancing the properties of austenitic
stainless steel.l*”

2. Experimental Section

The material used was Sandvic Bioline 316LVM (LVM stands for
low-carbonated vacuum melted) austenitic stainless steel with
the chemical composition as follows 0.023C-0.6Si-1.7Mn-—
17.5Cr-13.5Ni-2.8Mo. It was delivered in the form of annealed
rods with a diameter of 50 mm.

To refine the microstructure, hot (with pre-heating at 1000 °C)
and room temperature (RT) HE was applied with a total true
strain of 1.4 (the diameter was reduced to 25 mm). The samples
were named annealed, RT_HE and HOT_HE. To reveal the
microstructure, the samples were cut, ground, polished and
etched using 50 cm® HCI + 25 cm® HNO; + 25 cm® H,0 reagent
to reveal their microstructure using a light microscope (LM) — a
NIKON EPHIPHOT 200. Next, thin foils were prepared for
examination using transmission electron microscopy by
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mechanical polishing to a disk thickness of about 100 pm.
Further thinning to reach a thickness appropriate for electron
transparency was carried out by electropolishing. The micro-
structures were examined using a JEOL 1200 transmission
electron microscope (TEM) working at 120kV.

The samples for plasma-assisted nitriding were in the form of
discs 15 mm in diameter and 4 mm in height, with disc plane
perpendicular to the rod axis. They were polished and placed in a
special form to avoid “the edge effect.” Nitriding process of the
steel was carried out in a device by Sulzer Metaplas Gmbh in the
Aviation Industry Testing Laboratory-Rzeszow University of
Technology at 430 °C in a nitrogen-hydrogen mixture (N2-25%,
H2-75% vol.) under a reduced pressure of 3 hPa for 5h. The
samples were placed directly on the cathode in a special grip
protecting against the edge effect. Next, the nitriding samples
were ground and polished according to the standard procedures
and then etched with 50 cm® HCl+25cm’ HNO;+25cm’
H,O0 for 30s. The nitriding layers were observed using an SU-
8000 scanning electron microscope (SEM) in the SE (at 30kV)
and BSE (5kV) modes, a JEOL 1200 TEM transmission electron
microscope (at 120kV), and a dedicated Hitachi HD2700
scanning electron microscope (at 200kV). The lamellae were
prepared using a Hitachi NB5000focused ion beam. A high
resolution Scanning Auger Microprobe-Microlab 350 (Thermo
Electron) equipped with a FEG-tip (Field-Emission Electron
Gun)) was used for the Auger electron spectroscopy (AES)
analysis. The Microlab 350 was used to monitor local chemical
composition utilizing the Auger line scan function of the
spectrometer with a lateral resolution of about 20 nm. The all
Auger spectra were excited at a primary energy of E=10kV and
recorded after sputtering process (ion energy 3 keV, beam
current 1.3 wA, crater size 9 mm?, time 20 min) to remove the
surface contamination. For a better visualization of the received
AES data, the results presented on the line profiles were
normalized only to Fe (LM2) and N (KL1) signals. The X-ray
diffraction study was carried out to determine the phase
composition after nitriding. Phase composition was investigated
in samples cut perpendicularly to the rod axis, oriented with the
surface prepared for nitriding and nitrided surface perpendicu-
lar to the X-ray direction. For this study, a D8 DISCOVER Bruker
diffractometer was used with a Co Ka irradiation.

3. Results

3.1. Microstructure Observation Prior to Nitriding

The microstructure of 316LVM stainless steel after annealing
consists of recrystallized equiaxed grains of 35um in the
equivalent diameter (Figure 1a). In the case of the RT_HE
sample, the microstructure was highly refined and no
microstructure elements were observed using a light microscope
(Figure 1Db). In the case of the HOT_HE sample, one can
distinguish two types of areas with no microstructural features,
as seen in the micrograph (Figure 1c). More detailed information
on these two HE processed samples is revealed by transmission
electron microscopy. In the case of the RT_HE sample, the
microstructure consists of nanotwins and shear bands, as
illustrated in Figure 2b and e. The sizes of the nanotwins are
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Figure 1. LM microstructures of austenitic stainless steel — cross-sections a) annealed, b) RT_HE, ¢) HOT_HE.

diverse — one can distinguish first-order twins of an average
length of about 400nm and second-order twins (inside the
previous ones) of an average length of about 40 nm. The average
distance between the twin boundaries is about 30 nm. Hot HE
makes it possible to obtain a more equiaxial microstructure
when observed in cross-section, with subgrains of 300nm in
diameter varying in shape and in the structure of their sub-
boundaries (Figure 2a, ¢, d). It can be thus concluded that the
samples differ significantly in terms of their grain boundaries,
that is, twin boundaries (TB) are dominant in the RT_HE
sample, while low-angle grain boundaries (LAGB) and high-

angle grain boundaries (HAGB) are characteristic for the
HOT_HE and annealed samples, respectively. A detailed
analysis of microstructures in the austenitic stainless steel
316LVM produced by HE at RT and elevated temperature can be
found elsewhere.*®!

It should also be noted that the samples differ not only in their
grain boundary characteristics, but also in their specific surface
area (area per unit volume), which can be estimated using the
following simple formula:

Sv= ZP]_, (1)

Figure 2. TEM microstructures of austenitic stainless steel — cross-sections. a) HOT_HE-general view, b) RT_HE- general view, c) and d) subgrains of

various shapes in HOT_HE, e) nanotwins in RT_ HE.
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Figure 3. Phase composition of substrates a) and nitrided layers b) in
annealed, RT_HE and HOT_HE samples.

where Py is the density of intersection points of the grain
boundaries with lines randomly piercing the surface of the grain
boundaries in the volume of a polycrystal.** The specific surface
area can be calculated as 67, 6.7 x 10°, and 6.67 x 10*mm " for
the annealed, HOT_HE and RT_HE samples, respectively.

3.2. X-Ray Analysis

Before nitriding, the investigated steel consisted only of an
austenitic (y) phase as visible in Figure 3a). One should also
notice that as a result of HE samples are highly textured with the
privileged orientations <111> and <100> parallel to extrusion

a)b)

i |

Thickness = 4.96 pm

Thickness = 5.46 um

www.aem-journal.com

direction. This indicates that no phase transformation occurs
during hydrostatic extrusion, neither at room nor elevated
temperatures. It is well-known that nitriding leads to the
formation of a new phase called S-phase or expanded austenite
(Yn), which is a solid solution of nitrogen in austenite. Apart
from this phase, other phases such as iron nitrides y’-Fe4N or
&-Fe,,3N, chromium nitrides CrN and Cr,N can be created.*?
The precipitation of chromium nitrides increases hardness but
severely reduces corrosion resistance.

XRD analysis revealed that a yy-phase formed in all samples
(Figure 3b). All of the yn-phase peaks were shifted to lower angles
compared the austenite phase peaks, which indicates lattice
expansion in the nitrided layer. In the literature, the yy-phase is
best described by a special triclinic () crystalline structure with a
distortion € of the lattice angles due to the presence of nitrogen in
solid solution.!””) The location of the yx-phase peaks is almost the
same in the annealed and HOT_HE samples, but is significantly
shifted to lower diffraction angles for the RT_HE sample, which
suggests that this sample stores a higher number of nitrogen
atoms. In the XRD diffraction patterns, one can also notice peaks
corresponding to the y-phase, which come from the substrate and
indicate the relatively low thickness of the nitrided layers (the
signal is gathered from a thickness much greater than the
thickness of the layer). It should also be underlined that there are
no other peaks beside y and yy — particularly, there is no evidence
of either CrN or @’ martensitic phases.

3.3. Thickness of the Layers

Layer thickness can be evaluated in two ways: 1) by measuring
the thickness of the yy-phase on the cross-sections observed in
SEM, or 2) by determining the nitrogen depth profiles by AES.
SEM images of nitrided layers formed on the three types of
substrates during nitriding for 5h are shown in Figure 4. In
these figures, good quality continuous yn-phase layers are clearly
visible. Surprisingly, only minor differences in the layer
thickness can be seen. The thinnest layer was formed on the
annealed sample, and does not exceed 5 pum. The thickness of the
nitrided layers on the HE processed samples is slightly above
5 um.

To further investigate the layers, nitrogen depth profiles were
determined using AES; these are presented in Figure 5. An
inspection of the figures shows that nitrogen diffuses a bit
deeper than throughout the yy-phase. The nitrogen-enriched

Thickness = 5.26 um

Figure 4. Cross-sections of nitrided layers formed in a) annealed, b) HOT_HE, c) RT_HE samples; SEM-SE mode.
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Figure 5. Nitrogen depth profiles formed in a) annealed, b) HOT_HE, c¢) RT_HE samples.

layer has a depth of 8pum for the annealed and HOT_HE
samples, and 7pum for the RT_HE sample. The surface
concentration of nitrogen is the highest (about 50 at%) for
the RT_HE sample, and the lowest for the annealed sample
(about 25 at%). The HOT_HE sample possesses about 30 at% of
nitrogen close to the surface. The concentration of nitrogen
decreases with increasing distance from the surface, but the
shape of the profiles differs significantly. For the annealed
sample, the nitrogen concentration decreases gradually and the
curve slope is the highest. On the other hand, in the RT_HE
sample the curve of nitrogen concentration is more flat until a
depth of 6 um, and thereafter decreases rapidly.

The areas below the concentration curves correspond to the
amount of nitrogen diffused into the materials. It can be thus
concluded that, although the thicknesses of the layers are
similar, the amount of nitrogen introduced into the layers differs
significantly, and is the highest for the RT_HE sample and the
lowest for the annealed sample.

3.4. Microstructure Observations After Nitriding

Microstructures of nitrided layers and substrates in a BSE-mode
are presented in Figure 6a—c. Additionally, thin lamellae were cut
by means of a focused ion beam to reveal the microstructure of
the S-phase. During this procedure defects, are introduced in the
microstructure, and for this reason the density of dislocations
created in the nitrided layers was not analyzed. The micro-
structures revealed are shown in Figure 6d—f). Firstly, it should
be underlined that there is no change in the microstructure of
the substrates, which indicates that nitriding at 430 °C preserves
the UFG and NC grain structure produced during HE
processing. Secondly, during nitriding of the annealed and
HOT_HE, twins were formed in the S-phase. In the RT_HE
sample, twins were induced during deformation, so it is difficult
to confirm whether they were also introduced by nitriding.
Furthermore, the diffraction patterns collected for all the
samples reveal the presence of an austenitic phase. No

Figure 6. Global view of microstructures of nitrided layers and substrates in a) annealed, b) HOT_HE, c¢) RT_HE samples (SEM-BSE mode);
microstructures of S-phase formed in a) annealed, b) HOT_HE, c) RT_HE samples with corresponding selected area diffraction patterns (SAED) in the

orientation [110] (TEM).
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Figure 7. Time dependence of S-phase layer thickness.

kinematically forbidden {100} type spots were detected, contrary
to.[*!] Additionally, the diffraction pattern for the RT_HE sample
reveals spots confirming the presence of twins.

An analysis of the layer growth kinetics revealed that the
parabolic growth law typical of diffusion processes is obeyed by
all the samples, as illustrated in Figure 7, which describes the
time dependence of the thickness of the expanded austenite. In
addition, the growth constant is the same for all the samples,
which indicates that the same diffusional mechanism controls
the nitrided layer growth. The growth law determined from the
plots is similar for all samples, and can be given by Equation 2:

u:Z,l\/t )

where: u — layer thickness, t — nitriding time. Assuming that the
nitrogen diffusion proceeds through the layer of expanded
austenite, the effective diffusion coefficient of nitrogen in the
expanded austenite can be determined by combining Equations
1 and 21

u= 2\/Deff*t (3)

Thus, the value of D.g obtained equals 2.8 x 1072 em?s 71,
which is in agreement with other works on the nitriding of
coarse-grained austenitic stainless steels. For instance, Keddam
et al.*¥! reported a value of 1.95 x 102 cm?s™" for nitriding at

380 °C using a gas mixture of 85%N, + 15%H, and 11.1 x 10~ *?

www.aem-journal.com

cm?s™* for nitriding at 420°C using a gas mixture of 90%
N, + 10%H,. Moskalioviene et al.** evaluated the nitrogen
diffusion coefficient in AISI 316 L stainless steel at 400 °C treated
by the plasma nitriding process using a gas mixture of (60%
N, + 40%H,), and obtained a value of 4.8 x 1072 em?s™ L It
seems, therefore, that although the microstructure of the
substrates are substantially different in our case, the layer
growth is controlled by the volume diffusion. However,
substantial differences in depth profiles suggest different
diffusion paths.

4, Discussion

The nitrided layers obtained in the present study look very dense
and uniform, with a thickness of up to 5 pm for 5 h of nitriding at
430°C. In Table 1, the thicknesses of the plasma nitrided layers
formed on austenitic stainless steels taken from literature data
and the present study are summarized, depending on processing
conditions, that is, temperature, time, and gas mixture. It is
generally accepted that a higher nitriding temperature facilitates
diffusion processes and that a thicker layer is formed. Also,
diffusion processes are time-controlled, and the longer process-
ing time the thicker the layer. However, one should also note the
role of the gas mixture. Negm investigated the effect of (H,/N,)
pressure ratios on the plasma nitriding of 304 steel, and found
that the addition of hydrogen up to 50% might improve the
efficiency of plasma nitriding.**! It has also been shown that
the addition of hydrogen gas to nitrogen gas provides a more
effective cleaning of the treated samples.*®) Regarding the
results obtained in the present study, it can be concluded that
they are very similar to other nitriding experiments performed at
similar process parameters.

In the literature, it is suggested that the nitrided layer formed
on materials having a refined microstructure is thicker that that
formed on microcrystallined materials.**=% This is due to the
fact that non-equilibrium grain boundaries, triple junctions, and
high density of dislocations at grain boundaries as well as within
grains promote the diffusion of nitrogen. Moreover, in many
cases a martensite phase is created during deformation, which
was not the case here. Itis reported that the diffusion of nitrogen
in martensite is much faster than in austenite. In the present

Table 1. Thicknesses of the plasma nitrided layers formed on austenitic stainless steels depending on processing conditions, that is, temperature,

time, and gas mixture

Steel Nitriding temperature [°C] Nitriding time [h] Gas mixture Layer thickness [um] Ref.
316LM 380 0.5 85%N, + 15%H, 1.9 1471
8 43
316 L 420 8 90%N, + 10%H, 9.7 143]
304 L 420 0.5 NH; 23 48]
316L 400 0.5 25%N + 75%H, 5 149]
316L 440 6 509N, + 50%H, 4 501
316L 400 5 80%N, + 20%H, 5.7 vl
321 500 5 20%N, -+ 80%H, 12 B
316 LVM 430 5 25%N, + 75%H, 5 This study
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experiment, it was noticed that slightly thicker S-phase are
present in the HE-processed samples than in the annealed ones.
However, one can notice that the differences in the thickness of
the layers between the annealed sample and the RT_HE sample
were not as profound as in the literature. In addition, an analysis
of the layer growth kinetics revealed that the parabolic growth
law typical of diffusion processes is obeyed by all the samples as
presented in Section 3.4.The growth controlled by the volume
diffusion is typical of coarse-grained materials (the annealed
sample in our case) since the amount of grain boundaries is
insignificant and their role can be neglected. In the case of the
HE-processed samples, the specific surface area of the grain
boundaries increased enormously, as calculated in Section 3.1.
Normally, such an increase results in faster diffusion and a much
thicker layer. However, the grain structures induced by HE are
very specific. For the HOT_HE sample, an array of sub-
boundaries with a low misorientation angle was observed, while
for the RT_HE sample, the microstructure consists mostly of
nanotwins. In terms of diffusion processes, high-angle random
boundaries are considered as a disordered phase where the
diffusion is accelerated, while the special boundaries constitute a
potential zone for trapping due to the high density of trapping
sites. When an nitrogen atom reaches a special boundary (twin
or dislocation type) is trapped in specific sites and as a result
further diffusion does not proceed along boundary but inside
grains, which explains higher nitrogen concentration in the
layers formed on HE processed samples and similar layer
thickness. It has also been reported that the diffusivity of highly
defected twin boundaries is much lower than the diffusivity of
high-angle grain boundaries, and higher than for low-angle
grain boundaries.”” In our study, the nitriding process was
performed at 450 °C. At this temperature, one could expect thata
process of relaxation of the twin boundaries occurred. It is well-
known that diffusion along relaxed twin boundaries is hardly
measurable. For this reason, twin boundaries do not accelerate
the diffusion of nitrogen. Therefore, during the nitriding of the
HE-processed samples, nitrogen atoms are trapped at the grain
boundaries (either low-angle or twin) and do not migrate along
them. The major diffusion stream is across grain interiors, and
thus we cannot detect differences in layer thickness, although
the substrate microstructure is much more defective. It can thus
be concluded that grain refinement does not always result in
faster diffusion, which depends on specific defect types and their
arrangements.

It should be noted that texture may also play a role. Some
publications show anisotropic diffusion for differently oriented
grains in Ni and steel alloys.*** Nitrogen prefers to move along
the {200} planes. The HE processed samples are highly textured,
with the main texture component being a <111> fiber. For such
an orientation, all of the {200} planes are inclined by 55° to the
direction of layer growth.

5. Conclusions

1) Low-temperature plasma-assisted nitriding was successfully
applied to UFG and NC austenitic stainless steel with no
major changes in the substrate’s microstructure.
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2) Uniform S phase layers were formed on CG, UFG, and NC
samples, with only minor differences in their thickness.

3) Profound differences were observed in the nitrogen depth
profiles, suggesting that although the growth kinetics is
controlled by the same mechanism (i.e., volume diffusion),
diffusion proceeds along different paths in materials
differing in their microstructure.

4) The lack of differences in the thickness of the nitrided layers
was attributed to the specific microstructures of the HE-
processed samples, that is, the presence of nanotwins and
dislocation boundaries instead of general grain boundaries.
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ARTICLE INFO ABSTRACT

Keywords: The impact of high hydrostatic pressure release after high-pressure torsion on subsequent high hydrostatic
meomate“als . pressure annealing was analyzed by performing experiments on nanostructured Ni. Ni was deformed by high-
Tgh p;essure torsion pressure torsion at a pressure of 6 GPa in 5 turns. Directly after deformation, the pressure was reduced to 2

nnealing GPa, and under 2 GPa annealing at 400 °C was conducted for 5 min. For comparison, samples were also annealed
Positron annihilation K . N ) . X
Defects under 2 GPa after deformation without loading between processes. Microhardness measurements, detailed mi-

croscopy observations and positron annihilation spectroscopy investigations were performed to elucidate the
changes in the microstructures obtained after different processing routes. It is demonstrated that the pressure
applied between deformation and high hydrostatic pressure annealing caused an increase in microhardness by
20% in comparison with pressure realize. Moreover, the pressure applied had an impact on the vacancy con-
centration, and consequently on the microstructure, leading to a smaller average grain size and a more heter-

ogenous microstructure in terms of grain size, leaving space for optimizing the strength-ductility balance.

1. Introduction

Severe plastic deformation (SPD) processing contributes to the gen-
eration and storage of lattice defects such as vacancies and dislocations
[1-3]. For relatively low strains, dislocation cell structures are created,
and with increasing strain dislocations rearrange to form grain bound-
aries, including those of a non-equilibrium character [4]. The increase in
dislocation density is accompanied with an increase in vacancy con-
centration. The defects introduced by SPD are essential, since they are
responsible for unique mechanical and physical properties of
SPD-processed materials.

The density of dislocations, which may reach an order of 10'® m~
with an increasing applied strain in SPD, has been studied extensively
using transmission electron microscopy [5,6]. However, the investiga-
tion of vacancies demands a more complex approach. For instance, a
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combined evaluation using X-ray line profile analyses, differential
scanning calorimetry and residual electrical densitometry was used to
reveal that, in the case of equal channel angular processed (ECAP) Cu -
route B, a strongly enhanced concentration of vacancies is achieved in
comparison with conventional deformation performed to a similar de-
gree of deformation [7]. Similar investigations were performed on
high-pressure torsion (HPT) processed Ni and Cu. They proved that, in
HPT-processed Ni, in comparison with Cu the total maximum concen-
tration of vacancies considering both agglomerates and single/double
vacancies is higher. Moreover, single/double vacancies were observed
in Ni, whereas in Cu only vacancy agglomerates were present [8]. It is
highly probable that materials having a lower stacking fault energy
(SFE) may be prone to form vacancy agglomerates. Moreover, the gen-
eration of a high density of vacancies during SPD processing was also
proved by positron annihilation spectroscopy [9,10]. Vacancy
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agglomerates of 4-5 vacancies were found in the center of the
HPT-processed Cu disc, while of 7-9 at the periphery. Generated va-
cancies are essential during the annealing of SPD-processed materials, as
the rapid release of excess vacancies at the beginning of annealing is
responsible for accelerated atomic mobility. Vacancies also govern the
annihilation of edge dislocations by climbing. Moreover, the hardening
by annealing effect arises from an agglomeration of
deformation-induced vacancies [11].

Under the increased pressure during SPD processes, extra work must
be applied to enable vacancies to migrate through the lattice. Conse-
quently, the effective vacancy migration enthalpy increases, leading to a
lower diffusion coefficient [12]. It was revealed by in situ X-ray
diffraction experiments with the application of cooling of the anvils
confining the sample after stopping deformation [13-15] that the size of
the coherently scattering domains is not greatly influenced by the
pressure release, whereas the dislocation density decreases significantly
in the case of HPT-processed Cu. This phenomenon is observed to a
lesser extent in HPT-processed Ni due to its higher activation enthalpy
[14,15]. Moreover, in situ X-ray line profile analysis using synchrotron
radiation proved for HPT-processed Ni that the higher the pressure
applied during HPT, the higher the dislocation density and the earlier
and more profound the annihilation of dislocations during pressure
release [13].

Such changes in defect characteristics during high hydrostatic pres-
sure release may have a major impact on the processes taking place
during annealing, especially if the annealing is conducted under high
hydrostatic pressure (HPA). During HPA, the movement of vacancies is
made difficult, as are diffusion-govern processes. The annihilation of
vacancies is impeded, because high hydrostatic pressure inhibits va-
cancy migration. Therefore, vacancy migration has an impact on the
annihilation of edge dislocations by climbing and the microstructure
transformation, as has been proved in previous HPA experiments
[16-27]. These have shown that HPA hindered grain growth. However,
the greater the deformation degree, the faster the grain growth under
high hydrostatic pressure, as observed in conventionally deformed and
HPT-processed austenitic stainless steel, which differed in the equivalent
strain applied during deformation, after annealing at 900 °C for 10 min
at 2 and 6 GPa [22]. Moreover, grain growth strongly depends on SFE
[27]. It has been proved that factors such as higher vacancy concen-
tration and lower deformation twins density were responsible for faster
grain growth during HPA in Ni than in Ag of 125 and 16 mJ/m ™2 SFE,
respectively [28]. Additionally, the volume fraction of high-angle grain
boundaries was influenced by HPA since HPA contributed to hindering
the movement/creation of low-angle grain boundaries in HPT-processed
austenitic stainless steel. Such boundaries are well-ordered and as a
result their migration is only possible by the vacancy migration mech-
anism [20]. This mechanism is made difficult during HPA.

Therefore, this work was initiated in order to determine the impact of
the pressure maintained between HPT and HPA on the microstructure
and mechanical properties after HPA in comparison with the pressure
release. It is important to underline that these modifications - pressure
presence and release between deformation and HPA - have been applied
for the first time in high hydrostatic pressure annealing experiments. It
was only possible thanks to the application of high hydrostatic pressure
device. A second goal was to evaluate the possibility of controlling grain
size to achieve a better strength-plasticity balance, which is one of the
most fundamental issues and long-standing conflicts in materials science
and engineering.

2. Experimental
2.1. Materials and experiments
In this work, Ni of 99.99% purity was investigated. Spark erosion was

used to cut disks of 0.8 mm in thickness and 10 mm in perimeter from Ni
bars. Subsequently, the disks were annealed at 600 °C for 2 h to obtain a
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micro-grained microstructure, free from defects. The sample after con-
ventional annealing has served as a reference sample.

The HPT experiments were performed at the Faculty of Physics at the
University of Vienna. The disks were HPT-processed at a pressure of 6
GPa and a speed of 0.2 rpm up to 5 revolutions. The torsional shear
strain was well defined as simple shear, y, and was calculated according
to the equation y = 21 x r x n/t, where r, n and t are the distance from
the torsion axes, the number of applied revolutions and the mean
thickness of the sample, respectively. The equivalent strains eeq = v/ \/ 3,
calculated at 0.5 and 3.5 mm from the torsion axis after 5 revolutions,
were equal to 11 and 79, respectively. After HPT, the pressure was either
decreased to 2 GPa or released completely and next the samples were
annealed at 400 °C for 10 min under a pressure of 2 GPa in an HPT
device. The heating and cooling rates during HPA were 1200 and 50 °C/
min, respectively. The selection of experimental conditions was based
on previous experiments [27]. Schematically the experiment is pre-
sented in Fig. 1.

Further on in this article, abbreviations will be applied for samples
after various deformation and heat treatments as: Ni_HPT — after HPT;
Ni_HPT L_HPA - after HPT, loading under 2 GPa and HPA; Ni_HP-
T_U_HPA - after HPT unloading and HPA; Ni A - after conventional
annealing at 600 °C for 2h.

