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Zostalem poinformowany, Ze:

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

Kontakt za posrednictwem e-mail: , tel. 22 656 60 98 lub w siedzibie
organu. Dane osobowe bedq przetwarzane w oparciu o przestankg wskazang w art. 6 ust. 1 lit.
¢) Rozporzgdzenia UE 2016/679 z dnia z dnia 27 kwietnia 2016 r. w zwiqzku 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
obowigzkéw oraz srodkow odwolawczych przewidzianych w tym postgpowaniu.

Szczegotowa informacja na temat przetwarzania danych osobowych w postgpowaniu dostepna
jest na stronie

(podpis wnioskodawcy)

! * Niepotrzebne skresli¢.
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. Nr telefonu: -4 D

. Adres e-mail: anna.dobkowska@pw.edu.pl

. Numer PESEL:

(podpis wnioskodawcy)


Tatiana Erenc-Sędziak
Podświetlony


Zalgcznik 3

Autoreferat w jezyku polskim



Dr inz. Anna Dobkowska Autoreferat
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1. Imie i nazwisko

Anna Dobkowska

2. Posiadane dyplomy, stopnie naukowe lub artystyczne — z podaniem podmiotu
nadajacego stopien, roku ich uzyskania oraz tytulu rozprawy doktorskiej

e 17.09.2017 Politechnika Warszawska, Wydzial Inzynierii Materialowe;j
Stopien naukowy Doktora Nauk Technicznych w dziedzinie nauk technicznych,
w dyscyplinie Inzynierii Materialowa

Tytut rozprawy doktorskiej: ,,Odpornos$¢ korozyjna stopéw Mg-Li”

Promotor: prof. dr hab. inz. Jarostaw Mizera, Wydzial Inzynierii Materiatowej Politechnika
Warszawska

Promotor pomocniczy: dr inz. Bogustawa Adamczyk-Cieslak, Wydziat Inzynierii Materialowej
Politechnika Warszawska

Recenzent: dr hab. inz. Lukasz Kaczmarek, prof. nadzw. PL, Politechnika ¥.6dzka Wydziat
Mechaniczny, Instytut InZynierii Materiatowe;j

Recenzent: dr hab. inz. Maria Sozafiska, prof. nzw. Pol. S1., Politechnika Slaska, Instytut Nauki
o Materiatach

e 90.122011 Tytut zawodowy magister inZyniera, Politechnika Warszawska, Wydziat
InZynierii Materiatowej, kierunek Inzynieria Materiatowa, specjalno$¢: nanomateriaty
1 nanotechnologie

Tytul pracy magisterskiej: ,,Odporno$¢ korozyjna stopow aluminium-lit w zalezno$ci
od stopnia zgniotu”

Promotor: dr hab. inz. Joanna Zdunek, prof. PW

e 8.02.2010 Tytut zawodowy inzyniera, Politechnika Warszawska, Wydziat Inzynierii
Materiatowej, kierunek Inzynieria Materiatowa ‘

Tytul pracy inzynierskiej: ,Nanokompozytowe warstwy Ni/SisNs wytwarzane metodg
elektrochemiczng”

Promotor: prof. nzw. dr inz. Maria Trzaska

3. Informacja o dotychczasowym zatrudnieniu w jednostkach naukowych lub
artystycznych

Od 02.11.2017 Politechnika Warszawska. Wydziat Inzynierii Materiatowej
Zajmowane stanowiska:
e 01.02.2024 — obecnie
Adiunkt w grupie pracownikow badawczo-dydaktycznych w Zaktadzie Projektowania
Materiatow
e (1.02.2022 -31.01.2024



Dr inz. Anna Dobkowska Autoreferat

Adiunkt w grupie pracownikow badawczych w Zakladzie Projektowania Materiatow

01.07.2020 -31.01.2022
Technolog w Zaktadzie Projektowania Materiatow

02.11.2017 - 01.06.2018
Technolog w Zakladzie Projektowania Materiatow

01.06.2018-30.05.2020 Postdoctoral Fellowship, Chemistry Department, The University
of Western Ontario, London, Ontario, Kanada
e Realizacja badan w ramach projektu “Defining Cu coating specifications - effect
of impurities on copper corrosion behaviour” wspotfinansowanego przez Nuclear
Waste Management Organization, Toronto, Kanada. Wsparcie dziatu inzynierskiego
w Nuclear Waste Management Organization, Toronto, Kanada.

4. Omowienie osiagnieé, 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
po6zn. zm.). Oméwienie to winno dotyczy¢ merytorycznego ujecia przedmiotowych
osiagnieé, jak i w sposob precyzyjny okreslaé indywidualny wkiad w ich powstanie,
w przypadku, gdy dane osiagniecie jest dzielem wspétautorskim, z uwzglednieniem
mozliwo$ci wskazywania dorobku z okresu calej kariery zawodowej

Jako osiagnigcie naukowe wynikajace z art. 219 ust. 1 pkt. 2 ustawy z dnia 20 lipca 2018r.
Prawo o szkolnictwie wyzszym i nauce (Dz. U. z 2021r. poz. 478 z p6ézn. zm.) i stanowigce

podstawe ubiegania si¢ o uzyskanie stopnia naukowego doktora habilitowanego wskazuje

cykl powiazanych tematycznie 7 publikacji naukowych.

4.1.Tytul osiagniecia naukowego

Wplyw mikrostruktury na ksztaltowanie odpornosci korozyjnej Mg i jego stopow

odksztalcanych metodg wyciskania wspélbieznego z oscylujaca matryca

4.2.Wykaz publikacji stanowiacych osiagniecie naukowe

Ponizej przedstawiam cykl powiazanych tematycznie 7 publikacji naukowych.
Dla kazdej publikacji wskazano catkowita liczbe cytowan wg. bazy Web of Science (Zwos)
i Scopus (Zs) - w nawiasach liczba cytowan po odliczeniu cytowan wiasnych, impact factor
(IF) czasopisma obowigzujacy w roku opublikowania artykutu (w przypadku roku 2022
wskazano dane za rok 2021), oraz liczbe punktow zgodnie z lista Ministerstwa Nauki
i Szkolnictwa Wyzszego obowigzujgcg w roku opublikowania artykutu. Dla artykuiow
opublikowanych w roku 2024 podano dane za rok 2024 wg wykazu czasopism naukowych
opublikowanego przez Ministra Nauki 5 stycznia 2024. We wszystkich przedstawionych

publikacjach jestem pierwszym autorem. Sumaryczny IF cyklu publikacji wynosi 43,7.
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[A1] A.Dobkowska, B. Adamczyk-Cie$lak, M. Gonzalez, W. Bednarczyk, J. Gubicza, P. Jenei,
K. Mukhartova, M. Tkocz, D. Kuc, J. Mizera, Effect of high deformation ratios without
preheating of the initial billet using KoBo, Metals 2024, 14, 949. https:/doi.org/
10.3390/met14080949

Zwos: 0(0) Zs:0(0) IF 2,6; 70 pkt MNiSW

Mo¢j wkiad w powstanie publikacji polegat na opracowaniu koncepcji badan, przygotowaniu
przegladu literaturowego, zaplanowaniu eksperymentdow i dobér metod badawczych,
przeprowadzeniu i analizie badan korozyjnych, wykonaniu pomiaréw EBSD oraz obserwacji
zniszczen korozyjnych. Nastgpnie przygotowatam pierwsza wersje tekstu manuskryptu,
zinterpretowatam wyniki badan, opracowalam je graficznie. Przeprowadzitam dyskusje
wynikow. W trakcie recenzji przygotowatam odpowiedzi dla recenzentéw, edytowatam

manuskrypt i przygotowatam jego ostateczng wersje.

[A2] A. Dobkowska, B. Adamczyk-Cieslak, M. Chlewicka, A. Towarek, A. Zielifiska,
M. Koralnik, D. Kuc, J. Mizera, Evolution of microstructure dependent corrosion properties
of ultrafine AZ31 under conditions of extrusion with a forward backward oscillating die,

J. Mater. Res. Technol. 18 (2022) 4486—4496. https://doi.org/10.1016/j.jmrt.2022.04.131
Zwos: 5(2) Zs:6(4) IF 6,2; 100 pkt MNiSW

W artykule pemitam rolg autora wiodacego. Opracowatam koncepcje badan, wykonatam
1 przenalizowatam wyniki badan korozyjnych, policzytam szybko$é korozji materiatéw oraz
opracowatam wyniki obserwacji mikroskopowych zniszczen korozyjnych. Przygotowatam
wstepng wersje manuskryptu, opracowatam wyniki graficznie, wysnutam wnioski. W trakcie
recenzji przygotowatam odpowiedzi dla recenzentdw, edytowalam manuskrypt

1 przygotowatam jego ostateczng wersje.

[A3] A. Dobkowska, A. Zielinska, 1. Paulin, C. Donik, M. Lojkowski, M. Koralnik,
B. Adamczyk-Cieslak, K. Paradowski, M. Tkocz, D. Kuc, J. Kubasek, M. Godec,
W. Swieszkowski, Microstructure and properties of an AZ61 alloy after extrusion with
a forward-backward oscillating die without preheating of the initial billet, J. Alloys Compd.
(2023) 169843. https://doi.org/10.1016/j.jallcom.2023.169843
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Zwos: 3(3) Zs:6(2) IF 5,8; 100 pkt MNiSW

Moj wktad w powstanie publikacji polegal na opracowaniu koncepcji badafi, przygotowaniu
przegladu literaturowego, zaplanowaniu eksperymentéw i dobér metod badawczych,
przeprowadzeniu i analizie badan korozyjnych oraz wykonaniu obserwacji zniszczen
korozyjnych. Zaplanowatam i zorganizowatam badania mikrostrukturalne we wspolpracy
z naukowcami z jednostek zagranicznych, w tym z Institute of Metals and Technology,
Stowenia oraz z University of Chemistry and Technology, Praga, Czechy. Nastepnie
przygotowatam pierwsza wersje tekstu manuskryptu, zestawitam i zinterpretowatam wyniki
badan, opracowatam je graficznie. Przeprowadzitam dyskusj¢ wynikéw. W trakcie recenzji
przygotowatam odpowiedzi dla recenzentdéw, edytowatam manuskrypt i przygotowatam jego

ostateczng wersjg.

[A4] A. Dobkowska, M. Koralnik, B. Adamczyk-Cie$lak, D. Kuc, W. Chrominski, J. Kubasek,
J. Mizera, The Effect of Extrusion Ratio on the Corrosion Resistance of Ultrafine-Grained
Mg-4Li-3Al-Zn Alloy Deformed Using Extrusion with a Forward-Backward Oscillating Die,
J. Mater. Eng. Perform. (2022). https://doi.org/10.1007/511665-022-06895-1

Zwos: 6(4) Zs:6(4) IF 2,25 70 pkt MNiSW

Moj wktad w powstanie publikacji polegat na opracowaniu koncepcji badan, przygotowaniu
przegladu literaturowego, zaplanowaniu eksperymentéw i dobor metod badawczych,
przeprowadzeniu i analizie badan korozyjnych oraz wykonaniu obserwacji zniszczei
korozyjnych. Przeprowadzitam pomiary EBSD. Przygotowatam pierwsza wersj¢ tekstu
manuskryptu, zestawitam i zinterpretowatam wyniki badan, opracowatam je graficznie.
Przeprowadzitam dyskusje wynikow. W trakcie recenzji przygotowatam odpowiedzi dla

recenzentow, edytowatam manuskrypt i przygotowatam jego ostateczng wersjg.

[A5] A. Dobkowska, B. Adamczyk — Cieslak, M. Koralnik, W. Chromifiski, J. Kubasek,
J. Ciftei, D. Kuc, J. Mizera, Corrosion behavior of fine-grained Mg-7.5Li-3Al-1Zn fabricated
by extrusion with a forward-backward rotating die (KoBo), J. Magnes. Alloy. 10 (2022) 811-
820. https://doi.org/10.1016/j.jma.2021.08.020

Zwos: 29(21) Zs:33(27) IF 17,6; 100 pkt MNiSW
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Moj wkiad w powstanie publikacji polegat na opracowaniu koncepcji badan, przygotowaniu
przegladu literaturowego, zaplanowaniu eksperymentéw i dobér metod badawczych,
przeprowadzeniu i analizie badan korozyjnych oraz wykonaniu obserwacji zniszczen
korozyjnych.  Przygotowatam pierwsza wersje tekstu manuskryptu, zestawitam
1 zinterpretowatam wyniki badaf, opracowalam je graficznie. Przeprowadzitam dyskusje
wynikow. W trakcie recenzji przygotowatam odpowiedzi dla recenzentéw, edytowalam

manuskrypt i przygotowatam jego ostateczng wersje.

[A6] A Dobkowska, A. Zielinska, I. Paulin, C. Donik, M. Koralnik, B. Adamczyk-Cieslak,
M. Wieczorek-Czarnocka, D. Kuc, J. Kubasek, T. Mikuszewski, M. Godec, J. Mizera,

Microstructural, corrosion and mechanical properties of a WE43 alloy : conventional extrusion

versus SPD, J. Alloys Compd. 976 (2024). https://doi.org/10.1016/j.jallcom.2023.173090
Zwos: 2(1) Zs:2(1) IF 6,2; 100 pkt MNiSW

Mo¢j wkiad w powstanie publikacji polegal na opracowaniu koncepcji badan, przygotowaniu
przegladu literaturowego, zaplanowaniu eksperymentow i dobér metod badawczych,
przeprowadzeniu i analizie badan korozyjnych oraz wykonaniu obserwacji zniszczen
korozyjnych. Zaplanowatam i zorganizowatam badania mikrostrukturalne we wspotpracy
z naukowcami z jednostek zagranicznych, w tym z Institute of Metals and Technology,
Stowenia oraz z University of Chemistry and Technology, Praga, Czechy. Nastepnie
przygotowatam pierwszg wersje¢ tekstu manuskryptu, zestawitam i zinterpretowatam wyniki
badan, opracowatam je graficznie. Przeprowadzilam dyskusje¢ wynikéw. W trakcie recenzji
przygotowatam odpowiedzi dla recenzentéw, edytowatam manuskrypt i przygotowatam jego

ostateczng wersje.

[A7] A. Dobkowska, J. Kubasek, On the possibility of the deformation of Mg and alloys
without preheating of initial billets: understanding their corrosion performance via
electrochemical tests, Materials (Basel). 17 (2024) 1-10. https://doi.org/doi.org/10.3390/
mal7246182

Zwos: 0(0) Zs:0(0) IF 3,1; 140 pkt MNiSW

Moj wktad w opracowanie artykulu wynosi 80%: opracowatam koncepcje artykulu oraz
zaplanowatam i zrealizowatam badania odpornosci korozyjnej metodami elektrochemicznymi.

Nastgpnie przygotowatam pierwsza wersje tekstu manuskryptu, zestawitam i zinterpretowatam

6
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wyniki badan, opracowalam je graficznie. Przeprowadzitam dyskusj¢ wynikow. W trakcie
recenzji przygotowatam odpowiedzi dla recenzentéw, edytowatam manuskrypt

i przygotowatam jego ostateczng wersjg.

Publikacje [A1-A7] zestawitam w Zalaczniku 4, za§ o$wiadczenia wspotautorow o ich

zakresie prac w publikacjach wspotautorskich zawartam w Zalgczniku 5.

4.3.0méwienie celu naukowego cyklu artykuléw i osiagnietych wynikéw wraz
z omoéwieniem ich potencjalnego zastosowania

4.3.1. Wprowadzenie

Rosngce zainteresowanie magnezem (Mg) 1 jego stopami wynika z potgczenia dwoch

kluczowych wiasciwoéci tych materialow — niskiej masy z dobrymi wiasciwosciami
mechanicznymi. Dzieki takiej kombinacji wiasciwosci, Mg i jego stopy majg ogromny
potencjat w zastosowaniu do projektowania lekkich konstrukeji inzynierskich wraz
z zachowaniem odpowiednich wiasciwosci mechanicznych. Nizszy cigzar konstrukeji badz
systemow inzynierskich obniza znacznie koszty zuzycia energii, co jest obecnie priorytetem
gospodarczym zgodnym z wytycznymi zréwnowazonego rozwoju.
Nalezy jednak podkresli¢, ze szerokie zastosowanie Mg i jego stopow jest ograniczone
z powodu licznych blokad technologicznych, z ktérych najwazniejsze s3 wysokie koszty
przerobu oraz, w poréwnaniu do stopéw aluminium, niska odpornosé¢ Kkorozyjna.
Z punktu widzenia nauki sa to kluczowe zagadnienia, ktérych poznanie pozwoli
na przelamanie barier stojacych na drodze szerokiego zastosowania Mg i jego stopow.
Doglebne poznanie czynnikéw ksztaltujacych zachowanie korozyjne tych materialow
przyczyni si¢ do rozwoju obszaru inZynierii materialowej, w ktorej kluczowym watkiem
badawczym jest okre§lenie decydujacych czynnikéw determinujacych wlasciwosci
korozyjne materialéw lekkich o strukturze heksagonalnej odksztalcanych bez wst¢pnego
nagrzewania materialu odksztalcanego, co do tej pory nie bylo rozpoznane.

Mg i jego stopy krystalizuja w sieci heksagonalnej, przez co liczba niezaleznych
systemow poslizgu aktywowanych w temperaturze pokojowej jest ograniczona [1.2]. To z kolei
uniemozliwia odksztatcenie tych materialdw bez nagrzewania materiatu wsadowego, generujac
wysokie koszty wytwarzania. W zwigzku z tym poszukiwane sg nowe technologie, ktore
w sposob znaczacy moga ograniczy¢ koszty, ale takze i czas produkcji. Jedng z takich metod
jest wyciskanie wspolbiezne zoscylujagcg matryca umieszczong na koncu ekstrudera

(tzw. metoda KoBo). Metoda KoBo zostata opracowana w latach 90-tych, a jej odkrywcami
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sg prof. Wiodzimierz Bochniak z Wydzialu Metali Niezelaznych iprof. Andrzej Korbel
z Wydziatu Inzynierii Mechanicznej i Robotyki, Akademii Gorniczo-Hutniczej im. Stanistawa
Staszica w Krakowie (stad nazwa metody KoBo) [3]. KoBo laczy w sobie cechy odksztatcania
konwencjonalnego z oscylacjami wprowadzonymi przez ruch rewersyjny matrycy
pod ustalonym katem i z okreslong czestotliwoscia, co w konsekwencji pozwala na wyciskanie
materialow w warunkach trwatej destabilizacji mikrostruktury, tj. poprzez zastosowanie duzej
szybkosci odksztalcenia, w wyniku ktorej powstaje mikrostruktura drobnoziarnista
(o wielkosci ziarna ponizej kilku pm) [4]. Na rys. 1a przedstawiono schemat konwencjonalne;j
metody wyciskania oraz schemat wyciskania wspdibieznego z oscylujaca matryca (rys. 1b).
Metoda wyciskania wspétbieznego z oscylujgca matryca jest nowatorska i pozwala
na wyciskanie metali trudno-odksztalcalnych bez zastosowania uktadu grzewczego [5-7].
Cykliczne obustronne skrecanie wyciskanego metalu wprowadza gow stan plyniecia
plastycznego, dzigki czemu odksztatcenie metalu o strukturze heksagonalnej jest mozliwe bez
uprzedniego nagrzewania wsadu [8,9].

a) ekstruzja tradycyjna b) ekstruzja z oscylujaca matryca

Rysunek 1. Poréwnanie schematow metod wyciskania: a) tradycyjnego, b) z oscylujgeq matrycg
(1- stempel 2 — tuleja ekstrudera, 3 — material przeciskany, 4 — material przecisniety,
5 — oscylujgca matryca) [A6]

Dotychczas metodg KoBo przeciskano m. in. stopy Al [10], Ti [11], Zn [12], oraz dwufazowe
stopy z serii MgLiAl [5]. Dostepne dane literaturowe skupiaja si¢ na opisie mikrostruktury po
procesie KoBo i jej wpltywu na wlasciwosci mechaniczne materiatéw, badz na wplywie
odksztalcenia plastycznego w trakcie wyciskania KoBo na procesy wydzieleniowe. Badania
wykazaly, ze wlasciwosci mechaniczne stopéw odksztatcanych KoBo w stosunku do ich
odpowiednik6w odksztatcanych konwencjonalnie sg duzo wyzsze. Przyktadem jest Zn, ktérego
granica plastyczno$ci i wytrzymatosci na rozciaganie po wyciskaniu metoda KoBo wzrosia
odpowiednio o 67% i 37% w poréwnaniu do pretéw wyciskanych konwencjonalnie [12].
W pracy [A6] wykazalam, ze warto$¢ granicy plastycznosci dla stopu WE43 wyciskanego
metoda KoBo wzrosta 3-krotnie, oraz odnotowatam 1,5-krotny wzrost wytrzymalosci

na rozcigganie w poréwnaniu do materialu wyciskanego tradycyjnie w temperaturze 400 °C.
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Wedtug mojej wiedzy, nie ma dostepnych danych literaturowych, ktére opisujg wiasciwosci
korozyjne metali iich stopéw odksztalcanych metoda KoBo bez uprzedniego nagrzewania
materiatu odksztatcanego.