2.2. Analysis methods
a) Microhardness measurements

Microhardness measurements were performed on samples after
conventional annealing, HPT and HPT combined with HPA using an
MHT-4 microhardness tester manufactured by Paar equipped with a
Zeiss microscope. The parameters of indentation were as follows:
indentation force of 1 N, the indentation rate of 0.1 N/s and the holding
time of 10 s. The indentations were done on the diameter of samples. The
distance between indentations was 0.5 mm.

b) Variable energy positron annihilation lifetime spectroscopy

For variable energy positron annihilation lifetime spectroscopy
(VEPALS) measurements, the samples after HPT, combined HPT and

Annealing

600°C/2h
Ni_A

l
HPT

6GPa
5 turns 0.2 rpm

Ni_HPT
Unloaded Loaded
2GPa

HPA

2GPa 400°C/10 min

HPA

2GPa 400°C/10 min

Fig. 1. Scheme of the experimental procedure.
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HPA were polished under a conventional mechanical polishing pro-
cedure (firstly —10 min, under a load of 15 N, a diamond suspension:
particles of 3 pm in diameter and subsequently - 10 min, under a load of
10N, a diamond suspension: particles of 1 pm). Afterwards, polishing by
vibrating polishing using a Buehler Vibromet in an amorphous colloidal
silica suspension for 3 h was performed to remove defects introduced by
conventional polishing. The VEPALS measurements were conducted at
the Mono-energetic Positron Source (MePS) beamline at HZDR, Ger-
many [29,30]. The beam size was approximately 5 mm in diameter. The
measurements were performed in such a way that the beam center was
located 2.5 mm from the sample center. There a positron lifetime was
obtained as the time between positron generation and its annihilation
with an electron inside the sample. Mono-energetic positrons were
accelerated to discrete energies (Ep) and implanted in the sub-
micrometer region below the sample surface. After a short diffusion,
positrons annihilate in delocalized states between atoms and/or localize
in vacancy like defects and their agglomerations, which serve as a very
attractive trap for positrons. For the data acquisition a digital lifetime
CrBrs scintillator detector was utilized, coupled to a Hamamatsu
R13089-100 PMT. An in-house software employing a SPDevices
ADQ14DC-2X digitizer with 14 bit vertical resolution and 2 GS/s hori-
zontal resolution [31] was used. The overall time resolution was better
than about 0.240 ns. The resolution function required for spectrum
analysis uses two Gaussian functions with distinct intensities depending
on the positron implantation energy, E,, and appropriate relative shifts.
The typical lifetime spectrum N(t) is described by N(t) = X (1/1) I; exp
(-t/7;), where 1; and I; are the positron lifetime and relative intensity of
the i-th component, respectively (XI; = 1). All the spectra were decon-
voluted, using PALSfit fitting software [32], into 3 discrete lifetime
components, which directly evidence 2 different defect types (sizes). The
3rd component was neglected as a residual fingerprint of the surface
ortho-Positronium (<0.5%). The corresponding relative intensities show
the differences in concentration of each defect type (size). In general, the
larger the open volume, the lower the probability and the longer it takes
for positrons to be annihilated with electrons [33,34].

¢) Microstructure observations

Microstructure observations in the plan view, 0.5 and 3.5 from the
sample center on samples prepared by conventional grinding, polishing
and vibrating polishing, as described in the VEPALS analysis and
methods section, were performed using a SU8000 Hitachi scanning
electron microscope (SEM) at 5 kV in the backscattered electron (BSE)
mode. From the samples after HPT and combined HPT and HPA,
lamellae were prepared approximately 3.5 mm from the sample center,
parallel to the radius beneath the sample surface, by a NB5000 Hitachi
focused ion beam (FIB). The lamellae were then observed in bright field
(BF) mode by transmission electron microscopy (TEM) using a JEOL
1200 at 120 kV. The gathered microstructures were analyzed by ste-
reological and image analysis methods that are elaborated at the War-
saw University of Technology, Faculty of Materials Science and
Engineering [35,36]. Parameters such as the average grain size (calcu-
lated as the equivalent diameter Avg (dz)), the standard deviation of the
equivalent diameter SD(dy), and the variation coefficient of the equiv-
alent diameter CV(dy) (calculated as the ratio of the standard deviation
to the mean value) were determined.

d) Tensile tests

After conventional annealing, HPT and HPT combined with con-
ventional annealing and HPA, uniaxial tensile tests were conducted at
RT using a Zwick/Roell Z005 machine under the displacement control
mode. An initial strain rate was 10~2 s~!. The digital image correlation
method (DIC) was applied to measure strain. After each tensile test,
parameters such as ultimate tensile strength (UTS), yield stress (YS),
uniform elongation (Au), and total elongation (At) were determined.
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The minisamples of dimensions: a gauge section length of 2 mm and a
cross section of 0.3 mm x 0.4 mm were cut.

3. Results
3.1. Microhardness measurements

The microhardness measurements after various deformations and
annealing treatment are presented in Fig. 2. After HPT, the microhard-
ness increased from 97 to 324 Hv0.l. Subsequent annealing under
pressure decreased the microhardness to an average value of 160 HvO0.1.
However, when the pressure was maintained between the HPT and
annealing, the average microhardness reached a slightly higher value of
189 HvO.1. It is important to underline that the SD of the microhardness
of the loaded sample was two times greater. Additionally, the micro-
hardness was measured for HPA samples at 0.5 and 3.5 mm from the
center in order to verify what the impact of pressure was on a specific
deformation degree. Similarly to the changes in the average micro-
hardness values, the microhardness of the Ni_HPT L_HPA was higher
than for the Ni_ HPT_U_HPA, at 178 and 149 HvO0.1, respectively, for 0.5
mm from the center and 205 and 175 HvO0.1, respectively, at 3.5 mm
from the center.

3.2. Microstructure observations before HPA

Before the HPT experiments, Ni was annealed at 600 °C for 2 h to
homogenize its microstructure, as presented in Fig. 3 a). After annealing,
the average equivalent diameter was 31 pm. Subsequently, the HPT
process was performed; it led to a refinement of grain size down to 140
nm on average (Fig. 3 b)). In the case of Ni_HPT microstructures are
presented in the plan view and the cross section to enable the compar-
ison in microstructures obtained by HPA.

3.3. Defects characterisation after HPT

Fig. 4 shows a depth profile of positron lifetime components and
their relative intensities of the Ni_HPT sample surface from the depth of
~220 nm. Due to the relatively large density of Ni and the depth probing
limitations of the PALS setup, only a depth of <400 nm could be
investigated (the maximum penetration by positrons is about 2 x <z>).
No reduced lifetime (no indication of positron annihilation at inter-
atomic positions) was detected, which suggests a relatively large defect
concentration. Spectra deconvolution leads to a positron lifetime t;
close to the literature value for Ni vacancy [37], but slightly lower,
indicating mixed defect states with dislocations (mono-
vacancy-dislocation complexes) [38,39]. The second lifetime

400
350
300
250
200
150
100 i
50
0

microhardness Hv 0.1

Ni_HPT Ni_HPT_U_HPA NI_HPT_L_HPA Ni_A

samples indications

Fig. 2. Microhardness changes on the diameter of samples after various
deformation and annealing treatments.
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100 nm

Fig. 3. Microstructures a) Ni_ A - plan view, b) Ni_HPT - plan view and c) Ni_HPT - cross section; a) and b) in BSE-mode, c¢) in BF-mode TEM.

depth, (z) (nm) depth, (z) (nm)
050 12 38 74 117 168 226 100{} 12 38 74 117 168 226
—_ 1 F I‘c L 1 E T I T P I 1 T T :I i i_ i-
[7)] 2 ; ¢ 90+ r'. !
& VAL E I < gol/ l, i
e L foaf,o g = i
- 0,3 i ' = 70 B [ i
(4] | vacancy clusters = - :
g 0 22:5 _ T g 60r w. o Ni_HPT .
@020} § & S0r | y
= 0,18 £ 40+ i 1
5016} © 30} i ]
£0,14 2 ool s ]
@ 0,12 o R,
20,10 fobil] @ 107 = ;
0 08 ol | | A [ %ﬂ

O e B | 1 0
0 2 4 6 8 1012 0 2 4 6 8 1012
+ - -
e’ implantation energy, E/ (keV)
Fig. 4. Positron lifetime components 7; and their relative intensities, I;, as a function of positron implantation energy, E;, and mean positron implantation depth, <z>

for Ni_HPT. As a vertical line at E;, = 7 keV the sub-surface border is given. The vertical lines and grey area show the lifetime ranges for bulk, dislocations and
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component T represents the superposition of surface states (E, < 7 keV)
and vacancy clusters [40,41]. One may expect to find vacancy clusters at
grain boundaries, and the low intensity I, reflects their low density (a
large overall size of crystallites). I; shows the tendency to increase with
depth up to 95%, which reflects the decreasing signature of the surface
and suggests that in the bulk material the main role is played by
mono-vacancies associated with dislocations. These results are compa-
rable with those obtained for HPT-processed Ni [41]. The large intensity
of 71 suggests a large defect concentration, close to positron saturation
trapping. The intensity of the component related to grain boundaries 72
is relatively low, which is in line with the general grain dimensions
much larger than the positron diffusion length (estimated as not more
than 20 nm for pristine sample). The fact that dislocations serve as
positron traps in HPT-processed materials of relatively high melting
temperature has been proved in the past [41].

3.4. Microstructure observations after HPT and subsequent HPA

The microstructures of the Ni samples after HPT and subsequent HPA
with and without loading, observed 0.5 and 3.5 mm from the sample
center, are presented in Fig. 5. The corresponding histograms of grain
size distribution are shown in Fig. 6. The parameters characterising
grain size and distribution are presented in Table 1. The results clearly

10 um
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show that the loading between HPT and HPA had an impact on the
microstructure transformation. Firstly, in the case of Ni_HPT U_HPA, the
average equivalent diameter was greater than for Ni_HPT L_HPA. It
equalled 1.3 and 0.88 pm at 0.5 mm, and 0.85 and 0.51 pm at 3.5 mm
from the center, respectively. Moreover, loading led to a more hetero-
geneous microstructure in terms of grain size. This was well reflected by
CV(dy), which was higher for Ni_ HPT L_HPA than Ni_ HPT _U_HPA by
100 and 20% at 0.5 mm and 3.5 mm from the center, respectively. It
seems that when in-between loading is applied nearer the center, the
number of grains of an equivalent diameter below 500 nm drops at the
expense of grains greater than 2 pm.

3.5. Defects characterisation after HPA

Up to 100 nm below the surface, Ni_HPT, Ni HPT U HPA and
Ni_HPT_L_HPA are characterised by comparable defect types and con-
centrations, as presented in Fig. 7 a). This phenomenon results from the
surface preparation technique. However, approximately 100 nm below
the surface one can clearly notice a difference between three samples. 71,
representing monovacancy-dislocations complexes, has the highest in-
tensity I; for Ni_HPT and the lowest for Ni_ HPT U_HPA. After HPA, 1,
and I; slightly decreased, which indicates a reduction in the mono-
vacancies associated with dislocations. For example, isolated

1um

Fig. 5. Microstructures of Ni after HPT and subsequent HPA without a), ¢) and with b), d), e) loading after HPT; a)-p)-BSE-mode SEM, e) BF-mode TEM; a) and b) —
0.5 mm from the sample center (ecq = 11), b), d, and e) — 3.5 mm from the sample center (ecq = 79); a)-d) — plan view, e) cross section.
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Fig. 6. Histograms of grain size distribution in Ni_HPT_L_HPA and Ni_HPT_U_HPA a) 0.5 mm (e¢q = 11) and b) 3.5 mm (e.q = 79) from the sample center.

Table 1
Average equivalent diameter ds, standard deviation SD (d»), and coefficient of
variation CV(dy) of grains in the Ni_ HPT_U_HPA and Ni_HPT_L_HPA samples.

Sample indication Avg (do) SD (dy) (4%
[pm] [pm] (d2)
Ni_HPT_U_HPA - 0.5 mm from the center 1.30 0.82 0.63
(eeq = 11)
Ni_HPT_L_HPA- 0.5 mm from the center 0.88 1.14 1.30
(eeq =11)
Ni_HPT_U_HPA- 3.5 mm from the center 0.85 0.67 0.79
(eeq = 79)
Ni_HPT_L_HPA- 3.5 mm from the center 0.51 0.52 1.02
(€eq = 79)

threading dislocations are normally shallow positron traps [42] and
require a complex with a monovacancy to be detectable at room tem-
perature. After HPA, a change in vacancy cluster size is detected as well.
In Ni_HPT L_HPA, larger vacancy agglomerations are found than in
Ni_HPT U_HPA.

3.6. Tensile tests

The stress—strain curves collected during RT tensile tests for Ni_HPT,
Ni_HPT_L_HPA, Ni_ HPT U_HPA and Ni_A samples are shown in Fig. 8.

depth, (z) (nm)
0 12 38 74 117 168 226

I

o
.5
T

0,3

i
oo
NN
SN
T T
-

L |

:

i

:

i

:
monovacancy

adina.

o
T

D“_\._L_\_\
0 OoON M~
L]

positron lifetime, <, (ns)
OO0 O

bulk ]

| s R |

6 81012

The mean values (MV) and standard deviation (SD) of ultimate tensile
strength (UTS), yield stress (YS), uniform elongation (Au), and total
elongation (At) are presented in Table 2.

The results reveal that HPT increased the UTS from 349 after
annealing to 1146 MPa. This value is in between the values reported in
the literature, i.e. 1270 MPa [27] and 1015 MPa [43]. The results show
that the loading applied between the HPT and HPA led to an increase in
strength with a slight decrease in plasticity in comparison with Ni_HP-
T_U_HPA. This phenomenon can be explained by the greater volume of
ultrafine grains in Ni_ HPT L HPA than in Ni_HPT_U_HPA, which are
responsible for higher strength.

It seems that by the proper selection of temperature and annealing
pressure and with the application of loading between deformation and
annealing, microstructures consisting of nanograins and micrograins of
high strength (nanograins) and satisfactory ductility (micrograins) can
be obtained. Creating such microstructures is one of the approaches that
have been successfully applied to increase the plasticity of nano-
structured and ultrafine grained materials [44].

The Hall-Petch plot summarizing the gathered data is presented in
Fig. 9. It can be noticed that points representing Ni_ HPT, Ni_ HPT_U_HPA
and Ni_A samples lie on the same trend line. However, the point rep-
resenting the sample Ni_HPT_L_HPA is located slightly on the right side
of the trend line. It shows that additional loading between HPT and HPA
leads to the formation of unique microstructures.
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Fig. 7. Positron lifetime components t; and relative intensity, I;, (a) as a function of positron implantation energy, E;, and mean positron implantation depth, <z>,

for Ni_HPT, Ni_HPT_U_HPA and Ni_HPT_L_HPA. The vertical line at E, =
for the bulk, dislocations and monovacancies [31].

7 keV represents a sub-surface border. The vertical lines and grey area show lifetime ranges
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Fig. 8. Stress-strain curves collected during RT tensile tests for Ni_HPT,
Ni_HPT_L_HPA, Ni_HPT U_HPA and Ni_A samples.

Table 2
MYV and SD of UTS, YS, Au, and At for Ni_HPT, Ni_HPT L, HPA, Ni_HPT_U_HPA
and Ni_A samples.

Parameter Sample YS [MPa] UTS [MPa] Au [%] At [%]

indication MV SO MV SD MV SD MV SD

Ni_HPT 1049 6 1146 4 1.03 0.03 6.0 0.3

Ni_HPT_L_HPA 497 9 544 21 12.54 0.40 24.5 1.2

Ni_HPT_U_HPA 455 14 510 20 14.35 0.27 26.1 1.3

Ni_ A 171 15 349 21 26.0 0.6 35.2 0.6
1200

1000 -ojpi NLHET
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Fig. 9. Hall-Petch plot for Ni_ HPT, Ni_ HPT_U_HPA, Ni HPT L HPA and
Ni_A samples.

4. Discussion

4.1. The impact of loading after HPT on microstructure transformation
during HPA

Materials produced by SPD are usually less thermally stable than
conventionally deformed materials because they have a higher stored
energy in the form of lattice defects. The high hydrostatic pressure
typical of HPT can increase the concentration of vacancies due to the
limited atomic mobility that exists under such conditions. Therefore,
during annealing after HPT, the atomic diffusion is enhanced signifi-
cantly, since it is directly proportional to the concentration of vacancies
[45]. Some SPD-processed materials can even exhibit self-annealing due
to their stored energy and to their low melting temperature, which can
accelerate recrystallization and grain growth [46,47].
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Moreover, it is important to add that in SPD-processed materials
some grain boundaries are what is known as ‘non-equilibrium’ grain
boundaries. Non-equilibrium grain boundaries are specific grain
boundaries that are described as those possessing an increased free en-
ergy that is the result of a high density of defects such as dislocations and
vacancies, and consequently high residual microstrains [48]. These
boundaries are characterised by enhanced diffusivity, which in turn can
enhance grain growth. In SPD-processed pure fcc metals, the activation
energy of recovery/recrystallization is approximately 0.5 + 0.1 of
self-diffusion, which well-corresponds with the value of activation en-
ergy of diffusion along grain boundaries and dislocations [49-51].

As expected, the thermal stability of the SPD-processed Ni was lower
than that of the conventionally deformed material [52]. Previous ex-
periments have shown that additional pressure during annealing - 2 GPa
at 400 °C for 1 h - slowed down grain growth in HPT-processed Ni in
comparison with atmospheric pressure annealing, so that the grain size
after HPA reached approximately 70% of the grain size after conven-
tional annealing [27]. Moreover, the process also affected the homo-
geneity of the microstructures by significantly increasing CV(dg) [27].
This study proved that additional loading between deformation and
annealing made it possible to preserve some of the vacancies generated
during HPT - some, not all, since the HPT was performed at a pressure of
6 GPa and the HPA at a pressure of 2 GPa. The fact that in Ni_ HPT_L_HPA
the concentration of representing monovacancy-dislocations complexes
was slightly higher than in Ni_HPT U HPA was confirmed by the
VEPALS measurements. Moreover, the applied loading made the
migration of released vacancies to grain boundaries difficult, so some of
them might have agglomerated, creating larger vacancy clusters than
those in Ni_ HPT_U_HPA, as proved by the VEPALS, too. This means that,
even though the vacancy concentration was higher in the loaded sample
during HPA than in the unloaded sample, their migration to defect sinks,
which in the case of HPT-processed materials are mainly grain bound-
aries and dislocations, was limited [53]. Consequently, the migration of
grain boundaries was hindered, and Ni_HPT _L._HPA was characterised by
a smaller average equivalent diameter than Ni_HPT_U_HPA.

It is also interesting that a more heterogeneous microstructure was
created in Ni_HPT_L_HPA than in Ni_HPT_U_HPA. The fact that abnormal
grain growth occurred in Ni_ HPT L HPA can be deduced from the
microstructure images, since abnormal grains demonstrate a high twin
density, probably due to an increased grain boundary migration rate
[54]. It might be that the distribution of vacancies within boundaries is
orientation-dependent, combined with the presence of orientation gra-
dients that promote selective grain growth [55]. Moreover, it may also
result from the presence of some percentage of low-angle grain bound-
aries in the HPT-processed Ni [4]. Low-angle grain boundaries migrate
only by the vacancy migration mechanism [20], which is strongly con-
starined during HPA. For this reason, in such areas grain growth can be
restricted.

4.2. The impact of torsional shear strain on the microstructure
transformation during HPA

This study made it possible to observe that the greater the torsional
shear strain, and the further from the sample center, in the case of
Ni_HPT U_HPA and Ni_HPT L_HPA the smaller the average grain size
after annealing. The significantly enhanced thermal stability for higher
strains is an interesting phenomenon, since during annealing under at-
mospheric pressure the inverse behaviour is usually observed. In Ag, Au
and Cu after HPT being hold at RT for a long time, the softening turns out
to be more distinct the nearer the sample edge [46]. However, the
significantly enhanced thermal stability for higher strains in this study
may be justified by the faster recovery of non-equilibrium grain
boundaries under pressure for higher strains due to their enhanced
diffusivity, as mentioned in Ref. [56]. The fact that materials deformed
to higher strains show greater thermal stability than materials deformed
to lower strains was also revealed on the example of profile-rolled (PR)
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and HPT-processed austenitic stainless steel. In the former case, after
conventional annealing for 10 min at 900 °C, grain growth was
enhanced. This was due to the fact that the microstructure of
PR-processed steel was heterogeneous. Areas with high local mis-
orientations became the favoured sites for nuclei formation. In the case
of HPT-processed austenitic stainless steel, normal grain growth was
observed [22]. A similar phenomenon can also be observed in this study.
After HPT, the higher the strains, the more refined and homogenous the
microstructure [57], while homogeneity promotes slower grain growth
under pressure. This is achieved because there is limited atomic mobility
of vacancies under high pressure.

5. Conclusions

1. Additional loading under 2 GPa between deformations by HPT under
6 GPa and HPA under 6 GPa at 400 °C for 5min causes an increase in
microhardness by 20% in comparison with no loading applied.

2. Additional loading under 2 GPa between deformation by HPT under
6 GPa and HPA under 6 GPa at 400 °C leads to a smaller average
equivalent diameter and a more heterogenous microstructure in
terms of grain size in comparison with no loading applied. Moreover,
it leads to a higher concentration of representing monovacancy-
dislocations complexes and larger vacancy clusters in comparison
with no loading applied.

3. The greater the torsional shear strain, the smaller the grain size after
HPA since there is limited atomic mobility under pressure in the
homogeneous areas of samples.

4. Additional pressure between HPT and HPA may be successfully
applied to modify the microstructure and obtain an optimised
strength-plasticity balance.
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ABSTRACT

The aim of this study was to investigate the effect of high hydrostatic pressure
applied during annealing on the processes of recrystallization and grain growth
in nanostructured austenitic stainless steel 316LVM. The nanostructures were
obtained by profile rolling to a total strain of 3.4 and by high-pressure torsion to
a total strain of 79. These processes resulted in microstructures consisting of
nanotwins and nanograins, respectively. The deformed samples were annealed
at 900 °C for 10 min under atmospheric or hydrostatic pressures of 2 and 6 GPa.
The resulting microstructures were examined using transmission and scanning
electron microscopy techniques. The mechanical properties were evaluated in
microhardness measurements. It was established that annealing under high
hydrostatic pressure retards recrystallization and grain growth, both in profile-
rolled and high-pressure torsion-processed samples. The magnitude of retar-
dation depends on the character of the grain boundaries. The non-equilibrium
high-angle grain boundaries present in the high-pressure torsion-processed
sample show higher mobility under pressure than the nanotwinned and low-
angle boundaries in the profile-rolled sample.
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Introduction recently in nanocrystalline, materials [3-5]. During

the annealing of nanocrystalline materials produced

Recovery, recrystallization and grain growth are
some of the most important processes that affect the
properties of crystalline materials. For this reason,
many papers have been devoted to understanding
these phenomena in microcrystalline [1, 2], and

by severe plastic deformation (SPD) techniques, one
can observe typical processes of recovery, recrystal-
lization and grain growth, but they follow a different
course than in materials deformed by conventional
techniques [6-8]. In general, nanomaterials are less
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thermally stable than their microcrystalline counter-
parts, and recrystallization begins below their usual
recrystallization temperatures. However, it has also
been shown that, by creating uniform nanostructures
having a uniform grain size distribution and a high
content of high-angle grain boundaries, thermal sta-
bility can be significantly improved [9-11]. The
enhanced thermal stability of a nanostructured aus-
tenitic stainless steel can be obtained by adding
yttrium powders during mechanical milling [12]. The
addition of 1.5 wt% stabilizes the microstructure
around 116 nm grain size after 3 h annealing at
1100 °C. Moreover, the creation of deformation-in-
duced nanotwins makes the microstructure stable up
to 800 °C [13]. The processes of recrystallization and
grain growth in nanostructured, and especially sin-
gle-phased, materials have been quite well described.
Nevertheless, one issue which remains almost com-
pletely neglected is how such materials behave dur-
ing annealing under high hydrostatic pressure. This
subject has been raised only in the author’s previous
work [14, 15]. In those studies, annealing under high
hydrostatic pressure was applied to a hydrostatically
extruded (HE) austenitic stainless steel to optimize its
mechanical properties, particularly its strength to
ductility balance. It was possible to achieve a con-
trolled slowing of recrystallization processes to pro-
duce a nanostructured austenitic stainless steel
possessing a good combination of strength and duc-
tility (an ultimate tensile strength of 1247 MPa and a
total elongation of 24.4%). The only experiments that
have been performed under high pressure recently
refer to the Ge precipitation rate in Ge+ ion-im-
planted SiO, films [16], a study on the effect of
annealing under pressure on the material properties
of Cu2ZnSn(S,Se)4 thin films [17] and an enhance-
ment of magnetic refrigeration performance in
metamagnetic MnCoSi alloy by high-pressure
annealing [18].

However, several authors have studied the effect of
hydrostatic pressure on diffusion, dislocation climb
and glide, recrystallization and grain growth mobility
in microcrystalline materials [19-27]. It is well known
that high hydrostatic pressure has an impact on dif-
fusion processes that are correlated with the motion
of vacancies, as it affects the activation volume V* of
the crystal related to atomic rearrangements during
thermally activated processes. The influence of pres-
sure on V* can be expressed by the equation:

@ Springer

J Mater Sci (2018) 53:11823-11836

Vs = —RTIn(v)/p (1)

where R is the gas constant, v is the rate of the pro-
cesses investigated and p is the pressure.