Jak juz wspomniatam, czynnikiem ograniczajacym szerokie zastosowanie Mg i jego
stopow jestich niska odporno§¢ korozyjna w poréwnaniu do innych materialow
konstrukcyjnych. Mg jest pierwiastkiem —aktywnym chemicznie, posiada potencjat
standardowy -2.737 V vs SHE, co §wiadczy o jego wysokiej aktywnosci elektrochemicznej.
Mg ulega pasywacji, w kontakcie z powietrzem pokrywa si¢ cienka warstwg tlenku magnezu
MgO lub wodorotlenku magnezu Mg(OH),, co czgéciowo chroni go przed postepujacymi
reakcjami korozyjnymi. Ze wzgledu na ilo$¢ iréznorodno$¢ czynnikow, ktore wpltywaja
na zachowanie korozyjne Mg i jego stopéw, podwyzszenie odpornosci korozyjnej tych
materialdw jest jednym z najbardziej skomplikowanych i wymagajacych rozwigzania
probleméw wspotczesnej inzynierii materiatowej. Zachowaniem korozyjnym Mg i jego stopow
mozna sterowaé dwutorowo: i) poprzez zmiane skladu chemicznego oraz ii) modyfikacjg
mikrostruktury. W przedstawionym cyklu publikacji rozwazatam nie tylko wptyw modyfikacji
mikrostruktury metoda KoBo na odpomo$¢ korozyjna Mg i jego stopéw, ale rownolegle
badatam, w jaki sposob, zmiana skladu chemicznego ksztattuje ich zachowanie w srodowisku
korozyjnym. Symultaniczne oddziatywanie czynnikow mikrostrukturalnych i sktadu
chemicznego na odpomo$¢ na korozje Mg ijego stopow odksztatcanych metoda KoBo,
pozwolito na okreslenie najkorzystniejszych rozwigzan w kontekscie przysztych zastosowan
tych materiatow.

Rozwazania na temat odpornosci korozyjnej Mg i jego stopoéw warto rozpoczaé
od wyrdznienia czynnikéw wplywajacych na ksztaltowanie odpornosci korozyjnej materiatow
polikrystalicznych. Nalezy podkresli¢, ze opisany w cyklu publikacji problem badawczy
jest zlozony ze wzgledu na mmnogos¢ czynnikéw mikrostrukturalnych, ktore maja
kluczowy wplyw na uksztaltowanie zachowania korozyjnego stopéw Mg w danych
warunkach badawczych badz eksploatacyjnych. Wérdd nich wyrdznia sig: wielkos¢ ziama,
gestosé dyslokacji, teksture, typ, rozmiar i rozmieszczenie wydzielen drugiej fazy. Kluczowe
w moich badaniach bylo okreslenie korelacji mikrostruktura — odporno$¢ korozyjna Mg
i jego stopéw po odksztalceniu stosujac wysoki stopien odksztalcenia bez nagrzewania
materialu odksztalcanego. W moim podejsciu innowacja jest kompleksowe podejscie
i okreslenie, jak mikrostruktura wplywa na zachowanie korozyjne Mg i jego stopow
odksztalcanych bez nagrzewania wsadu, co do tej pory nie bylo rozeznane i szczegblowo

analizowane.
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Istniejg prace badawcze, ktére definiujg wptyw wielkosci ziarna na odpomosé czystego
Mg odksztatcanego metodami ,,na goraco”. Op’t Hoog i wsp. [13] wykazali, ze rozdrobnienie
ziarna w czystym Mg poddanym procesowi przeciskania przez kanat katowy (z ang. equal
channel angular pressing, ECAP) podwyzsza jego odporno$é na korozje. Gollapudi [14]
potwierdzit ich doniesienia, iudowodnil, ze w przypadku czystego Mg, rozdrobnienie
mikrostruktury przyspiesza oraz intensyfikuje kinetyke reakcji pasywacji. Opublikowano
rowniez prace badawcze, ktére jasno wskazuja, ze rozdrobnienie mikrostruktury poprzez
kilkukrotne przeciskanie przez kanat katowy zmniejsza wielko$¢ ziarna z ok 800 pm
do ok 50 pm, co wptywa na obnizenie odporno$ci korozyjnej czystego Mg poprzez tworzenie
sig wyzszej ilos¢ defektéw krystalicznych w postaci granic ziaren, ktére s3 miejscami inicjacii
procesow korozyjnych [15,16]. Kolejnym istotnym czynnikiem wptywajacym na odporno$é
na korozj¢ materiatéw polikrystalicznych jest obecno$¢ wydzielef obcych faz. W przypadku
stopow z serii Mg-Al-Zn (AZXX) odporno$¢ na korozje mozna podwyzszy¢ poprzez obecnosé
wydzielen typu B-Mgi7Aliz badz obecnos¢ fazy AlMn [17,18]. Dlatego zasadnym
jest przypuszcza¢, ze metody duzego odksztalcenia plastycznego, poprzez podzial lub
jednorodne rozmieszczanie czastek drugiej fazy, moga byé efektywnym procesem
podwyzszenia odpormnosci korozyjnej stopéw z serii AZXX. Warto jednak zwrdcié uwage,
ze rola wydzielen B-Mgi7Al12 w ksztattowaniu mechanizméw korozyjnych w stopach Mg nie
jest jeszcze do konca poznana izdefiniowania, gdyz zalezy ona od wielu czynnikow,
m. in. takich jak fragmentacja i rozmieszczenie fazy w osnowie [19-21]. Wyniki niektorych
prac wskazujg na pozytywny efekt wystepowania fazy B-Mgi7Ali2 zmniejszajac aktywnosé
elektrochemiczng mechanizméw korozji i tworzac bariere przed ich rozprzestrzenianiem sie
[22-25]. W innych pracach dowiedziono, ze faza B-Mgi7Al;2 posiada inny potencjal niz
otaczajgca osnowa intensyfikujac powstawanie reakcji mikro-galwanicznych [26].

Najnizsza masa wlaSciwg posréd materialdw na osnowie Mg cechujg sie stopy
z dodatkiem Li, ktorego ilo§¢ moze obnizy¢ gestosé Mg az do 1.3 g/em?® [27]. W zaleznoéci
od zawarto$ci Li, wyréznia sig stopy o budowie jednofazowej a(Mg) zawierajace do 5,5 % mas.
Li, stopy dwufazowe o strukturze a(Mg)+p(Li) i zawartosci Li pomiedzy 5,5 a 10,8 % mas.,
za$ dodatek powyzej 10,8 % mas. Li ksztattuje stopy o budowie jednofazowej typu B(Li) [28].
Istotnym jest, ze Li podwyzsza formowalno$¢ stopéw Mg juz w temperaturze otoczenia [29],
ale moze obniza¢ ich odporno$¢ korozyjna. Ze wzglgdu na to, ze dodatek Li do stopoéw
Mg moze powodowaé powstawanie wielu roznych, w tym metastabilnych faz, ich zachowanie
korozyjne nie jest poznane. Jeszcze bardziej skomplikowanym zjawiskiem jest korozja stopow

Mg-Li o strukturze dwufazowej a(Mg)+B(Li). Dzigki niskiej masie oraz zaskakujaco dobrej
10



Dr inz. Anna Dobkowska Autoreferat

podatnosci do odksztatcenia plastycznego dwufazowe stopy Mg-Li stanowia doskonalg
alternatywe dla tradycyjnych stopéw na osnowie Mg [30,31]. Do tej pory zastosowano rozne
metody poprawy ich odpornosci na korozje, np. wyciskanie w temperaturze 300 °C i 350 °C
[32], stopowanie dodatkiem Sn [33], Y [34] badz Gd [35]. Dodatek 3 % mas. Al do stopow
Mg-Li o budowie jednofazowej a(Mg), dzigki formowaniu si¢ wydzielen AlsLi podwyzsza
ich wiasciwosci mechaniczne, ale obecno$é tych wydzielen sprzyja formowaniu korozji mikro-
galwanicznej [36]. Dodatek Ca do stopdw Mg-Li powoduje wydzielanie si¢ fazy typu Mg:Ca,
ktérej obecnosé w odniesieniu do wiasciwosci korozyjnych jest kontrowersyjna. Z jednej
strony jest to czynnik zwiekszajacy szybko$¢ korozji [37], z drugiej za$§ moze blokowac
postepujgce reakcje korozyjne [38,39].

Stopy Mg-Y-RE z dodatkiem pierwiastkéw ziem rzadkich (z ang. rare earth, RE)
sa stopami o wysokiej wytrzymatoéci i odpornosci na korozje w podwyzszonej temperaturze
[40]. Wydzielenia zawierajace pierwiastki ziem rzadkich sg stabilne termodynamicznie
w temperaturze nawet do 300 °C [41,42]. Szybkos¢ korozji komercyjnie dostgpnego stopu
WE43 jest prawie 100-krotnie nizsza niz szybko$§¢ korozji czystego Mg [43]. W trakcie
zanurzenia w $rodowiskach wodnych na powierzchni stopu tworzy si¢ stabilna warstwa
produktow korozji [44], ktéra pelni funkcje warstwy ochronnej przed otaczajacym
$rodowiskiem. Odpornoséé na korozje stopu WE43, podobnie jak omowionych wyzej stopow
na osnowie Mg, jest zalezna od wielu czynnikéw. Jednym z mechanizméw korozji
wystepujacym w stopach WE43 jest korozja mikro-galwaniczna zachodzaca pomigdzy
wydzieleniami a osnowg [45]. Zjawisko to mozna zminimalizowa¢ poprzez fragmentacj¢
wydzielen w trakcie odksztatcenia plastycznego na goraco [46] albo poprzez wyzarzanie
prowadzace do redystrybucji wydzielen drugiej fazy [47].

Jak opisano powyzej, odporno$¢ na Korozje Mg i jego stopow jest zjawiskiem
niezwykle zlozonym, zaleznym glownie od skladu chemicznego, mikrostruktury, historii
technologicznej i $rodowiska Korozyjnego. Wszystkie podjete dotychczas préby
podwyzszenia odporno$ci korozyjnej stopéw na bazie Mg poprzez odksztalcenie
plastyczne dotycza metod, ktére ze wzgledu na ich niska podatno$¢ na odksztalcenia,
musza by¢ prowadzone w podwyiszonej temperaturze. Przedstawiony cykl publikacji
obejmuje najnowsze badania nad odpornoscia korozyjna Mg i jego stopow Mg
wyciskanych metoda wyciskania wspélbieznego z oscylujaca matryca. Czynnikiem
wyréiniajacym KoBo spos$réd innych metod jest mozliwosé odksztalcenia materialow

o strukturze heksagonalnej bez wstepnego nagrzewania wlewka.
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4.3.2 Cel naukowy

Gléwnym celem badan byto wykonanie szczegétowej analizy wptywu mikrostruktury
na ksztaltowanie si¢ odpornosci korozyjnej nowoczesnych stopéw na osnowie Mg
wyciskanych wspétbieznie z oscylujaca matryca umieszczong na konicu ekstrudera,
bez wstepnego nagrzewania materiatu odksztalcanego. Celem szczegétowym badafh byto
okreSlenie, czy mozliwa jest poprawa odpornosci korozyjnej Mg ijego stopéw poprzez
wyciskanie wspolbieznie z oscylujgca matrycg umieszczona nakoncu ekstrudera oraz,
jesli to mozliwe, wykazanie, ktore elementy mikrostrukturalne majg decydujacy wplyw
na ksztattowanie zachowania korozyjnego tych materialéw w warunkach obrébki plastyczne;
prowadzonej bez uprzedniego nagrzewania wsadu.

W moich badaniach szczegétowo omoéwitam zmiany mikrostrukturalne wywotane
w Mg i jego stopach przy réznych stopniach wyciskania metoda KoBo, oraz okreslitam wplyw
tych zmian na odporno$¢ korozyjna. Uzyskane wyniki stanowig istotne ogniwo w poznaniu
mechanizméw ksztattujacych wiasciwosci uzytkowe stopéw na bazie Mg, zwlaszcza
ich odpornosci korozyjnej, poprzez formowanie mikrostruktury w trakcie odksztatcenia
bez nagrzewania materialu wsadowego, co do tej pory w literaturze polskiej, jak i §wiatowej

nie byto analizowane.

4.3.3. Materialy do badan

W przedstawionym cyklu publikacji omoéwitam wplyw wyciskania metodg KoBo
na odporno$¢ korozyjna i formowanie mechanizméw korozyjnych w czterech najwazniejszych
z punktu widzenia zardwno naukowego, jak i aplikacyjnego, grupach materialéw na bazie Mg.
Czysty Mg odksztatcony metods KoBo przy trzech réznych stopniach wyciskania
w temperaturze pokojowej umozliwit mi zbadanie wplywu wielko$ci ziarna na formowanie
si¢ mechanizméw korozyjnych w materiale, w ktérym mogtam ograniczyé udziat wydzielen
innych faz [A1]. W kolejnych pracach analizowatam wplyw odksztalcenia metodg KoBo
na mikrostrukture i odporno$¢ korozyjna stopow z nastepujgcych serii:

» Mg-Al-Zn (stop AZ31 [A2] oraz AZ61 [A3]),
» Mg-Al-Zn-Li (stop AZ31+4Li % mas. [A4] oraz stopu AZ31+7.5Li % mas. [A5]),
> Mg-Y-RE (stop WE43 [A6]). '
Analizg pordwnawcza wplywu mikrostruktury na odporno$é korozyjng badanych w pracach

[A1-A6] materialéw zawartam w pracy [A7].
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W kazdej z przedstawionych prac badawczych analizowalam wplyw mikrostruktury
na odporno$é korozyjna materialow na osnowie Mg. W moich rozwazaniach wzi¢lam
pod uwage nastepujace czynniki: wielko$§¢ ziaren, ich orientacj¢ krystalograficzng
i wzajemne rozmieszczenie, uzyskane po odksztalceniu przy réinych stopniach
odksztalcenia bez nagrzewania materiatu wsadowego. Nastepnie okreslitam rol¢ rodzaju,
ilo$ci irozmieszczenia wydzielen oraz gestoSci dyslokacji na odpornos$¢ korozyjna
badanych stopéw. Wszystkie prace dotycza materialéw odksztalcanych przy wysokich
stopniach odksztalcenia w pojedynczym cyklu przejscia przez zespdl matryc.

Poznajac mechanizmy i czynniki determinujace odpornos¢ korozyjng czystego
technicznie Mg, przeprowadzitam prace badawcze nad grupg stopdw z serii Mg-Al-Zn
(AZXX), w ktorych glownymi pierwiastkami stopowymi sg Al i Zn (X oznacza zwartos¢
odpowiednio Al i Zn). W publikacjach [A2] i [A3] opisatam wptyw mikrostruktury
uksztattowanej w wyniku odksztalcenia plastycznego przy roznych stopniach odksztalcenia
na odpornoéé korozyjng stopéw AZ31 oraz AZ61, ktore ze wzgledu na niska ceng i dobra
wyltrzymato$é sg jednymi z najpowszechniej stosowanymi komercyjnie stopami na bazie Mg.

Kolejna grupa badanych materiatéw byty stopy z serii Mg-Li, w szczegélnosci AZ31
z dodatkiem Li, ktore cechujg sie nizsza masg wlasciwg oraz lepsza formowalnoScig podczas
odksztalcenia plastycznego w odniesieniu do stopoéw z serii Mg-Al-Zn. W pracach [A4] oraz
[A5] przedstawilam, w jaki sposob odksztalcenie metodg KoBo wptywa na ksztattowanie
si¢ mikrostruktury stopdw AZ31 z dodatkiem 4 oraz 7,5 mas. % Li. Okre$litam wplyw struktury
jednofazowej typu a(Mg) oraz dwufazowej a(Mg)+B(Li) na ksztattowanie si¢ mechanizmow
korozyjnych oraz wytypowatam czynniki, ktore determinujg odpornos¢ korozyjna tych grup
stopoéw Mg.

W pracy [A6] przeanalizowatam mozliwo$¢ wyciskania metodg KoBo stopow Mg
z dodatkiem pierwiastkow ziem rzadkich (grupa Mg-Y-RE) bez nagrzewania wlewka
oraz zdefiniowatam gloéwne czynniki mikrostrukturalne wptywajace na odpornos¢ korozyjna
tej grupy materiatéw. Badania prowadzitam na przyktadzie stopu WE43, ktory jako glowny
sktadnik stopowy zawiera Y w ilo$ci ok. 4% oraz pierwiastki ziem rzadkich (RE).

W pracy [A7] dokonalam podsumowania i zestawienia wptywu poszczegolnych
czynnikéw mikrostrukturalnych dla analizowanych grup stopoéw na bazie Mg: czystego Mg,
stopow z serii Mg-Al-Zn, Mg-Li oraz Mg-Y-RE. W tej samej pracy poréwnatam odpornos¢
korozyjng stopéw z analizowanych grup materiatloéw, a nastgpnie wyszczegoélnitam czynniki,
ktore maja decydujacy wplyw na wyselekcjonowanie stopdw Mg o najwyzszej odpornosci

korozyjnej. W tym celu, do badan poréwnawczych wybratam stopy zprac [A1-A6]
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0 najwyzszej odpornosci korozyjnej spo$rod poprzednio zbadanych stopni odksztalcenia,

a nastgpnie wykonatam pomiary odpornosci korozyjne;j.

4.3.4. Metodyka prac badawczych

Wszystkie badane materiaty byly odlane do form o $§rednicy @40 mm, a nastepnie
odksztatcane przy uzyciu prasy Hydromet w Katedrze Technologii Materiatowych na Wydziale
InZynierii Materiatowej Politechniki Slaskiej (rys. 2).

a) b)

stempel matryc .
recypient oscylujaca matryca

Rysunek 2. Prasa hydrauliczna Hydromet do wyciskania z oscylujgcq matrycg (metoda KoBo):
a) widok uktadu wyttaczania ze stemplem, tuleja recypienta @40 x 160 mm wraz z zespolem
matryc, b) widok z przodu: ukiad oscylujqcej matrycy o czestotliwosci od 1 Hz do 10 Hz
i amplitudzie kqta skretu od 2° do 12°

W kazdej z prac [A1-A6] problem naukowy rozpatrywatam zgodnie ze schematem badawczym
przedstawionym na rys. 3. Stopnie odksztatcenia, jakie dobratam dla poszczegdlnych stopow
r6znig si¢ migdzy soba, gdyz byly zalezne od warunkéw i mozliwosci technologicznych.
Po odksztalceniu materiatow metodg KoBo, analizowatam ich mikrostrukture (stopnie
odksztalcenia R podano na rys. 3). W tym celu przeprowadzono obserwacje mikrostrukturalne
na skaningowym mikroskopie elektronowym (z ang. scanning electron microscopy, SEM),
dyfrakcje elektronéw wstecznie rozproszonych (z ang. electron backscaterred diffraction,
EBSD), obserwacje wysokorozdzielcze na transmisyjnym mikroskopie elektronowym (z ang.
transmission electron microscopy, TEM). Analizg skiadu fazowego, aw wybranych
przypadkach réwniez pomiar naprezen wilasnych, przeprowadzono przy uzyciu dyfrakcji
rentgenowskiej (z ang. X-ray diffraction, XRD). Ze wzgledu na duze zdefektowanie po
odksztalceniu metodg KoBo oraz wysoka zawarto$¢ Li nie udato si¢ wykonaé pomiaréw EBSD
dla stopu AZ31 zawierajacego 7.5 % mas. Li. Odpornos$¢ korozyjng wszystkich materiatow
badalam w wodnym roztworze chlorku sodu (NaCl) o zawartosci 10 mM NaCl badz 100 mM
NaCl. Badania wykonatam przy uzyciu technik elektrochemicznych (pomiary potencjatu
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otwartego, Eoce, elektrochemiczna spektroskopia impedancyjna, EIS, oraz testy
potencjodynamiczne). Dla wszystkich materialdw obliczytam szybkos¢ korozji w oparciu
0 iloé¢ uwolnionego wodoru w trakcie zanurzenia w $rodowisku korozyjnym, badz na
podstawie pomiaréw ubytku masy. Morfologie zniszczen korozyjnych ocenitam na podstawie
zdje¢ SEM powierzchni materialébw po zanurzeniu w roztworze korozyjnym oraz po

chemicznym usunigciu produktéw korozji w 180 g/L Cr20s.

*[Al] Czysty Mg: *Pomiary elektrochemiczne
R;5:1.R,7:1,R;10:1 *Szybkos¢ korozjina
*[A2] AZ31: podstawie pomiarow
R, 7:1.R, 10:1,R340:1 »Skaningowa mikroskopia wydzielonego wodoru
*[A3] AZ61 elektronowa badz ubytku masy
R,7:1.R,10:1 Dyfiakcja elektronow *Ocena ;niszczeﬂ
*[Ad] AZ31+4Li: wstecznie rozproszonych k?r ozyjnych »
R; 10:1.R,40:1 +Transmisyjna mikroskopia Warunki: obecnos¢ Cl od

100mM do 10mM, duza

*[A5] AZ31+7.5Li: elektronowa Py
R,10:1.R,20:1 +Dyfrakcja rentgenowska (o)?gztzzzci; Omglr' e
-[A6] WE43: fetr

%{1 50 7L 1001 napowletrzony

Rysunek 3. Schemat bada# prowadzonych w przedstawionych do oceny publikacjach [A1-A6]
zawierajgcych opis czynnikow wplywajgcych na odpornosé korozyjng Mg i jego stopow
po odksztalceniu metodq KoBo

W pracy [A7] dokonatam przegladu wszystkich badanych materiatow i zestawitam glowne
parametry mikrostrukturalne, ktore decydowaty o zachowaniu badanych materialtow w danym
srodowisku korozyjnym. W celu wykonania analizy poréwnawczej z kazdej badanej grupy
wytypowatam najbardziej odporny na korozje materiat [A1-A6], a nastepnie dla wytypowanych
materialéw przeprowadzilam testy korozyjne w takich samych warunkach, tj. w roztworze

naturalnie napowietrzonym zawierajagcym 100 mM NaCl oraz w temperaturze otoczenia

(rys. 4).
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*Omowienie * Wykonanie analizy
czynnikoéw pordéwnawczej odpornosci
determinujacych korozyjnej omawianych
i?)(:'g(z):g‘{igle *Pomiary elektrochemiczne grup glate:ifgx oraz
omawianych *Szyl b_kos'é kor ozj_i na podstawie mikrogrnukturalnych

pomiaréw wydzielonego determinujacych ich
materialowych wodoru badZ ubytku masy odpornos¢ korozyjna po
przerdbee *Ocena zniszczen korozyjnych odksztatceniu metodg
plastycznej na Wg_rurﬂg_:lOO mM CI, duza KoBo bez wstepnego
goraco objgtos¢ roztworu, temp. nagrzewania materiatu

ﬁ;‘;‘(’)z‘:fil;‘r’zgilz;‘”‘)f odksztalcanego

Rysunek 4. Schemat badarn prowadzonych w publikacji [A7] zawierajgcej analize poréwnawczg
czynnikow wplywajgcych na odpornosé korozyjng Mg i jego stopow po odksztatceniu metody
KoBo bez wstepnego nagrzewania materiatu wsadowego

4.3.5. Wplyw rozdrobnienia mikrostruktury na odporno§¢ korozyjna czystego
technicznie Mg odksztalcanego metoda KoBo bez nagrzewania materialu
wsadowego
Trudnoscia w zdefiniowaniu gléwnych czynnikéw determinujgcych odpornosé

korozyjna stopéw wielosktadnikowych jest heterogeniczno$¢ mikrostruktury, a co za tym idzie,

duza ilo$¢ elementéw mikrostrukturalnych, ktore jednoczesnie wptywaja na ich zachowanie
korozyjne. W moim podejsciu badawczym w pierwszej kolejnosci wyeliminowatam udziat
obcych faz w formowaniu si¢ mechanizméw korozyjnych i okreslitam zalezno$é
mikrostrukturalng vs. odporno$¢ korozyjna dla czystego technicznie Mg odksztalconego
metoda KoBo bez nagrzewania materiatu wsadowego [A1]. Badania prowadzitam dla materiatu
wsadowego oraz dla materiatléw po odksztatceniu. W pracy przeanalizowatam 3 rézne stopnie
odksztalcenia czystego Mg z poczatkowej $rednicy @40 mm, odpowiednio do 8 mm (R; 5:1),
6 mm (R 7:1) oraz 4 mm (R3 10:1), rys. 5.
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Czysty technicznie Mg
040 mm

98 mm

R, 7:1

R; 10:1

Rysunek 5. Stopnie odksztalcenia (R) zastosowane dla czystego technicznie Mg przerobionego
metodq KoBo bez wstgpnego nagrzewania wsadu [A1]

Dzieki odksztatceniu przy uzyciu metody KoBo nastgpita znaczna redukcja wielkosci ziama.
Ze struktury gruboziarnistej o $redniej wielkosci kilkudziesigciu pm otrzymano materialy
o éredniej wielkosci ziarna davg = 2,9 pm dla Ry 5:1, daye = 3,9 pum dla Ry 7:1, oraz
davg = 1,2 um dla R3 10:1 (rys.6), gdzie d definiuje si¢ jako $rednig $rednice ekwiwalentna.
Wyniki uzyskane metoda EBSD wykazaly, ze w materiale zaszty procesy rekrystalizacji
dynamicznej i zdrowienia dynamicznego, ale w zaleznosci od stopnia odksztalcenia
intensywnos¢ tych proceséw byta rozna. Najwiecej zrekrystalizowanych ziaren, ok 85% cale]
populacji, zaobserwowano w przypadku czystego Mg odksztatconego przy parametrach Ry 5:1
i R3 10:1. W materiale odksztatconym R, 7:1 w peni zrekrystalizowato ok. 80% wszystkich
analizowanych ziaren, oraz zaobserwowano powstata substrukturg w $rodku duzych ziaren.
Ponadto, najwicksza gesto$¢ dyslokacji obliczono dla stopnia odksztalcenia Ry 5:1 1 Rs 10:1.
Analiza wynikéw badan elektrochemicznych wskazuje, ze zmiany mikrostrukturalne,
powstate w trakcie odksztalcenia metoda KoBo bez wstgpnego nagrzewania materiatu
wsadowego, podwyzszyly odporno$é¢ korozyjng materiatow odksztatconych w odniesieniu
do materiatu odlewanego, niezaleznie od stopnia odksztatcenia. Nie zaobserwowano jednak, by
wraz ze zwigkszajacym sie stopniem odksztalcenia, w sposob wzrastajacy ulegata poprawie
odpornoéé korozyjna czystego Mg. Sposrod odksztalconych probek, najwyzsza odpornoscia
korozyjng cechowat si¢ czysty Mg wyciskany przy zadanym stopniu odksztalcenia Rz 7:1,
nizsza odpomoscig charakteryzowat si¢ material odksztalcony przy Ry 5:1, za$ najnizsza

odporno$¢ korozyjna zostala zarejestrowana dla najnizszego stopnia odksztatcenia R3 10:1.
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?\15.'1

R,7:1

R3 10:1

Rysunek 6. Mikrostruktura czystego odlewanego Mg oraz czystego Mg po przerébce metodg
KoBo w pojedynczym cyklu przejscia przez zesp6t matryc bez wstgpnego nagrzewania wsadu
[A1] przy zastosowaniu réznych stopni odksztalcenia: a) materiat wsadowy (odlew), b) Ry 5:1,
¢)R27:10razc)R3 10:1

W pracy udowodniono, ze stopien odksztalcenia miat wptyw na zmiane mechanizméw
korozyjnych. W przypadku materialtow wyciskanych przy najnizszym stopniu odksztalcenia
Ry 5:1 nie zaobserwowano zmiany mechanizmu korozyjnego w odniesieniu do materiatu
wyjSciowego — obydwa materialy aktywnie korodowaty w analizowanym medium. Probki
wyciskane przy wyzszych stopniach odksztatcenia, R 7:1 oraz R3 10:1, ulegaty pasywacji, przy
czym wyzszg odporno$¢ na korozje typu lokalnego wykazata probka odksztatcona przy stopniu
odksztalcenia R» 7:1. Takie zmiany w mechanizmach odporno$ci korozyjnej czystego
Mg po odksztalceniu metoda KoBo s3 zalezne od przebiegu procesow rekrystalizacji
dynamicznej oraz wzajemnej intensywno$ci rekrystalizacjii dynamicznej i zdrowienia
dynamicznego. Obydwa te procesy sg zalezne od szybkosci odksztalcenia, co z kolei oprocz
stopnia odksztatcenia, w przypadku metody KoBo, jest dodatkowo uwarunkowane wielkoscia
odksztatcenia powstatego w trakcie cyklu skrecania matrycy.

Dodatkowg zmienng, ktora analizowatam w tej publikacji byt wplyw czasu ekspozycji
w $rodowisku korozyjnym na zmiane¢ odpornosci korozyjnej czystego Mg w stanie
wyjsciowym, jak i po odksztatceniu metodg KoBo. Jak pokazano na rys. 7a, odpornosé
korozyjna materialu wyjsciowego drastycznie zmalata po 12 godzinach od zanurzenia.
Podobny trend odnotowano w przypadku czystego Mg wyciskanego przy najnizszym stopniu

odksztafcenia, przy czym odporno$¢ na korozje po 12 godzinach zanurzenia tego materiatu
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jest wyzsza niz odporno$¢ materialu wyjéciowego (rys. 7b). Jak juz wspomniano, probki
wycisnigte przy wyzszych stopniach odksztalcenia sa mniej aktywne w analizowanym medium
korozyjnym, a dzigki tworzeniu si¢ warstwy pasywnej, ktora czgSciowo chroni
ich powierzchnie przed postgpujacymi reakcjami korozyjnymi, ich odporno$¢ na dziatanie
roztworu zawierajacego jony chlorkowe jest wyzsza niz w poprzednich dwoch przypadkach
(rys. 7c i rys 7d). Dodatkowo, dla czystego Mg odksztatconego przy Rz 7:1 odnotowano ciagly
wzrost odpornosci korozyijnej (rys. 7c). W przypadku odksztatcenia R 10:1 krzywe Nyquista

po 6 i 12 godzinach zanurzenia nakladaja si¢, nie zaobserwowano ani spadku ani podwyzszenia

odpornosci korozyjnej po 12 godzinach zanurzenia.

a b
) Gaska Mg 040 mm ) KoBo R; 5:1
k= E
) +1h a -1h
N "6h N *6h
.12h «12h
1 R
0 1000 2000 3000 4000 5000 ! 0 1000 2000 3000 4000 5000
Z' (Q-cm?) Z' (Q-cm?)
c) d)
KoBo R, 7:1 KoBo R; 10:1
g .12 h g +12h
g "6h a "6h
N -1h N -1h
RN I ALY
0 3000 6000 9000 12000 15000 0 3000 6000 9000 12000 15000
Z' (Q-cm?) Z' (Q-cm?)

Rysunek 7. Krzywe Nyquista zarejestrowane dla czystego Mg w stanie wyjsciowym i po
odksztatceniu metodg KoBo dla réznych stopni odksztalcenia w trakcie zanurzenia Srodowisku

zawierajgcym jony chlorkowe przez 1, 6 i 12 godzin: przy zastosowaniu roznych stopni
odksztatcenia: a) material wsadowy (odlew), b) R; 5:1,c¢) R2 7:1 oraz ¢) R3 10:1

Przedstawione w pracy [A1] wyniki, potwierdzaja, ze wyciskanie czystego Mg metoda
KoBo bez nagrzewania materialu wsadowego umozliwia znaczaca redukcje Srednicy,

tym samym zmniejszajac wielko$¢ ziarna z kilkunastu pm do nawet 1 pm. Zmiana wielkosci
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ziama nie postgpuje liniowo w stosunku do zwiekszajacego sie¢ stopnia odksztalcenia.
Najwicksza wielko§¢ ziarna otrzymano dla $redniej wielkoéci stopnia odksztatcenia,
co zwigzane jest zroézng intensywno$cia procesdw rekrystalizacji dynamicznej w trakcie
wyciskania zachodzacych przy roznych stopniach odksztalcenia. Dzieki zmianom
mikrostrukturalnym wywotanym w trakcie procesu KoBo odporno$é nakorozje czystego
Mg ulegla poprawie w odniesieniu do materiatu wyjSciowego. Nie mniej jednak poprawa
odporno$ci na korozje czystego Mg nie postepuje liniowo wraz ze zmniejszajaca sie wielkoécia
ziarna. Najlepsza odpornoscig korozyjna charakteryzuje si¢ czysty Mg o najmniejszym
rozdrobnieniu ziarna. Oprécz duzej iloSci granic ziaren bedgcymi miejscami anodowymi
w zachodzacych  procesach ~ korozyjnych, na  odporno$¢ korozyjng  czystego
Mg po odksztaiceniu metodg KoBo ma wplyw gesto$¢ dyslokacji. Wyzsza gestosé dyslokacii
przy mniejszej wielkoSci ziama sprzyja formowaniu si¢ ognisk korozyjnych
1ich rozprzestrzenianiu, co jest przyczyna niskiej odpornoéci korozyjnej czystego

Mg o najwigkszym rozdrobnieniu mikrostruktury.

4.3.6. Wplyw tekstury i wydzielei typu B-Mgi7Ali2 na odporno$é korozyjna stopow

z serii Mg-Al-Zn odksztalcanych metoda KoBo

Kolejnym aspektem moich badan bylo okre§lenie, czy te same warunki wplywajace
na zmiang odporno$ci korozyjnej w przypadku czystego Mg odksztatcanego metoda KoBo,
dotycza réwniez zjawisk korozyjnych w przypadku stopow wieloskladnikowych. Jezeli
w przypadku wielosktadnikowych stopow na bazie Mg zachodzg inne mechanizmy korozyijne
niz te pokazane w pracy [Al], celem kolejnych prac, bylo ich zdefiniowanie oraz wskazanie
gtownych czynnikow kontrolujacych odporno$é korozyjng tych materiatéw. Do badafi
wybrano dwa stopy o roznej zawartosci Al z serii Mg-Al-Zn (AZ31 [A2] oraz AZ61 [A3)).

Stopy odksztalcono metoda KoBo wg schematu zmieszczonego na rys. 8.

a) b)
AZ31 ©6 mm AZ61 ®40 mm AZ61 ®6 mm
AZ31 ®40 mm R, 7:1 R, 7:1
AZ31 ®4 mm
R, 10:1 AZ61 ®4 mm
R, 10:1

AZ31 ®2 mm
R, 20:1

Rysunek 8. Stopnie odksztatcenia (R) metodq KoBo bez wstgpnego nagrzewania wsadu a) stopu
AZ3loraz b) stopu AZ61 [A3]
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W przypadku stopu AZ31 wraz ze zwigkszajacym si¢ stopniem odksztatcenia wielkos¢
ziarna ulegata zmniejszeniu, przy czym $rednia wielko$¢ ziarna po wyciskaniu przy stopniu
odksztatcenia Ry 7:1 oraz Rz 10:1 nie rdzni si¢ znaczgco i wynosi odpowiednio 5,0 um i 4,4 pm
(z poczatkowej wielkosci kilkudziesigciu pm). W obydwu materiatach utworzyly
sie mikrostruktury o bimodalnym charakterze rozktadu wielkosci ziarna. Zadajgc stopien
odksztatcenia Ry 7:1 w stopie uformowaty si¢ duze, pierwotne ziarna otoczone tafcuszkiem
matych zrekrystalizowanych ziaren. W stopie po odksztatceniu R> 10:1 duze ziama otoczone
sa matymi zrekrystalizowanymi ziamami, ale ich wielko$¢ jest wigksza niz w przypadku ziaren
zrekrystalizowanych przy wyciskaniu Ry 7:1. Po wyciskaniu przy stopniu R3 20:1 utworzyla
sie drobnoziarnista mikrostruktura réwnoosiowa o najwigkszym stopniu zdefektowania
i wielkosci ziarna 1,9 pm. W stopach AZ31 nie zidentyfikowano obecnosci fazy B-Mgi7Al 2.
Orientacja krystalograficzna ziaren zalezna jest od stopnia wyciskania: w trakcie wyciskania

R 7:1 uformowaty sie ziarna zorientowane w kierunku <0001> w stosunku do osi wyciskania,

w trakcie wyciskania R, 10:1 powstaty ziara o orientacji <1010> i <2110> w stosunku do osi
wyciskania. Ziarna  w mikrostrukturze powstatej przy najwigkszym  odksztatceniu
sg zorientowane przypadkowo.