Furthermore, it was found during annealing of
cold-rolled copper under a pressure of 4.2 GPa that
the pressure retarded recrystallization [20]. The gen-
eral conclusion that can be drawn from this work
regarding grain growth is that the higher the hydro-
static pressure applied, the more significant the
decrease in grain boundary mobility. Moreover, the
impact of high pressure on the <100>, <110> and
<111> tilt boundaries was analyzed [18, 22]. The
results showed that the movement of <110> tilt
boundaries depends on the activation energy, as this
movement is effected by the cooperative motion of
several atoms. The movement of the <100> and
<111> tilt boundaries is not related to the activation
energy and is effected by a single atom mechanism. It
was also noticed during experiments on normal grain
growth in aluminum under high hydrostatic pressure
that the migration of low-angle grain boundaries was
slowed down even more, nearly frozen in compar-
ison with the case of general grain boundaries [26].
This is because low-angle grain boundaries can
migrate by vacancy grain boundary migration, which
is highly limited under high pressure.

In the view of published work within the subject of
annealing under the high hydrostatic pressure, it
seems that annealing under high hydrostatic pressure
can be an effective way to control the grain growth in
nanostructured materials and produce fine grain
materials which could not be obtained under atmo-
spheric pressure due to fast and uncontrollable grain
growth. However, this requires full understanding of
processes taking place during annealing under high
hydrostatic pressure. Therefore, the aim of the cur-
rent study was to investigate the influence of high
pressure on the recrystallization and grain growth of
a nanostructured stainless steel 316LVM. To this end,
specimens of an austenitic stainless steel were
deformed by profile rolling (PR)—a conventional
deformation technique, and by high-pressure torsion
(HPT)—an SPD technique; the samples were then
annealed under a pressure of 2 and 6 GPa and, for
comparison, under atmospheric pressure. The HPT
process was chosen because it is one of the most
efficient SPD processes for grain refinement [28-33].
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Materials and methods

Sandvik Bioline 316LVM austenitic stainless steel was
used; this is a low-carbon, vacuum-melted 316L
grade stainless steel, UNS 531673 certified to ASTM
F138, supplied as annealed in the form of 50-mm-
diameter rods, possessing the chemical composition
shown in Table 1.

The samples were conventionally deformed using
profile rolling (PR) with a reduction in cross section
of 23.8, which corresponds to a strain value of
approximately 3.4. In this case, the strain was calcu-
lated according to the equation ¢ = 2In (d;/d,), where
dy (¢ =12 mm) is the initial diameter and d, (¢ =
2.2 mm) the final diameter. It must be pointed out
that this calculation is only an approximation, since
the cross section is not actually a circle. Additionally,
the material was cut into disks with a diameter of
10 mm and a thickness of 0.8 mm. The disks were
processed at room temperature using an HPT device
at a constant pressure of 6.0 GPa. The disks were
torsionally strained to 5 revolutions. The strain was
well defined as simple shear, y, and was calculated
according to the equation y = 2n x r x n/t, where r,
n and t are the distance from the torsion axes, the
number of applied revolutions and the mean thick-
ness of the sample, respectively. The equivalent
strains ¢eq = 7/,/3 calculated 3.5 mm from the cen-
tral point of the sample after 5 revolutions were equal
to 79. A phase analysis of the as-received, HPT- and
PR-processed samples was performed on a Bruker D8
Advance diffractometer with nickel-filtered copper
radiation (4 = 0.154056 nm). The data were collected
in a range between 10° and 120° 20, with a step
width of A20 = 0.02° and a counting time 5 s. The
energy of the emitter beam was 40 kV, and the cur-
rent was 40 mA.

After PR, samples of 3 mm in height were cut from
a 500 mm rod. After the HPT experiments, disks of
5 mm in diameter were cut in such a way that the
radius of the sample after HPT became the diameter

Table 1 Chemical composition (wt%) of austenitic stainless steel

316LVM
C Si Mn P S Cr Ni Mo Cu N
0.025 0.6 1.7 0.025 0.003 17.5 135 2.8 0.1 <0.1
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of the sample for the annealing experiments. The
dimensions of the samples were limited by the
dimensions of the toroidal high-pressure cell. The
samples were annealed at 900 °C for 10 min, either at
atmospheric pressure (0.1 MPa) or at a hydrostatic
pressure of 2 or 6 GPa and. To verify whether
annealing under high hydrostatic pressure leads to
the creation of similar microstructures as conven-
tional annealing for a shorter time, additional
experiments of annealing under 0.1 MPa for 4 min
were performed. A toroidal high-pressure cell [34, 35]
was used for the high-pressure annealing, and a
conventional furnace for annealing at atmospheric
pressure. Further on in this text, these samples will be
referred to as PR 10 0.1 MPa, PR _10 2GPa,
PR 10_6GPa, PR 4 0.1 MPa, HPT _10_0.1 MPa,
HPT_10_2GPa, HPT_10_6GPa and HPT_4_0.1 MPa.
The microstructure of the samples was investigated
using a Hitachi SU 8000 scanning electron micro-
scope working at 5 kV in the BSE mode and a JEOL
JEM 1200 EX transmission electron microscope
working at 120 kV. For the scanning electron micro-
scopy examination, the samples were prepared by
electropolishing using Struers electrolyte A3. The
parameters for electropolishing were as follows:
voltage — 15V, time — 15s. For the transmission
electron microscopy examination, the samples were
prepared by mechanical polishing to a disk thickness
of about 100 pm. Further thinning to reach a thick-
ness appropriate for electron transparency was car-
ried out by electropolishing using Struers electrolyte
A2. In the case of the PR samples, the microstructure
was analyzed in the center of the samples. In the case
of the HPT samples, for microstructure analysis of the
cross sections, disks with a diameter of 3 mm were
cut from the edge regions of each disk so that the
areas of observation were 3.5 mm from the central
point. Further thinning was carried out by means of a
conventional procedure. Qualitative and quantitative
studies as well as the percentage share of the
recrystallized areas of the microstructures were con-
ducted using stereological and image analysis meth-
ods [36, 37]. The grain size was determined as the
equivalent diameter, d,, defined as the diameter of a
circle having an area equal to the surface area of a
given grain. The grain shape was described by grain
elongation factor, defined as the ratio of the maxi-
mum to the equivalent diameter d,x/d>. To establish
the variation of the size of individual grains, a vari-
ation coefficient, CV(d,), defined as the ratio of the
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standard deviation SD (d,) to the mean value, was
determined.

Microhardness measurements were conducted on
polished cross sections of the PR and HPT samples.
These measurements were made using a Zwick
microhardness tester under a load of 200 g. The val-
ues of the Vickers microhardness, Hv, were recorded
along a diameter of the PR and HPT samples with a
separation of 0.1 mm.

Results
X-ray diffraction analysis

Figure 1 shows X-ray diffraction profiles of the as-
received, PR- and HPT-processed samples. The X-ray
diffraction profiles reveal a y-austenite phase (fcc)
without any evidence of e-martensite (hcp) or o'-
martensite (bcc). The greatest broadening of peaks is
observed for the HPT sample and is a result of
microstructure refinement and microstrains.

Microhardness measurements

Microhardness measurements on cross sections of the
PR- and HPT-processed samples after annealing at
900 °C under various pressures for 4 and 10 min are
presented in Fig. 2. After HPT, the microhardness
reaches an average value of 471 Hv0.2, which is
higher by 46 units than after PR. Moreover, the HPT
causes a more homogeneous distribution of micro-
hardness on the diameter since the standard

270000
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Figure 1 X-ray diffraction profiles of as-received, PR-, and HPT-
processed samples.
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Figure 2 Microhardness Hv0.2 of PR- a and HPT-processed
b austenitic stainless steel annealed under 0.1 MPa and 2 and
6 GPa at 900 °C for 10 min and additionally for 4 min under
0.1 MPa.

deviation equals 14 Hv0.2, whereas after PR it is
twice as high (it must be pointed out that the diam-
eter of the HPT sample is two times greater than that
after PR). Annealing under high hydrostatic pressure
has a considerable impact on the microhardness
values of HPT- and PR-processed samples. There is a
tendency for both samples that the higher the pres-
sure during annealing, the higher the microhardness
value retained. However, the PR samples showed
greater microhardness values for annealing under a
pressure of 2 and 6 GPa (301 and 390 Hv0.2, respec-
tively) than the HPT samples (254 and 282 Hv0.2,
respectively). Additionally, annealing was performed
for 4 min at 0.1 MPa. In the case of the PR samples,
the microhardness value after annealing for 4 min
can be compared with that obtained for annealing
under 2 GPa for 10 min (287 and 301 Hv0.2, respec-
tively). In the case of the HPT samples, annealing for
4 min at 0.1 MPa causes changes in the microhard-
ness similar to annealing under 6 GPa (282 and 284
Hv0.2, respectively).
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Microstructure observation
Microstructure observation after plastic deformation

The microstructure of the cross sections is severely
refined in both the PR- and HPT-processed samples,
as presented in Fig. 3. The microstructure observa-
tions are supported by the selected area diffraction
(SAED) patterns from an area having a diameter of
approximately 4 pm. The presence of diffraction
rings in the SAED confirms that the microstructure
has been refined. However, the non-uniform intensity
of the rings in the SAED of the PR sample indicates
that the microstructure is more textured after PR than
after HPT. Moreover, the SAED patterns indicate that
the PR- and HPT-processed samples consist of an y-
austenite phase. In the case of the HPT-processed
sample, one can notice, apart from the y-austenite
phase (fcc), a weak ring from e-martensite phase
(hcp). Some authors suggest that e-martensite is not a
perfect hcp structure, but consider it as a heavily
faulted fcc y-austenite structure with a special
arrangement of stacking faults [38]. The presence of
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an e-martensite phase was not revealed in the X-ray
analysis, probably due to the small volume of this
phase beyond the detection threshold.

Microscopy observations at greater magnifications
reveal that the microstructures of the PR and HPT
samples differ considerably. The microstructure of
the PR sample in cross section is non-homogeneous.
It consists of elongated deformation bands divided
into subgrains of thickness in the range of
50-100 nm and length of 100-300 nm, and defor-
mation nanotwins of thickness of 5-10 nm, as
shown in detail in Fig. 4. In the case of the HPT
sample, in cross section the microstructure has been
transformed into small fragments forming

nanocrystallites. The average grain size is below
100 nm. Inside some grains, one can notice a high
density of dislocations (Fig. 5). It was also observed
that the longest grain axis is oriented parallel to the
HPT shear plane. However, as this has been the
subject of previous research, this issue will not be
further explored here [39, 40].

Figure 3 Microstructures of the a PR- and b HPT-processed samples—cross sections, SAED patterns of ¢ PR- and d HPT-processed

samples.
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Figure 4 Microstructures of the PR-processed sample—cross
section: a global view, b deformation bands, ¢ deformation
nanotwins in the bright field, d SAED pattern from nanotwinned

Microstructure observations after annealing

The microstructures of the PR samples and HPT
samples after annealing at 900 °C under 0.1 MPa, 2
and 6 GPa for 10 min are shown in Fig. 6 (in BSE
mode SEM) and Fig. 7 (TEM). The average equivalent
diameter d,, standard deviation SD (d,) and coeffi-
cient of variation CV(d,) of grains are presented in the
form of charts in Fig.7. An analysis of the
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area of 0.6 pm in diameter, e deformation nanotwins in the dark
field, £ matrix in the dark field.

microstructures of HPT 10 0.1 MPa and
PR 10 0.1 MPa leads to the conclusion that the
samples are fully recrystallized. The average equiv-
alent diameter is greater for the PR_10_0.1 MPa than
for the HPT_10_0.1 MPa (4.3 and 2.0 pm, respec-
tively). Furthermore, the microstructure elongation
factor values are comparable (1.35 and 1.28, respec-
tively, for PR _10_0.1 MPa and HPT_10_0.1 MPa),
which indicates fully equiaxial grain structure.
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Figure 5 Microstructures of the HPT-processed sample—a in the bright field, b in the dark field, obtained by selecting a part of a
diffraction ring from the (111) planes.
PR_10_0.1MPa

PR_10_2GPa PR_10_6GPa

P

HPT_10 _2GPa HPT_10_6GPa

PR_4_0.1MPa

i

Figure 6 a Microstructures of PR-processed samples after anneal- 900 °C for 10 min under 0.1 MPa, 2 and 6 GPa; ¢ microstructures
ing at 900 °C for 10 min under 0.1 MPa, 2 GPa and 6 GPa; of PR- and HPT-processed samples after annealing at 900 °C for
b microstructures of HPT-processed samples after annealing at 4 min under 0.1 MPa; SEM in BSE mode.
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Figure 7 a Microstructures of PR-processed samples after anneal-
ing at 900 °C for 10 min under 0.1 MPa, 2 and 6 GPa;
b microstructures of HPT-processed samples after annealing at

Nevertheless, they differ in the value of the coeffi-
cient of variation, which is significantly higher for the
PR _10_0.1 MPa (0.79) than for the HPT 10 _0.1 MPa
(0.47). This implies that the distribution of the
equivalent diameter in the PR _10_0.1 MPa is wider
than in the HPT_10_0.1 MPa. The smaller grains in
the PR 10 0.1 MPa contain some dislocations,
whereas the HPT_10_0.1 MPa contains grains free
from dislocations.

Applied annealing pressure at 900 °C hinders
recrystallization and grain growth in the PR-pro-
cessed samples and grain growth in the HPT-pro-
cessed samples. In the case of the PR samples, the
equivalent diameter reaches 0.42 pm under 2 GPa

@ Springer
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PR_10_6GPa

900 °C for 10 min under 0.1 MPa, 2 and 6 GPa; ¢ microstructures
of PR- and HPT-processed samples after annealing at 900 °C for
4 min under 0.1 MPa; TEM.

and only 0.087 um under 6 GPa. Between the
recrystallized areas, one can notice areas where there
has been no recrystallization. In the case of the HPT
samples, the equivalent diameter reaches 1.35 pm
under 2 GPa and 0.58 um under 6 GPa, which is
greater than in the PR samples. Moreover, in contrast
to the PR samples, there are no non-recrystallized
areas between the recrystallized grains. As well as
investigating the effect of high hydrostatic pressure
on the equivalent diameter of the PR and HPT sam-
ples, attention was paid to the impact of high
hydrostatic pressure on the elongation parameter and
coefficient of variation. It seems that the high
hydrostatic pressure applied had no impact on the



J Mater Sci (2018) 53:11823-11836

elongation parameter, which was approximately 1.3
for all annealing conditions for both the PR and HPT
samples. Nevertheless, the pressure applied during
annealing had a significant impact on the coefficient
of variation. There are two tendencies visible. In the
case of the PR samples, the coefficient of variation
decreases with an increase of pressure from 0.79
under 0.1 MPa to 0.46 under 6 GPa, whereas in the
case of the HPT samples it increases from 0.47 under
0.1 MPa to 0.64 under 6 GPa. It means that the
abnormal grain growth, represented by a high coef-
ficient of variation, is favorized in the PR sample
under the atmospheric pressure and in the HPT
sample under the increased pressure.

To verify whether annealing under high hydro-
static pressure leads to the creation of similar
microstructures as does conventional annealing, but
over a shorter time, additional experiments of
annealing under 0.1 MPa were performed. The
microstructures obtained are presented in Figs. 6 and
7. The average equivalent diameter d,, standard
deviation SD (d,) and coefficient of variation CV(d,)
of the grains are presented in Fig. 8. This experiment
makes it possible to observe that the retardation of
annealing induced by annealing at 2 GPa for 10 min
in the case of the PR samples can be compared with
annealing for 4 min under 0.1 MPa (d; = 0.42, dpnax/
d, = 1.31, CV(d,) = 0.78—for PR _10 2 GPa, d, = 0.44,
Amax/d> = 1.39, CV(d,) = 0.74—for PR_4_0.1 MPa). In
the case of the HPT samples, 4-min annealing at
0.1 MPa causes similar changes in the microstructure
as annealing at 6 GPa for 10 min (d; = 0.58, dpax/
d, =131, CV(d,) = 0.64—for HPT_10_6 GPa,
d, = 0.55, Amax/dr = 1.33, CV(dy) = 0.54—for
HPT_4 0.1 MPa). One difference in the microstruc-
ture between HPT_10 6GPa and HPT 4 0.1 MPa lies
in the value of the coefficient of variation, which is
significantly higher for annealing at 6 GPa than at
0.1 MPa.

Discussion

Comparison of the thermal stability of HPT-
and PR-processed samples under 0.1 MPa

Even though the TEM observations confirmed the
refinement of the microstructures of the HPT- and
PR-processed samples, their behavior during
annealing under 0.1 MPa was different. The
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differences are visible after annealing for 4 and
10 min. After 4 min of annealing, it can be noticed
that in the PR-processed samples discontinuous
recrystallization occurred, whereas in the HPT-pro-
cessed samples the recrystallization was continuous.
This discontinuous recrystallization (frequently
called primary recrystallization) is the result of an
inhomogeneous microstructure produced during
deformation. If the microstructure after deformation
is inhomogeneous, which is true for low-to-moderate
strains (in the case of the PR-processed samples
— ¢ = 3.4) during deformation, it means that there are
preferred sites for the formation of nuclei having high
local misorientations, e.g., highly misoriented regions
within deformation bands [41]. The process of
heterogeneous nucleation leads, over a longer
annealing time, to a microstructure that is fully
recrystallized but of diversified grain size. In the case
of the austenitic stainless steel, continuous recrystal-
lization was reported for a total strain of 6.4 reached
during multi-axial compression [42]. During anneal-
ing of the HPT-processed sample that was deformed
to a high strain of 79, the strain-induced high-angle
grain boundaries change to conventional ones. As a
result, homogeneous nucleation and, for longer
times, normal grain growth were perceived. This
kind of behavior has been previously observed in
austenitic stainless steels deformed by HPT and
subsequently annealed [43].

Moreover, after 10 min of annealing, the HPT-
processed samples showed smaller grain size than
the PR-processed samples. The visibly enhanced
thermal stability here may be explained by the fact
that, during heating, the recovery of the non-equi-
librium grain boundary structure (definitely present
in a higher volume in the HPT-processed samples
than in the PR-processed samples) proceeds quite
rapidly due to their high diffusivity [44]. Non-equi-
librium grain boundaries are specific grain bound-
aries that possess an increased free energy density,
increased width, a high density of dislocations asso-
ciated with the near-boundary region, and corre-
spondingly large residual microstrains [8]. This leads
to a rapid decrease in the driving force of the grain
growth. Another important factor explaining the
enhanced thermal stability of a HPT sample is the
more uniform microstructure after deformation in the
case of HPT than in a PR-processed sample. The
impact of the uniform microstructure on the thermal
stability was proven in the experiment on
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molybdenum [9]. The thermal stability of molybde-
num processed by HPT exceeded significantly the
respective one for multi-step forging despite the
lower deformation degree in the latter case, which
was related to the more homogeneous grain size
distribution in the former case. As a result, the
mobility of grain boundaries decreases, which results
in their enhanced thermostability.

Impact of high hydrostatic pressure
on recrystallization and grain growth
in nanostructured austenitic steel 316LVM

The above results indicate that hydrostatic pressures
of 2 and 6 GPa have a considerable impact on the
process of recrystallization and grain growth in the
PR samples and mainly on grain growth in the HPT
samples. The fact that increasing the annealing
pressure retards recrystallization and grain growth
has been investigated in the past in numerous studies
[20-27]. For example, in one such early study, it was
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found that a pressure of 4.2 GPa applied while
annealing polycrystalline copper cold-rolled to 98%
retarded both the initiation and the rate of recrystal-
lization [20]. In another work, it was proved that that
grain growth decreased by a factor of 1.3 under a
high pressure of 1.2 GPa in aluminum rolled to a 90%
reduction [26]. A similar effect of recrystallization
retardation was observed during annealing at 300 °C
of an Al-2%Mg alloy under an applied stress of
10 MPa [45].

In the present study, one fact that requires some
explanation is the considerable difference in the
retardation of the rate of recrystallization and grain
growth between the PR- and HPT-processed samples.
Such an explanation must take into consideration the
different nature of the grain boundaries in the PR-
and HPT-processed samples, despite the fact that
both samples possess highly refined microstructures.

1. Firstly, in the PR-processed samples, most of the
microstructure is occupied by nanotwins and
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elongated deformation bands consisting of sub-
grains, whereas in the HPT-processed samples
there is a preponderance of nanograins. In pre-
vious studies on micrograined materials, it was
explained that low-angle grain boundaries, pre-
sent in the PR samples, move by the vacancy
diffusion mechanism [26]. However, the vacancy
concentration in the material decreases with
increasing pressure during annealing [26]. For
this reason, the movement of low-angle grain
boundaries is strongly slowed down during
annealing under high hydrostatic pressure. This
explains the fact that there are non-recrystallized
areas in the PR-processed samples after annealing
under high hydrostatic pressure. Moreover, in the
PR samples there is a high density of nanotwin
boundaries viewed as 60° <111> twist boundaries
or 70.5° <110> tilt boundaries. It is known that
<110> tilt boundaries move by some cooperative
motion of several atoms, while <100> and <111>
tilt boundaries move by a single atom mecha-
nism, which can be achieved more easily under
high hydrostatic pressure [21, 22]. This fact also
explains the retardation of recrystallization under
high hydrostatic pressure in the PR-processed
samples. A strong retardation of grain growth
was also observed in a nanotwinned austenitic
stainless steel refined by HE after annealing for
10 min under a pressure of 6 GPa (d; = 133 nm).
The behavior of HE-processed and PR-processed
samples during annealing under high hydrostatic
pressure confirms that the migration of twins
boundaries is hampered under high pressure.

2. Secondly, these samples differ in the equivalent
strain applied during deformation, which was 3.4
and 79 for the PR- and HPT-processed samples,
respectively. According to previous studies, the
higher the plastic deformation and hydrostatic
pressure applied during deformation, the higher
the density of vacancies in the material [46, 47].
The excess vacancy concentration in pure Cu and
Ni samples processed by HPT can achieve values
of (0.9-20)*10"(—4) [46, 47], whereas in «’-marten-
site processed by HPT the equivalent value are
(5.2 £ 3.6)*10"N(—4) [48]. Since austenitic stainless
steel is a material having a low stacking fault
energy and a high melting temperature, one can
predict that a high density of agglomerated
vacancies will appear in the HPT-processed
samples, as opposed to the PR-processed
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samples. This means that even though the
vacancy concentration decreases with increasing
pressure during annealing, in the HPT-processed
samples it must be much higher than in the PR-
processed samples during annealing under high
hydrostatic pressure, enabling dislocation climb-
ing and the migration of grain boundaries even
under a pressure of 6 GPa.

3. Thirdly, in the HPT-processed samples one can

expect to find a high density of non-equilibrium
grain boundaries. The specific structure of grain
boundaries affects diffusivity, which is much
higher than in the case of general high-angle
grain boundaries and highly defected twin
boundaries. It is also possible that there is a
certain fraction of non-equilibrium grain bound-
aries present in the PR-processed samples, as it is
highly deformed. Nevertheless, that value is
much lower than in the HPT-processed samples.
During annealing under 0.1 MPa, the rapid
recovery of such boundaries may decrease their
mobility. In contrast, under high pressure, such a
rapid recovery may be suppressed, and the
enhanced diffusivity and excess energy of the
non-equilibrium boundaries may act as a driving
force for grain growth.

Does annealing under high hydrostatic
pressure result in the same microstructure
as under atmospheric pressure?

In order to answer this question, experiments in
which PR- and HPT-processed samples were
annealed for 4 min under 0.1 MPa were performed.
The results were compared with the microstructures
obtained for annealing under 2 and 6 GPa for 10 min.
It was discovered that, in the case of the PR-pro-
cessed samples, the microhardness and microstruc-
ture after 4 min of annealing under 0.1 MPa are
comparable to the values obtained after 10 min under
2GPa. However, they differ slightly in the percentage
of the recrystallized area, which is greater for the
PR_10_2GPa—approximately =~ 80%  than  the
PR_4_0.1 MPa—approximately 70%. The HPT-pro-
cessed samples annealed for 4 min under 0.1 MPa
were fully recrystallized and can be compared with
the samples annealed for 10 min under 6 GPa.
However, they differ slightly in the value of the
coefficient of variation, which is greater for the
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samples annealed under high hydrostatic pressure.
This might result from the fact that under high
pressure applied during annealing the migration of
vacancies is highly reduced and various grain
boundaries tend to migrate by various mechanisms
and consequently at various rates [49].

Conclusions

1. HPT processing allows obtaining the nano-
grained austenitic stainless steel 316LVM, while
ultrafine grained one (with a mixture of nan-
otwins and elongated deformation bands) can be
obtained by a more conventional processing of
PR.

2. Annealing under atmospheric pressure revealed
that HPT-processed samples are more thermally
stable when compared to PR-processed one. This
was attributed to the more uniform microstruc-
ture of a HPT samples and their higher content of
non-equilibrium grain boundaries, which have
the tendency to a rapid recovery during heating
drastically reducing the driving force for grain
growth.