Na podstawie przeprowadzonych badan stwierdzono, ze obrébka plastyczna metodg KoBo
bez nagrzewania wsadu nie prowadzi do podwyzszenia odpornosci korozyjnej stopu AZ31.
Zar6éwno, bimodalny rozktad wielko$ci ziaren, jak i obecno$¢ duzej gestosci dyslokacji
wywolanej dziataniem oscylujacej matrycy nie sprzyja podwyzszeniu odpornosci korozyjnej
stopu AZ31. W mikrostrukturze o bimodalnym rozktadzie wielko$ci ziaren skupiska matych
zrekrystalizowanych ziaren stanowig anodg w odniesieniu do duzych pierwotnych ziaren, ktore
petig funkcje katody. To wlasnie stosunek wielkosci ziaren zrekrystalizowanych do obszaru
ziaren pierwotnych jest kluczowym czynnikiem decydujgcym o szybkosci korozji zachodzacej
w tego typu materiatach. Duzy obszar katodowy, dazac do utrzymania stanu rownowagowego
reakcji czastkowych, wymusza na mniejszym obszarze anodowym szybsze reakcje
roztwarzania. Mikrostruktury uformowane w trakcie odksztatcenia przy zadanym stopniu
wyciskania R; 7:1 i R, 10:1 cechujg si¢ nizsza odpornoscig na korozje niz material wsadowy,
ale wyzszg niz pret odksztatcony przy Rs 20:1 (rys. 9). W tym ostatnim przypadku uzyskano
mikrostrukture drobnoziarnistg zblizong do rownoosiowej, w ktorej granice ziaren stanowig
miejsca anodowe w mechanizmach korozyjnych. Duzy udziat granic ziaren w stosunku do ich
wnetrz oraz wysoka gesto$é splotéw dyslokacyjnych skumulowanych w trakcie odksztatcenia
stanowita miejsca inicjacji reakcji mikro-galwanicznych z osnowa, co zdecydowanie obnizyto

odpornoéé na korozje tego materiatu. Podsumowujac, zastosowana metoda odksztalcenia,
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pomimo duzego rozdrobnienia wielkosci ziama, ze wzgledu na uformowanie sie duzej ilosci
defektow struktury krystalicznej, nie wptyneta na poprawe odpornosci korozyjnej stopu AZ31

w odniesieniu do materiatu wyj$ciowego.

2.0 ;
= 1.5
o~
2%
(&)
S x 10
N
o o
=3
& 05
0]
0.03 007 o006
0.0

original 6 mm 24 mm @2 mm

Rysunek 9. Szybkos¢ korozji stopu odlewanego stopu AZ31 oraz po wyciskaniu metodg KoBo
bez wstepnego nagrzewania wsadu przy stopniach odksztalcenia Ry 7:1, Ry 10:1 i R; 20:1
w srodowisku 100 mM NaCl [A2]

Mikrostruktura stopu AZ61 po wyciskaniu przy zadanych stopniach odksztalcenia R
7:1 orazRs 10:1, podobnie jak w stopie AZ31, ulegla przeksztalceniu i znacznemu
rozdrobnieniu. Osiggnigto rozdrobnienie ziama z 20,4 pm do 6,6 pm oraz 4,3 um, odpowiednio
dla Ri 7:1 oraz R; 10:1. W obydwu odksztalconych przypadkach uformowaly sie ziarna
réwnoosiowe zorientowane w kierunkach <1010> oraz <2110> w stosunku do osi wyciskania.
W obydwu materiatach wykryto rowniez obecnos¢ fazy B-Mgi7Al2 rozmieszczonej gléwnie
na granicach ziaren. Odpomo$¢ korozyjna stopow po odksztalceniu ulegta obniZeniu
w porownaniu do materiatu wyjsciowego. Wyzsza odpornoscia na korozje cechowat sig stop
odksztalcony przy Ri 7:1, za$ wyzsza gesto$¢ dyslokacji we wnetrzu ziaren, wplyneta na
obnizenie odpornosci korozyjnej stopu o mikrostrukturze cechujacej sie mniejsza wielkoscia
ziarna, ktora powstata w trakcie wyciskania przy Rz 10:1. W przypadku stopu AZ61, oprocz
duzej gestosci dyslokacji, obecno$¢ fazy B-Mgi7Aliz  na granicach ziaren, sprzyjala
formowaniu si¢ ogniw mikro-galwanicznych, akcelerujagc procesy degradacji materialow
po odksztatceniu, dlatego stop AZ61 odksztalcony metodg KoBo bez nagrzewania wsadu,

niezaleznie od stopnia odksztalcenia, posiada nizszg odporno$¢ na korozje niz stop AZ31.

22



Dr inz. Anna Dobkowska Autoreferat

4.3.7. Wplyw mikrostruktury jednofazowej a(Mg) oraz dwufazowej a(Mg) + B(Li) na

odporno$¢ korozyjng stopéw na bazie Mg z dodatkiem Li odksztalcanych metoda

KoBo

Nastepny etap badan dotyczyt stopéw na bazie Mg zawierajacych Li. Dodatek
Li znaczaco redukuje gesto$é stopow Mg, a dodatkowo poprawia ich formowalnos¢ [48]. W tej
czesci badan odksztalcilismy stop o budowie jednofazowej a(Mg) o sktadzie chemicznym
Mg-4Li-3Al-1Zn (AZ31+4 mas. % Li) [A4]. Wymiary materiatu wsadowego sukcesywnie
zredukowano, bez nagrzewania materiatu wyjsciowego, ze $rednicy @40 mm do ¥4 mm
(Ry 10:1) oraz ze $rednicy @40 mm do @1 mm (R240:1), w pojedynczym przejsciu przez zespot
matryc (rys. 10). Nie odnalaztam danych literaturowych, dotyczacych tak znaczacego
odksztalcenia stopoéw na bazie Mg bez nagrzewania materialu wsadowego (stopien przerobu
dla tego materialu wynosit A=1600). Publikacja [A4] jest pierwsza publikacja opisujaca
odksztalcenie metalu o strukturze heksagonalnej przy tak duzym zredukowaniu $rednicy
materiatu w pojedynczym przejsciu przez zespot matryc bez wstgpnego nagrzewania materiatu

(rys. 10Db).

a) b)
AZ31+4Li ©40 mm AZ31+4Li ®4 mm -
R, 10:1
AZ31+4Li (Dl mm @40mm-> Z1mm
R, 40:1

odksztaleenia w przejsciu R 40:1

Rysunek 10. Odksztalcenie metodq KoBo stopu AZ31+4Li w pojedynczym przejsciu przez
zespot matryc bez wstepnego nagrzewania materiatu odksztaicanego (wlewka) [A4]: a) stopnie
odksztalcenia, b) zdjecie stopu AZ31+4Li przed i po wyciskaniu KoBo ze Srednicy 940 mm do
a1 mm (stopien odksztatcenia R=40:1) w pojedynczym przejsciu przez zespot matryc

W obydwu wyciskanych materiatach uksztattowata si¢ mikrostruktura o ziarnach zblizonych
do réwnoosiowych, ale w odréznieniu od czystego Mg (rozdziat 4.3.5) i stopoéw z serii
Mg-Al-Zn (rozdziat 4.3.6), wraz ze zwigkszeniem stopnia odksztalcenia nastapil nieznaczny
rozrost $redniej wielko$ci ziarna z 3.2 pm do 3.9 pm, odpowiednio dla Ry 10:1 i R2 40:1.
Orientacja krystalograficzna ziaren w obydwu odksztalconych materiatach byla podobna;
ziama byly gtéwnie zorientowane w kierunku <1010> oraz <2110> w stosunku do osi
wyciskania. W stopie odksztalconym do 4 mm (R; 10:1) zidentyfikowano obecnosc
obojetnych korozyjnie wydzielen AlLi, za§ we wnetrzu ziaren stopie odksztatconym do 1 mm

(R 40:1) wydzielity si¢ B-Mgi7Al;2 oraz LiosiMgo.19. Obecnos¢ B-Mgi7Aliz oraz Lio s1Mgo.19
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spowodowata zwigkszenie ilo$ci miejsc inicjacji reakcji mikro-galwanicznych z osnowsa
magnezowg. Stop ten charakteryzowal si¢ dwukrotnie wyzsza szybkoscig korozji niz stop
osrednicy 4 mm (R, 10:1). Podsumowujgc, oprocz wielkosci ziarna, istotny wplyw
na obnizenie odpornosci korozyjnej stopu Mg-4Li-3Al-1Zn o budowie jednofazowej a(Mg)
ma ilo§¢ i rodzaj powstatych w trakcie odksztalcenia faz: gruboziarnista faza AlLi
nie ma wptywu na tworzenie si¢ mikro-ogniw korozyjnych, za$ drobne wydzielenia p-Mgi7Al12
oraz Lio.81Mgo.19 tworza mikro-ogniwa z osnowg Mg.

Odmienny mechanizm korozyjny zidentyfikowalam w trakcie badafi nad stopem
obudowie dwufazowej a(Mg)t+p(Li) o skladzie chemicznym Mg-7.5Li-3-Al-1Zn
(AZ31+7.5Li) [AS]. Materiat odksztatcono przy dwdch roznych stopniach wyciskania R; 10:1
i R220:1 (rys. 11).

AZ31+7.5Li @40 mm AZ31+7.5Li O4 mm

R, 10:1

AZ31+7.5Li 1 ®2 mm
R, 20:1

Rysunek 11. Stopnie odksztalcenia metodg KoBo bez wstgpnego nagrzewania wsadu stopu
AZ31 z dodatkiem 7.5Li [A5]

Prace nad tym materiatem rozpoczetam od analizy ilosciowej zawartoéci fazy a(Mg)
oraz fazy B(Li) w obydwu odksztalconych pretach. Wraz ze zwigkszajacym sie stopniem
odksztalcenia zmniejszyl si¢ udziat fazy o(Mg), z 34,1% do 27,2 % dla R, 10:1 i Rz 20:1, wzrost
za$ udzial fazy B(Li), z 63,2% do 71,2%. Obserwacje SEM wykazaty, ze wraz ze zwickszaniem
stopnia  odksztalcenia, nastgpilo rozdrobnienie fazy PB(Li) w osnowie o(Mg)
oraz jej rOwnomiernie roztozenie. W przypadku stopu Mg-7.5Li-3Al-1Zn  zmiany
mikrostrukturalne wywotane odksztalceniem KoBo, wptynely na podwyzszenie odpornoéci
korozyjnej materiatéw odksztalconych w poréwnaniu do materialu wsadowego. Nie mniej

jednak wraz ze wzrostem stopnia odksztatcenia szybko$¢ korozji rowniez wzrosta.
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a) b)

I

a(Mg) (Li) | miejsca inicjacji korozji

Rysunek 12. Schemat mechanizmu korozyjnego w stopie Mg-7.5Li-341-1Zn zachodzgcy
w srodowisku jonéw chlorkowych po wyciskaniu metodg KoBo bez wstgpnego nagrzewania
wsadu dla nastepujgcych stopni odksztalcenia: a) Ry 10:1, b) R2> 20:1 [A5]

Sposréd odksztatconych stopdw Mg-7.5Li-3A1-1Zn, wraz z wyzszym stopniem wyciskania
nastapito rozdrobnienie mikrostruktury i fragmentacja fazy p(Li) w osnowie a(Mg), co jednak
nie wplyneto na poprawe odpornosci korozyjnej. Zjawisko podwyzszenia szybkosci korozji
nalezy przypisa¢ utworzeniu si¢ duzej ilosci ognisk korozyjnych (gtownie granic ziaren), co
schematycznie pokazano na rys. 12. Atak korozyjny w przypadku analizowanych stopow
o bardziej rozdrobnionej mikrostrukturze rozpoczynat si¢ na granicach ziaren, gdzie tworzyly
sie drobne wydzielenia MgLi>Al. W przypadku wyzszego stopnia odksztalcenia nastapita
fragmentacja fazy P(Li), co doprowadzilo do uformowania si¢ wigkszej ilosci granic ziaren.
Dodatkowo, obecno$¢ fazy MgLi>Al na granicach ziaren sprzyjala inicjowaniu reakcji
anodowych, ktére nie byly kompensowane przez reakcje prowadzace do powstania warstwy
ochronnej. Nastepnie, miejscowy atak korozyjny przechodzit w korozje typu mikro-
galwanicznego wystepujaca pomiedzy bardziej aktywng faza P(Li), a mniej aktywna faza
a(Mg). W zwigzku z tym, im wigksze rozdrobnienie fazy B(Li) w osnowie a(Mg), tym szybciej
postepuja procesy korozyjne. Jest to glowny czynnik regulujgcy szybko$¢ degradacji stopow

na bazie Mg z Li o strukturze dwufazowej a(Mg)+ B(Li).

4.3.8. Wplyw rozdrobnienia ziarna oraz wydzielen faz wtérnych na odpornos¢ korozyjna
stopow z serii Mg-Y-RE po odksztalceniu tradycyjnym i metoda KoBo
przy roznych stopniach wyciskania
Grupe stopéw Mg, ktére w pordwnaniu do materialéw opisanych w rozdziatach 4.3.5.

— 43.7, cechuja si¢ wyzsza wytrzymaloScia, dobra odpornoscia na pefzanie i dobrymi

wlasciwosciami odlewniczymi, stanowig stopy z serii Mg-Y-RE. Stopy z dodatkiem Y

sa najdrozsze sposréd dostepnych na rynku stopow na bazie Mg, w zwigzku z tym zasadne jest
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podjgcie badan zmierzajgcych do obnizenia ich kosztéw produkeji, co mozna osiggnaé przez
odksztatcenie metodg KoBo, w ktorym eliminuje si¢ proces nagrzewania. W tej czesci badan
podjetam probe wyciskania wspotbieznego KoBo bez nagrzewania materiatu wsadowego stopu
WE43. W pracy [A6] podjetam dwa aspekty badawcze:
e pordwnatam mikrostrukture i whasciwosci stopu WE43 wyciskanego ze $rednicy @40
mm do U8 mm (R, 5:1) zaréwno metodg tradycyjnego wyciskania w temperaturze
400 °C, oraz metoda KoBo bez nagrzewania wsadu (rys. 13),
poréwnatam wptyw roznego stopnia odksztatcenia metoda KoBo na wlasciwosci
korozyjne oraz mechaniczne uzyskanych pretow. Wycisnieto prety ze $rednicy @40 mm

do U8 mm (R, 5:1), @40 mm do @6 mm (R2 7:1) oraz @40 mm do @4 mm (R3 10:1),

rys. 13b.
a) wyciskanie tradycyjne b) wyciskanie KoBo
z nagrzewaniem wsadu do 400°C bez nagrzewania wsadu
WE43 040 mm WE43 040 mm 08 mm
0% mm 06 mm
10:1 @4 mm

Rysunek 13. Stopnie odksztatcenia metodg KoBo stopu WE43: a) metodg tradycyjnej ekstruzji
w temperaturze 400 °C, b) metodq KoBo bez wstgpnego nagrzewania materiatu odksztatcanego
[A6]

Wyniki badan przeprowadzone w celu opisu mikrostruktury stopu WE43 wyciskanego
tradycyjnie przy tym samym stopniu odksztalcenia R; 5:1, w podwyzszonej temperaturze
oraz metoda KoBo bez nagrzewania materiatu, wyj$ciowego wykazaty zasadnicze roéznice
w mikrostrukturach obu stopow. W wyniku odksztatcenia metodg KoBo uzyskano wieksze
rozdrobnienie mikrostruktury stopu. Srednia wielko§¢ ziarna materiatu odksztalconego
tradycyjnie na gorgco wyniosta 3,9 um (rys. 14a), za$ materialu wyciskanego KoBo $rednia
wielko$¢ ziama wyniosta 3,3 pm (rys. 14b). W obu materiatach uksztattowaty sie ziarna
zblizone do réwnoosiowych o przypadkowej orientacji krystalograficznej z przewaga ziaren
o orientacji <0001> w stosunku do osi wyciskania. Zmiana drogi odksztalcenia jakiej
poddawany jest material w czasie wyciskania Kobo, czyli obustronne skrecanie wsadu,
powoduje wzrost ggstosci defektow sieci krystalicznej w trakcie odksztalcenia. Wzrost
koncentracji naprezef ujawnity obserwacje wykonane przedstawione na rys. 14b i 14d. Nawet

tak nieduza zmiana w rozdrobnieniu mikrostruktury, doprowadzita do akumulacji dyslokacji
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geometrycznie niezbednych (z ang. geometrically necessary disolaction, GND) na granicach

ziaren.
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Rysunek 14. Wyniki EBSD dla stopu WE43: a) mapa rozkladu orientacji ziaren stopu
odksztatconego tradycyjng ekstruzjq na gorgco Ri 5:1 , b) rozklad dyslokacji geometrycznie
niezbednych (GND) w stopie odksztaiconym tradycyjng ekstruzjq na gorgco R; 5:1, ¢) mapa
rozkladu orientacji ziaren stopu odksztatconego metodq KoBo bez nagrzewania materiatu
wsadowego R; 5:1, d) rozkiad dyslokacji geometrycznie niezbednych (GND) w stopie
odksztatconym metodg KoBo bez nagrzewania materiatu wsadowego R 5:1 [A6]

W wyniku zmian, ktore zaszly w mikrostrukturze stopu wyciskanego metoda KoBo, nastapito
podwyzszenie wlasciwosci mechanicznych, a takze wzrost odpornosci korozyjnej,
w odniesieniu do stopu wyciskanego metoda tradycyjna. Glownym czynnikiem wptywajacym
na podwyzszenie odpornoéci na korozj¢ stopu WE43 odksztalconego metodg KoBo
jest wieksze rozdrobnienie ziaren, prowadzace do bardziej rownomiernego rozktadu potencjatu
czastkowych reakeji korozyjnych, w ktorych granice ziaren odgrywajg rolg miejsc anodowych,
za$§ wnetrza ziaren sg lokalnymi katodami.

Wiedzac, ze w wyniku wyciskania KoBo mozliwe jest uzyskanie wyzszej odpornosci
korozyjnej stopu WE43 niz w przypadku wyciskania tradycyjnego na gorgco, w dalszej czgsci
prac skupitam si¢ na okre$leniu wptywu stopnia wyciskania na odpornos¢ korozyjng WE43.
We wszystkich materiatach odksztatconych metodg KoBo uksztattowata si¢ mikrostruktura
o ziamach zblizonych do réwnoosiowych. W trakcie wyciskania R, 7:1 uformowaly sig¢ ziarna
o éredniej wielkosci na poziomie 2,7 pm za$ w trakcie wyciskania przy R3 10:1 na poziomie

1,8 um. W wyniku wyciskania przy stopniu odksztalcenia R 7:1 nastapita zmiana orientacji
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ziaren. Zaobserwowano, Zze wieksza liczba ziaren zorientowana jest w kierunku <1010>

oraz <2110> w stosunku do osi wyciskania, ktére s3 mniej odporne na korozje niz ziarna

o orientacji <0001> w stosunku do osi wyciskania, rys. 15a-c.

a) @ 8 mm KoBo . b) @6 mm KoBo
¥
davg 3-3 1m0 Aavg 2.7 pm *
c) @4 mm KoBo
1070
0001 2 10

80 um dayg 1.8 pm

Rysunek 15. Mapy rozkladu orientacji krystalograficznych ziaren dla stopu WE43
odksztaiconego metodq KoBo bez nagrzewania materiatu wsadowego przy réznych stopniach
wyciskania: a) Ri5:1b) R2 7:1, ¢) R310:1 [A6]

Wraz ze zwigkszajacym si¢ stopniem odksztatcenia uzyskano wieksze rozdrobnienie ziarna,
zmiang orientacji ziaren, ale réwniez zwigkszenie gestosci dyslokacji, co potwierdzity
obserwacje TEM (rys. 16). W wyniku tych zmian nastapit gwattowny spadek odpornosci
korozyjnej stopu WE43, cojednoznacznie wskazuje, ze w przypadku wyciskania
przy stopniach R> 7:1 oraz Rj; 10:1 dominujacg rol¢ w zachodzacych procesach korozyjnych
odgrywa duza gesto$¢ dyslokacji wygenerowanych w trakcie odksztatcenia. Granice ziaren
sg miejscami inicjacji proceséw korozyjnych, w zwigzku z tym, im wigksze rozdrobnienie
ziarna, tym intensywniejsze procesy korozyjne mogg wystepowaé w materiale
polikrystalicznym. W stopie WE43 odksztalconym metoda KoBo, reakcje korozyjne

sg dodatkowo intensyfikowane obecnoscia trojsktadnikowych nanowydzielen typu Mg-Zn-Y.
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a) b)
1um Lpm
c)

Lym Lym

Rysunek 16. Obserwacje TEM dla stopu WE43 odksztalconego metodq tradycyjng
w podwyzszonej temperaturze (a) i metodg KoBo bez nagrzewania materiatu wsadowego przy
réznych stopniach wyciskania: b) R;5:1 ¢) R2 7:1, d) R3 10:1 [A6]

4.3.9. Analiza poréwnawcza czynnikow mikrostrukturalnych wplywajacych na
odpornos¢ korozyjna czystego Mg, stopow z serii Mg-Zn-Al, Mg-Li oraz Mg-Y-RE
Metoda Kobo wykazuje duzy potencjat w odksztalcaniu Mg i jego stopow

bez nagrzewania materialu wsadowego. Odksztalcanie Mg i jego stopéw metoda KoBo

prowadzi do znaczacej redukcji $rednicy wsadow, oraz do zmniejszenia wielkoSci ziarna

i redystrybucji wydzielen drugiej fazy w ich mikrostrukturze. Najwyzszy stopiefi ekstruzji, przy

jakim sukcesywnie odksztatciliémy metal o strukturze heksagonalnej wynosi R 40:1 dla stopu

AZ31 z dodatkiem 4,5 mas. % Li (wyciskanie ze $rednicy poczatkowej @40 mm do @1 mum,

stopiefi przerobu A=1600) [A4]. Na podstawie przeprowadzonych badan nalezy stwierdzic,

ze rozdrobnienie ziaren w Mg i jego stopach po odksztalceniu metoda KoBo nie zalezy
bezposrednio od stopnia wyciskania, ale od intensywno$ci proceséw dynamicznej
rekrystalizacji i zdrowienia dynamicznego wywolanych ztozonym stanem odksztatcenia
wynikajacym z dodatkowego rewersyjnego ruchu obrotowej matrycy wprowadzajgcej materiat

w stan plyniecia plastycznego. Na skutek zachodzacych w trakcie odksztalcenia zmian

mikrostrukturalnych, odporno$¢ korozyjna Mg ijego stopdw zmienia si¢ wraz ze zmiang

stopnia odksztafcenia, ale zalezno$¢ ta nie jest liniowa.
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Odpornos¢ na korozje stopow Mg zalezy od ich sktadu chemicznego, a takze,
co stwierdzono na podstawie wynikéw zamieszczonych w pracach [A1-A6] dominujacg role
w ksztattowaniu odpornosci korozyjnej stopow Mg odksztatcanych KoBo odgrywa wielko$é
ziaren i gesto$¢ dyslokacji powstatych w trakcie wyciskania. Jednoznacznie mozna stwierdzié,
ze im wyzsza gestos¢ dyslokacji, a mniejsza wielko$¢ ziaren, tym nizszg odpornoscia korozyjna
cechujg si¢ stopy Mg odksztatcane metoda KoBo bez nagrzewania materialu wsadowego.
W przypadku stopéw wielosktadnikowych procesy korozyjne intensyfikowane sg réwniez
obecnoSciag wydzielen wspierajacych procesy mikro-galwaniczne. Na podstawie
przeprowadzonych badaf okreslono, Ze odporno$é na korozje w Srodowisku zawierajacym
jony chlorkowe w przypadku Mg i jego stopéw odksztatconych metodg KoBo zmienia sig
w nastgpujacy sposob (rys. 17):

AZ31 > AZ31+4Li >> WE43 > czysty Mg > AZ61 >> AZ31+7,5Li.

W celu zdefiniowania czynnikéw, ktéra majg najistotniejszy wplyw na szybkoé¢ korozji
w przypadku analizowanych stopéw Mg, szybko$¢ korozji odniesiono do ich cech
mikrostrukturalnych zestawionych w Tabeli 1.

Sposrod analizowanych materiatéw najbardziej odporny na dziatanie medium korozyjnego jest
stop AZ31 o $redniej wielkosci ziama 4,4 pm i ziamach zorientowanych w kierunkach
<1010 > 1 <2110> w stosunku do osi wyciskania. W stopie AZ31 po odksztatceniu metoda
KoBo nie uformowaty si¢ wydzielenia typu p-Mgi7Al2. Zblizong odpornoécig na korozje do
stopu AZ31 cechuje si¢ stop AZ31 z dodatkiem 4 % mas. Li. Ze wzgledu na to, Ze stopy AZ31
1 AZ31+4Li posiadajg zblizong wielkos¢ ziarna, zasadnym jest wnioskowanie, ze czynnikiem
sprzyjajacym wyzszej odporno$ci na korozje stopu AZ31 jest krystalograficzna orientacja
ziaren utworzonych w AZ31. Ze wzgledu na to, ze ptaszczyzna {0001} jest plaszczyzna o duzej

gestosci upakowania, ziarna zorientowane w kierunku <0001> w stosunku do osi wyciskania

sg bardziej odpome na korozj¢ niz <1010>1i <2110>[35,49].

30



Dr inz. Anna Dobkowska Autoreferat

30

16 0£1.1 16.0£22

10£21
1009

Szybkos¢ korozji (mm/rok)

. o P
@%Yﬂ’) 2 Q\Qz

Rysunek 17. Szybkosé korozji Mg i jego stopow odksztatconych metodq KoBo bez wstgpnego
nagrzewania wsadu obliczona na podstawie wydzielonego wodoru w roztworze zawierajgcym
jony chlorkowe [A7]

Nizsza odporno$é na korozje niz AZ31 i AZ31+4Li cechuje si¢ stop WE43, czysty Mg
oraz AZ61. Na wymienionych materiatach zauwazono formowanie si¢ produktow korozji,
ktore cze$ciowo moga chroni¢ powierzchnie przed postepujacymi reakcjami korozyjnymi.
W stopie AZ61 na granicach ziaren powstaly wydzielenia B-Mgi7Al 2, ktore intensyfikuja
procesy mikro-galwaniczne, czego niezauwazono w przypadku wydzielen tego typu
rozmieszczonych we wnetrzu ziaren AZ31. Czysty Mg odksztatcony KoBo réwniez posiada
nizsza odpornoéé na korozje niz stop AZ31. Taka informacja jasno wskazuje, ze istotne
znaczenie w przypadku stopow z serii Mg-Zn-Al ma ilo§¢ i rozmieszczenie fazy B-Mgi7Al2.
Jesli faza ta wydziela si¢ we wnetrzu ziarna, jej obecno$é sprzyja podwyzszeniu odpornosci
na korozje. Wraz ze zwiekszajaca si¢ zawartoscig Al w stopie, faza B-Mgi7Ali2 wydziela sig
na granicach ziaren, co wzmaga procesy mikro-galwaniczne, zachodzace na granicach ziaren
powodujac ich szybkie rozpuszczanie. Poniewaz wielko$¢ ziaren zarowno dla czystego Mg,
jaki AZ31 jest pordwnywalna, nalezy wnioskowac, Ze czynnikiem sprzyjajacym wyzszej
odpornosci na korozje stopu AZ31 jest obecno$¢ ziaren zorientowanych w kierunku <0001>

w stosunku do osi wyciskania.
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Tabela 1. Podsumowanie podstawowych cech mikrostrukturalnych charakterystycznych dla
badanych materiatow [A7]

Struktura Wielko$¢ Wydzielenia Orientacja Ref.

fazowa ziarna ziaren

&0 <1010>
M 3.9 brak Al
S oMy pm ra 10 (ALl
— 4,4 pm;
g a(Mg) rozktad duze wydzielenia AlsMng <1010~ [A2]
< bimodalny <2110>
duze wydzielenia AlsMng
o nanowydzielenia <1010>
§ «(Mg) 6,6 pm B-Mg7Ali2 zlokalizowane na <2110> (A3l
granicach ziaren
3
s o(Mg) 3,2 pm duze wydzielenia AlLi <1010~ [A4]
] <2110>
<
= b“%‘Bdsag-‘/Ch duze wydzielenia AILi, MgLizAl
hE . , . C
¥ a(Mg)+p(Li) na podstawie rozmiar ok | pm, ‘nanowydzglema B brak danych [AS]
po - Mg7Al)2 zlokalizowane w §rodku
N zdjg¢ SEM
) Ziaren

< kilka pm
[ae)
b Mg41Nds, Mg21Ys, Mg1oNd, potrjne
E «(Mg) 3,3 pm nanowydzielenia Mg-Nd-Y przypadkowa [A6]

Interesujgcym zagadnieniem jest zachowanie korozyjne stopéw o strukturze
dwufazowej a(Mg)+B(Li). Zdecydowanie wyzsza odporno$é na korozje w srodowisku jondw
chlorkowych zaobserwowano sig dla stopéw jednofazowych a(Mg) niz dla stopéw o strukturze
dwufazowej typu a(Mg)+B(Li). Odpornosé korozyjna stopéw AZ31+7.5Li jest kontrolowana
stosunkiem udziatu fazy a(Mg) do fazy B(Li). Jak podano w pracy [A5] im wicksze
rozdrobnienie faz w materiale, tym nizsza odporno$¢ na korozje. Mechanizm
ten wyttumaczono w rozdziale 4.3.8.

Stop WE43 cechuje si¢ zupeinie odmiennym sktadem chemicznym od wszystkich
analizowanych materiatéw, ale posiada zblizong wielko$¢ ziarna i stabo wyksztatcona teksture.
Wyniki opisane w pracy [A6] jednoznacznie wskazuja, ze dla okre$lonych parametrow
odksztalcenia metodg KoBo mozliwe jest podwyzszenie odpornosci korozyjnej stopu
w odniesieniu do wyciskania tradycyjnego na gorgco. Jest to wynikiem uzyskania wiekszego
rozdrobnienia mikrostruktury w trakcie procesu KoBo. Rozwazajac wplyw stopnia
odksztalcenia metoda KoBo na odporno§¢ korozyjng stopu WE43, nalezy zwréci¢ uwage,
ze im wigksze rozdrobnienie tym nizsza odpornos¢ na korozje. Procesy korozyjne postepujace

na granicach ziaren sg wzmozone przez obecno$¢ trojsktadnikowych nanowydzielen o sktadzie
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Mg-Nd-Y, ktérych role w ksztaltowaniu odpornosci korozyjnej stopow z serii Mg-Y-RE

metoda KoBo, w przysztych badaniach nalezy opisa¢ w sposob bardziej szczegotowy.

4.3.10. Podsumowanie

Na podstawie analizy wynikéw badan przedstawionych w przedtozonym cyklu ,,Wptyw
mikrostruktury na ksztaltowanie odpornosci korozyjnej Mg i jego stopéw odksztatcanych

metoda wyciskania wspotbieznego z oscylujaca matryca” sformutowatam nastgpujace wnioski:

v’ Metoda wyciskania wspétbieznego z oscylujacg matryca (KoBo) umozliwia wyciskanie Mg
i jego stopow przy wysokich stopniach odksztalcenia bez nagrzewania materiatu
wsadowego. Najwyzszy stopien odksztalcenia, jaki zastosowano w trakcie wyciskania
metoda KoBo bez nagrzewania materiatu wsadowego wynosi R 40:1 dla stopu na bazie Mg
z dodatkiem 4 mas. % Li.

v’ Istnieje graniczne odksztatcenie plastyczne generowane podczas wyciskania metodg KoBo,
ktore sprzyja powstawaniu duzej ilosci defektow struktury krystalicznej, gtéwnie w postaci
dyslokacji, a ich obecno$¢ intensyfikuje procesy korozyjne prowadzac do obnizenia
odpomosci korozyjnej materiatu.

v" W wyniku odksztalcenia metodg KoBo czystego Mg, osiagnigto znaczaca redukcjg Sredniej
wielko$ci ziaren. Nie zaobserwowano jednak jednoznacznej zalezno$ci pomigdzy
zwiekszajacym si¢ stopniem odksztatcenia a zmiang rozdrobnienia mikrostruktury.
Rozdrobnienie ziama jest regulowane przez intensywno$¢ proceséw, w wyniku ktérych
nastepuje przebudowa mikrostruktury, tj. rekrystalizacji i zdrowienia dynamicznego.
Odksztatcenie metoda KoBo czystego Mg prowadzi do znacznego rozdrobnienia
mikrostruktury oraz do poprawy jego odpornosci korozyjnej, przy czym nie mozna w tym
przypadku zdefiniowa¢ prostej zalezno$ci. Nie zaobserwowano, by wraz ze zwigkszajacym
sie stopniem odksztatcenia, nastagpito podwyzszenie odpornosci korozyjnej czystego Mg,
co jest sprzeczne z powszechnie panujacg wiedzag. W wyniku dziatania ztozonego stanu
naprezen w trakcie odksztatcenia metoda KoBo bez nagrzewania materialu wsadowego,
w mikrostrukturze czystego technicznie Mg powstaje duza ggsto§¢ dyslokacji. Najwigkszg
gestos¢ dyslokacji we wnetrzu ziaren uzyskano dla materiatu o najmniejszym rozmiarze
ziarna. Dodatkowo, znaczne rozdrobnienie mikrostruktury spowodowato utworzenie duzej
iloci granic ziaren - miejsc inicjacji korozji (im mniejsze ziarno, tym wyzsza ilo$¢ granic
ziaren). Obecno$é wysokiej gestosci dyslokacji we wnetrzu rozdrobionych ziaren

intensyfikowata procesy degradacji materiatu.
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v' Odpornos$¢ korozyjna wieloskladnikowych stopéw na bazie Mg w trakcie procesu
odksztalcania metoda KoBo bez nagrzewania materiatu wsadowego jest zjawiskiem
niezwykle ztozonym. Zalezy nie tylko od skladu chemicznego, stopnia odksztatcenia
i uformowanej w wyniku odksztatcenia mikrostruktury, ale rowniez od wptywu ztozonego
stanu naprgzen. Nalezy podkresli¢, ze duza ilo$§¢ defektow struktury krystaliczne;
gromadzonych we wngtrzu ziaren w trakcie odksztatcenia przy udziale zlozonego stanu
naprezen jest dodatkowo generowana w trakcie zmiany drogi odksztalcenia wywotanego
ruchami oscylujgcej matrycy.

v" KoBo jest efektywng metoda rozdrobnienia mikrostruktury dla wielosktadnikowych stopow
z serii Mg-Al-Zn. W przypadku pretéw AZ31 odksztatconych metoda KoBo, odnotowano
wzrost granicy plastycznosci, ale odpornosé¢ korozyjna byfa nizsza niz odporno$é materiatu
przed odksztalceniem. Tak ztozonego wplywu odksztalcenia na wilasciwoséci materiatow,
w przypadku stosowania réznych metod odksztalcenia plastycznego, do tej pory nie
odnotowano, zwiaszcza dla materialow o strukturze heksagonalnej. Niska odporno$é
korozyjna stopu AZ31 jest wynikiem zaré6wno utworzenia sie mikrostruktury o bimodalnym
rozktadzie wielkosci ziarna, jak i obecnosci duzej gestosci dyslokacii.

v" Gléwnym mechanizmem korozyjnym, tak jak w przypadku innych metod odksztatcenia
stopOw Mg-Al-Zn, jest korozja mikro-galwaniczna, a postepujgce reakcje sg zalezne
od ilo$ci Al w stopie. Przy zawartosci Al na poziomie 3% mas. nie odnotowano w stopach
po odksztatceniu obecnosci fazy B-Mgi7Ali2, a mikro-ogniwa tworzyly sie pomiedzy
granicami ziaren o anodowym charakterze a wngtrzami ziaren, ktore petnity role lokalne;j
katody. W tym przypadku, im mniejsza wielko§¢ ziarna, tym nizsza odporno$¢ na korozje.
Przy wyzszej zawartosci Al, faza B-Mgi7Al;z wydzielita sie na granicach ziaren,
co spowodowato dodatkowy czynnik powstawania mikro-ogniw galwanicznych, tym
samym przyspieszajac degradacj¢ materiatu.

v" W przypadku stopow na bazie Mg z dodatkiem Li, odpornos¢ korozyjna zalezna jest udziatu
Li w osnowie Mg, czyli od jego budowy fazowej. Zaréwno dla stopu jedno, jak
1 dwufazowego wraz ze zwigkszeniem stopnia odksztatcenia nastepuje spadek odpornosci
korozyjnej, przy czym stop odksztatcony KoBo jest bardziej odporny na korozje niz materiat
wsadowy. Sposrod odksztatconych stopéw o budowie jednofazowej wyzsza odporno$cia
cechuje sig stop o mniejszym rozdrobnieniu ziarna osiagnigtym dla nizszego stopnia
odksztalcenia. W trakcie wyciskania stopu przy wyzszym stopniu odksztatcenia we wnetrzu
ziaren wydzielita si¢ faza B-Mg17Al12 ktérej obecno$¢ zintensyfikowata zachodzace procesy

korozyjne. Mechanizm korozyjny w stopach o budowie dwufazowej a(Mg)+B(Li) postepuje
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glownie pomiedzy fazami a(Mg) i B(Li) oraz jest zalezny od ich rozdrobnienia i wzajemnego
roztozenia. Wyzszy stopien odksztalcenia powoduje rozdrobnienie mikrostruktury stopu,
tym samym powodujac fragmentacje fazy P(Li) wosnowie fazy a(Mg) skutkujac
przyspieszeniem reakcji korozyjnych. Dzieje si¢ tak, poniewaz w ukladzie
heterogenicznym, korozja typu mikro-galwanicznego kontrolowana jest przez stosunek fazy
B(Li) do a(Mg), oraz ich wzajemne rozmieszczenie. W tym przypadku rolg anody petni faza
B(Li). Wyzsze rozdrobnienie faz skutkowato powstaniem wigkszej ilosci mikro-ogniw
lokalnych. Reakcje te byty przyspieszone poprzez obecnosé fazy MgLi>Al zidentyfikowane;
na granicach ziaren.

v/ Zmiany mikrostrukturalne wywotane w trakcie odksztatcenie metodg KoBo spowodowaty
poprawe whasciwosci stopu WE43 reprezentujacego serig¢ stopéw na bazie Mg o skladzie
chemicznym Mg-Y-RE, ale tylko w ograniczonym przedziale parametréw wyciskania,
tj. przy najnizszym zastosowanym stopniu odksztalcenia. Wraz ze zwigkszajacym
sie stopniem odksztalcenia, wielko$¢ ziarna ulegata redukcji. Zmiany mikrostrukturalne
wywotane odksztalceniem metoda KoBo bez wstgpnego nagrzewania stopu z serii
Mg-Y-RE, w poréwnaniu do tego samego stopu wyciskanego konwencjonalnie
w temperaturze 400 °C, spowodowaly wyrazny wzrost zardwno granicy plastycznosci,
jak i wytrzymatoéci na rozciaganie w temperaturze otoczenia, niezaleznie od stopnia
odksztatcenia. Poprawe odporno$ci korozyjnej odnotowano tylko dla najniZszego stopnia
odksztalcenia bez wstepnego nagrzewania materiatu odksztatcanego metodg KoBo
w odniesieniu do stopu wyciskanego na goraco. Spadek odpomnosci korozyjnej wraz
ze zwigkszajacym si¢ stopniem odksztalcenia zwigzany jest z powstaniem wigkszej ilosci
granic ziaren pehigcych funkcje lokalnych anod oraz obecnodci trojsktadnikowych
nanowydzielen typu Mg-Nd-Y, ktore najprawdopodobniej przyspieszaja formowanie

sie lokalnych mikro-ogniw.