3. Annealing under high hydrostatic pressures of 2
and 6 GPa retards the processes of recrystalliza-
tion and grain growth in samples processed by
both methods; however, the retardation is much
more pronounced for a PR-processed samples.
This was related to such microstructural features
of HPT samples as a higher vacancy concentra-
tion, lower frequency of low-angle grain bound-
aries and higher fraction of non-equilibrium grain
boundaries, which all enhance the mobility of
grain boundaries under high pressure.

4. The microstructure reorganization during anneal-
ing under high pressure proceeds in the same
way as during annealing under atmospheric
pressure; however, for the latter the same grain
size is obtained after shorter annealing time.
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Phenomena Occurring in Nanostructured Stainless
Steel 316LVM during Annealing under High Hydrostatic

Pressure

Agnieszka T. Krawczynska,* Stanislaw Gierlotka, Przemyslaw Suchecki, Daria Setman,
Boguslawa Adamczyk-Cieslak, Michal Gloc, Witold Chrominski,

Malgorzata Lewandowska, and Michael Zehetbauer

The aim of the study is to demonstrate the impact of high hydrostatic
pressure annealing on the grain boundary character, precipitation rate, and
susceptibility to intergranular corrosion of nanostructured austenitic stainless
steel 316LVM. To this end, samples of an austenitic stainless steel are
deformed by high pressure torsion and subsequently annealed at 900 °C for
10 min under a pressure of 2, 6 GPa and, for comparison, under atmospheric
pressure. The resulting microstructures are examined using electron beam
scattering diffraction, and transmission and scanning electron microscopy. It
is shown that the pressure applied during annealing leads to a higher
percentage of high-angle grain boundaries than does atmospheric pressure.
Moreover, it promotes the coexistence of two orientations, <111> and
<100>, whereas atmospheric supports mainly <111>. High pressure

materials after severe plastic deformation
(SPD). Thus produced nanostructured
materials show excellent strength, often
accompanied by reduced ductility com-
pared to coarse-grained materials.'™*! For
example, in austenitic stainless steel de-
formed by high pressure torsion (HPT),
which is one of the SPD techniques, the
ultimate  tensile  strength  reached
2250MPa, but the elongation to failure
was far below 5%.1* Therefore, annealing
may be an effective method for controlling
microstructure, for example, to improve
ductility at little cost to strength and good
corrosion resistance. Moreover, a well-

hinders the growth of carbides, but drastically increases their number
compared with atmospheric pressure annealing. As a consequence, the
highest number of Cr,3C¢ carbides are present in the sample annealed under
6 GPa, making this sample susceptible to intergranular corrosion.

1. Introduction

Heat treatment has a significant impact on the properties of
metals after plastic deformation, especially when it is applied to
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selected annealing treatment and condi-
tions may enable enhanced material per-
formance to be achieved through the
engineering of grain boundaries.”’

Various heat treatment methods have
been studied and proposed as effective
methods for controlling the microstructure
of different materials. Most articles focus
on conventional heat treatment.**® This can be successful in
improving the mechanical properties obtained in ultrafine-
grained steel deformed by HPT and subsequently annealed at
723°C. A remarkably good combination of yield strength
(1330 MPa) and elongation to failure (43%) obtained in such a
process has been attributed to the almost full reversion of
martensite into austenite at a grain size of approximately
200 nm.[ However, it seems that, by applying unconventional
annealing techniques, new possibilities arise of producing
microstructures unachievable by conventional annealing. One
such approach is electropulsing treatment (EPT) — applying a
high-density electric current to a deformed material.”** It has
been suggested that microstructural changes occur due to the
thermal effect caused by Joule heating,'*' although the exact
mechanisms have not been yet completely elaborated. It has
been reported that after such heating the recrystallization
kinetics of copper were accelerated, as was the recrystallization
and grain growth of cold-rolled a-Ti."***! Moreover, EPT can
enhance the precipitation rate, as has been observed during
electric-current-assisted aging in AA6061 alloy.'® Summing up
the research on EPT, it must be underlined that this treatment
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enables new microstructures to be created by the acceleration of
diffusion processes. However, when recrystallization and grain
growth are accelerated, it is difficult to control microstructural
changes.

More promising, then, is a technique that reduces the rate of
recrystallization, grain growth, and precipitation. In this context,
the authors propose high hydrostatic pressure annealing. Their
previous work on annealing an austenitic stainless steel under
high hydrostatic pressure showed that this annealing technique
can lead to an unprecedented strength-plasticity balance,
meaning an ultimate tensile strength of almost 1250 MPa
combined with a uniform elongation of 7.7% and a total
elongation of 24% (sample geometry: a cross-section of
0.4 x 0.3mm and a gauge length of 1 mm) when compared to
the results obtained for an austenitic stainless steel after HPT
and conventional annealing at 450°C, meaning an ultimate
tensile strength of 1500 MPa with a uniform elongation of 2%
and total elongation of 10% (sample geometry: a cross-section of
0.7 x 0.4 mm and a gauge length of 2.5 mm).""”*# Earlier studies
explained that high hydrostatic pressure slows down diffusion
processes, which depend on the motion of vacancies.'! As a
result, the higher the pressure applied the more retarded the
grain boundary mobility. This behavior of materials has been
confirmed in aluminum bicrystals, copper, a-brass, and
austenitic steel.'’~??) However, the question of the impact of
high hydrostatic pressure during annealing on the precipitation
rate has never been raised before. It is predictable that the
precipitation rate will be reduced, since this phenomenon, as
well as grain growth, is diffusion-driven. However, the extent to
which it will be reduced should be investigated experimentally. It
must be emphasized that, in austenitic stainless steel, the
presence of precipitates of the M,;Cq type (where M is Cr) at
grain boundaries during annealing in a temperature range from
480 to 815 °C is the cause of their susceptibility to intergranular
corrosion.”*** On the one hand, therefore, precipitates may be
disadvantageous; on the other hand, they can lead to hardening
when they appear in the form of nanostructure clusters in a
ultrafine-grained austenitic steel.*>¢!

In the present study, the influence of high hydrostatic
pressure annealing on the grain boundary character, precipita-
tion rate, and susceptibility to intergranular corrosion was
investigated for an austenitic stainless steel 316LVM deformed
by HPT. Additionally, a conventional heat treatment using a
furnace was performed for the sake of comparison.

2. Experimental Section

Sandvik Bioline 316LVM austenitic stainless steel was used; this
is a low-carbon, vacuum-melted 316L grade stainless steel, UNS
S31673 certified to ASTM F138, supplied as annealed in the form
of 50 mm diameter rods, with a chemical composition in wt% as
follows: 0.023C-0.6Si-1.7Mn-17.5Cr-13.5Ni-2.8Mo.

The material was cut into disks with a diameter of 10 mm and
a thickness of 0.8mm. The disks were processed at room
temperature using an HPT device, at a constant pressure of
6 GPa. The disks were torsionally strained to five revolutions.
The strain was well defined as simple shear, y, and was
calculated according to the equation y = 2% x r x n/t, where r, n,

Adv. Eng. Mater. 2018, 1800101
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and t are the distance from the torsion axes, the number of
applied revolutions, and the mean thickness of the sample,
respectively. All of the microstructure observations and analyses
were performed 1.5 mm from the sample edge. For this reason,
the equivalent strain &,,="7/ \/3, which is 79, was calculated
3.5mm from the central point of the sample after five
revolutions.

After the HPT experiments, disks of 5mm in diameter were
cut in such a way that the radius of the sample after HPT became
the diameter of the sample for the annealing experiments. The
dimensions of the samples were limited by the dimensions of
the toroidal high-pressure cell. The samples were annealed at
900 °C for 10 min, under either atmospheric pressure (0.1 MPa)
or a hydrostatic pressure of 2 or 6 GPa. A toroidal high-pressure
cell was used for the high pressure annealing, and a conventional
furnace for the atmospheric pressure annealing. Further on in
this text, these samples will be referred to as HPT_0.1 MPa,
HPT_2 GPa, HPT_6 GPa."”%’]

A texture analysis of the HPT-processed samples was
performed on a Bruker D8 Advance diffractometer with
nickel-filtered copper radiation (= 0.154 056 nm). The texture
was measured over an area of approximately 1.5 mm? (the beam
diameter was 1 mm), 1.5mm from the sample edge. The <11
1>,<200>, <22 0>, and <3 1 1> pole figures were measured.
The pole figures are characterized by the two angles: a and p. The
ais a tilt angle from sample surface normal direction and the  is
rotation angle around sample surface normal direction. The
obtained diffracted intensity data is plotted as a function of a and
B angles. During experiment the reflection technique was used
and the pole figures were measurements from 0° at the center to
70° at the edge (a angle) and from 0° to 360° (B angle). The
complete pole figures were calculated using the LaboTex v 3.0
program.

Taking into account that the texture changes on the radius of
the sample, the EBSD technique seems to be more accurate than
X-ray texture measurement where the signal comes from a much
larger area. Therefore, for samples after annealing, the texture
was analyzed using the EBSD technique. EBSD cannot be
applied for the HPT-processed sample as the microstructure
contains a high density of defects and microstructure elements
of sizes below the resolution of the EBSD technique. The EBSD
orientation mapping was performed on a Hitachi SU70
analytical scanning electron microscope (acceleration voltage
of 20kV) equipped with a Schottky emitter. For the scanning
electron microscopy examination, the samples were prepared by
electropolishing using Struers electrolyte A3. The parameters for
electropolishing were as follows: voltage —15V, time —15s.
Depending on the degree of deformation, various step sizes for
the EBSD analysis were used to capture the details of the
microstructure, that is, 200, 150, and 40nm for the HPT_0.1
MPa, HPT_2 GPa, and HPT_6 GPa samples, respectively. The
index rate of the Kikuchi maps during the EBSD scans was close
to 90%. Data analysis and orientation maps were prepared with
dedicated HKL Channel5 software. On the orientation maps,
those boundaries having a misorientation angle between 5° and
15° are indicated by white lines, and boundaries with a
misorientation angle greater than 15° by black lines.

The microstructure of the samples was investigated using a
Hitachi SU8000 scanning electron microscope working at 5kV

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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in the back-scattered electrons (BSE) mode, a JEOL JEM 1200 EX
transmission electron microscope working at 120kV and a
Hitachi HD2700 scanning electron microscope working at
200kV in the Z-contrast (ZC) mode. An EDS analysis of the
precipitates was performed using a Hitachi HD2700 scanning
electron microscope. For the transmission electron microscopy
examination, the samples were prepared by mechanical polish-
ing to a disk thickness of about 100 pm. Further thinning to
reach a thickness appropriate for electron transparency was
carried out by electropolishing using Struers electrolyte A2.

For the corrosion tests, the samples were ground and
polished. The corrosion tests were performed in an aqueous
solution consisting of 450 mL concentrated HNOs and 9g NaF
dm > (according to ASTM A262-77a). The corrosion resistance
was evaluated based on microstructural observations.

Qualitative and quantitative studies of the precipitates and
dimples were conducted using stereological and image analysis
methods.”®?? Their size was determined as the equivalent
diameter, d,, defined as the diameter of a circle having an area equal
to the surface area of a given precipitate/dimple. The precipitate/
dimple shape was described by the elongation factor, defined as the
ratio of the maximum to the equivalent diameter d,,,/d,. To
determine the variation of the size of individual precipitates/
dimples, a variation coefficient, CV(d,), defined as the ratio of the
standard deviation SD to the mean value, was established. The
spatial distribution of the precipitates and dimples was described
by SKIZZ tessellation.®?? In this method, Voronoi (Av) cells
surrounding each particle are generated. The variation coefficient
of the Voronoi cells area, CV (Av), describes the uniformity of the
spatial distribution of elements.

3. Results

3.1. Microstructure Observation and Texture Analysis after HPT

The microstructure visible on the cross-section is severely
refined in the HPT-processed samples, as presented in Figure 1.
The microstructure was transformed into small fragments
forming nanocrystallites. The average grain size is below
100nm, as is clearly evident in the dark field image
(Figure 1b). Inside the grains there is a high density of
dislocations and deformation twins. There are no shear bands
visible. In a selected area diffraction pattern (SAED) one can

e e | d
! __|i + d
e % h%‘-‘“"‘&-
Figure 1. Microstructures of a HPT-processed sample parallel to the surface of the HPT disk a)

in the bright field, b) in the dark field from planes (220); TEM images; SAED from an area of
4um in diameter in the left top corner of the bright field image.
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Figure 2. <111>recalculated pole figure of a HPT-processed sample,
data collected parallel to the surface of the HPT disk.

notice rings, which confirm the microstructure refinement and
high misorientation angles between individual grains. Moreover,
there were no precipitates present. However, since the
microstructure characterization of the HPT-processed sample
has been the subject of previous research, this issue will not be
further explored here.’>*" In addition to the microstructure
characterization, a texture analysis was performed, as shown in
Figure 2. The measured texture is averaged over an area of
approximately 1.5 mm? Results indicate that crystallites took a
random orientation, the volume fraction of each of the
orientations: <111> and <100>, analyzed farther for annealed
under high hydrostatic pressure samples, is below 5%. One may
expect that the results of measurements depend on the distance
from the rotation axis, number of rotations and pressure.

3.2. The Impact of High Hydrostatic Pressure Annealing on
the Misorientation of Grain Boundaries and Twinning
Frequency using EBSD Technique

EBSD orientation maps of samples annealed under a pressure of
0.1 MPa, 2 and 6 GPa are presented in Figure 3. The samples
have a microstructure typical of a recrystallized, low stacking
fault energy material. It consists of coarse grains having a
privileged orientation of <111> parallel to the
HPTrotation axis. However, it must be noticed
that in the HPT_2 GPa and HPT_6 GPa, apart
from the privileged orientation of <111>,
some grains are at an orientation of <100>
(marked by red on the maps), approximately
6.4% and 4.2% for the HPT_2GPa and
HPT_6GPa, respectively. (To calculate the
fraction of <100> grains, the grains whose
orientation varied by 10 degrees from the ideal
orientation were taken into account). It seems
that high hydrostatic pressure promotes the
appearance of the orientation <100>, which
in a conventionally annealed sample consti-
tutes only 0.9%.
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phase no phase transformation occurred
during annealing under the atmospheric or
increased hydrostatic pressures.

3.3. The Impact of High Hydrostatic
Pressure Annealing on Precipitate Size,
Shape, and Distribution

It should be noted that precipitates were evident
in all of the HPT-processed samples annealed at
various pressures, as presented in Figure 5. They
formed at grain boundaries as well as inside
grains. However, the pressure had affected their
size, shape, and distribution, as summarized in
Table 1. Firstly, one can notice that the higher the
pressure, the lower the precipitate size. After
annealing under 0.1 MPa, the average precipitate
size is 131nm whereas it becomes slightly
smaller, 119 nm, after annealing under 2 GPa. A
further increase in annealing pressure to 6 GPa
leads to a reduction in precipitate size to 36 nm.
In contrast, CV(d,) parameter, which quantifies

101

the size diversity, increases slightly with in-
creased pressure, from approximately 0.43 for
pressures 0.1 MPa and 2 GPa to 0.56 for 6 GPa.
The precipitates are slightly elongated, as
expressed in the value of dy,.x/d,, which varies
from 1.24 for 0.1MPa to 1.40 for 6GPa.
Moreover, the density of the precipitate distribu-
tion, shown by the value of Av, is similar when
pressures of 0.1 and 2 GPa are applied (3.11 pm?

Figure 3. EBSD orientation maps of samples annealed under a) 0.1MPa, b) 2GPa, c) 6 GPa
parallel to the surface of the HPT disk and with a shorter side of a map parallel to a sample
radius; d) grain orientation colour code; €) corresponding inverse pole figures.

The misorientation angle distribution from the EBSD
measurements is presented in Figure 4. In all samples, there
is a prevalence of high-angle grain boundaries, understood as
boundaries of an angle greater than 15 degrees. It is important to
point out that the samples differ in their percentage of low-angle
grain boundaries, which is 27% for the HPT_0.1 MPa and 12%
for the HPT_2GPa and HPT_6GPa samples. This might
suggest that the pressure somehow stimulates the creation of
high-angle grain boundaries.

Moreover, in all samples, annealing twins appeared, which is
indicated in Figure 4 as boundaries of the misorientation angle of
60°. The annealing twin frequency was 23%, 29%, and 21% for
HPT_0.1 MPa, HPT_2 GPa, and HPT_6 GPa, respectively. The
differences in the annealing twin frequency are negligible among
the samples annealed under various hydrostatic pressures.

The impact of annealing under a pressure of 0.1 MPa, 2 GPa,
and 6 GPa at 900 °C for 10 min on grain size and shape has been
previously described and analyzed and will not be discussed in
detail in this paper.*?! The main conclusion can be drawn that
the pressure retards the grain growth which was 2.0, 1.35, and
0.58 um for annealing pressures of 0.1 MPa, 2 GPa and 6 GPa,
respectively. Since the HPT sample consisted of the austenitic
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for 0.1MPa and 3.95um?® for 2GPa). The
precipitates are more densely distributed — Av
equals 0.28 um?-when the pressure is increased
to 6GPa. The heterogeneity of the spatial
distribution of elements, described by CV(Av),
increases when high hydrostatic pressure is applied, from 0.31 after
annealing under 0.1 MPa to 0.63 and 0.57 after annealing under 2
and 6 GPa, respectively.

In the EDS spectra presented in Figure 6, one can notice
significantly higher peaks of Cr and Mo for the spectra taken
from regions containing precipitates when compared to the
spectra taken from the matrix. It indicates that precipitates rich
in Mo and also Cr are present in the samples, irrespective of the
pressure applied. Cr-rich precipitates are particularly hazardous,
as their formation reduces chromium content in the area close to
the grain boundaries, which induces inter-granular corrosion. In
order to verify whether the precipitates present in the samples
after annealing could deteriorate the corrosion resistance to
inter-granular corrosion, corrosion tests were performed.

3.4. The Impact of High Hydrostatic Pressure Annealing on
Inter-Granular Corrosion Resistance

Before commencing the corrosion tests, the surfaces of the
samples were observed. They were totally free of dimples or
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Figure 4. Misorientation angle distribution from EBSD measurements of
samples annealed under a) 0.1 MPa, b) 2GPa, and c) 6 GPa.

scratches, as indicated in Figure 7a—c. The surfaces after the
corrosion tests are shown in Figure 7d-g. In the case of the
HPT_0.1 MPa and HPT_2 GPa, dimples seldom appear on the
sample surfaces. The HPT_6 GPa behaves differently, having
dimples uniformly distributed across the surface. These
dimples could be the effect of corrosion of the areas
surrounding the Cr-precipitates resulting from the reduced
chromium content. The etched dimples did not form etched
lines along grain boundaries characteristic for the advanced
intergranular corrosion. Therefore, it is highly probable that in
the HPT_6 GPa sample inter-granular corrosion is at the initial
stage. The average size of the etched dimples was 250 nm and
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the average size of the Voronoi cell area was 1.51 um?. The latter
is larger than that calculated for the precipitates (0.28 um?),
which suggests that not all the precipitates in the HPT_6 GPa
sample are Cr,3Cq carbides.

4, Discussion

4.1. The Impact of High Hydrostatic Pressure Annealing on
the Character of Grain Boundaries

Our discussion must include the effect of pressure on the
percentage of low-angle grain boundaries. It was noticed that
samples annealed under high hydrostatic pressure showed
approximately half the number of low-angle grain boundaries
(12%) than the sample annealed under atmospheric pressure
(27%). This observation suggests that a pressure of 2-6 GPa
hinders the movement/creation of low-angle grain boundaries.
It must be pointed out that, after HPT, high-angle grain
boundaries that possess specific non-equilibrium structures
prevail. They are characterized by increased free energy density,
increased width, high density of dislocations, and large residual
microstrain.>*=* Apart from these, there are also general high-
angle grain boundaries whose structure is similar to those of
relaxed high-angle grain boundaries, highly-defected twin
boundaries, and low-angle boundaries. One may, therefore,
assume that, during annealing under high hydrostatic
pressure, it is mainly the high-angle grain boundaries that
migrate, and that, while in motion, they probably engulf areas
with low-angle grain boundaries. For this reason, their
percentage is higher in the samples annealed under 2 and
6 GPa than in those annealed under 0.1 MPa. As suggested in
the literature, low-angle grain boundaries are well ordered and
can migrate only by the vacancy migration mechanism, which
is strongly limited under high pressure annealing because
vacancy concentration decreases with increased pressure.!'”)
Therefore, during higher pressure annealing the migration of
high-angle grain boundaries may be the reason of the
disappearance of low-angle grain boundaries and it seems to
be the deterministic factor.

Another issue that the authors would like to address is the
impact of high hydrostatic pressure on the evolution of
privileged orientations. There are many factors that have an
impact on the texture created during annealing, namely prior
grain size and texture, strain, time, annealing temperature, and
the rate of heating. The results obtained indicate that the high
hydrostatic pressure annealing must be added to this list. In fcc
metals after deformation, one usually observes the occurrence
of the cube ({001}<100>) texture. The orientation <100>
prevails in the as-received material.**! However, in this study in
a HPT_0.1 MPa sample the orientation <111> dominates. It
might be due to the fact that in metals after large deformation,
the network of high-angle grain boundaries prevails. During
annealing those grain boundaries change to conventional ones.
Subsequently recrystallization occurs by small-scale boundary
migration.®”) Since it is established that certain misorientations
meaning 40° <111> result in high mobility boundaries, the
prevailing orientation <111> is an effect of such a
phenomenon.
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Figure 5. Microstructures of HPT-processed austenitic stainless steel annealed under hydrostatic pressure of a) 0.1 MPa, b) 2 GPa, c) 6 GPa; exemplary
precipitates, indicated in orange circles, are visible as bright dots in the BSE-SEM mode and ZC-STEM mode.

Table 1. Parameters of precipitate size, shape (dza,, SD (d2), CV(d2),
dmax/d2) and distribution (Av,, SD(Av), CV(Av)) after annealing under
0.1MPa, 2 GPa, and 6 GPa.

doay [nM] SD (do)  CV(da) dmax/d2  Avay [um?]  SD(Av) CV(AV)
0.1 MPa 131 57 0.43 1.24 3.1 0.60 0.31
2 GPa 119 50 0.42 1.29 3.95 2.49 0.63
6 GPa 36 20 0.56 1.40 0.28 0.16 0.57

Within the present study, two main orientations <111> and
<100> were analyzed. One can notice that, during annealing under
high hydrostatic pressure, the orientation <100> appears apart
from the dominant <111>, suggesting that the high pressure
supports the coexistence of these two orientations, whereas
atmospheric pressure supports mainly <111>.This phenomenon
might be explained in the following way. During annealing under
the atmospheric pressure high-angle grain boundaries migrate

easily in a HPT-processed steel. As a result a microstructure
consisting of <111> oriented grains is created (It was proved
experimentally that <111> boundaries show the highest mobil-
ity).’® In contrast, under the increased pressure the movement of
boundaries is more limited. For this reason, the delivered energy
during heating may enable nucleation of new recrystallized grains of
the orientation <100>. The fact that newly recrystallized grains gain
the orientation <100> might be explained in the following way: the
cube component has the lowest possible Taylor factor and consumes
the higher Taylor factor texture components.?® It seems that this
issue was neglected in previous studies on the impact of high
hydrostatic pressure annealing on microstructure. This could be due
to the fact that higher pressure slows down recrystallization and
grain growth. For this reason, even after 240 min of annealing an Al-
2%Mg alloy under 10 MPa, the rolling texture remained stable with
no significant reduction in intensity.*”)

In contrast to the visible impact of pressure on the amount of
low-angle boundaries and texture, high hydrostatic pressure
during annealing has a negligible effect on twinning frequency.
The similarity in the twinning frequencies among the HPT_0.1

a) ] e b) Mn C) o0
e £ ™
- c- i &l
P g E=-
a FRLE 2 o
£.] «l; E. E.l
Energy [keV] Energy [keV] Energy [keV]

Figure 6. Exemplary spectra collected from matrix (red line) and from precipitates (black line) of an austenitic stainless steel annealed under hydrostatic

pressure of a) 0.1MPa, b) 2GPa, and c) 6 GPa.
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MPa, HPT_2 GPa, and HPT_6 GPa samples may be due to the
fact that the probability of twin appearance is a function of the
rate of boundary motion, and it has been shown that it is a
function of the grain size ratio of D/Dy, where D is the grain size
after annealing and D, is the original grain size before
annealing.**"! It has been observed that the frequency of
annealing twins rapidly increases at the beginning of grain
growth and attains a maximum at a ratio of D/D, around 2.5,
then steadily decreases. Considering the fact that the average
grain size after HPT is approximately 100 nm and in all samples
the annealed grain size is many times greater, the impact of the
D/D, is negligible on twinning frequency.

BEFORE CORROSION TEST () 1 MPa  AFTER CORROSION TEST
d)

6 GPa

10 pm

Figure 7. Surfaces of annealed samples before corrosion tests, a) HPT_0.1MPa, b)
HPT_2GPa, c¢) HPT_6GPa; surfaces of annealed samples after corrosion tests, d)
HPT_0.1MPa, e) HPT_2 GPa, f and g) HPT_6 GPa; blue arrows indicate corrosion dimples.
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4.2. The Impact of High Hydrostatic Pressure Annealing on
Precipitate Rate, Chemical Composition, and Intergranular
Corrosion Resistance

On the one hand, SPD enhances the precipitation rate after the
deformation process and subsequent annealing.*>™** This is
due to enhanced diffusion owing to the presence of an artificially
high, deformation-induced vacancy content.*>?*33 The excess
vacancy concentration in pure Cu and Ni samples processed by
HPT can achieve values of (0.9-20)*10A(—4), whereas in o’-
martensite processed by HPT the equivalent values are
(5.24+3.6)10A(—4).***) On the other hand, it is well know
that high pressure annealing slows down diffusion processes.™™’
In this experiment, it was proved that the high
hydrostatic pressure applied during annealing
did not completely block the precipitation
processes. It only impeded the growth of
precipitates under 6GPa. However, their
number increased. The increase in their
number may be the consequence of the fact
that annealing under high hydrostatic pres-
sure reduces both the climb and glide rates of
a dislocation.*®! Therefore, probably more
dislocations are present at the beginning of the
annealing process in a sample annealed under
the pressure of 6GPa than under 0.1 MPa.
Generally, solute atoms migrate to disloca-
tions and segregate along dislocation lines
which leads to the formation of solute-
enriched regions, which subsequently pro-
motes nucleation and growth of precipitates.
In addition, to dislocation-induced segrega-
tion, dislocation cores also act as fast paths for
diffusing atoms since the disorder in the core
region facilitates diffusion.***” These two
facts meaning: 1) higher dislocation density at
the beginning of annealing under high
hydrostatic pressure than under the atmo-
spheric pressure; 2) dislocation induced
segregation, are responsible for a higher
number of precipitates created during anneal-
ing at 900 °C at 6 GPa than under 0.1 MPa.

These results can be compared with those
obtained for an austenitic stainless steel 316LVM
deformed by hydrostatic extrusion (HE) and
subsequently annealed at the same conditions
as in the present study, where no precipitates
appeared."”! Tt seems that the deformation
technique plays a significant role as exactly the
same material and annealing treatment were used
in both experiments. HPT in comparison to HE
was performed to higher equivalent strainand asa
consequence it introduced higher vacancy con-
centration. Hence, as suggested above probably
vacancies facilitated diffusion during annealing
enabling precipitation of carbides.

Moreover, the applied pressure had an
impact on the chemical composition of carbides
meaning that more Cr,;Cq carbides appeared
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with the increase in pressure to 6 GPa leading to the susceptibility
to the intergranular corrosion of this sample. This is an interesting
factasitunderlines thatdoes the high hydrostatic pressure notonly
slow down diffusion processes characteristic for a particular
temperature but it also makes possible of phenomena that can
happen at lower temperature. In the case of austenitic stainless
steel the appearance of Cry;Cq carbides responsible for the
intergranular corrosion is observed far below 900 °C. These results
provide evidence that annealing under high hydrostatic pressure is
potentially an efficient way to design and control the microstruc-
ture of nano-grained materials.

5. Conclusions

1) Annealing austenitic stainless steel 316LVM under high
hydrostatic pressure:

a) leadstoahigher percentage of high-angle grain boundaries
(88%) than annealing under atmospheric pressure (73%),

b) promotes the coexistence of two orientations <111> and
<100>, whereas atmospheric pressure supports mainly
<111> (approximately 0.9%, 6.4%, and 4.2% for annealing
under 0.1 MPa, 2 GPa, and 6 GPa, respectively),

c) promotes the nucleation of precipitates and hinders their
growth, thereby resulting in a higher number of Cr,;Cq
carbides during annealing under 6 GPa, making this
sample susceptible to inter-granular corrosion.

2) The current study indicates that annealing under high
hydrostatic pressure makes it possible to produce austenitic
stainless steel 316LVM having a different microstructure
than results from conventional annealing, while considering
low-angle grain boundary fraction, texture, precipitate size,
and chemical composition.
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The aim of this study was to investigate recrystallization in 316LVM nanostructured austenitic stainless steel an-
nealed under high hydrostatic pressure. The nanostructured austenitic stainless steel was obtained by caliber rolling
to a total strain of 3.4. This process resulted in a microstructure consisting of nanotwins and elongated bands.
Nanostructured austenitic stainless steel is thermally stable up to 700 °C and shows a measurable “hardening by
annealing” effect after annealing at 500 °C. The deformed samples were annealed at 900 °C for 10 min under at-

mospheric or hydrostatic pressures of 2 and 6 GPa. The resulting microstructures were examined using transmission
scanning electron microscopy techniques. Moreover, the development of the texture during annealing was analyzed
by means of orientation distribution functions. It was established that, apart from promoting the appearance of new
texture components, annealing under hydrostatic pressure supports the nucleation of precipitates.

1. Introduction

316L austenitic stainless steel is widely applied in numerous in-
dustrial sectors, from medicine through petrochemistry to nuclear
power, due to its corrosion resistance and favourable ductility. Its ex-
ceptional corrosion resistance is an effect of its low carbon content,
which minimizes the sensitization effect, and of its high chromium
content, which leads to the formation of a stable chromium oxide (III)
passive layer. Moreover, corrosion resistance is further improved by the
addition of Mo. Additionally, Mo in solid solution reduces dislocation
mobility which results in a high work hardening. In industry, many
products are fabricated through various manufacturing processes,
among which rolling is considered to be the most common.

A further optimization of various properties is possible by means of
annealing [1-4]. The degree of deformation, annealing temperature
and time are the most important factors that affect the texture, micro-
structure and mechanical properties of 316L stainless steels. It is well
known that texture is an inherent characteristic of metals and has a
significant impact on their strength-ductility balance and electrical
conductivity. The design of well-tailored textures with respect to cer-
tain desired anisotropic properties of the final product is still a chal-
lenge. Annealing temperature and time can significantly change the

* Corresponding author.

texture of cold-rolled austenitic stainless steels. For example, the typical
rolling texture of AISI 300 austenitic steel is generally Brass type
{110} <112 >, along with a scatter towards an S orientation
{123} < 634 > and Goss orientation {011} < 100 > [5]. Some authors
note that as the % of cold rolling increases, a development of the S and
Goss texture components is observed [6]. However, after re-
crystallization, major components are centred on Goss and Cu
{112} < 111 > as well as the BR component {236} < 385 > . With an
increase in annealing temperature the textural evolution shows the
emergence of weak texture along with another new component
{197} < 211 > [5]. Grain orientation distribution affects the mechan-
ical parameters [7]. In the case of pipeline steel, texture components
had the biggest impact on toughness [8]. For applications, what is most
important is to obtain, through annealing, a product having the desired
strength and plasticity. A good strength-ductility combination can be
gained through high-strain cold rolling (rolling strain > 90%) and
subsequent annealing (oyrs = 1385MPa and At = 5.5%) [9]. More-
over, further deformation, known as severe plastic deformation (SPD)
or dynamic plastic deformation (DPD), when combined with annealing,
may lead to an even better strength-plasticity balance. Quite remark-
able results - an ultimate tensile strength of 1 GPa and an elongation-to-
failure of 27%, were obtained in 316L stainless steel refined by DPD and
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additionally annealed at 750 °C, due to the creation of a specific mi-
crostructure consisting of recrystallized grains embedded within nano-
sized twin bundles and nano-grains [10]. In another work it was found
that annealing at 723 °C after high pressure torsion (HPT) led to a re-
markably good combination of yield strength 1330 MPa and elongation
to failure 43% [11]. However, the industrial application of these
techniques is still quite limited due to the small dimensions of steels
processed in this way, and rolling techniques remain the most popular.
It should be emphasized that rolling techniques such as asymmetric flat
rolling (AFR) [12,13], continuous repetitive corrugation and straigh-
tening (CRCS) [14], and caliber rolling (CaR) [15-17], can also lead to
ultrafine-grained (UFG) or nanograined structures (NS), and therefore
to high strength. For example, in 304-type nitrogen-bearing stainless
steel subjected to CaR, the grain size was reduced to 50nm [18].
Nevertheless, there is little information available on the CaR of 316LVM
austenitic stainless steel.

One can have the impression that a lot is known about the rolling
and annealing of austenitic stainless steel. However, according to the
authors, there is still room for improvement in optimizing texture,
microstructure and mechanical properties. This can be achieved when
one applies unconventional annealing techniques such as, for example,
high hydrostatic pressure annealing. This method is proposed because it
is an effective way to control grain growth and produce microstructures
that could not be obtained under atmospheric pressure due to fast and
uncontrollable grain growth, whereas high pressure during annealing
slows down the diffusion processes taking place and, as a consequence,
grain boundary mobility [17,19-28]. It has been proved that annealing
austenitic stainless steel after deformation by hydrostatic extrusion
(HE) under high hydrostatic pressure led to an unprecedented strength-
plasticity balance, meaning an ultimate tensile strength of almost
1250 MPa combined with a uniform elongation of 7.7% and a total
elongation of 24% [19]. Furthermore, the high hydrostatic pressure
annealing of austenitic stainless steel deformed by HPT had an impact
on grain growth, the volume fraction of high-angle grain boundaries,
preferable grain orientations, precipitate size distribution, and chemical
composition in comparison with atmospheric annealing [17,28]. It was
discovered that an increase in hydrostatic pressure hindered grain
growth, led to a higher percentage of high-angle grain boundaries than
annealing under atmospheric pressure, and promoted the coexistence of
two orientations < 111 > and < 100 >, whereas atmospheric pres-
sure supported mainly < 111 > and hindered the growth of carbides.
The effect of high hydrostatic pressure annealing on recrystallization
and grain growth was even more profound in the case of austenitic
stainless steel deformed by rolling [17].

In view of recent publications, one may expect that, in the case of
austenitic stainless steel deformed by CaR, the impact of high hydro-
static pressure annealing on texture, precipitate size distribution and
chemical composition in comparison with atmospheric annealing
should be more significant than in the case of austenitic stainless steel
deformed by HPT. Additionally, the thermal stability of CaR austenitic
stainless steel was investigated to verify its behavior as a nanomaterial.
An investigation of those factors is the aim of the present study.

2. Materials and methods

316LVM austenitic stainless steel, supplied by Sandvik in the form
of 50 mm diameter annealed rods, was used in this study. This steel is
also designated as UNS: S31673, DIN: X 2 CrNiMo 18 15 3 and ASTM
F138. The chemical composition of this steel is shown in Table 1.

The samples were conventionally deformed using room tempera-
ture, multi-pass, longitudinal CaR with a total reduction in cross section
of 23.8, which corresponds to a strain value of approximately 3.4
[29,30]. The strain was calculated according to the equation € = 2In
(d1/dy), where d; (@ = 12mm) is the initial diameter and d,
(@ = 2.2mm) the final diameter. It must be pointed out that this cal-
culation is only an approximation, since the cross section is not actually
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Table 1
Chemical composition (wt.%) of austenitic stainless steel 316LVM.
316LVM C Si Mn P S Cr Ni Mo Cu N
0.025 0.6 1.7 0.025 0.003 175 135 28 0.1 < 0.1

a circle. During the deformation process, the geometry of the transverse
section of a material changes from circular to polygonal to nearly circle.
The CaR was performed at the Faculty of Materials Science and En-
gineering, Warsaw University of Technology, Poland.

After CaR, samples were subsequently annealed at 400, 500, 600,
700 and 900 °C for 10 min. The values of Vickers microhardness, Hv,
were recorded along a diameter with a separation of 0.1 mm. These
measurements were made using a Zwick microhardness tester under a
load of 200g. Uniaxial tensile tests were carried out at room tem-
perature using an Zwick/Roell Z005 universal machine. Tensile tests
were conducted under the displacement control mode at an initial
strain rate of 10-3 1/s. Samples of a 1 mm-gauge section length and
0.3x0.4 cross-section were used for each test. For the strain measure-
ments the digital image correlation method was applied.

After CaR, samples 3mm in height were cut from a CaR rod, and
then annealed at 900 °C for 10 min, either at atmospheric pressure
(0.1 MPa) or at a hydrostatic pressure of 2 or 6 GPa. The high hydro-
static pressure annealing was performed in a toroidal high-pressure cell
[31,32] whereas atmospheric pressure annealing in a conventional
furnace. From here on in this text, those samples will be referred to as
CaR, CaR_0.1 MPa, CaR_2 GPa, CaR_6 GPa.

The microstructure of the samples was investigated using scanning
electron microscopes a Hitachi SU 8000, a Hitachi HD2700 and a
transmission electron microscope JEOL JEM TEM1200 working at 5,
200 and 120kV, respectively. For the examination on the Hitachi SU
8000, the samples were prepared by electropolishing: Struers A3 elec-
trolyte, voltage —15V, time - 15s. For the examination on the Hitachi
HD2700 and the JEOL JEM TEM1200, the samples were mechanically
polished to a disk thickness of approximately 100 um and afterwards
thinned by electropolishing using Struers A2 electrolyte. The micro-
structure was analyzed in the centre of the samples. Microstructures
were observed in the BSE (back scattered electron), BF-STEM (bright
field) and TEM modes, using the Hitachi SU 8000, the Hitachi HD2700
the JEOL JEM TEM1200, respectively.

The global texture investigations were performed using a Bruker D8 X-
ray diffractometer applying filtered radiation Co Ka (Kal = 0.1789 nm).
The texture was measured over an area of approximately 1.5mm? (the
beam diameter was 1 mm) in the center of the sample on the cross section.
The measurements were recorded within a 5° x 5° mesh and a beam in-
tensity at 5s intervals. Three incomplete X-ray pole figures ({111},{200}
and {311}) were used to evaluate complete Orientation Distribution
Functions (ODFs) by spherical harmonics method and the Gauss model
functions proposed by the Schultz reflection method [33]. The Labotex 2.1
software [34] was used to calculate volume fraction of the main texture
components. It should be pointed out that a tolerance angle of 10° was
used when the volume fractions were calculated.

Quantitative investigation of the precipitates was performed using ste-
reological and image analysis methods [35,36]. To determine their size,
variation of their size, spatial distribution and the uniformity of spatial
distribution, parameters as equivalent diameter d,, variation coefficient of
equivalent diameter CV(d,), Voronoi cell area Av, cells surrounding each
particle and variation coefficient of Voronoi cell area CV(Av), describing the
uniformity of the spatial distribution of particles, were applied.

3. Results
3.1. Texture analysis and microstructure observation after CaR

Texture analysis after CaR was performed, as shown in Fig. 1 and
Table 2. A previous X-ray study revealed after CaR the presence of only
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Fig. 1. a) ODFs at $2 = 0, 45 and 65° for some ideal orientations and for b) CaR sample.

an austenitic phase [17]. Quantitative texture analysis indicates that
the main texture component is {001} < 100 > — cube component,
which volume fraction is 33%. In addition, the < 111 > fiber with local
maxima corresponding to {111} <110 >and {111} <112 >
components were formed. Their volume fraction is 10 and 6%, re-
spectively. In addition to the texture analysis, a microstructure char-
acterization was performed, as shown in Fig. 2. The microstructure after
CaR is severely refined (Fig. 2a). This fact is also confirmed by the
diffraction pattern, which consists of segmented rings. The main mi-
crostructure features are elongated deformation bands locally divided
into subgrains and deformation nanotwins. Texture components can be
linked with characteristic microstructural features. Areas in the < 100
> orientation illustrate grains deformed by dislocation slip (Fig. 2b).
The local maximum{111} < 112 > can be assigned to a pure shear
texture [37,38]. The texture {111} < 112 > might be also attributed to
deformation twins marked in Fig. 2c. The local maximum
{111} < 110 > is connected with the appearance of a lamellar-like
nanostructure [39] also found after CaR as presented in Fig. 2d.

3.2. Thermal stability after CaR

To verify whether the 316LVM steel produced by CaR behaves like a
typical nanostructural material during annealing, that is, whether it ex-
hibits the hardening by annealing phenomenon, the samples after de-
formation were annealed for 10 min at a temperature range of from 400 °C
to 900 °C. Microhardness measurements made after plastic deformation
and annealing at the diameter of a given CaR sample are presented in
Fig. 3. After CaR, the average value of microhardness was 425 Hv0.2 with
a standard deviation of 28 Hv0.2. Annealing at 500 °C for 10 min led to the

Table 2
Volume fraction of texture components and fibers after CaR.

Texture component Volume fraction of the main texture components [%]

| {001} <100 > 33
{111} < 112 > 6
{111} < 110 > 10

< 111 > fibre 16

< 001 > fibre 2

Background 33

<111> fibre
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highest increase in microhardness, to a value of 465 Hv0.2 with a standard
deviation of 23 Hv0.2. This result confirms the occurrence of the phe-
nomenon of hardening by annealing. Further annealing did not contribute
to a further increase in microhardness. After annealing at 900 °C, the
microhardness declined to about 170 Hv0.2. The hardening by annealing
phenomenon was also confirmed in the tensile tests performed on those
samples annealed in a temperature range of from 400 to 700 °C, as shown
in Fig. 4 as tensile tests better reflect changes in mechanical properties of
bulk materials. After CaR, the ultimate tensile strength increased to a value
of 1477 MPa, and the uniform and total elongation were 1.3% and 26%,
respectively. After annealing at 500 °C, the ultimate tensile strength in-
creased to a highest value of 1584 MPa, and the uniform and total elon-
gation were 1.8% and 23.0%, respectively.

Annealing under high hydrostatic pressure makes it possible to
maintain quite high microhardness values in comparison with conven-
tional annealing at the same temperature, as shown in Fig. 5. The mi-
crohardness of the CaR_6 GPa sample is like that of the sample annealed
at 700 °C for 10 min. The microhardness of the CaR 2 GPa sample is
comparable with that after annealing at approximately 750 °C for 10 min.

3.3. Texture analysis after CaR and high hydrostatic pressure annealing

A texture analysis was performed for CaR_0.1 MPa, CaR_2 GPa and
CaR_6 GPa, as shown in Fig. 6 and Table 3.

In the case of CaR 0.1 MPa, the character of the texture components
and fibers is similar to that for CaR, however there are no {111} < 110 >
and {111} < 112 > components. The {001} < 100 > texture component,
which was predominant in CaR sample has undergone a significant shar-
pening in CaR_0.1 MPa and its volume fraction increased to 75%. One can
also notice the same fibers as after deformation, < 111 > and < 001 >,
which fractions are 7% and 12%, respectively. The low level of background
denotes the formation of strongly oriented components in a significant
volume. The sharp texture is a result of the presence of micron-sized grains
of an inconsiderable misorientation in the analyzed plane.

CaR_2 GPa and CaR_6 GPa maintain the texture components char-
acteristic for CaR. The cube component which was predominant in CaR
and CaR_0.1 MPa has undergone a significant broadening and weakening
in CaR 2GPa and CaR_6 GPa samples and decreased to the volume
fraction of 17% and 21%, respectively. Moreover, in samples annealed
under high hydrostatic pressure {111} < 110 > and {111} <112 >
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Fig. 2. Microstructures of the CaR sample - a cross-section a) a global view with a selected area diffraction pattern (SAED), b) areas in the < 001 > orientation with
SAED from a region in the circle, ¢) nanotwins, shown by the arrow, d) lamellar-like nanostructure, shown by the arrow.
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Fig.3. Microhardness measurements after CaR and annealing for 10 min at the
diameter of CaR samples.
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Fig.4. Room temperature mean values and standard deviation of ultimate
tensile strength, (UTS); yield stress, (YS); total elongation, (At); uniform elon-
gation (Au) of CaR samples.

texture components, recognized in the CaR sample are still present. In
CaR_2 GPa, the volume fraction of {111} < 112 > texture components is
20%. In CaR_6GPa the volume fraction of {111} <110 > and
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Fig. 5. Microhardness measurements after CaR and annealing under various
annealing conditions.

{111} < 112 > texture components is 14 and 23%, respectively. The
volume fraction of < 111 > and < 001 > fibers is the highest in
CaR_2 GPa from all annealed samples and collectively constitutes 43%.
The novelty in the texture and fiber components of the samples annealed
under high hydrostatic pressure in comparison with the sample annealed
under atmospheric pressure is the significant emergence of local maxima
on the < 111 > fiber close to {111} < T12 > in a great volume fraction
of approximately 20% in each sample.

3.4. Microstructure observations after high hydrostatic pressure annealing

The origin of texture components in each sample after annealing
might be explained by the TEM investigations. In CaR_0.1 MPa, which is
fully recrystallized, areas in the predominant < 100 > orientation re-
present recrystallized grains as shown in Fig. 7. The fact that after con-
ventional annealing cube texture prevails was previously described in the
literature [2]. In the CaR_2 GPa sample microstructure consists of both
recrystallized and deformed regions (Fig. 8a). The diffraction taken di-
rectly from the recrystallized area shows that the ring pattern is highly
segmented, which indicates a textured microstructure and that the signal
comes mainly from the {100} planes. This analysis well-corresponds with
the texture analysis, since the < 001 > fiber dominates after annealing
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Fig. 6. a) ODFs at ¢$2 = 0, 45 and 65° for some ideal orientations b) CaR_0.1 MPa c) CaR_2 GPa, and d) CaR_6 GPa samples.

Table 3
Volume fraction of texture components and fibers after CaR and annealing.

Texture component  Volume fraction of the main texture components in the

investigated materials [%]

CaR_0.1 MPa CaR_2 GPa CaR_6 GPa
m {001} <100 > 75 17 21
{111} <112 > 0 20 23
{111} < 110 > 0 0 14
<111 > fibre 7 22 7
< 001 > fibre 12 21 0
Background 6 20 35

under 2 GPa. The detailed observations of the deformed areas reveal the
presence of twins representing a {111} < 112 > texture as shown in
Fig. 8b. Deformation twins were created during CaR. It is highly probable
that slight lattice rotations during annealing under high hydrostatic
pressure might have enabled the higher volume fraction of
{111} < 112 > than after CaR. The fact that areas with twins are not
recrystallized is in good agreement with previous finding about diffu-
sivities of grain boundaries, which underline that twin boundaries,
especially relaxed ones, show low diffusivity. Under high hydrostatic
pressure, which retards diffusion, their mobility may be further sup-
pressed. As a consequence, they remain as unrecrystallized areas.

-

Fig. 7. Microstructure of the CaR_0.1 MPa sample with a SAED from an area
indicated in the circle - a cross section.

In CaR_6 GPa, the microstructure is partially recrystallized (Fig. 9).
The diffraction pattern shows that the strongest signal comes from
{001} planes (Fig. 9a). The observation in the dark field reveals that
this orientation is characteristic for nanosized grains (Fig. 9d and e).
Twins representing {111} < 112 > texture component are also visible
as marked in Fig. 9b. Apart from twins one can distinguish a lamellar-
like nanostructure (Fig. 9c). As earlier proved, this morphology is
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Fig. 8. Microstructures of the CaR_2 GPa sample — a cross section a) an area with recrystallized grains with a SAED from a region in the circle, b) a non-recrystallized
area with SAED in the orientation [011] of the matrix and [011] of twins from an area in the circle.

characteristic for {111} < 170 > texture components.

The impact of annealing under a pressure of 0.1 MPa, 2 GPa and
6 GPaat 900 °C for 10 min on recrystallized grain size and shape has
been previously explored [17]. The main conclusion that can be drawn
is that the pressure retards recrystallization and grain growth. The grain
sizes were approximately 4.3 um, 0.42 pm and 0.087 um for annealing
pressures of 0.1 MPa, 2 GPa and 6 GPa, respectively.

Apart from grain growth, high hydrostatic pressure annealing also
affects precipitate size and distribution. It should be noted that pre-
cipitates are present in the CaR-processed and annealed samples, as

identified in Fig. 10 and Fig. 11. They precipitated at grain boundaries
and inside grains. In the CaR_0.1 MPa and CaR_2 GPa, the precipitates
are round, but in the CaR_6 GPa they are elongated and can mainly be
found at triple-points. The pressure affected their size, and distribution,
as summarized in Table 4. Firstly, the conclusion can be drawn that the
increase in pressure causes the reduction in the precipitate size. In
CaR_0.1 MPa, the average precipitate size is 195 nm, whereas it is four
times smaller in CaR_2 GPa, and that size is further reduced to 12 nm
when the pressure increased to 6 GPa. Secondly, the pressure has the
impact on CV(dy) parameter, which quantifies size diversity. This

b)

Fig. 9. Microstructures of the CaR_6 GPa sample — a cross-section a) a global view with a SAED from an area indicated in the circle, b) nanotwins, c) a lamellar-like
nanostructure, nanograins observed in d) a bright, and e) dark field — the signal from (002) planes was selected.
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Fig. 10. Microstructures of a) CaR_0.1 MPa, b) CaR_2 GPa, c) CaR_6 GPa; exemplary CaR precipitates, indicated by green arrows in the BF-STEM and ZC-STEM modes.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

parameter has a tendency to increase slightly with increased pressure,
from approximately 0.28 at a pressure of 0.1 MPa and 0.32 for 2 GPa to
0.46 for 6 GPa. Finally, it can be noted that the higher the pressure the
more densely precipitates are distributed. The density of precipitate
distribution, quantified by the value of Av, is the lowest at atmospheric
pressure - 75.2 um? - and the highest for 6 GPa - 0.14 um®. All annealing
conditions lead to the comparable uniformity of spatial distribution of
precipitates, which is expressed in the value of CV(Av), approximately
0.8 for all annealing conditions.

4. Discussion

4.1. Effect of CaR on microstructure, mechanical properties and texture in
austenitic stainless steel

The microstructure after CaR consists of nanotwins and elongated
bands, as described in detail in the authors’ work [17]. The grain size of

1.3 pm in CaR steel reported elsewhere refers to low-carbon steel, not to
austenitic stainless steel [18].