4.3.11. Wkiad w rozwéj dyscypliny

Wyniki badan przedstawione w cyklu publikacji stanowigcym osiagnigcie naukowe,
ktore jest podstawg do uzyskania stopnia naukowego doktora habilitowanego, wnosza znaczacy
wkiad w rozwoéj dyscypliny Inzynieria Materialowa. Przedstawiony do oceny cykl publikacji
zawiera oryginalne wyniki i opisuje nowatorski pomyst odksztatcania metali o strukturze
heksagonalnej zmodyfikowang metoda wyciskania, w trakcie ktérej wyeliminowany jest proces
grzania, co pozwala na znaczng redukcje kosztow ich przerobu. Odksztalcenie plastyczne Mg

i jego stopow bez wstepnego nagrzewania materiatu wsadowego metodg KoBo, dzigki ktorej
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mozliwe jest uzyskanie pétwyroboéw o uzytecznej wielkosci, stanowi nowo$¢ w formowaniu
wlasciwosci stopow Mg bez wstepnego nagrzewania materiatu odksztatcanego. Opublikowane
przeze mnie prace jednoznacznie wskazuja, ze ze wzgledu na zlozony stan mikrostruktury
tworzacy si¢ podczas odksztalcenia stopéw o réznym skladzie chemicznym, nie mozna
sformutowa¢ jednoznacznej zalezno$ci pomigdzy mikrostruktura Mg i jego stopow
odksztalcanych metoda KoBo bez wstgpnego nagrzewania materialu a ich odpornoscia
na korozje. Tym samym nalezy podkre$li¢, ze do tej pory nie istnialy prace badawcze
wskazujace na mozliwo$¢ odksztatcenia Mg i jego stopéw przy tak wysokich stopniach
wyciskania bez wstgpnego nagrzewania materiatu odksztatcanego.

Moj wklad w rozwéj dyscypliny inzynierii materialowej polega na:

» wykazaniu, Zze duze rozdrobnienie ziarna uzyskane w pojedynczym cyklu przejscia
przez zespot matryc w trakcie procesu odksztatcania metodg KoBo bez wstepnego
nagrzewania materiatlu wsadowego nie zawsze prowadzi do podwyzszenia odpornosci
korozyjnej materiatéw na bazie Mg. Podwyzszenie odpornosci korozyjnej wywotane
rozdrobnieniem ziarna uzyskano dla czystego Mg oraz dla nastepujacych stopow:
AZ31+4Li, AZ31+7,5Li oraz dla WE43. W przypadku stopow z serii AZXX odpornoéé
korozyjna ulegta obnizeniu,

» wykazaniu, ze wysoka warto$¢ odksztalcenia uzyskana w trakcie wyciskania czystego
Mg metodg KoBo powoduje akumulacje¢ duzej energii odksztatcenia, co jest powodem
tworzenia si¢ wysokiej gestosci splotow dyslokacyjnych. Z jednej wigc strony metoda
KoBo pozwala na uzyskanie mikrostruktury drobnoziamistej, ale w $rodku ziaren
nastgpuje gromadzenie duzej ilosci dyslokacji, ktore sg gldowna przyczyng spadku
odpornosci korozyjnej,

> opisie odpomosci korozyjnej stopow z serii AZXX (AZ31 i AZ61) po odksztatceniu
metodg KoBo i wskazaniu gléwnych czynnikow, ktére wplynely na obnizenie
ich odpornosci korozyjnej w stosunku do materiatu wsadowego. Udowodnitam,
ze pomimo duzego rozdrobnienia wielkosci ziaren, zardwno wysoka gesto$¢ dyslokacji
wygenerowanych w trakcie odksztalcenia, jak i obecno$¢ fazy B-Mgi7Alu, ktéra przy
wyzszym niz 3 % mas. Al wydziela si¢ na granicach ziaren, powodujg zwickszenie
ilosci mikro-ogniw korozyjnych na granicach ziaren powodujac szybka degradacje
materiahy,

» wykazaniu, ze duze rozdrobnienie ziara uzyskane w trakcie wyciskania metoda KoBo
stopéw na bazie Mg z dodatkiem Li nie sprzyja podwyzszeniu ich odpornosci

korozyjnej. W przypadku stopéw o zawarto$ci Li ponizej 5,5 mas.% (struktura
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jednofazowa) wyzszy stopiefi odksztalcenia prowadzi do wydzielenia si¢ faz
B-Mgi7Al)2 oraz Lio.siMgo.10, ktérych obecno$c zwigksza ilo$¢ miejsc inicjacji reakeji
mikro-galwanicznych z osnowa magnezowa. W przypadku stopéw Mg-Li o zawartosci
Li ok. 7,5 mas.% (struktura dwufazowa) im wigksze rozdrobnienie jednej fazy
w drugiej, tym bardziej intensywnie zachodzg reakcje korozyjne. Powodem takiego
zachowania jest tworzenie si¢ korozji mikro-galwanicznej pomigdzy bardziej aktywna
fazg B(Li), a mniej aktywna faza a(Mg),

» wykazaniu, ze wyciskanie stopu WE43 metoda KoBo bez wstepnego nagrzewania
materiatu odksztalcanego przy R; 5:1 pozwala na uzyskanie mikrostruktury
drobnoziaristej, o mniejszej wielkosci ziaren, niz te uformowane w trakcie wyciskania
tradycyjnego przy tych samych parametrach, ale w temperaturze 400 °C. Nie mniej
jednak, wyzsza gesto$¢ dyslokacji i tworzenie si¢ nanowydzielen typu Mg-Nd-Y, przy
wyzszych stopniach odksztalcenia, wspomagajg tworzenie si¢ reakcji mikro-

galwanicznych.

Oprécz przedstawionego cyklu publikacji wskazanego jako osiagnigcie
w pkt 4 zalacznika 3, pesiadam réwniez inne osiagniecia przedstawione w zalaczniku 6.
Wrod nich na szczegolna uwage zastuguje watek badawcezy dotyczacy wytwarzania proszkow
ze stopow na osnowie Mg o sktadach chemicznych niedostepnych w sprzedazy komercyjnej.
Dziatania te podjetam wspolnie z firmg Amazemet Sp z 0.0. Z przygotowanych proszkow
podjelam probe wytworzenia materialow metodg laserowego stapiania w ziozu proszkowym
(z ang. Laser Powder Bed Fusion, LPBF) oraz metod spiekania impulsowo- plazmowego
(z ang. Pulse Plasma Sintering, PPS). Przykladem jest publikacja dotyczaca opisu wiaciwosci
stopu dwufazowego Mg-7,5Li-3Al-Zn % mas. (Zalacznik 7):
A. Dobkowska, L. Zrodowski, M. Chlewicka, M. Koralnik B. Adamczyk-
Cieslak, J. Ciftci, B. Moronczyk, M.J. Kruszewski, J. Jaroszewicz, D. Kuc,
W. Swigszkowski, J. Mizera, A comparison of the microstructure-dependent corrosion
of dual-structured Mg-Li alloys fabricated by powder consolidation methods: Laser
powder bed fusion vs pulse plasma sintering, Journal of Magnesium and Alloys, 2022,
DOI:10.1016/4.jma.2022.06.003, IF 17,6; 100 pkt MNiSW
W przedstawionej pracy wykorzystatam proszek o skiadzie chemicznym Mg-7,5Li-3Al-Zn
(% mas.) wytworzony w systemie indukcyjnym na urzadzeniu RePowder firmy
Amazemet Sp z o0.0. Nastepnie poréwnatam mikrostrukture i wiasciwosci otrzymanych

materialow ze stopem wyciskanym na gorgco. Na uwage zastuguje fakt, ze w mikrostrukturze

37



Dr inz. Anna Dobkowska Autoreferat

materiatdw drukowanych powstaly liczne bledy ufozenia, ktére s3 odpowiedzialne
za podwyzszenie wiasciwosci mechanicznych drukowanego stopu Mg-7,5Li-3Al-Zn (% mas.)
w odniesieniu do materiatow wytwarzanych innymi metodami. Wyniki przeprowadzonych
pomiaréw odpornosci korozyjnej s3 réwniez obiecujgce — je$li uda si¢ zoptymalizowaé
parametry drukowania w taki sposob, by uzyskaé stop bez obecno$ci poréw, jego odpornosé
korozyjna bedzie wyzsza niz stopéw o takim samym skladzie chemicznym wytwarzanych
metodami tradycyjnymi. Mozna to uzyska¢ dzigki mozliwosci ksztalttowania mikrostruktury
0 zmiennym udziale fazy a(Mg) do B(Li), co z kolei wplywa na intensywno$¢ zachodzacych
w materiale proceséw korozyjnych.

Wyniki badan dotyczace wytwarzania proszkow ze stopéw na osnowie Mg o skladach
chemicznych niedostgpnych w sprzedazy komercyjnej byly rowniez podstawa do ztozenia
zgloszenia patentowego ,,Sposéb wytwarzania stopdw Mg-Li-Al-Zn o ultra niskiej gestosci

1ich zastosowanie” (Zalacznik 8), w ktorym jestem pierwszym autorem.

Waznym osiggnieciem naukowym w trakcie mojej kariery naukowej byto rowniez
okreslenie zaleznosci wielkos¢ ziarmma vs. odpomo$¢ korozyjna dla czystej miedzi
produkowanej réznymi metodami, stosowanej do wytwarzania powlok na kontenerach
stuzacych do przechowywania odpadéw radioaktywnych. Wyniki przeprowadzonych w tym
zakresie badan zawartam w publikacji przedstawionej w Zatgczniku 9:

A.Dobkowska, M. D. Castillo, J. Turnbull, S. Ramamurthy, D. Zagidulin, D. Moser,

M. Behazin, P. Keech, D.W. Shoesmith, J.J. Noél, 4 comparison of the corrosion

behaviour of copper materials in dilute nitric acid, Corrosion Science, vol. 192, 2021,

109778, s. 1-12, DOI:10.1016/j.corsci.2021.109778, IF 7,205; 140 pkt MNiSW.

W publikacji jednoznacznie okreslitam wpltyw wielko$ci ziaren ma zachodzace zjawiska
korozyjne na miedzi w obecnosci napowietrzonego kwasu azotowego, ktérego $ladowe iloéci
mogg tworzy¢ si¢ w warunkach sktadowania odpadow radioaktywnych w wyniku obecnoéci
promieniowania gamma. Udowodnitam, ze w przypadku mikrostruktury gruboziarnistej
kluczowym czynnikiem wplywajacym na postgpujace mechanizmy korozyjne jest orientacja
krystalograficzna ziaren i ich wzajemne ulozenie determinujace stosunek powierzchni
anodowej do katodowej postgpujacych reakcji. Przy czym, zmienna szybko$é korozji jest
zalezna nie tylko od orientacji krystalograficznej ziaren, ale takze od adsorpcji jonéw NOs™ ,
ktory ma rozne energie adsorpcji w zaleznosci od kierunku ulozenia ziaren. W przypadku
miedzi o mikrostrukturze drobnoziarnistej zaobserwowatam zdecydowane obnizenie szybkosci

korozji w stosunku do materiatu gruboziamistego. Wykazatam, ze w przypadku mikrostruktury
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drobnoziarnistej reakcje korozyjne zdominowane sg przez mechanizm mikro-galwaniczny
oddziatywania wnetrza ziaren (katod) z granicami ziaren (anod), gdzie wigksze ziarno sprzyja
postepowaniu reakcji korozyjnych na granicach ziaren. Na podstawie przeprowadzonych badan
zaproponowatam réwniez sekwencje reakcji korozyjnych postgpujacych na miedzi,
w mikrostrukturze ktorej obecne sa liczne pory (wytwarzanej metoda natryskiwania na zimno).
Okre§litam, ze lokalna zmiana $rodowiska korozyjnego w obszarze poréw nie jest rezultatem
redukcji Oz, gdyz jego transport do $rodka pordw jest ograniczony, a wynika z obecno$ci jonow
Cu' i innych utleniaczy, ktére inicjuja cykl korozji katalitycznej. Opublikowane wyniki
stanowily podstawe do rozszerzenia zakresu badan odpornosci korozyjnej dla miedzi
natryskiwanej na zimno stosowanej do wytwarzania powlok na stalowych kontenerach
stuzacych do sktadowania odpadéw radioaktywnych, a takze do optymalizacji parametrow
natryskiwania na zimno przez grupe inzynieréw pracujacych w Nuclear Waste Management
Organization (NWMO) w Kanadzie. Ich zadaniem jest taki dobér parametréw natryskiwania
powloki miedzianej na stalowym kontenerze, zeby zminimalizowa¢, a jesli to mozliwe -

wyeliminowaé powstawanie poréw w mikrostrukturze natryskiwanej powloki miedzianej.

5. Informacja o wykazywaniu si¢ istotna aktywnoscia naukowg albo artystyczna
realizowana w wigcej niz jednej uczelni, instytucji naukowej lub instytucji kultury,
w szczegolnoSci zagranicznej.
W latach 2018 - 2020 odbytam staz podoktorski w renomowanej na $wiatowg skalg jednostce
naukowej University of Western Ontario, London, Kanada. W ramach projektu ,,Effect of
impurities on copper corrosion behaviour” wspotfinansowanego przez Nuclear Waste
Management Organization w Toronto (NWMO), wspéipracowatam z grupa inzynierska
NWMO oraz naukowcami z Chemistry Department oraz Surface Science Western, Western
University of Ontario (Zalaeznik 10). W trakcie trwania projektu pracowatam nad powloka
wykonang z czystej miedzi na kontenerze przeznaczonym na odpady radioaktywne. Giownym
celem moich prac bylo okreSlenie poziomow tolerancji dla réznych zanieczyszczen
powstajacych w trakcie procesu technologicznego (C, O, S, H i P) w powloce miedzi bez
pogorszenia jej wiasciwosci korozyjnych. Powloka musiata spetnia¢ zatozenia ochrony
katodowej kontenera na odpady radioaktywne okreslone przez normy NWMO. Efektem moich
dziatan byt udzial w5 konferencjach migdzynarodowych oraz opublikowanie artykuiu
przedstawionego w Zalaczniku 9:
A.Dobkowska, M. D. Castillo, J. Turnbull, S. Ramamurthy, D. Zagidulin, D. Moser,
M. Behazin, P.Keech, D.W. Shoesmith, J.J. Noél, 4 comparison of the corrosion
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behaviour of copper materials in dilute nitric acid, Corrosion Science, vol. 192, 2021,
109778, s. 1-12, DOI:10.1016/j.corsci.2021.109778, IF 7,205; MNiSW 140 pkt.
W trakcie stazu pracowatam réwniez w ramach projektu ,,Characterizing the 1 billion year old
Native Copper of the Lake Superior region, North America”. W tym projekcie
wspotpracowatam z Zircon and Accessory Phase Laboratory, University of Western Ontario.
Uzyskane wyniki prac zostaly zaprezentowane w trakcie spotkania z firma SKB Solna
w Szwecji oraz na konferencji EGU General Assembly 2020:
e D. Moser, I.J Noél, A. Dobkowska, D. Zagidulin, J. Perritt, P. Keech, M. Behazin,
J. Binns, G. Arcuri, and B. Langelier, Learning from 1 billion year old copper, EGU
General Assembly 2020, Online, 4-8 May 2020, EGU2020-12231,
https://doi.org/10.5194/egusphere-egu2020-12231, 2020.

W ramach studiéw doktoranckich, w roku 2013 oraz 2015, odbytam dwumiesieczny staz
w laboratorium korozyjnym, Department of Metals and Corrosion Engineering, University of
Chemistry and Technology (UCT) w Pradze. Bratam udzial w wielu warsztatach naukowych,
np. ,Corrosion Chemistry - Faraday Discussion”, Chemistry Centre, Burlington House,
Londyn, Wielka Brytania, “Introduction to vibrational spectroscopy” UCT, Praga
czy “Nondestructive evaluation and characterization of materials”, ParisTech we Francji.
Wszystkie te aktywnosci rozwinely moje umiejgtnosci w zakresie badan korozyjnych

1 ukierunkowaty przyszlg prace naukows.