The mechanical properties after cold rolling depend on the degree of
deformation, and it has been observed that, for 50% cold rolled aus-
tenitic stainless steel, the YS reached 990 MPa, and for 90% 1200 MPa
[40]. Cold rolling performed to a high strain of 3 results in a high UTS
of 1830 MPa, comparable to that obtained after SPD [15]. The me-
chanical properties obtained here, meaning a UTS of 1477 MPa and At
of 26%, can be compared with those resulting after HE process of an
austenitic stainless steel to a true strain of 1.4, UTS of 1470 MPa and At
of 8% (sample geometry: a diameter of 2mm and a gauge length of
18 mm) [41]. The quite remarkable At of 26% is higher than that after
HE, and much higher than that for austenitic steel after HPT and con-
ventional annealing at 450 °C, that is, a UTS of 1500 MPa and At of 10%
(sample geometry: a cross section of 0.7 X 0.4 mm and a gauge length
of 2.5mm) [42]. This quite high total elongation can be attributed to
the presence of nano-scale twins. Nanotwin boundaries are effective in



A.T. Krawczynska, et al.

Materials Science & Engineering A 767 (2019) 138381

Fig. 11. Microstructures of CaR_0.1 MPa, b) CaR_2 GPa, ¢) CaR_6 GPa; exemplary precipitates, indicated in orange circles, are visible as bright dots in the BSE-SEM
mode and corresponding area division around the precipitates — Voronoi tesselation

Table 4
Parameters of precipitate size, shape (dsay, SD (dz), CV(dy)) and distribution
(Av,y, SD(AV), CV(Av)) after annealing under 0.1 MPa, 2 GPa and 6 GPa.

dzay [nm]  SD (ds) CV(dy) AVay SD(AV) cv(Av)
[nm] [um?] [um?]
0.1MPa 195 54 028 752 56 0.74
2GPa 54 18 032 017 0.12 0.73
6GPa 12 6 0.46  0.14 0.11 0.81

blocking dislocation motion, and at the same time act as slip planes that
accommodate dislocations [43,44].

The texture after deformation mainly depends on the crystal structure
of the metal, the deformation technique, and its magnitude. Textures of
various materials after CaR are not well-ascertained. They have mainly
been studied for dual-phase steels and magnesium alloys [45,46], which
have different crystal structures from austenitic stainless steel. The tex-
ture of austenitic stainless steel after CaR has little in common with its
texture after cold rolling. The typical rolling texture of AISI 300 auste-
nitic steel is generally Brass {110} < 112 >, along with a scatter to-
wards the S{123} < 634 > and Goss {011} < 100 > [5,46,47]. How-
ever, in this study, the main texture component is the cube component,
whose volume fraction is 33%; there are also < 111 > and < 001 >
fibers and local maxima on the <111 > fiber corresponding to
{111} < 110 > and {111} < 112 > components. For this reason, this

texture might be better compared with that after HE [41,48]. HE is a
deformation technique resulting in rods whose main orientations in
austenitic stainless steel are < 111 > and < 100 > [41,49].

4.2. Thermal stability and hardening by annealing phenomenon in CaR
austenitic stainless steel

It is well-known that, during annealing, nanomaterials exhibit different
behavior than their coarse-grained counterparts. It has been observed that
the processes of recovery and recrystallization start in nanomaterials at
lower temperatures than in their micrograined counterparts. This is due to a
high volume fraction of grain boundaries, an enhanced atomic mobility of
grain boundaries and a lower activation energy of grain boundary diffusion.
In this work, the austenitic steel exhibited thermal stability up to 700 °C,
which is the same as that of nanostructured austenitic stainless steels ob-
tained by HPT and annealed for 10 min at various temperatures [50].

One peculiarity is the phenomenon known as “hardening by an-
nealing”. It was firstly reported for a nanostructured aluminum pro-
duced by accumulative roll bonding (ARB) and subsequently annealed
at 150°C for 30min [51]. It was suggested that annealing nanos-
tructured materials at a relatively low temperature leads to the dis-
appearance of free dislocations and dislocation sources without re-
crystallization or grain growth. This change in the dislocation density is
responsible for the increase in strength and decrease in elongation. This
phenomenon was further confirmed in an aluminium alloy [52]. The
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issue of hardening by annealing was also raised in the case of nano-
grained austenitic steel. The reason for the phenomenon has been the
subject of a number of publications [53,54]. One group of researchers
suggested that the formation of Mo-Cr-Si rich grain boundary segre-
gations in the steel led to a significant enhancement in yield stress after
low-temperature annealing [53]. Another proposed the same explana-
tion as earlier suggested for aluminium, underlying that solute segre-
gation is not the origin of the phenomenon [54].

Other factors that may also be responsible for hardening by annealing
in a CaR sample include a decreased dislocation density in grains that
could have led to the annihilation of some dislocation sources and the
creation of recrystallized nanograins, free of dislocations, as presented in
Fig. 12. This latter factor well corresponds with the literature, since re-
crystallized nanograins form areas free of dislocation sources.

4.3. The impact of high hydrostatic pressure annealing on texture
development

The recrystallization textures developed in cold-rolled austenitic
steels have been the subject of extensive study. Most of that research
has focused on the impact of strain, starting texture, and particularly
annealing time and temperature, on the recrystallization texture [5,46].
It has been observed that, up to 700 °C, there are few changes in texture
components in comparison with the texture developed during rolling.
There is a significant change in the evolution of texture at 800 °C, when
the Brass {110} < 112 > and S {123} < 634 > components disappear,
mainly in favour of Goss {110} < 100 >, Cu {001} < 100 > and BR
{236} < 385 > components. A further increase in temperature is re-
sponsible for the emergence of a small number of new components.

Little is known, apart the author's own work, about the impact of high
hydrostatic pressure applied during annealing on recrystallization tex-
tures. It has been proved that high hydrostatic pressure annealing supports
the emergence of other orientations than those formed during conven-
tional annealing [17,28]. In the case of the high hydrostatic pressure an-
nealing of austenitic steel deformed by HPT, an increased fraction of or-
ientation < 100 > appeared apart from the mainly < 111 > found after
conventional annealing under the same time and temperature conditions.
In this work, it has been confirmed that high hydrostatic pressure an-
nealing supports the appearance of other orientations ({111} < 110 >,
{111} < 112 >) apart from those existing after conventional annealing
({001} <100 >, <111 >, < 001 >). However, texture components
{111} < 110 >, {111} < 112 > have been found in a CaR sample. This
seems to be an interesting issue, since it leads to the conclusion that
pressure retards the evolution of texture, meaning that, at a higher an-
nealing pressure, the texture becomes more similar to that obtained di-
rectly after CaR. It should be also underlined that the moderate pressure of
2 GPa supports the axial texture as < 111 > and < 001 > fibers represent
together 43% of texture components.

4.4. The impact of high hydrostatic pressure annealing on precipitate rate
and distribution

It has been proved that, in the case of austenitic stainless steel

'b)
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deformed by HPT and high hydrostatic pressure annealed at 900 °C under
2 and 6 GPa, the high hydrostatic pressure made the growth of carbides
difficult but facilitated their precipitation and, as a consequence, con-
tributed to an increase in their number with an increase in applied
pressure [17]. The same tendency was also observed in this work for
austenitic stainless steel deformed by CaR and annealed under the same
annealing conditions. However, there are some differences, which derive
from the different deformation techniques that led to the creation of the
different microstructures. Firstly, in the CaR_6 GPa sample, the average
precipitate size was smaller - 12 nm - than in the HPT sample annealed
under 6 GPa, where it was 20 nm. Moreover, after annealing at 2 and
6 GPa, the precipitates were more densely distributed in the austenitic
stainless steel deformed by CaR than HPT. This phenomenon is re-
presented in the values of Av,,, which are, for the CaR-deformed sample
and the sample annealed under 2 and 6 GPa, 0.17 and 0.14 um?, re-
spectively, and for the HPT-processed sample 3.95 and 0.28, respec-
tively. It must be underlined that the precipitate rate during annealing
under high hydrostatic pressure is much more accelerated for the CaR-
processed sample and the HPT-process in comparison with annealing at
the atmospheric pressure since, in the case of the CaR-processed sample
at atmospheric pressure, precipitates are rarely noticed.

As mentioned earlier, these differences must come from various de-
formation techniques that affect the microstructure and vacancy con-
centration. The higher the deformation, the higher the concentration of
vacancies, as investigated in Refs. [55-57]. Vacancies facilitate the
movement of dislocations during annealing. During high hydrostatic
pressure annealing, their movement is slowed down, as demonstrated in
Ref. [20]. However, if there is a high concentration of vacancies, they
will still climb, as in HPT-processed steel annealed at 2 and 6 GPa, where
no dislocations were present in the recrystallized grains. If the vacancy
concentration is much lower due to a lower deformation degree, as in the
case of CaR, dislocations will exist at 900 °C during annealing at 2 and
6 GPa. As a result, these dislocations induce a segregation of solute atoms
and contribute to the creation of precipitates.

4.5. Possible application of obtained results

Obtained in the present study nanostructured austenitic stainless
steel of the ultimate tensile strength of 1477 MPa and after additional
annealing of almost 1600 MPa is a promising result from the perspec-
tive of future applications especially when one realises that the com-
mercially available austenitic stainless steel by Sandvic reaches the
maximum ultimate tensile strength of 1400 MPa. One must underline
that calliber rolling is an easy technique to apply in practise in com-
parison with much more energy consuming HE and HPT, which also
result with high ultimate strength of austenitic stainless steels [41,42].
In our study high ultimate tensile strength is combined with satisfactory
elongation (sample geometry: a cross-section of 0.4 X 0.3mm and a
gauge length of 1 mm) of above 20%, whereas other techniques like HE
(sample geometry: a diameter of 2 mm and a gauge length of 18 mm) or
HPT (sample geometry: a cross-section of 0.7x0.4mmand a gauge
length of 2.5 mm) assure total elongation far beyond 10%. This pro-
vides opportunities for manufacturing fixing elements in various

Fig. 12. Nanograins observed in a CaR sample after annealing at 500 °C for 10 min in a) a bright, and b) dark field - the signal from (200) planes was selected.
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industrial branches such as medicine or marine [48]. Another issue
important from the industrial point of view is the fact that the high
pressure annealing may enable optimizing microstructure features for
selective goals. It is especially important from the formability point of
view since the high pressure annealing gives the opportunity to tailor
the crystallographic texture. Moreover, the fact that high pressure an-
nealing promotes the nucleation of precipitates might be wider applied
for precipitate strengthened alloys.

5. Conclusions

1. After caliber rolling to a true strain of 3.4, 316LVM austenitic

stainless steel reaches an ultimate tensile stress of 1470 MPa and a
total elongation of 26%. It is thermally stable up to 700 °C and ex-
hibits the “hardening by annealing effect”, well visible after an-
nealing at 500 °C. The main texture components directly after de-
formation are cube {001} < 100 >, with a volume fraction of 33%

and < 111 > and < 001 > fibers.
2. Annealing austenitic steel under high hydrostatic pressure after ca-
liber rolling:

a) supports

the appearance of other texture components,
{111} < 112 >, apart from those existing after conventional
annealing such as {001} <100 >, <111 >, <001 >.

b) promotes the nucleation of precipitates and hinders their growth.
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ARTICLE INFO ABSTRACT

Keywords: The present study investigates the impact of stacking fault energy on the microstructure evolution and me-
Stacking fa_““ energy chanical properties of nanostructured metals that differ in stacking fault energy, annealed under high hydrostatic
Nanomaterials and atmospheric pressure. Ag and Ni were selected as materials of low and high stacking fault energy, respec-
MlcrOStht‘?re . tively. To this end, nanostructured metals were obtained by high pressure torsion and subsequently annealed by
Severe plastic deformation . . .

Annealing high hydrostatic pressure annealing, performed under 2 GPa at 0.4 homologous temperature for 1h. For com-

parison, similar experiments at the same temperature and time were performed under atmospheric pressure.
After deformation and annealing, the microstructures were examined using transmission and scanning electron
microscopy, and further analysed in terms of grain size, coefficient of grain size variation, and twinning fre-
quency. The stored energy and peak temperatures were measured by differential scanning calorimetry. The
mechanical properties were evaluated from microhardness measurements and tensile tests. It is demonstrated
that the pressure applied during annealing leads to a more profound retardation of microstructure evolution in
the low stacking fault energy material, mainly due to a higher deformation nanotwin density. The twinning
deformation mechanism generates a higher dislocation density and a lower grain size than those achieved by
dislocation slip.

1. Introduction mechanism through nanotwin fragmentation enables greater grain

refinement than deformation by slip. This was confirmed in previous

When applied to metallic materials, severe plastic deformation (SPD)
results in grain size reduction down to the nanoscale [1-4]. The grain
refinement is achieved by the activation of deformation mechanisms
such as dislocation glide and/or deformation twinning. One of the
essential parameters that has an impact on the deformation mechanisms
and, as a consequence, on the nanostructure created during deforma-
tion, is stacking fault energy (SFE). In principle, in closed-packed
structures, the SFE determines the extent of dislocation dissociation.
In materials with a high SFE, the separation between two partial dislo-
cations is negligible, and so cross-slip prevails as a deformation mech-
anism. A decrease in SFE leads to a change in deformation behaviour
such that deformation twinning starts to play a crucial role. As a result,
the deformation mechanism has a profound impact on: (i) the efficiency
of grain refinement, (ii) microstructural homogeneity, and (iii)
strength-ductility synergy after SPD [5]. (I) The grain refinement

* Corresponding author.

studies, e.g. on Cu (SFE = 78 mJm?) and Cu-Zn (SFE = 35 mJm™>)
deformed by high pressure torsion (HPT) [6]. A decrease in SFE due to
the addition of Zn atoms caused a reduction in grain size from 75 to 25
nm. (I) There is no simple relation between nanostructure homogeneity
and the deformation mechanism. Experiments show that homogenous
nanostructures are easily achieved for materials of both low and high
SFE, while in medium SFE materials there is competition between
deformation mechanisms that results in higher microstructure
non-homogeneity [7]. (III) Nanotwins created in low-SFE materials play
a significant role in achieving a satisfactory strength-ductility balance
because they act as strengthening elements. As a consequence, defor-
mation nano-twinning may increase uniform elongation, as proved in
experiments on HPT-processed Cu and Cu-8% at. Al (SFE = 8 mJm™)
alloys, where the alloy showed a 1% higher uniform elongation [8].
However, the suggestion that with a decrease in SFE the
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strength-plasticity balance is improved is a simplification, since it has
been proved that there exists an optimal SFE below which uniform
elongation decreases. The reverse behaviour below a certain SFE is due
to the small grain size achieved during deformation, which makes the
storage of dislocations during subsequent tensile tests impossible [9].

Apart from having a significant impact on deformation mechanisms,
SFE is also an essential parameter influencing nanostructure evolution
during annealing and nanostructure thermal stability. In micrograined
materials, the role of SFE has been well described [10]. In high SFE
micrograined materials it is mainly recovery that is observed, while in
low SFE materials recovery is limited due to dissociated dislocations,
and it is mainly nucleation and recrystallization that occur. This issue is
definitely much more complex in nanostructured materials. A general
model has been proposed for nanostructure evolution during annealing
[11,12]. According to this model, firstly, the recovery of
non-equilibrium grain boundaries is to be expected. Here, recovery
should be understood as a partial annihilation of defects at grain
boundaries; it is followed by a migration of grain boundaries that may
lead to abnormal grain growth. In the end, there is a normal grain
growth. This model suggests that, even in low SFE nanostructured ma-
terials, recovery should occur rather than recrystallization. The term
recovery is, indeed, used for the evolution of an Ag nanostructure in
some papers [13]. However, recrystallization is also observed in nano-
structured Ag, especially after a large number of equal channel angular
(ECAP) passes, when there is a reduced dislocation/twin density ratio.
Strongly nano-twinned regions become sites for the nuclei of recrystal-
lized grains [13].

In the case of nanostructured metals, SFE influences their thermal
stability. The lowest thermal stability, and even self-annealing, are
exhibited by low SFE, high-purity nanostructured metals such as Au, Cu
and Ag processed by HPT and ECAP [14-18]. Very high dislocation
densities and nanotwins contribute to an increase in the driving force for
subsequent recovery and grain growth.

As may be expected, SFE has an impact on the strength-ductility
balance of annealed nanostructured materials. During the annealing of
Cu-8at.%Al (SFE = 28 mJ/m?) and Cu-5at.%Al (SFE = 17 rnJ/mz), an
obvious trend was observed whereby strength decreased at the expense
of ductility. Nevertheless, a better strength-ductility balance was
measured for an alloy with a lower SFE [19]; this can be explained
similarly to the case of nanostructured materials, by a hindered cross slip
in low-SFE materials that makes the strain hardening more efficient.
Moreover, in low-SFE metals, the SFs contribute significantly to plas-
ticity before any deformation twinning [20].

Considering the available results, one might expect that, if any kind
of unconventional annealing is applied to nanostructured materials, the
SFE may have a considerable impact on the resulting microstructures
and properties. There are various unconventional annealing techniques,
such as heating by an electric current [21,22], electric current pulses
[23], and high hydrostatic pressure annealing (HPA) [23-34]. In the
present work, HPA was applied, since, unlike other techniques, it makes
it possible to gain control over the evolution of a material’s micro-
structure. That evolution is retarded, since the high hydrostatic pressure
applied during annealing supresses diffusion processes [24,25]. Conse-
quently, HPA not only affects the rate of grain growth, but also the
volume fraction of high-angle grain boundaries, texture, precipitate size,
distribution, and chemical composition [27-29]. Furthermore, the
diffusion mechanism changes from a vacancy diffusion mechanism to an
interstitial diffusion mechanism along with the increase in pressure
applied during annealing. As measured by DSC in low-SFE materials
processed by HPT, only vacancy agglomerates were found, whereas in
high-SFE materials single/double vacancies were also present, leading
one to expect that their behaviour should vary during HPA [35]. The fact
that HPA retards recrystallization and grain growth was found during
experiments on low- [23,26-29], medium- [32,33] and high-SFE [24,
34] materials. However, in the case of nanostructured materials, this
was proved only on the example of an austenitic steel [23,26-29].
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Even though the behaviour of materials of various SFE was investi-
gated during HPA in the past, never before has a comparison been made
between nanostructures of various SFE deformed to the same degree of
plastic deformation. The aim of this paper is to show the impact of SFE
on the microstructure evolution and mechanical properties of nano-
structured metals of different SFE annealed under HPA.

2. Experimental
2.1. Material and experiments

In the present study, two pure metals of different SFE were investi-
gated, namely, Ni and Ag. The SFE, purity, melting temperatures (Ty,)
and annealing temperatures of these metals are presented in Table 1.
The annealing temperatures were selected in a way that corresponded to
about 0.4 Ty,. From these materials, disks of 0.8 mm in thickness and 10
mm in perimeter were cut by spark erosion; the disks were then
annealed at 873K for 2 h in order to obtain well-recrystallized materials.

The HPT experiments were carried out at the Faculty of Physics at the
University of Vienna. The disks were processed at room temperature
using an HPT device at a constant pressure of 6.0 GPa and a speed of 0.2
rpm. The disks were torsionally strained to 5 revolutions. The strain was
well defined as simple shear, y, and was calculated according to the
equation y = 21 X r X n/t, where r, n and t are the distance from the
torsion axes, the number of applied revolutions and the mean thickness
of the sample, respectively. The equivalent strains eeq = v/ \/ 3, calcu-
lated at 3.5 mm from the central point of the sample after 5 revolutions,
were equal to 79.

After deformation, the samples were annealed at the same homolo-
gous temperatures under a pressure of 2 GPa in a HPT device for 1 h, and
conventionally in differential scanning calorimetry (DSC) using a Per-
kinElmer DSC7. The pressure - 2 GPa - applied during HPA has been
selected basing on previous experiments performed on a SPD-processed
austenitic stainless steel [26-28] and initial HPA experiments performed
on Ni while 2, 4 and 6 GPa were applied. It was proved that only under 2
GPa the changes in microhardness between HPT-processed and HPA
samples were significant. The heating rates during high hydrostatic
pressure and conventional annealing were 1200 and 100 K/min,
respectively, and the cooling rates were 50 and 15 K/min, respectively.
Although the heating and cooling rates differ between applied tech-
niques their impact on the microstructure transformation should be
negligible since the annealing time, 1h, is much longer than the pro-
cesses of heating and cooling. Moreover, heating and cooling in the case
of HPA was done under 2 GP to eliminate the possible impact of the
atmospheric pressure on microstructure transformation during HPA.
This study is the first one where HPT was applied for high hydrostatic
pressure annealing; previous experiments were performed in a toroidal
high-pressure cell [40,41]. Further on in this text, these annealing
techniques are referred to as CA - conventional annealing - and HPA —
high hydrostatic pressure annealing, and the samples are referred to as
Ni_HPT, Ag HPT, Ni_CA, Ag_CA, Ni_HPA and Ag HPA.

2.2. Analysis methods

After deformation and annealing, the microhardness was measured
using an MHT-4 microhardness tester manufactured by Paar equipped
with a Zeiss microscope. The indentation force was 1 N, the rate 0.1 N/s

Table 1
Melting temperature Ty, SFE, purity, wt.%, annealing temperature Tyy,.
Ni Ag
Tm [K] [36,37] 1728 1234
SFE [mJ/m?] [38,39] 125 16
Purity, wt. % 99.99% 99.95%
Tan (0.39 Tyy) [K] for 1 h 627 479
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and the holding time 10 s. The indentations were performed on the
diameter, with a distance of 0.5 mm between them. The uniaxial tensile
tests were carried out at room temperature using a Zwick/Roell Z005
machine. The tensile tests were conducted under the displacement
control mode at an initial strain rate of 10 1/s. The dimensions of the
samples were as follows: a gauge section length of 2 mm and a cross
section of 0.3 mm X 0.4 mm. The strain measurements were performed
using the digital image correlation method (DIC).

The annealing of deformation-induced defects was registered by the
occurrence of exothermic peaks during DSC heating, where the area of a
peak is related to the total enthalpy of the annealing defects. During the
DSC measurements, the heating rate was 10 K/min.

The samples after the HPT experiments were cut 1.5 mm from the
sample edge, parallel to the radius and the sample surface by a focused
ion beam FiB/SEM NB5000, as presented in Fig. 1. Subsequently, the
samples were observed by transmission electron microscopy using a
JEOL 1200 TEM at 120 kV. The samples after HPT and annealing were
cut by spark erosion so that an area 1.5 mm from the edge parallel to the
radius and sample surface was polished by ion milling system IM 4000
and subsequently observed using an SU 8000 scanning electron micro-
scope at 5kV in the BSE mode. The microstructures obtained were
further characterized by stereological and image analysis methods that
are well-developed at the Warsaw University of Technology [42,43].
Calculations were then made of the average grain size (calculated as the
equivalent diameter MV(d5)), the standard deviation of the equivalent
diameter SD(dy), and the variation coefficient of the equivalent diameter
CV(dy). Moreover, the grain boundary area in the unit volume Sv was
determined by counting the intersection points of the test lines with the
grain boundary network. The Sv was calculated for twin boundaries and
twin and grain boundaries, marked Syrg and Sytp.Gs, respectively.

3. Results
3.1. Microhardness measurements

After the HPT, the microhardness of both metals increased by more
than 200%, as presented in Fig. 2. The increase was 30% higher for Ni
than Ag. A comparison of the microhardness values between metals after
HPT and HPT combined with annealing is presented in Fig. 2. After CA,
the most significant decrease in microhardness was observed for Ni,
62%, whereas in the case of Ag microhardness decreased by approxi-
mately 44%. HPA did not cause as profound a decrease in microhardness
as CA did. The microhardness values decreased by 45 and 25% for Ni
and Ag, respectively. The drop in microhardness was larger in the case of
Ni than Ag, both after CA and after HPA. If one correlates the changes in
microhardness between the two annealing conditions (by subtracting
the percentage of the microhardness drop after HPA and CA), it can be
seen that the difference is comparable for both metals - 17% and 19% for

Analized area by SEM
0.5mmx 0.5mm
Analized area by FIB
Sumx Bm i

Fig. 1. HPT disk with marked area of microstructure observations.
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Ni and Ag, respectively.
3.2. Microstructure characterisation after HPT

Before the HPT experiments, the metals were annealed at 873K for 2
h to homogenize their microstructures, as presented in Fig. 3. As a result,
coarse-grained microstructures of 31 and 23 pm in average equivalent
diameter were obtained for Ni and Ag, respectively. Subsequently, the
HPT processes were performed. The microstructures cut from cross
sections (Fig.1) of the HPT-processed metals varying in SFE are highly
refined, as shown in Fig.4. However, they vary in grain size and nano-
twin density. The average grain size in Ni was slightly larger than in Ag:
140 nm in comparison with 120 nm in Ag. It is reported in the literature
that, after HPT with similar processing parameters, the average grain
size in Ni reached 170 nm [44], and in Ag 200 nm [45]. These differ-
ences in grain size might come from differences in the HPT processing
parameters, what sections were selected for observation, and how the
grain size was calculated. They were no nanotwins observed in Ni,
whereas in the case of Ag, deformation nanotwins were present in
numerous grains. Their average thickness was approximately 10 nm.

3.3. DSC measurements after HPT

The DSC measurements, shown in Fig. 5, revealed two peaks in the Ni
and Ag. In the case of Ni, the first peak is exothermic at Tpeax 519K,
which is 0.3 of Them. This peak is called a “dislocation peak” [35] and
consists of two subpeaks: one from dislocations and one from vacancy
agglomerates. The second peak at Tpeax 632K corresponds to the Curie
temperature. In the case of Ag, the first exothermic peak temperature, as
in Ni, is at 0.3Tpoy, However, here it is composed of three subpeaks
coming from dislocations, vacancy agglomerates and SFs. The second
peak of Tpeax 647K is also exothermic and can be assigned to grain
growth. Considering the stored energy of the first peak in both metals,
there is 49% more stored energy in the Ag.

3.4. Microstructure characterisation after annealing

The microstructures of the samples after annealing are shown in
Fig. 6. The MV(dy), SD (dz), CV(dy) and Sytp, Svre/Svrs.Gp are pre-
sented in the form of charts in Fig. 7. An analysis of the microstructures
permits the observations that (i) the samples are fully recrystallized; (ii)
HPA inhibits grain growth in comparison with CA, and the degree of
retardation depends on the SFE of a given material; and (iii) HPA and CA
affect twin density differently.

HPA inhibits grain growth so that the grain size after HPA in com-
parison with CA reaches approximately 70% and 13% of the grain size
after CA for Ni and Ag, respectively. It has also an impact on the ho-
mogeneity of the microstructures. HPA significantly increases CV(dy) in
the case of Ni, and decreases it in the case of Ag in comparison with CA.
One can observe in Fig.7 c) the expected trend that, with a decrease in
SFE, the Syrp increases. However, if one compares the ratio of Syrp/
SvTB+GB, it can be noticed that there is an increase only for CA. The HPA
stabilises the Sytp/SyTp. s ratio for various SFE metals at a level of 0.4.

3.5. Tensile tests and Hall-Petch plots

The stress—strain curves obtained during the room temperature ten-
sile tests for Ni, both HPT-processed and annealed under various con-
ditions, are presented in Fig. 8. The mean values (MV) and standard
deviation (SD) of ultimate tensile strength (UTS), yield stress (YS),
uniform elongation (Au), and total elongation (At) are summarized in
Table 2.

The results indicate that HPT increases the UTS from 349 to 1015
MPa. However, in the literature, a higher value of 1270 MPa has been
reported [46]. The difference may come from the fact that, in this study,
the tensile mini-samples have different dimensions — a smaller width and
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Fig. 2. Comparison of microhardness between HPT processed and annealed metals at various conditions.

Fig. 4. Microstructures of HPT-processed materials varying in SFE: a) Ni, b) Ag with nanotwins indicated by the yellow arrow — cross sections; bright field TEM. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

thickness (0.4 x 03 mm) than those reported elsewhere (1.5 x 1.5 mm)
[46] — and so there is a much larger volume of sample recrystallized
during the cutting by the spark erosion process. These observations in-
clined the authors to perform tensile tests only on the Ni samples since,
as is well-known, Ag has a lower thermal stability, meaning that the
recrystallized volume changed by spark erosion cutting would have been
greater. The results gathered clearly show that the samples after

annealing at 627K have a similar plasticity, but the Ni HPA has higher
strength. If one compares the result applying the factor YS*At, it is
clearly visible that the greatest value is obtained for Ni_HPA, which
therefore looks promising for obtaining a desirable strength-ductility
balance for HPA materials.

The fact that HPA can produce unique microstructures is clearly
visible in Fig. 9a), which presents a Hall-Petch plot with reference data



A.T. Krawczynska et al.

Materials Science & Engineering A 808 (2021) 140913

a) b)

w| $exo Peak; 632K
__E,E ™
2
E
— s
2
2 &0 o
S Arex 08677 Ng
s
w "
T . Peak: 519K
45
373 473 573 673

Temperature [K]
Ni—T

peak(1) = 519K, E(l} =0.87)/g,
A8 — T eann)= 379K, E(;)=1.30 1/g,

Ares-l2m0yg =
S o .
_g 2 \ Pealk: 647K
E =
3
= 15
=
L]
@
T3
Peak: 379K
5
473 573 673

Temperature |K]

eak(2) =632K
eak(2) =647K, E(Z} =0_35_j/g

TP
TQ

Fig. 5. Heat flow curves as a function of temperature for a) Ni and b) Ag, exhibiting peaks with marked peak temperatures and stored energy calculated from the

integrated areas of the peaks.

Fig. 6. Microstructures of HPT-processed and annealed materials - cross sections: a), b) Ni, ¢)-f) Ag; microstructures after CA: a), c), e); microstructures after HPA: b),
d), f); a)-e) in BSE-mode SEM, f) TEM) with a selected area electron diffraction (SAED) pattern in the orientation [011].

from the literature. One can notice that the Ni_HPA does not lie on the
trend line for conventionally annealed Ni when compared with the data
from this article or from the literature. This phenomenon may be the
result of differences in texture, the percentage of high-angle grain
boundaries, or the misorientation angles between the HPA and CA

samples, and demands further research.

In the case of Ag, Ag HPA does not lie on the trend line for
conventionally annealed Ag when one considers the grain size (dy) as a
d parameter in the Hall-Petch equation or the size of an area surrounded
by twin boundaries or/and grain boundaries (dz+t), as presented in



A.T. Krawczynska et al.

a) 10
9 m HPT+CA B HPT+HPA
8
7
— b
i
u
= 4 ;
3, |
2
1
0 ===
Ni Ag
b) 2
B HPT+CA B HPT+HPA
z
=
| I I
0
Ni Ag
2 1
C
) u S, HPT+CA
® S, HPT+HPA °
® S, 13/SyrscaHPT+CA
E ® S, 1a/SyrsiceHPT+HPA 2
g
==}
T {
H 2
ug ® ® )
[ ]
o NN B l
Ni Ag

Fig. 7. Comparison of a) the average d,, b) CV(dy), and c¢) Syrg and Syrp/
Svrs+gp of HPT-processed and annealed materials varying in SFE.

Fig. 9b). However, if one considers the latter method as a d assessment,
the Ag_HPA seems to be much closer to the Hall-Petch trend line. This
might be because the volume fraction of the twin boundaries is high in
Ag HPA and Ag_CA. The second assessment method seems to be much
more appropriate for silver, since in this material twin boundaries play a
significant strengthening role at room temperature [47].

4. Discussion

The results clearly show that the application of a hydrostatic pressure
of 2 GPa at 0.4 Thom retards recovery, recrystallization and grain growth
of nanostructured metals that differ in SFE. This fact is in agreement
with previous studies, since the retardation of a microstructure rear-
rangement was noticed in the case of a high-SFE material — rolled
aluminium, annealed under a pressure of 1.2 GPa [34] at 773K, and of a
low SFE material — HPT-processed austenitic stainless steel annealed
under 2 GPa and 6 GPa at 1173K [27,28].It must be underlined, how-
ever, that in this study materials that differ in SFE were deformed to the
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same deformation degree (using the same technique, temperature and
pressure) and subsequently annealed at the same Thom.

4.1. The impact of HPA on recovery, recrystallization and grain growth
on nanostructured metals that differ in SFE

Based on the microhardness measurements and microstructure ob-
servations, it can be stated that HPA most significantly slows down the
microstructure evolution of the low SFE material - Ag. This is in contrast
with CA, where the greatest grain size is achieved in Ag. (An interesting
fact is that, although after conventional annealing the greatest grain size
is achieved for Ag, the greatest reduction in microhardness in compar-
ison with the microhardness after HPT is achieved for Ni. This may come
from the strengthening mechanisms of twin boundaries in Ag, which
contribute to a higher yield stress and microhardness of Ag than may be
simply estimated basing on the grain size [49].) It seems, therefore, that
it is necessary to focus firstly on the impact of atmospheric pressure on
microstructure evolution, and consider the factors that trigger changes
in the microstructure. Those factors combine with the microstructural
features formed during HPT. Low-SFE nanostructured metals, in com-
parison with high-SFE nanostructured metals obtained by HPT, are
distinguished by Ref. [50]:

a) higher deformation nanotwin density.

b) higher dislocation density - deformation twins caused by lowering
the SFE may serve as locations for an accumulation of dislocations,

c) lower grain size — a higher volume fraction of grain boundaries due
to the twin deformation mechanism.

The high dislocation density and high volume fraction of grain
boundaries enhance the diffusion rate at elevated temperatures and
contribute to a high rate of recovery by climb, which is less sensitive to
the splitting distance between two partials than cross-slip is. In addition
to recovery, recrystallization is promoted in highly twinned regions, as
these sites act as nuclei for recrystallized grains [13]. As a consequence,
these factors constitute a large driving force for the microstructure
evolution leading to fast grain growth. Even a self-annealing phenom-
enon can be observed in Ag after HPT. The DSC measurements confirm
that the stored energy for Ag is higher than for Ni. Apart from the
microstructural features, the physical properties of these materials, such
as thermal diffusivity, should be taken into consideration. Ag features
the highest thermal diffusivity (Dag = 1.72%10* mz/s, Dni =
0.22*10"*m?/s), supplying yet another factor for the fastest grain growth
in Ag under atmospheric pressure [51]. However, it must be underlined
that, in metals, all these processes also depend on the level of impurity.
For this reason, in this study the purity of the selected metals was
comparable.

If high pressure is applied during annealing, the microstructure
evolution is retarded the most significantly in the lowest-SFE material.
Despite the fact that in low-SFE materials the dislocation density is
higher than in high-SFE metals, which may facilitate grain growth
during conventional annealing, the vacancy concentration is lower [35].
It is the result of two processes - vacancy generation and annihilation.
Since the migration enthalpy of vacancies for Ag is much lower than for
Ni, it must be concluded that the concentration of vacancies after HPT
should be the highest for Ni. During HPA, the movement of vacancies is
hindered, and along with it processes such as recovery and grain growth.
The movement of vacancies is hindered since high hydrostatic pressure
has an impact on the enthalpy of vacancy migration. Consequently,
vacancy migration influences annihilation of edge dislocations climbing.
Therefore, under a certain hydrostatic pressure p applied, an extra work
pQ, where Q is the atomic volume, is necessary when a vacancy migrates
through the lattice, which increases the vacancy migration enthalpy as
dHeff = dH + pQ [52,53]. During HPA at a given T, the effective vacancy
migration enthalpy dHeff is correlated with the diffusivity by a formula
D = Dy exp(-dHeff/kT) where Dy is the core diffusion coefficient [54].
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Fig. 8. Stress—strain curves obtained during room temperature tensile tests for Ni HPT-processed and annealed under various conditions.

Table 2

MV and SD of UTS, YS, Au, and At.
Parameter YS [MPa] UTS [MPa] Au [%] At [%] YS*At

le indicati /- - - B -

Sample indication MV SD MV SD MV SD MV SD [MPa*%]
Ni_873K_CA 171 15 349 21 26.0 0.6 35.2 0.6 6045
Ni_HPT 757 32 1015 2 2.1 0.3 9.4 0.1 7147
Ni_673K_CA 341 13 440 16 24.7 0,9 36.4 0.7 12456
Ni_400K_HPA 401 13 479 11 25.2 0.6 37.3 2.3 15087

Another factor which may contribute to the retardation of recovery and
grain growth is the high density of nanotwin boundaries. The most
distinctive feature of low-SFE metals is the nanotwin boundaries formed
during HPT. These boundaries are viewed as 60° <111> twin bound-
aries or, less commonly, marked as 70.5°<110> tilt boundaries. Since
tilt boundaries <110> move by a cooperative motion of several atoms,
while <100> and <111> tilt boundaries do so by a single atom mech-
anism, it can be estimated that twin boundaries movement will be more
retarded than <100> and <111> tilt boundaries as the vacancy
mobility decreases with increasing pressure during annealing. The fact
that a high density of twin boundaries may significantly slow down re-
covery and grain growth was also observed in a nanostructured
austenitic stainless steel refined by hydrostatic extrusion (HE) and
profile rolling (PR) after annealing at 1173K under 6 GPa for 10 min [26,
27,29].

4.2. The impact of HPA on twinning frequency in nanostructured metals
that differ in SFE

Annealing twin boundaries - which are understood as a special kind
of coherent high-angle grain boundaries with the lowest interfacial en-
ergy [55] - have an impact on various properties of materials. They can
improve corrosion resistance by, e.g., accelerating the formation of a
homogeneous [56] and/or less defective [57] film in the twinned areas,
and can also improve the material’s mechanical properties by acting as
obstacles to dislocations [49,58]. On the other hand, twins can be
detrimental to fatigue resistance, as they may accelerate the crack
initiation process [59]. Moreover, they can be disadvantageous to
electrical conductivity, as proved in nano-twinned copper: the contri-
bution to resistivity in nanotwinned Cu of twin widths of 15 nm and 90
nm is 8.5102 and 1.2*102 pQem, respectively [60]. According to

Gleiter’s theory [61], still in development [62,63] - the so-called growth
accident model - annealing twin boundaries are created when a
migrating grain boundary encounters an SF. The highest density of SFs is
in Ag, and for this reason Ag has the highest Syrg. In comparison with
CA, HPA has an impact on twinning creation, although the trend is
different in Ni and Ag. The phenomenon observed in Ni can be easily
justified if one assumes that HPA slows down the processes of recrys-
tallization and grain growth. Then, the microstructure obtained during
HPA may be treated as that obtained by CA but after a shorter annealing
time. If so, and knowing that annealing twin density decreases during
grain growth, the results obtained in the case of Ni remain in agreement
with the prediction from the literature [63,64]. If one tries to apply the
same theory to Ag, it should be expected that HPA will result in a much
higher Syrg. In order to find the reasons for the different behavior of Ag,
the factors that affect annealing twin generation must be considered.
Those factors are as follows: grain boundary velocity, which is consid-
ered as the most essential; grain size; grain boundary energy; and twin
boundary energy. As previously stated, HPA retards grain growth - in
other words, it decreases grain boundary velocity. This can be the main
reason for the comparable Syrg in Ag_HPA and Ag_CA. The fact that a
low grain growth rate results in a lower twinning frequency than a high
rate was previously observed in Ag stocked at room temperature [65].
However, that kind of treatment precludes any control over the number
of twin boundaries, unlike HPA, which the authors believe may be useful
in grain engineering to obtain desirable microstructures for various
applications.

Another important factor that demands further investigation in the
future is the impact on HPA of unloading after HPT. This process may
lead to an annihilation/recombination of dislocations which are hin-
dered under high pressure [54,66]. This could be essential for materials
of low thermal stability - in this study Ag - since for this material the
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Fig. 9. Hall-Petch plot for HPT-processed and annealed a) Ni and b) Ag [48].

diffusivity at RT is the highest. Yet even Ni, which is considered to have
high vacancy migration enthalpy [66], was significantly affected by
unloading.

5. Conclusions

a) High pressure torsion leads to the microstructure refinement of
both low- (Ag) and high- (Ni) stacking fault energy metals. The micro-
structures obtained differ in grain size and twin density, with a smaller
grain size and greater twin density is observed in Ag.

b) High hydrostatic pressure annealing retards the microstructure
evolution of Ag more than that of Ni. This is contrary to conventional
annealing, which results in a greater grain size in Ag than in Ni.

c) The lower grain growth rate during high hydrostatic pressure
annealing in the case of Ag (in comparison with Ni) was attributed to a
higher frequency of deformation twins during deformation and a lower
vacancy concentration.

d) Unlike conventional annealing, high pressure annealing leads to a
smaller twin boundary area per unit volume than that expected for the
determined grain size, since high pressure annealing decreases the rate

of boundary motion. The magnitude of this phenomenon is greater for
Ag than Ni, since in Ag grain growth is more retarded.
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Umowa nr UMO-2014/15/D/ST8/00532

-

o realizacje i finansowanie projektu badawczego
ktory uzyskat finansowanie w ramach konkursu ,,SONATA 8”

zawarta W dniu ........ccccccoviiiicnininneee. W Krakowie pomiedzy:

Narodowym Centrum Nauki w Krakowie, ul. Krélewska 57, 30-081 Krakow, NIP 6762429638, REGON 121361537,
zwanym dalej "Centrum"”
reprezentowanym przez Dyrektora .................cooooeveroooooooee

a

Politechnika Warszawska
pl. Politechniki 1, 00-661 Warszawa
NIP: 5250005834 REGON: 000001554

zwang(ym) dalej "Jednostka”", ktorg reprezentuje(a):
prof. dr hab. Rajmund Bacewicz, Prorektor ds. Nauki,
oraz

dr inz. Agnieszka Teresa Krawczyrniska

zwang(ym) dalej "Kierownikiem projektu"

na podstawie decyzji Dyrektora Narodowego Centrum Nauki Nr DEC-2014/15/D/ST8/00532 z dnia 2015-05-11.

§ 1. Przedmiot umowy

Umowa okre$la warunki realizacji, finansowania oraz rozliczania projektu badawczego pt.

Rekrystalizacja i rozrost ziaren w silnie odksztatconej stali austenitycznej, zwanego dalej ,projektem”, przyjetego
do finansowania w ramach konkursu ,SONATA 8” na projekty badawcze, realizowane przez osoby rozpoczynajgce
karierg naukowg posiadajace stopien naukowy doktora, ogtoszonego w dniu 15 wrzesnia 2014 r. Projekt bedzie
realizowac Politechnika Warszawska, Wydziat Inzynierii Materiatowej.

§ 2. Termin realizacji projektu

1. Dzieri rozpoczecia realizacii projektu strony ustalaja na dzien zawarcia umowy, a zakoriczenia realizacji projektu
nadzien ......................
2. Okres realizacji projektu wynosi 36 miesiecy/miesiace.

Umowa nr: UMO-2014/15/D/ST8/00532 - wygenerowana 2015-06-23 11:03:44 przez Agnieszka Krawczyfiska



MINISTERSTWO
NAUKII SZKOLNICTWAWYZSZEGO

Departament Wspéipracy Migdzynarodowej

DWM.WKE.183.10.2018/AM Warszawa,«? (1 stycznia 2018 r.

Dr inz. Agnieszka Krawczynska
Politechnika Warszawska
Wydzial Inzynierii Materialowej

Szanowna Pani,

uprzejmie informuje, ze w dniu 15 grudnia 2017 r. Polsko-Francuska Komisja dokonata
wyboru projektow sposréd przedtozonych w ramach Programu Wymiany Osobowej na lata
2018-2019. Uprzejmie informuje, ze decyzja Komisji, Pani projekt pt. Badanie plastycznosci
tlenku aluminium w réznej skali podeczas eksperymentow in situ w mikroskopach
elekironowych zostat przyjety do realizacji.

Z wyrazami szacunku,

o

ul. Wspélna 1/3, 00-529 Warszawa
tel. (22) 52 92 266, faks: (22) 50 17 130, e-mail: sekretariat. DWM@nauka.gov.pl, www.nauka.gov.pl



Wspotpraca polsko-austriacka

Dziedzic Wojciech <Wojciech.Dziedzic@mnisw.gov.pl >

Sr09.05.2018 10:06

Doakrawzy@inmat.pw.edu.pl <AKrawaynska@inmat.pw.edu.pl=;

owCalak Jan <Jan.Calak@mnisw.gowvpl=; Agnieszka Stefaniak-Hrycko <agnieszka.stefaniak@nawa.govpl=; researchers@nawa.govpl <researchersi@nawa.govpl=;
‘Magdalena Kachnowiz' <MagdalenaKachnowic@nawa.gowpl=;

Szanowna Pani,

cheiatbym nawigzad do ztozonego przez Pania zgtoszenia do udziatu w polsko-austriackim konkursie wymiany osobowe] naukowcow (edycja 2018-2020) pt.:
"Wphaw energii btedu utozenia nanomateriatow na zjawiska zachodzace podczas wyzarzania pod wysokim cisnieniem / The impact of the stacking fault
energy of nanomaterials on phenomena during annealing at high hydrostatic pressure”.

Uprzejmie informuje, ze dnia 26 kwietnia 2018 . odbyto sie w Wiedniu posiedzenie polsko-austriackiej grupy roboczej do spraw wspotpracy naukowo-
technicznej, w trakcie ktdrego dokonano oceny ztozonych wnioskdw.
Pragne Panig poinformowad, ze ww. zgtoszenie zostato zaakceptowane do realizagji w okresie od 1 maja 2018 . do 30 kwietnia 2020,

Zycze powodzenia w realizacji zamierzoneg] wspdtpracy i zataczam wyrazy szacunku
Wojciech Dziedzic
naczelnik wydziatu

Wydziat Spraw Europejskich
Departament Wspdtpracy Miedzynarodowej

Ministerstwo Nauki | Szkolnictwa Wyzszego

tel. 22 50117 119



i Zat. Nr 3
I POROZUMIENIE
w sprawie realizacji grantu wewngtrznego wspierajacego prowadzenie dzialalno$ci naukowej w
dyscyplinie Inzynieria Materialowa

pt. Ksztaltowanie nanos‘t]'ruktury stopu aluminium w procesie starzenia pod wysokim ci$nieniem
hydr: ‘statycznym opisanego we wniosku z dnia 14.03.2022 1.

zawarte w dniu 14.04.2022 |r. pomie¢dzy:

prof. dr hab. inz. Jaros}awém Mizerg, dziekanem Wydziatu Inzynierii Materiatowej, w ktérym
jest realizowana praca, zwanym dalej ,,Kierownikiem jednostki” oraz

|
Kierownikiem grantu dr inz. Agnieszka Krawczynska, zwanym dalej ,,Kierownikiem pracy™.

I Kierownik pracy zobowigzuje si¢ wykona¢ wszystkie prace objete wnioskiem o grant, zgodnie
z harmonogramem ‘ oraz Regulaminem przyznawania i rozliczania grantéw wewnetrznych
wspierdajgcych prowadzenie dziatalnosci naukowej w dyscyplinie Inzynieria Materiatowa.

2. Harmonogram pracy i kalkulacja kosztéw stanowig zalaczniki do porozumienia.

3. Na sfinansowanie 1'e| alizacji pracy przyznana zostata kwota w wysokosci 34 800,00 zi
(stownie zt : trzydziesci| cztery tysiace osiemset ziotych)

4. Termin zakonczenia| realizacji pracy ustala si¢ na dzien 31.12.2023 r.

5. Kierownik jednostki, w ktorej jest realizowana praca, udostepni skladniki mienia jednostki
niezbgdne do realizacji pracy oraz obstuge realizacji pracy przez administracje jednostki.

6. Niewykorzystane w| czasie realizacji pracy srodki, Kierownik pracy przekazuje do dyspozycji
Przewodniczacego Rady Naukowej Dyscypliny Inzynieria Materialowa.
7. Porozumienie sporzgdzono w czterech jednobrzmigcych egzemplarzach po jednym dla kazdej

ze stron oraz jeden |dla pelnomocnika kwestora w jednostce zatrudniajacej Kierownika pracy
oraz Przewodniczgcego Rady Naukowej Dyscypliny Inzynieria Materiatowa.

|
| 3
Przewodniczacy Rady Kierownik jednostki, Kierownik pracy
Naukowej Dyscypliny w ktorej jest realizowana praca

KIEROWNIK
PROJEKTU BADAWCZEGQO
/ Kiots ool
dr inz. Agnieszka Krawczyriska

................................

(data i podpis)

' Pelnomocnik Kwestora w jednostce,
‘ w ktorej jest realizowana praca

~up. Glownego Ksiegowego

8/4%/

Wieslawa. Skardarawska

(data i podpis)
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Umowa nr UMO-2021/42/E/ST5/00118
o realizacje i finansowanie projektu badawczego,
ktory uzyskat finansowanie w ramach konkursu ,,SONATA BIS-11”

zawarta w Krakowie w dniu podpisania przez Dyrektora Narodowego Centrum Nauki, pomiedzy stronami,
ktérymi s3:

Narodowe Centrum Nauki,

ul. Twardowskiego 16, 30-312 Krakdw,

NIP: 6762429638, REGON: 121361537,

zwane dalej ,Centrum” lub ,,NCN”,

reprezentowane przez Zbigniewa Btockiego - Dyrektora Narodowego Centrum Nauki,
zwanego dalej ,Dyrektorem”

Politechnika Warszawska
zwana(y) dalej ,Podmiotem"

Adres siedziby:
pl. Politechniki 1, 00-661 Warszawa

Adres korespondencyjny:
pl. Politechniki 1, 00-661 Warszawa

Woydziat Inzynierii Materiatowej

NIP: 5250005834, REGON: 000001554
ktora(y) reprezentuje(a):
prof. dr hab. inz. Mariusz Malinowski, Prorektor ds. Nauki

oraz

dr ini. Agnieszka Teresa Krawczynska

S :\ana(y) dalej , Kierownikiem projektu”

na podstawie decyzji Dyrektora nr DEC-2021/42/E/ST5/00118 z dnia 2022-02-24.

§ 1. Informacje ogdine

1. Umowa okresla warunki realizacji, finansowania oraz rozliczenia projektu badawczego pt. Ksztattowanie
mikrostruktury materiatow metalicznych w celu poprawy ich wtasciwosci antybakteryjnych, objetego
wnioskiem zarejestrowanym w systemie ZSUN/OSF (Zintegrowany System Ustug dla Nauki/Obstuga Strumieni
Finansowania) administrowanym przez OPI {Osrodek Przetwarzania Informacji) pod numerem
2021/42/€/ST5/00118 i przyjetego do finansowania w ramach ogloszonego przez Centrum konkursu ,SONATA
BIS-11”, zwanego dalej , projektem”.