6. Informacja o osiagni¢ciach dydaktycznych, organizacyjnych oraz popularyzujacych
nauke lub sztuke.

Osiggniecia dydaktyczne

W roku 2022, wzorujgc si¢ na kanadyjskich standardach ksztalcenia, stworzytam autorski
przedmiot ,, Corrosion engineering of light metals and their alloys” prowadzony w jez.
angielskim dla studentow studiow magisterskich, ktory sktada sie z dwoch czeéei: wyktadowe;
oraz projektowej. W semestrze zimowym roku akademickiego 2024/2025 prowadzitam projekt
badawczy w ramach przedmiotu ,,Research Project — Biomaterials™ oraz laboratorium ,,Badanie
wlasciwo$ci mechanicznych réznych materiatéw do zastosowan biomedycznych” w ramach
cyklu ,Materiaty i ich zastosowania”. Prowadzg rowniez prace dyplomowe inzynierskie oraz
magisterskie. W latach 2022 — 2024 wypromowatam 10 studentéw, wszystkie prace napisane
zostaly w jezyku angielskim. Jedna z prac prowadzona byta we wspélpracy z firmg SWERIM

AB ze Szwecji i dotyczyta wptywu metody wodorowania na wchianianie wodoru w stalach
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konstrukcyjnych. Jestem réwniez promotorem pomocniczym doktoratu Marlene Gonzalez
,,Advanced research on bioabsorbable Zn alloys”, ktdry rozpoczat si¢ w semestrze letnim roku

akademickiego 2023/2024.
Osiggnigcia organizacyjne:

Przed uzyskaniem stopnia doktora, w latach 2013-2015 bylam przewodniczacg Wydziatowej
Rady Doktorantéw oraz czlonkiem Wydzialowej Komisji ds. Jakosci Ksztalcenia.
Po uzyskaniu stopnia doktora, od roku 2017 jestem opiekunem laboratorium metalograficznego
oraz laboratorium korozyjnego na Wydziale Inzynierii Materiatowej Politechniki
Warszawskiej. W roku 2022, pomagalam przy organizacji konferencji European Materials

Research Society (19-21.09.2022 Warszawa).
Osiggniecia popularyzujgce nauke:

Od roku 2023, jestem cztonkiem Academic Advisory Comittee w konkursie stypendialnym
., The Kosciuszko Foundation — Exchange to US”. Aktywnie recenzuj¢ publikacje naukowe dla
czasopism takich jak: Journal of Magnesium and Alloys, Journal of Alloys and Compounds czy
Acta Biomaterialia. W latach 2022-2024 wyglositam 4 wyktady na zaproszenie:
e 17.04.2024 Upsalla University, Upsalla, Szwecja “Corrosion properties of ultralight
Mg-Li alloys”,
e 17.11.2022 Institute of Metals and Technology, Ljubljana, Stowenia, "Review of Mg-
Li alloys",
e 18.11.2022 University of Ljubljana, Faculty of Natural Sciences and Engineering,
Slowenia, "Microstructure dependent corrosion of Mg-Li alloys",
e 16.04.2021 University of Chemistry and Technology, Praga, Czechy, "Effect of
microstructural features on corrosion resistance of pure Cu".
W latach 2020 — 2022 kilkukrotnie bylam zaproszona jako oceniajgcy podczas sympozjum
mtodych naukowcéw NACE Southern Ontario Student Section (SOSS).

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

W roku 2012, po ukonczeniu studiow magisterskich, rozpoczgtam studia doktoranckie

na Wydziale InZynierii Materiatowej Politechniki Warszawskiej. W trakcie doktoratu

opracowatam podstawowy model mechanizméw korozyjnych wystgpujacych w odlewanych

stopach Mg-Li. Wyniki uzyskane w trakcie studiéw doktoranckich przedstawitam
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na 17 konferencjach krajowych i zagranicznych. Za prac¢ doktorska otrzymalam nagrode

I stopnia przyznang przez Polskie Stowarzyszenie Korozyjne (2019).

W roku 2020, po powrocie ze stazu podoktorskiego, kontynuowatam wspotprace z grupa
badawczg dr hab. inz. Dariusza Kuca, prof. Pol. S1., w zakresie przetwarzania stopow na bazie
Mg r6znymi metodami, w tym metodami tradycyjnymi na gorgco, takimi jak wyciskanie,
walcowanie, a takze technikami nowatorskimi takimi jak ekstruzja z oscylujacg matryca
(tzw KoBo) czy tez przeciskanie przez Srubowy kanat katowy (z ang. tubular channel angular
pressing, TCAP). Przeprowadzone przeze mnie prace badawcze prowadzone dla réznych serii
stopow na bazie Mg wyciskanych metodg KoBo zostaty zawarte w cyklu publikacji, ktore
stanowig osiggnigcie naukowe bgdace postawg do uzyskania stopnia naukowego doktora
habilitowanego. Wyniki badan dotyczace metod przerdbki plastycznej stopéw Mg prowadzone;j
w podwyzszonej temperaturze zostaly opublikowane w nastepujacych w czasopismach z listy

JCR:

L. Bednarczyk, A. Dobkowska, O. Hilser, S. Rusz, M. Pastriidk, R. Cada, M. Jabtofiska,
M. Tkocz, K. Kowalczyk, D. Patgan, D. Necas, J. Mizera, Influence of temperature and
number of passes during twist channel angular pressing (TCAP) on the microstructural,
mechanical, and corrosion properties of Mg-4Li—Ca, Arch. Civ. Mech. Eng. 24 (2024)
1-15. https://doi.org/10.1007/s43452-024-00903-y, IF 4,4;140 pkt MNiSW
A. Dobkowska, B. Adamczyk — Cieslak, J. Kubasek, D. Vojtéch, D. Kuc, E. Hadasik,
J. Mizera, Microstructure and corrosion resistance of a duplex structured Mg-7.5Li—
3Al-1Zn, J. Magnes. Alloy. 9 (2021) 467-477.
https://doi.org/10.1016/j.jma.2020.07.007, IF 10,088; 100 pkt MNiSW
A. Dobkowska, B. Adamczyk — Cieslak, D. Kuc, E. Hadasik, T. Plocifski, E. Ura-
Binczyk, J. Mizera, Influence of bimodal grain size distribution on the corrosion
resistance of Mg—4Li-3Al-1Zn (LAZ431), J. Mater. Res. Technol. 13 (2021) 346-358.
https://doi.org/10.1016/j.jmrt.2021.04.078, IF 6,267; 100 pkt MNiSW

e A. Dobkowska, B. Adamczyk-Cieslak, A. Towarek, P. Maj, E. Ura-Bifczyk,
M. Momeni, D. Kuc, E. Hadasik, J. Mizera, The Influence of Microstructure on
Corrosion Resistance of Mg-3Al-1Zn-15Li (LAZ1531) Alloy, J. Mater. Eng. Perform.
29 (2020) 2679-2686. https://doi.org/10.1007/s11665-020-04775-0,
IF 2,2; 70 pkt MNiSW
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W trakcie pracy nad materialami na osnowie Mg, nawigzatam wspotprace z naukowcami
z Politechniki Bialostockiej. W ramach projektu “Metal Matrix Composites with natural filler
(Grant No. 2018/31/D/ST8/00890 NCN) powstata publikacja dotyczaca roli wzmocnienia
w kompozytach o osnowie magnezowej:
o I Zglobicka, A. Dobkowska, A. Zielinska, E. Borucinska,
M. J. Kruszewski, R. Zybata, T.Plocifiski, J. Idaszek, J. Jaroszewicz,
K. Paradowski,B. Adamczyk-Cie$lak, K. Nikiforow, B. Bucholc, W. Swieszkowski,
K.J. Kurzydtowski: In-depth  analysis of the influence of bio-silica filler
(Didymosphenia geminata frustules) on the properties of Mg matrix composites, Journal
of Magnesium and Alloys, Elsevier B.V, vol. 11, nr 8, 2023, s. 2853-2871,
DOI:10.1016/j.jma.2023.08.001, IF 17,6; 100 pkt MNiSW
Roéwnolegle, podjetam wspélprace z firmg Amazemet Sp z 0.0. w zakresie produkcji proszkow
i druku ultralekkich stopéw Mg. Jako pierwsi na $wiecie sukcesywnie zatomizowaliSmy stopy
zdodatkiem Li, a proszki wydrukowaliémy metoda laserowego stapiania w ztozu
proszkowym. Wspoélpraca z Amazemet Sp z 0.0. odbywa si¢ na wielu obszarach pracy
z metalami lekkimi. Efekty tej wspolpracy sg opublikowane w wymienionych ponize;
artykutach oraz pracy dyplomowe;j:
A. Dobkowska, . Zrodowski, M. Chlewicka, M. Koralnik B. Adamczyk-
Cieslak, J. Ciftci, B. Moronczyk, M.J. Kruszewski, J. Jaroszewicz, D. Kuc,
W. Swieszkowski, J. Mizera, A comparison of the microstructure-dependent corrosion
of dual-structured Mg-Li alloys fabricated by powder consolidation methods: Laser
powder bed fusion vs pulse plasma sintering, Journal of Magnesium and Alloys, 2022,
DOI:10.1016/j.jma.2022.06.003, IF 17,6; 100 pkt MNiSW
¥. Zrodowski, R. Wréblewski, M. Leonowicz, B. Moronczyk, T.Choma, J. Ciftci,
W. Swieszkowski, A. Dobkowska, E. Ura-Bificzyk, P.Blyskun, J. Jaroszewicz,
A. Krawczynska, K. Kulikowski, B. Wysocki, T. Cetner, How to control the
crystallization of metallic glasses during laser powder bed fusion? Towards part-
specific 3D printing of in situ composites, Additive Manufacturing, , vol. 76, 2023,
Numer artykutu: 103775, s. 1-40, DOI:10.1016/j.addma.2023.103775,
IF 10,998; 200 pkt MNiSW
A. Dobkowska, M.J. Kruszewski, J. Ciftci, B. Moronczyk, 1. Zglobicka, R. Zybata,
.. Zrodowski, Microstructure and Corrosion of Mg-Based Composites Produced from

Custom-Made Powders of AZ31 and Ti6Al4V via Pulse Plasma
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Sintering. Materials 2024, 17, 1602. https://doi.org/10.3390/mal17071602, IF 3,4; 140
pkt MNiSW
Burak Bolat, Influence of manufacturing method on properties of AZ31/Ti and
AZ31/Ti6Al4V composites”, praca dyplomowa magisterska, 2023
Na okoliczno$¢ wykorzystania proszkow powstatych we wspolpracy z firma
Amazemet Sp z 0.0. pozyskatam réwniez projekt badawczy ,,Nowe mozliwosci ksztaltowania
mikrostruktury i wia$ciwosci korozyjnych dwufazowych stopéw Mg-Li” w ramach programu
Miniatura 6 finansowanego przez NCN. Réwnolegle, w zakresie badan elektrochemicznych,
wspieratam rowniez zadania w projekcie europejskim ,,Promoting safety by a novel
combination of imaging technologies for biodegradable magnesium implants, MgSafe”,
European Union’s Horizon 2020 Marie Sktodowska-Curie Action (MSCA), numer grantu
811226. Uzyskane wyniki zostaty opublikowane:
D.C. Martinez, A. Borkam-Schuster, H. Helmholz, A. Dobkowska, B Luthringer-
Feyerabend, T. Plocinski, R. Willumeit-Romer, W. Swiqszkowski, Bone cells influence
the degradation interface of pure Mg and WE43 materials: Insights from multimodal
in vitro analysis, Acta Biomater. 187 (2024) 471-490.
https://doi.org/10.1016/j.actbio.2024.08.015, IF 9,4; 140 pkt MNiSW
D. Martinez, A. Dobkowska, R. Marek, H.Cwicka, J.Jaroszewicz, T. Plocinski,
C. Donik, H. Helmholz, B. Luthringer-Feyerabend, B. Zeller-Plumhoff, R. Willumeit-
Romer, W. Swieszkowski, In vitro and in vivo degradation behavior of Mg-0.45Zn-
0.45Ca (ZX00) screws for orthopedic applications, Bioactive Materials, vol. 28, 2023,
s. 132-154, DOI:10.1016/j.bioactmat.2023.05.004, IF 18,56; 200 pkt MNiSW
Od roku 2022 biorg udzialt w migdzynarodowym projekcie OPUS LAP ,Nowe stale ODS do
zastosowan w ekstremalnych warunkach z wykorzystaniem ultradzwigkowej dyspersji
nanotlenk6w w potaczeniu z SLM i PPS” prowadzonym we wspolpracy trdjstronnej z Institute
of Metals and Technology w Stowenii oraz University of Chemistry and Technology w Pradze.
Bytam  pomystodawca iglownym autorem projektu. Biore réwniez udzial
w migdzynarodowym projekcie finansowanym przez NCBiR w ramach grupy wyszehradzkiej
V4 ,Rozwdj zaawansowanych stopéw magnezu przeznaczonych do pracy w warunkach
ekstremalnych”, rozpoczetam wspotprace z Magnesium Research Center, Kumamoto, Japonia
nad stopami na bazie Mg umacnianymi fazami LPSO (z ang. long period stacking ordered
phases). W ramach prac badawczych prowadz¢ badania odporno$ci korozyjnej stopow

Mg-LPSO w réznych srodowiskach, czego wynikiem sa publikacje oraz prace dyplomowe:
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A. Dobkowska, F. Lofaj, M.A. Gonzélez Garcia, D.C. Martinez, K. Kulikowski,
A. Paradiso, J. Idaszek, J. Gubicza, P. Jenei, M. Kabatové, L. Kvetkova, M. Lisnichuk,
S. Inoue, Y. Kawamura, W. Swiqszkowski, Structural, mechanical, corrosion, and early
biological assessment of tantalum nitride coatings deposited by reactive HiTUS, Surf.
Coatings Technol. 493 (2024). https://doi.org/10.1016/j.surfcoat.2024.131267, IF 5,3;
100 pkt MNiSW
D. Palgan, A. Dobkowska, A. Zielifiska, D. Drozdenko, K. Mathis, W. Swic;szkowski,
The Role of LPSO Structures in Corrosion Resistance of Mg-Y-Zn Alloys, Crystals,
2022 (12), IF 2,670; 70 pkt MNiSW
Mahmoud Abubakra, Influence of manufacturing method on biocorrosion behaviour of
Mg-1Ca-0.5Zn-0.1Y-0.03Mn (at.%) alloy, praca dyplomowa magisterska, 2024
Riddhi Vasant Rajkuwar, Influence of annealing on corrosion resistance of Mg-1Ca-
0.5Zn-0.1Y-0.03Mn alloy, praca dyplomowa magisterska, 2023
Marlene Gonzalez, Microstructural, corrosive and mechanical properties of tantalum
nitride coatings produced on Mg substrate by a novel High Target Utilization Sputtering
(HITUS), praca dyplomowa magisterska, 2023.
Moje obecne zainteresowania naukowe skupiaja si¢ wokot zastosowania metod addytywnych
w opracowaniu materiatéw na bazie Mg i Zn stosowanych w biomedycynie. Na t¢ okoliczno$¢,
nawigzalam wspélprace z grupa badawcza Francesco Di’Elia z Department of Materials
Science and Engineering, Uppsala University. W ramach naszej wspotpracy prowadzimy
intensywne dzialania dazace do opracowania parametréw wydruku jedno- i dwufazowych

stopéw Mg zawierajacych Li oraz Ca.

Bralam udziat w licznych szkoleniach podnoszacych moje kompetencje, m. in. ukonczytam
kurs ,, The language of conference presentations” zorganizowany przez Centre for Teaching and
Learning, The University of Western Ontario w London, Kanada oraz kurs Agile PM
Foundation zakonczony egzaminem, kurs ,Modelling of corrosion for nuclear reactos”
organizowany przez INSTN w Saclay we Francji. Posiadam rowniez zweryfikowane
miedzynarodowe kwalifikacje akademickie potwierdzone certyfikatem  International

Academic Qualifications, World Educational Services (Zalacznik 11).
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Wynikiem mojej dotychczasowej dziatalnosci naukowej jest 37 publikacji opublikowanych
w czasopismach z JCR. Po uzyskaniu stopnia doktora bratam udziat w 26 konferencjach
krajowych i migdzynarodowych. Bratam udziat w 5 projektach finansowanych przez NCN
i NCBiR oraz w 2 projektach finansowanych przez University of Western Ontario
i Nuclear Waste Management Organization (Kanada). Bylam kierownikiem 3 projektéw
(Zalacznik 12). Biorg aktywny udzial w recenzowaniu prac naukowych w czasopismach
z JCR. Za swoje osiggnigcia naukowe w latach 2021-2022 otrzymatam Indywidualna
Nagrode I stopnia JM Rektora Politechniki Warszawskiej

W tabeli przedstawiam moje wskazniki bibliometryczne (stan na dzien 10.01.2025)

Wskazniki bibliometryczne
Web of Science

Literatura do rozdziatu 4

[1] F. Pan, Q. Wang, B. Jiang, J. He, Y. Chai, J. Xu, An effective approach called the
composite extrusion to improve the mechanical properties of AZ31 magnesium alloy
sheets, Mater. Sci. Eng. A. 655 (2016) 339-345.
https://doi.org/10.1016/j.msea.2015.12.098.

[2] Q. Yang, B. Jiang, Y. Tian, W. Liu, F. Pan, A tilted weak texture processed by an
asymmetric extrusion for magnesium alloy sheets, Mater. Lett. 100 (2013) 29-31.
https://doi.org/10.1016/j.matlet.2013.02.118.

[31 A. Korbel, W. Bochaniak, Method of plastic forming of materials, EP 0 711 210 BI,
2000.

[4] K. Sztwiertnia, J. Kawalko, M. Bieda, M. Jaskowski, K. Pieta, W. Bochniak,
Microstructure and texture of zinc deformed by extrusion with forward-backward
rotating die (KoBo), IOP Conf. Ser. Mater. Sci. Eng. 82 (2015) 1-4.
https://doi.org/10.1088/1757-899X/82/1/012084.

[5]  J. Dutkiewicz, P. Bobrowski, S. Rusz, O. Hilser, T.A. Tanski, W. Borek, M. tagoda, P.
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Sci. Eng. A. 527 (2010) 2335-2341. https://doi.org/10.1016/j.msea.2009.12.029.

A. Tripathi, S.V.S.N. Murty, P.R. Narayanan, Microstructure and texture evolution in
AZ31 magnesium alloy during caliber rolling at different temperatures, J. Magnes.
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Abstract: In this study, the relationship between the extrusion ratio and the corrosion resistance of
pure Mg deformed using extrusion with an oscillating die (KoBo) without preheating of the initial
billet was investigated. The materials investigated in this study were extruded at high deformation
ratios, R| 5:1, Ry 7:1, and Ry 10:1, resulting in significant grain refinement from the very coarse grains
formed in the initial billet to a few pm in the KoBo-extruded samples at room temperature, which
is not typical for hexagonal structures. Our research clearly shows that KoBo extrusion improves
the corrosion performance of pure Mg, but there is no straightforward dependence between the
extrusion ratios and corrosion resistance improvement. Although it was expected that the smallest
grain size should provide the highest corrosion resistance, the dislocation density accumulated in
the grain interiors during deformation at the highest extrusion ratio, R3 10:1, supports dissolution
reactions. This, in turn, provides the answers for the greater grain size observed after deformation at
R» 7:1, where dynamic recovery prevailed over dynamic recrystallization. This situation led to the
annihilation of dislocation, leading to better corrosion resistance of the respective alloy. Therefore,
the alloy with the greatest grain size has the best corrosion resistance.

Keywords: pure Mg; corrosion; microstructure; extrusion ratio; KoBo

1. Introduction

Mg alloys, due to their advantageous ratio of light weight to high strength, tend to
be excellent candidates for many industrial applications. Their use is desirable to reduce
the mass of engineering systems, resulting in a reduction in CO, emissions, battery elec-
trodes, and, of course, load-bearing degradable materials [1]. The increasing demand
for lightweight structures drives modern researchers and industry to look for solutions
that allow for faster, more economical, and easier methods of Mg deformation. To avoid
cracking, resulting in a lack of bulk integrity, Mg and Mg alloys are deformed at elevated
temperatures, where their limited slip planes are activated [2,3]. The most common conven-
tional processing methods of Mg and Mg alloys are rolling, forging, and extrusion; their
properties after deformation using these methods have been well explored [4-6]. Severe
plastic deformation (SPD) methods are also well known for their significant refinement
of Mg and Mg alloys [7,8]. Because Mg crystallizes in a hexagonal close-packed (hcp)
structure, it has only two independent, easy-slip systems at room temperature [9], so most
deformation methods are conducted at high temperatures [10]. Poor formability at room
temperature is a critical factor that dramatically restricts the widespread use of Mg alloys

https:/ /www.mdpi.com/journal /metals
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in industry [11]. There have been some trials concerning the deformation of Mg at room
temperature by high-pressure torsion [12]; however, this method is only able to produce
samples in the form of discs, which are not suitable for many industrial applications.