2. Projekt bedzie realizowa¢ Politechnika Warszawska, Wydziat Inzynierii Materiatowej.

3. Na realizacje projektu przyznano Podmiotowi srodki finansowe w wysokosci 2 042 493,00 zt (stownie: dwa
miliony czterdziesci dwa tysigce czterysta dziewiecdziesigt trzy ztote).

4. Dzien rozpoczecia realizacji projektu strony ustalajg na dzieri zawarcia umowy.

Umowa nr: UMO-2021/42/E/ST5/00118 - wygenerowana 04.03.2022, 13:30 przez Krawczyriska Agnieszka
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Umowa nr UMO-2024/03/Y/ST5/00253

o realizacje i finansowanie projektu badawczego, .,
ktory uzyskat finansowanie w ramach konkursu ,Weave-UNISONO

zawarta w dniu podpisania przez Dyrektora Narodowego Centrum Nauki w Krakowie,
pomiedzy stronami, ktérymi sa:

Narodowe Centrum Nauki w Krakowie,
ul. Twardowskiego 16, 30-312 Krakdow, ,
NIP: 6762429638, REGON: 121361537, zwane dalej,Centrum” lub ,NCN",

reprezentowane przez Zbigniewa Blockiego - Dyrektora Narodowego Centrum Nauki,
zwanego dalej ,Dyrektorem”,

Politechnika Warszawska
zwana(y) dalej ,Podmiotem”

Adres siedziby:
pl. Politechniki 1, 00-661 Warszawa

Adres korespondencyjny:
pl. Politechniki 1, 00-661 Warszawa

Wydziat Inzynierii Materiatowej
NIP: 5250005834, REGON: 000001554,

ktéra(y) reprezentuje(g):
prof. dr hab. inz. Mariusz Malinowski, Prorektor ds. Nauki

oraz

drinz. Agnieszka Teresa Krawczyrniska

zwana(y) dalej ,Kierownikiem projektu”

na podstawie decyzji Dyrektora nr DEC-2021/03/Y/ST5/00253 z dnia 2022-04-04.

§ 1. Informacje ogdine

1. Umowa okresla warunki realizacji, finansowania oraz rozliczenia projektu b?‘j‘a‘:"cz_e?‘?
pt. Ksztaltowanie nanomateriatéw w wyniku wyzarzania pod wysokim c'sn'e‘&'em'
objetego wnioskiem zarejestrowanym w systemie ZSUN/OSF (Zintegrowany System E&eig(
dla Nauki/Obstuga Strumieni Finansowania) administrowanym przez OPI (Osro )
Przetwarzania Informagji) pod numerem 2021/03/Y/ST5/00253 i przyjetego do f:nansovéaTe_
w ramach ogtoszonego przez Centrum konkursu .Weave-UNISONO", zwanego da j
.projektem’.

Umowa nr: UMO-2021/03/Y/ST5/00253
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UMOWA nr 1820/38/209/2023
NA FINANSOWANIE MOBLINOSCI O CHARAKTERZE MIEDZYNARODOWYM
W RAMACH PROGRAMU MOBILITY PW

10 MAR. 2023

zawarta W dniu ..o w Warszawie pomiedzy

Politechnika Warszawska z siedzibg w Warszawie (00-661), Plac Politechniki 1, NIP 5250005834,
REGON 000001554, reprezentowang przez kierownika zespotu zarzadzajgcego projektu ,, Inicjatywa
doskonatoéci-uczelnia badawcza”, prof. dr hab. inz. Matgorzate Lewandowska, dziatajacg na podstawie
pefnomocnictwa BR-P-674/2020 z dn. 01.09.2020 r., zwang dalej »,Uczelnig”,

a

krawczyriska Agnieszka S EGTGTGNE
samieszaty-ym prry S

zwany dalej ,,Uczestnikiem Programu”

Strony ustality nastepujace warunki Umowy:
§ 1 - PRZEDMIOT UMOWY

1. Przedmiotem umowy jest okreslenie warunkéw finansowania mobilnosci o charakterze
miedzynarodowym w ramach programu Mobility PW, realizowanego w ramach i ze Srodkéw
programu ,,Inicjatywa doskonafosci — uczelnia badawcza”, zwanego dalej ,,Programem {DUB”,
na podstawie art. 389 ust. 1i 2 ustawy z dnia 20 lipca 2018 r. Prawo o szkolnictwie wyzszym i nauce
oraz w zwigzku z umowa nr 04/IDUB/2019/94 z dnia 30 grudnia 2019 r.

2. Uczestnik Programu oéwiadcza, Ze zapoznat sig i akceptuje warunki umowy oraz zapisy regulaminu
konkursu w ramach programu Mobility PW., stanowigcy zatacznik do decyzji nr 217/2021 Rektora
Politechniki Warszawskiej z dnia 1 wrzeénia 2021r. w sprawie uruchomienia-Mobility PW oraz
ogtoszenia | konkursu w ramach tego programu zwany dalej regulaminem konkursu w ramach
programu Mobility PW.

3. Uczelnia zapewni Uczestnikowi Programu finansowanie mobilnosci o charakterze
miedzynarodowym ,zbadanie przy uzyciu metody anihilacji pozytrondw: koncentracji, wielkosci i
rozmieszczenia defektéw w prébkach Cu i CuzZn poddanych obrébce HPT w temperaturze pokojowej
oraz podczas izochronicznego wyzarzania do 250°C.” do HZDR, Dresden, Niemcy na okres 6 dni,
zwanej dalej ,,mobilnoscig”.

4. Uczestnik Projektu przyjmuje finansowanie i zobowiazuje sig zrealizowa¢ mobilnos¢, o ktérej mowa
w ust. 3. B

§ 2 — CZAS TRWANIA UMOWY

1. Umowa wchodzi w 2zycie w dniu jej zawarcia, tj. po podpisaniu przez ostatnig ze Stron.
Mobilnoé¢ rozpocznie sie w dniu 13.06.2023 r. a zakoriczy w dniu 18.06.2023 r.

§ 3 — FINANSOWANIE MOBILNOSCI

1. Na pokrycie kosztéw zwigzanych z mobilnoscia Uczestnik Programu otrzymuje ryczatt
w wysokoséci 6420 zt (stownie: sze$¢ tysiecy czterysta dwadziescia ztotych zero groszy). Na powyiszg
kwote sktada sie kwota przeznaczona na koszty podrdzy, ubezpieczenia zdrowotnego, OC, NNW,



cb UCZELNIA Politechnika
BADAWCIR  \Vgrszawska

koszty optat wizowych lub zwigzanych z legalizacjg pobytu w wysokosci 2000 zt oraz kwota
przeznaczona na koszty utrzymania w wysokosci 4420 zt zgodnie z informacjg dodatkowa dotyczacg
finansowania mobilnosci zawarta w Ogloszeniu konkursowym Mobility PW.

Skierowanie za granice w celu realizacji mobilnosci odbywa sie na zasadach okreslonych
w Zarzadzenia nr 97/2021 Rektora PW z dnia 25 pazdziernika 2021 r. w sprawie kierowania za granicg
pracownikéw, doktorantow i studentéw Politechniki Warszawskiej w celach naukowych,
dydaktycznych i szkoleniowych.

W przypadku nie rozpoczecia realizacji mobilnosci, o ktérej mowa w § 1 ust. 3 Uczestnik
zobowigzany jest do zwrotu kwoty ryczattu, o ktérej mowa w ust. 1 w terminie 14 od wezwania do
zwrotu przez Uczelinie.

W przypadku przerwania realizacji mobilnosci, o ktérej mowa § 1 ust. 3 z powodu sity wyzszej,
Uczestnik zobowigzany jest do zwrotu kwoty ryczattu , o ktérej mowa w ust. 1 proporcjonalnie do
niewykorzystanej kwoty ryczattu, w terminie 14 od wezwania do zwrotu przez Uczelnie.
Swiadczenia wynikajace z umowy na finansowanie mobilnosci z programu IDUB, zgodnie z art.21
ust. 1 pkt.16 ustawy o podatku dochodowym od oséb fizycznych s3 zwolnione z opodatkowania do
wysokosci okreslonej w Rozporzadzeniu Ministra Pracy i Polityki Spotecznej z dnia 29 stycznia 2013
r. w sprawie naleznosci przystugujgcych pracownikowi zatrudnionemu w panstwowej lub
samorzadowej jednostce sfery budzetowej z tytutu podrézy stuzbowej (Dz.U. 2013 poz. 167).

W zwigzku z powyiszym Uczestnik Programu  zobowigzany jest dostarczy¢ potwierdzenia
poniesionych kosztéw zwigzanych z wyjazdem. Kwota ryczattu przekraczajgca udokumentowane
koszty i przystugujace diety za podréz podlega opodatkowaniu podatkiem dochodowym od oséb
fizycznych.

§ 4 - INFORMACJA O PRZETWARZANIU DANYCH OSOBOWYCH

Zgodnie z art. 13 Rozporzadzenia Parlamentu Europejskiego i Rady (UE) 2016/679 z dnia 27 kwietnia
2016 r. w sprawie ochrony oséb fizycznych w zwigzku z przetwarzaniem danych osobowych i w sprawie
swobodnego przeptywu takich danych oraz uchylenia dyrektywy 95/46/WE (Dz. U. UE L 119/1 z dnia
4 maja 2016 r.), zwanym dalej ,RODO”, Politechnika Warszawska informuje, ze:

1)

2)

3)

4)

5)

6)

Administratorem danych osobowych Uczestnika Programu jest Politechnika Warszawska z siedzibg
przy Pl. Politechniki 1, 00-661 Warszawa.

Administrator wyznaczyt w swoim zakresie Inspektora Ochrony Danych (IOD) nadzorujgcego
prawidtowos¢ przetwarzania danych osobowych. Mozna skontaktowa¢ sie z nim, pod adresem
mailowym: iod@pw.edu.pl.

Administrator bedzie przetwarza¢ dane osobowe w zakresie danych osobowych zawartych
W niniejszej umowie.

Dane osobowe Uczestnika Programu przetwarzane bedg przez Administratora w celu sfinansowania
Uczestnikowi mobilnosci o charakterze migdzynarodowym — podstawg do przetwarzania danych
osobowych Doktoranta jest art. 6 ust. 1 lit. b) RODO. '

Politechnika Warszawska nie zamierza przekazywa¢ danych osobowych Uczestnika Programu poza
Europejski Obszar Gospodarczy.

Uczestnik Programu ma prawo dostepu do tresci swoich danych osobowych oraz prawo ich
sprostowania, prawo Zadania usunigcia, ograniczenia przetwarzania, prawo whniesienia sprzeciwu
wobec przetwarzania danych osobowych. Ze wzgledu na fakt, ze przestanka przetwarzania danych
osobowych nie jest zgoda nie przystuguje prawo do przenoszenia danych osobowych.

str. 2
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8)

9)
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Dane osobowe Uczestnika Programu nie beda udostepniane innym podmiotom (administratorom),
za wyjatkiem podmiotéw upowaznionych na podstawie przepiséw prawa.

Dostep do danych osobowych Uczestnika Programu mogg mie¢ podmioty (podmioty
przetwarzajgce), ktérym Politechnika Warszawska zleca wykonanie czynnosci moggcych wigzac sig
z przetwarzaniem danych osobowych.

Politechnika Warszawska nie wykorzystuje w stosunku do Uczestnika Programu
zautomatyzowanego podejmowania decyzji, w tym nie wykonuje profilowania Uczestnika
Programu.

10) Podanie przez Uczestnika Programu danych osobowych jest dobrowolne, jednakze ich niepodanie

uniemozliwia Uczestnikowi Programu otrzymania finansowania w ramach programu Mobility PW.

11) Dane osobowe Uczestnika Programu przetwarzane bedg przez okres trwania Umowy oraz na

potrzeby wieczystej archiwizacji.

12) Doktorant ma prawo do wniesienia skargi do organu nadzorczego - Prezesa Urzedu Ochrony Danych

Osobowych, gdy uzna, iz przetwarzanie Pani/Pana danych osobowych narusza przepisy RODO.

§ 5- WARUNKI KONCOWE

1. Sadem wiasciwym dla rozstrzygania wszelkich sporéw wyniktych z realizacji Umowy, bedzie Sad
witasciwy dla Uczelni.

2. Niniejsza umowe sporzadzono w dwdch jednobrzmiacych egzemplarzach, po jednym dla kazdej ze
Stron.

Zataczniki:

Zatacznik nr 1 Wniosek o finansowanie mobilnosci

Uczelniap e cynma WARS

Uczestnik Programu
RS ZAWSKA
"Inicjatywa D S e
Atywa Doskenaloic: - Uezalnig Badaweza"
ul. Rektorska - lok.4.23,00 614 '..-‘.fdlm‘f-:;:ahu
tel. (22) 234 1337, NIP 52{':'1'-0'30-%;“. ‘Hﬂ

(piecze¢ Biura projektu IDUB) {podpis Uczestnika Programu)

ietoy

prof. dr b

(piecze¢ i podpis Kierownika IDUB)

(pieczec i podpis Refnomocnika Kwestora)

Zup. Gléwnego Ksiegowego

ayslaw-Baranow:....
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‘ ENP Fundacja na rzecz

Nauki Polskiej

Warszawa, 27 maja 2019 r.

ZASWIADCZENIE

Niniejszym zaswiadczam, ze Pani Dr Agnieszka Krawczyriska w 2015 roku uczestniczyta w
programie SKILLS Fundacji na rzecz Nauki Polskiej, w ramach ktorego odbyta 2-miesieczny staz w

National Physical Laboratory w Wielkiej Brytanii.

Michat Pietras

Dyrektor ds. Dziatalnosci Programowej FNP

ul. |. Krasickiego 20/22 Organizacja pozytku publicznego
02-611 Warszawa KRS: 06000109744
tel.; 22 845 95 00, fax: 22 8459505 Konto dla darowizn i 1% odpiséw podatkowych na cele statutowe:

fnp@fnp.org.pl, www.fnp.org.pl 29 1500 1272 1212 1004 4667 0000



Délégation Midi-Pyrénées
16, av Edouard Belin -BP 24367
31055 Toulouse Cedex 4

CONTRAT DE TRAVAIL

N ©:380943

ENTRE :

Le Président du Centre National de la Recherche Scientifique (CNRS),
d'une part,

ET

Madame Agnieszka ERAWECZINSKA- K RAWCZ YN SKA
Domicilié(e) : 29 rue J. Marvig 31 400 TOULOUSE

Agentn® 111514 N°INSEE : 2 82 07 99 122 999
ci-apres dénomme(e) "le bénéficiaire”,

d'autre part,

Vu la loi n° 83-634 du 13 juillet 1983 modifiée portant droits et obligations des fonctionnaires

Vu la loi 1° 84-16 du 11 janvier 1984 modifiée portant dispositions statutaires relatives & la fonction publique de I'Etat,
notamrgrent son article 4-2°

Vu le décret n° 82-993 du 24 novembre 1982 modifié portant organisation et fonctionnement du Centre National de la
Recherche Scientifique

Vu le décret n° 86-83 du 17 janvier 1986 modifié relatif aux dispositions applicables aux agents non titulaires de 1'Etat
pris pour lapphcatlon de larticle 7 de la loi 84-16 du 11 janvier 1984 portant dispositions statutaires relatives 4 la
fonction publique de I'Etat

Vu, le contrat n°® 045482, signé avec I'Agence Nationale de la Recherche relatif au projet MINIC

IL A ETE CONVENU CE QUI SUIT :

ARTICLE 1 : OBJET

Madame Agnieszka KRAWCZINSKA est recruté(e), en qualité d'agent contractuel au Centre national de la recherche
scientifique & compter du 01 décembre 2012 au titre du 2éme alinea de 'article 4 de la loi du 11 janvier 1984 susvisée
pour exercer les fonctions de chercheur en microscopie élec tronique .

A compter de cette méme date, l'intéressé(e) est affecté(e) a I'unité UPR8011 CEMES lieu de travail TOULOUSE et
placé(e) sous l'autorité hiérarchique de Monsieur ALAIN CLAVERIE.



ARTICLE 2 : DUREE DU CONTRAT

Sous réserve des dispositions prévues a l'article 7, le présent contrat est conclu pour une durée de 7 mois du 01
décembre 2012 au 30 juin 2013,

I est précisé que le présent contrat ne constitue pas un engagement a caractére permanent et ne confére en aucun cas le
droit 4 une intégration dans le cadre des personnels statutaires du CNRS.

ARTICLE 3 : REMUNERATION

Le bénéficaire percoit, pour un travail 4 Temps plein une rémunération mensuelle brute de 2 296,62 euros exclusive de
toutes primes et indemnités,

Cette rémunération, indexée sur la valeur du point indiciaire de la fonction publique, est payable a terme échu.

ARTICLE 4 : COUVERTURE SOCIALE

Le bénéficiaire est soumis aux dispositions prévues dans le décret du 17 janvier 1986 susvisé.

A ce titre, il est affilié et se voit appliquer le régime général de Sécurité Sociale pour ce qui concerne les prestations
d'assurances sociales, notamment de I'assurance maladie, et le régime de IRCANTEC pour ce qui concerne la retraite
complémentaire,

Il bénéficie de la Iégislation relative aux accidents du travail et aux maladies professionnelles.

ARTICLE 5 : HORAIRES - CONGES - CUMUL D'ACTIVITE - FRAIS DE DEPLACEMENTS

En ce qui concemne I'horaire de travail, la durée du conge annuel et les frais de déplacement, le bénéficiaire est soumis
aux régles applicables aux agents titulaires du CNRS,

Les congés annuels doivent étre pris pendant la durée du contrat » aucune indemnité ne sera due pour compenser les
congés non utilisés du fait du bénéficiaire.

Le bénéficiaire du présent contrat est soumis 4 la réglementation sur les cumuls.

ARTICLE 6 : OBLIGATION DE RESERVE ET PROPRIETE INTELLECTUELLE

6-1 Obligation de réserve et obéissance hiérarchique

Le bénéficiaire du présent contrat est soumis aux obligations incombant & I'ensemble des agents publics, notamment
celle d'obéissance hiérarchique et & I'ebligation de réserve. Il est également tenu au secret professionnel & I'égard des
tiers en ce qui concerne les activités exercées au CNRS.

6-2 Propriété Intellectuelle

Les missions confiées au bénéficiaire au titre du présent contrat de travail comportent une mission inventive
permanente.

En conséquence et conformément 4 la législation en vigueur en matiére de propriété intellectuelle (articles L. 611-7 et
R.611-11 4 R. 611-14 notamment), les inventions faites par le bénéficiaire appartiennent au CNRS.

Le bénéficiaire reconnait que le CNRS est propriétaire de tout autre résultat valorisable, protégeable ou non par un titre
de propriété intellectuelle.

Ainsi, les logiciels créés par le bénéficiaire dans le cadre du présent contrat appartiennent au CNRS en application de
l'article L.113-9 du code de la propriété intellectuelle. :

En outre, le bénéficiaire s'engage a céder au CNRS, par le biais de cessions de droits particuliers, la propriété pleine et
entigre des résultats protégés par le droit d'auteur qu'il pourrait obtenir ou pourrait contribuer & obtenir.

Le CNRS dispose seul du droit de déposer les titres de propriété intellectuelle correspondants aux résultats précités.

Le CNRS s'engage a ce que le nom du bénéficiaire, s'il est considéré comme inventeur, soit mentionné dans les
demandes de brevets, 2 moins que le bénéficiaire ne s'y oppose.

Le bénéficiaire s'engage 4 donner toutes signatures et & préter son entier concours au CNRS pour les procédures de
protection de ces résultats (notamment pour le dépdt éventuel d'une demande de brevet, son maintien en vigueur et sa
défense) ainsi que pour leur exploitation et ce tant en France qu'a I'étranger,



L'ensemble de ces dispositions demeure valable 4 I'expiration du contrat.

6-3 Confidentialité

Le bénéficiaire s'engage & considérer comme strictement confidentielles les informations de toute nature,
communiquées par tous moyens, dont il pourrait avoir connaissance  l'occasion de P'exécution du présent contrat.

Cette obligation de confidentialité reste en vigueur pendant la durée du contrat et apreés son expiration,

6-4 Publications

Le bénéficiaire du présent contrat doit solliciter de maniére expresse de l'autorité hiérarchique, l'autorisation de publier,
Toute publication ou communication du bénéficiaire doit explicitement mentionner le nom de I'unité et du CNRS.

Ces dispositions demeurent en vigueur pendant la durée du contrat et apres son expiration.

ARTICLE 7 : RESILIATION DU CONTRAT - PREAVIS

Le présent contrat pourra étre résilié :

- sans préavis, 4 l'initiative de l'une ou l'autre des parties pendant une période de 14 Jours suivant I'entrée en fonctions
et constituant une période d'essai ou passé ce délai, en cas de faute grave, par décision unilatérale du président du
CNRS.

- avec préavis,

- a l'initiative du bénéficiaire du présent contrat

- 4 l'initiative du président du CNRS passé la période d'essai fixée par le présent article, pour des motifs réels
et sérieux. En ce cas, le bénéficiaire sera informé des griefs portés contre lui et mis en mesure de présenter ses
observations sur les faits qui lui sont reprachés.

Hormis le cas de faute grave, pour lequel le licenciement sans indemnités ni préavis eut €tre prononcé, Ia durée du
g p p
préavis & respecter par l'une ou l'autre des parties est la suivante :

- huit jours si le bénéficiaire a moins de 6 mois de service,
- un mois, s'il a au moins 6 mois de service et moins de 2 ans,
- deux mois s'il a au moins 2 ans de service.

ARTICLE § : IMPUTATION DE LA DEPENSE

La dépense sera imputée au budget du CNRS, agrégat 1 "activité conduite par les unités de recherche" nature B1
"dépenses de personnel non limitatives", compte comptable 646322.

Fait 4 Toulouse, le 28 novembre 2012 en deux exemplaires.

Pour le Délégué Régional Empéché
LeP g ident du CNRS

). A
pa!:d Sl epneiRégional -5

Le bénéficiaire

(signature, précédée de la mention "lu et approuvé")

A \(Amm:&«'\s\w fon €%, QV?\meé
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KMM-VIN Research Fellowship Agreement

|. Details of the Fellowship Holder

Name (first, last): Agnieszka Krawczyriska
e-mail: akrawczynska@wp.pl
Sending institution (name, address):

Politechnika Warszawska (Warsaw University of Technology)
Wydziatl Inzynierii Materiatowej (Faculty of Materials Science and Engineering)
Wotoska 141, 02-507 Warszawa, Poland
Contact person in the sending institution (name, function, phone, e-mail):

Prof. M. Lewanowska, vice-Dean,
+48 (22) 2348399, malew@inmat.pw.edu.pl

Il. Details of the Host
Host institution (name, address):

Materials Center Leoben Forschung GmbH (MCL)
RoseggerstraBe 12, 8700 Leoben, Austria

Contact person in the host institution (name, function, phone, e-mail):

Prof. R. Pippan, Univ. Prof. Dr.
+ 43 (0) 3842 804 311, reinhard.pippan@oeaw.ac.at

lll. Start and end date of the Fellowship period:
September 11. 2010 — November 13. 2010

IV. Fellowship
After having received this Fellowship Agreement duly signed by the Fellowship Holder the KMM-VIN will
transfer the fellowship of the amount of:

3000,- €
directly to the bank account of the Fellowship Holder.

This amount is to be reported as a foreign income in the personal annual tax return of the Fellowship
Holder according to the national regulations that apply to the Fellowship Holder.

V. Resignation from the Fellowship or shortening the Fellowship period

In case of resignation from the Fellowship or shortening of its duration period the Fellowship Holder
commits herself/himself to pay back to the KMM-VIN bank account, respectively, the whole amount
received or a part of it equal to the fraction of the Fellowship received corresponding to the period by
which the stay was shortened.
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VI. Reporting of the Fellowship’s results

The Grant Holder commits herself/himself to provide to the Chair of the KMM-VIN Mobility Programme,
Prof. J. Eberhardsteiner (ej@mail.tuwien.ac.at) within a month after the Research Fellowship stay a
scientific report including all scientific results gained during the research stay (data, tables, experimental
results, ...).

VIl. Commitment of the Parties involved

By signing this document the Fellowship Holder, KMM-VIN and the Host Institution confirm that they will
abide by the principles of this Fellowship Agreement

f
Fellowship Holder’s signature: /ﬁ ....... BNV o s e
Place and date: ..........0%. Q8. 203 .. ... ..

KMM-VIN Representative
We confirm that Agnieszka Krawczynska was awarded the KMM-VIN Research Fellowship as
stated above

On behalf of KMM-VIN: .
f\h«chal Bas:sta \ _

)N )
Chlla(:u! éxeculwe Ofﬁcer
M-VIN-AIS
Place and date: mem I rf_g ﬁiwm

Signature:

Host institution representative: / Q ( i
We confirm that Agnieszka Krawczyriska stayed at our institution from / ) ey,

JUOU Z0(cas KMM-VIN research fellow /7

Signature of the Host:

Materiaf§ Center Leoben
Place and date: Forschung GmbH

8700 Leoben, Roseggerstrare 19

, Tel: 03842 /45997
é% P‘ Z(p /D -
Lep )
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