Lately, extrusion with an oscillating die (called KoBo) has been used to form materials
that are hard to deform at ambient temperature. KoBo is a modified extrusion method,
which, thanks to the oscillating die assembled at the end of the extruder, is able to sig-
nificantly reduce the grain size of hep-structured material [13]. The combination of the
extrusion and oscillations of the bilaterally rotating die forces the extruded materials to
enter into a state of plastic flow, enabling the grain size to be reduced and improving
the mechanical properties of the alloys. During KoBo, even complicated shapes can be
formed at high extrusion ratios [14,15], thereby minimizing costs and maximizing the
possibilities of extrusion. Therefore, the scientific and industrial interest in this method is
high. To examine the method’s possibilities, many materials have been exiruded at high
extrusion ratios under various parameters [16,17], including the hep-structured Mg alloys
investigated by our research team [18,19]. To support the results of these investigations,
numerical simulations have also been conducted [20]. Nevertheless, there are very few data
regarding the corrosion behavior of alloys extruded using KoBo. The corrosion mechanisms
are complex, and their characterization involves many aspects (grain size, precipitations,
dislocations, various environments, residual stresses, etc.) [21]. Therefore, to minimize the
impact of the alloy chemistry, and to clearly define the main parameters influencing the
corrosion performance of KoBo-extruded materials, in this study, the corrosion of pure
Mg is evaluated. The goal of this research was to explore the possibility of extrusion at
high deformation ratios of pure Mg without preheating of the initial billet using upgraded
extrusion with an oscillating die at the end of the extruder. To date, there have been no
detailed investigations of the effects of KoBo processing on the subsequent microstructural
and corrosion changes in pure Mg. The results of this clearly show that extrusion with an
oscillating die located at the end of the extruder enables the deformation of pure Mg at high
deformation ratios without preheating of the initial billet. The grain refinement obtained
during KoBo processing improves the corrosion resistance of the initial billet; however, no
clear relationship between grain size and corrosion rate increase was observed.

2. Materials and Methods
2.1. Materials and Extrusion Method

Pure Mg in the form of a rod with an initial diameter of J40 mm was extruded using
KoBo to a diameter of @8, (36, or @4 mm, giving various extrusion ratios: Ry 5:1, R, 7:1,
and R; 10:1 (Figure 1a). Mg with a technical purity of 99.9% was cast using a Balzers
furnace in graphite molds at 680 °C. During KoBo processing, the material was pressed
through an extruder with a bilaterally rotating die located at its end. The die moves at
high speed; therefore, the material enters into a viscoplastic state (Figure 1b). The initial
billet temperature was 24 °C. The KoBo parameters were the same as those used for other
Mg alloys: a punch speed of 0.2 mm/s, a die oscillating angle of +8°, and an oscillation
frequency of 5 Hz [18].

a) Pure Mg
Initial billet @40 mm

Figure 1. Deformation method: (a) high deformation ratios (extrusion ratios) used for pure Mg
deformation investigated in this study; (b) schematic of the extrusion with an oscillating die (KoBo):
1—punch, 2—extruder, 3—initial billet, 4—final extruded material, 5—Dbilaterally oscillating die.
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2.2. Microstructural Observations

Optical microscopy observations of the microstructure of the initial billet were per-
formed using an optical microscope (AxioVision, Zeiss, Oberkochen, Germany). The
microstructural characterization of the KoBo-extruded samples employed electron backscat-
tered diffraction (EBSD) using a field-emission scanning electron microscope (FE-SEM,
Hitachi SU-70, Hitachi Ltd., Tokyo, Japan) equipped with a Bruker EBSD detector (Bruker
GmbH, Karlsruhe, Germany). To prepare samples for SEM observations and EBSD mea-
surements, the extruded rods were cut into slices and polished with 1200-grit and 2400-grit
SiC papers; subsequently, the surfaces perpendicular to the extrusion direction were pol-
ished with a low-energy Ar* ion-beam milling system (Hitachi IM4000 Ton Milling System,
Hitachi Ltd., Tokyo, Japan) for a duration of 4 h. To avoid oxidation, measurements were
performed immediately after sample preparation. The high-resolution scanning electron
microscopic observations were carried out in backscattered electron mode (BSE, FE-SEM
Hitachi SU-70, Hitachi Ltd., Tokyo, Japan). The EBSD data were recorded with a step
size of 200 nm and processed using ATEX software (Lorraine University, Metz, France)
(www.atex-software.eu) [22]. The crystallographic orientations of the grains are presented
in the form of inverse pole figure (IPF) maps, where various colors distinguish the orienta-
tion of a given sample direction in a crystal frame. If the angle between two neighboring
grains was distorted by more than 15°, then the boundary between those grains was de-
scribed as a high-angle grain boundary (HAGB); when the grains were misoriented by
less than 15° (a cut-off limit of 3° was selected), the boundary was described as a low-
angle grain boundary (LAGB). Internal grain deformation is presented in the form of grain
orientation spread (GOS) maps.

The dislocation density in the Mg samples was determined by X-ray line profile analy-
sis (XLPA). The patterns were measured by a high-resolution rotating anode diffractometer
(type: RA-MultiMax-9, manufacturer: Rigaku, Tokyo, Japan) using CuKey radiation (wave-
length, A = 0.15406 nm). The height and width of the rectangular X-ray spot on the sample
surface were 1.5 and 0.2 mm, respectively. The measured peak profiles of hcp Mg were
evaluated by the convolutional multiple whole profile (CMWP) fitting procedure [23].
In this method, the diffraction pattern is fitted by the sum of a background spline and
the diffraction peaks obtained as the convolution of the instrumental peaks and the the-
oretical line profiles related to the crystallite size and the dislocations. The instrumental
peaks were measured on a NIST SRM660a LaB6 peak profile standard material. About
twenty reflections of Mg appearing in the diffraction angle (26) range between 30 and
150° were evaluated. The dislocation density was determined by employing the CMWP
fitting evaluation procedure on the diffraction patterns. During CMWP evaluation, the
diffraction pattern was fitted by the sum of a background spline and the convolution
of the instrumental pattern and the theoretical line profiles related to the parameters of
the microstructure, i.e., to the crystallite size and the dislocations. The theoretical peak
profile functions used in the CMWP fitting were presented in ref. [24]. In the calculation of
the theoretical peak profiles, the crystallites were modelled by spheres with a log-normal
size distribution, and the peak broadening caused by the strain field of dislocations was
described by the Wilkens model [24]. The CMWP analysis provided the median and the
lognormal variance of the crystallite size distribution and the dislocation density. Since,
in the present experiments, the peak broadening caused by the crystallite size was much
lower than the instrumental broadening, only the dislocation density values obtained by
the CMWP method are reported in this study.

Microstructural observations of the analyzed materials were carried out using a trans-
mission electron microscope (TEM, JEOL JEM 1200, Jeol Ltd., Tokyo, Japan) with an
accelerating voltage of 120 kV. Samples cut from a cross-section perpendicular to the rod
axis, in the form of discs with a diameter of 3 mm, were mechanically ground to a thickness
of approximately 100 pm. The samples were then subjected to an electrolytic thinning
process using a Struers double-jet TenuPol 5 device (Struers GmbH, Willich, Germany).
The electrolyte comprised a lithium chloride solution, magnesium perchlorate, methanol,
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and 2-butoxy-ethanol. Electrolytic thinning was performed at —45 °C with a voltage of
approximately 90 V and a current of 100 mA. Ion milling using a Gatan 691 precision ion
polishing system (PIPS, Gatan Inc., Pleasanton, CA, USA) at 3 kV for 10 min was necessary
to remove the surface oxidation.

Microhardness (HV( ) tests were performed using the Vickers method under a load
of 200 g (Innovatest Falcon 500 Micro/Macro Vickers Tester, Innovatest, Wiry, Poland). Ten
points in line were measured on each material.

2.3. Corrosion Tests

Electrochemical measurements were carried out in naturally aerated 0.01 M NaCl
solution using a Gamry FAS1 potentiostat (Gamry Instruments Inc., Warminster, PA, USA)
equipped with three electrodes: platinum as the counter electrode, Ag/AgCl as the refer-
ence electrode, and the measured sample as the working electrode. The electrolyte was
made up using analytical-grade reagents and distilled water. The samples were immersed
for 12 h, and electrochemical impedance spectroscopy was performed after 1, 6, and 12 h of
immersion. Afterward, potentiodynamic polarization tests were recorded over a range of
0.2V below Egcp to 1.0 V vs. Ref (a scan rate of 5 mV /s was used), with at least three tests
being conducted for each microstructural condition. The EIS and polarization curves were
fitted using Gamry Echem software Version 5.58. To obtain detailed information about
the corrosion damage, the corroded surfaces of the samples were observed after 1 h of
immersion under open-circuit conditions using SEM (Hitachi SU-70, Hitachi Ltd., Tokyo,
Japan). To remove corrosion products, the observed surfaces were chemically treated in
CrOj3 solution.

using atomic absorption spectroscopy (AAS, GBC instrument, GBC Scientific, Keysbor-
ough, Australia). To determine the standard deviation of the measured data, three parallel
samples were immersed for each extrusion condition.

3. Results
3.1. Microstructural Observations

The KoBo extrusion performed without initial preheating of the billet and at high
deformation ratios resulted in significant grain refinement (Figure 2). The initial billet had
a coarse-grained microstructure, which is typical for cast materials (Figure 2a). The KoBo
extrusion caused a significant grain size reduction, with the distribution of grain sizes
varying with respect to the changing extrusion ratio (Figure 2b—d).

The extruded microstructures show that the recrystallization intensity varied with
respect to the extrusion ratio (Figure 3a—c). Interestingly, a greater extrusion ratio did not
always cause a higher grain refinement. The measured grain size distribution plots are
presented in Figure 2g. Surprisingly, the largest average grain size (davg 3.88 um) and the
widest grain size spread were observed in the sample extruded to @6 mm, R, 7:1 (Figure 2f),
while samples subjected to a lower (8 mm, R 5:1) or greater (@4 mm, R3 10:1) reduction
exhibited greater grain refinement (davg 2.88 pm and davg 1.20 pm, respectively) with a
narrow grain size distribution. This trend was confirmed by the GOS map (Figure 3e). The
XRD results clearly showed that the dislocation density accumulated in the sample extruded
to &6 mm was lower than those in the other two KoBo-extruded samples (Table 1). The same
trend wa en the GOS,y,; values were analyzed (Fig d-f)
densities be (74 1) x 10¥m~2 and (5 + 1) x 102 , res
KoBo samples extruded to @8 mm (R; 5:1) and to &4 mm (R3 10:1). Since the detection
limit of the XRD method was 10'> m~2, we were not able to obtain the numerical value of
the dislocation density in the sample extruded to @6 mm (R, 7:1).
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Figure 2. Microstructural images of pure Mg with corresponding grain size distributions: (a) initial
billet (optical image), (b) KoBo-extruded to @8 mm (R; 5:1), (c) KoBo-extruded to &6 mm (R> 7:1),
and (d) KoBo-extruded to @4 mm (R3 10:1). Grain size distribution for: (e) KoBo-extruded to 8 mm
(R 5:1), (f) KoBo-extruded to @6 mm (R, 7:1), and (g) KoBo-extruded to @4 mm (R3 10:1).

LAGB HAGB

GOS, ;5.7 GOS,,;4.1 GOS,,;5.6

Figure 3. EBSD data presented in the form of inverse pole figure (IPF) maps for Mg (a) KoBo-
extruded to @8 mm (R; 5:1), (b) KoBo-extruded to @6 mm (R; 7:1), and (¢) KoBo-extruded to &4 mm
(R3 10:1), with corresponding grain orientation spread (GOS) maps for Mg (d) KoBo-extruded to
©8 mm, (e) KoBo-extruded to @6 mm, and (f) KoBo-extruded to J4 mm. Average values of the
grain orientation spread (GOS,vg) are given. Data were obtained from the plane perpendicular to the
extrusion direction.

The orientation of the grains was random, with the majority oriented to (10-10) and
to (2110) (Figure 3a—c). Moreover, the GOS distribution maps indicated around 85% un-
deformed grains with a GOS value of <5° for the materials extruded at extrusion ratios
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Ry 5:1 (Figure 3d) and R3 10:1 (Figure 3f), indicating the completion of the dynamic recrys-
tallization (DRX) processes [2  9]. After deformation at R, 7:1, the GOS map (Figure 3e)
revealed a slightly lower recrystallized fraction of about 80%, with a visible substructure
(LAGB) within the larger grains. All the investigated samples exhibited a {1010} fiber
texture, typical for extruded HCP materials, with a similar intensity for all the samples

(Figure 4).

Table 1. Dislocation density measured using XRD (detection limit of X-ray line profile analysis is
1013 m—2).

40 mm @8 mm (R, 5:1) @6 mm (R, 7:1) @4 mm (R3 10:1)
Below detection limit (74+1) x 10183 m—2 Below detection limit B5+1)x 103 m?
a) #8 mm b) @6 mm
0002 10-10 0002 10-10
max 3.56 max 4.05
c) @4 mm

0002 10-10 ED ®

max 3.56

Figure 4. Pole figures (0002) and (10-10) obtained for pure Mg KoBo-extruded to a diameter of
(a) @8 mm (Ry 5:1), (b) @6 mm (Ra 7:1), or (¢) @4 mm (R3 10:1); ED—extrusion direction.

TEM images revealed that the microstructures of the extruded samples were composed
of both heavily deformed areas with dislocation tangles inside (yellow arrows, Figure 5)
and nearly equiaxed grains with high-angle boundaries and a low dislocation density inside
them (red arrows, Figure 5). The microstructure of the sample extruded to @8 mm (R; 5:1)
consisted of grains with various sizes (Figure 5a) and well-defined boundaries. These
factors confirm that DRX takes place during KoBo extrusion [30,31]. At higher deformation
ratios (Ry 7:1, @6 mm), defects in the crystalline structure in the form of dislocations were
also observed, and heavily deformed grains were formed (Figure 5b). The differing ratios
of the two areas indicated that microstructural reformation during DRX and dynamic
recovery (DRV) occurred with a ditferent intensity than in the sample extruded at R 5:1.
KoBo extrusion at the highest deformation ratio (R3 10:1) did not affect microstructural
reformation significantly when compared to the sample deformed at R; 7:1 (Figure 5c);
however, during TEM observations, a higher number of small grains was distinguishable,
which is in agreement with the EBSD data (Figure 3). The microhardness results shown
in Figure 6 indicated that increasing the deformation ratio from R; 5:1 (8 mm) to R, 7:1
{06 mm) did not change the microhardness of the materials significantly. The average
values of microhardness calculated for these samples were similar: 40.1 + 1.3and 41.6 + 1.2,
respectively. Both materials exhibited similar microstructures, particularly with regard to
the presence of areas with large, well-developed grains and smaller grains with defects
inside. The highest extrusion ratio resulted in a slight increase in microhardness (about
6 HVy ), which may be related to the smaller grain size formed.
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a) @8 mm
1um 500 nm
b) 26 mm
1pm 500 nm
4
c) @4 mm
1pm 500 nm

Figure 5. Bright-field TEM images obtained for pure Mg KoBo-extruded to a diameter of (a) &8 mm,
(b) @6 mm, or (c) @4 mm. Images for each extrusion ratio are shown at two magnifications: in
the first column, images taken at 30,000 x are shown, while in the second column, images taken at
50,000 % are depicted.

60
50
- A A A 4 a A a A
N . .
> 40 ° v .
I

* 8mmHV, 40.1+13
30 = SmmHV 416412
4 4mmHV_ = 46.240.9

40 mm HV,,, 22.134.2

3 5 6 7 8 9 10
Measurement number

20

Figure 6. Microhardness profiles of the pure Mg initial billet and pure Mg KoBo-extruded to &8 mm,
@6 mm, or B4 mm.
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3.2. Corrosion Tests

The open circuit potential evolution during 12 h of immersion in 0.01 M NaCl is
shown in Figure 7a. All the curves exhibited initial increases toward more positive values;
however, oscillations were observed in the curves recorded for the initial billet and the
samples extruded to @8 mm (Ry 5:1). Such behavior indicates the strong anodic and
cathodic reactions proceeding on the surface. This is consistent with the polarization
curves, for which the highest values of the corrosion current were recorded for the initial
billet and the samples extruded to @8 mm (R; 5:1) (Figure 7b). Both materials underwent
active dissolution. Extrusion at higher deformation ratios (R, 7:1 and Ry 10:1) changed the
corrosion mechanism to a localized one. Wide plateau regions were visible on the anodic
branches of the polarization curves for the samples with dimensions of @6 mm (R, 7:1)
and @4 mm (R3 10:1). The higher value of AE indicated a higher resistance to localized
corrosion of the sample extruded to @6 mm (R; 7:1) (Table 2).

a) - b) 10
=40 mm -8 mm

-6mm -4 mm

c
K3 oy
@ E
>4 L
> <
o =

- — 40 mm—8 mm

—6mm —4
-1
2345678 9101112 -1.6 -1.2 0.8 0.4
Time (h) E (V vs Ref)

Figure 7. The results delivered by the electrochemical measurements performed in naturally aerated
0.01 M NaCl: (a) Ecorr evaluation during 12 h of immersion; (b) potentiodynamic polarization curves.

Table 2. The electrochemical parameters calculated from the potentiodynamic polarization curves
recorded in 0.01 M NaCl (Eco—corrosion potential, E,,—breakdown potential).

Material Ecorr (V/Ref) E;, (V/Ref) AE
Initial billet @40 mm —1.47 n/a n/a
@8 mm —1.44 n/a n/a
6 mm —-15 —0.76 0.74
J4 mm -1.5 —0.88 0.62

The Nyquist plots of the investigated alloys obtained from the EIS measurements are
shown in Figure 8. In order to analyze the corrosion mechanisms of the above alloys, the
corresponding equivalent circuits and the fitting data of the EIS spectra are presented in
Tables 3 and 4.

R; stands for the solution resistance, Rc; represents the charge transfer resistance, and
R¢ is the film resistance. Higher values of R and R; indicate a better corrosion resistance
of the corresponding alloy. Constant phase elements (CPEs) are used instead of an ideal
capacitor to compensate for non-homogeneity in the corrosion system. Importantly, Ry,
(resistance) and L (inductance) describe the low-frequency inductance loop, indicating that
localized corrosion has been initiated. Among the investigated materials, the highest values
of resistance to corrosion were observed for the materials KoBo-extruded to ©6 mm (R, 7:1)
and to @4 mm (R3 10:1) and were confirmed by the highest R and R; values.
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Figure 8. EIS results for pure Mg in naturally aerated 0.01 M NaCl delivered in the form of Nyquist
plots: (a) initial billet, (b) KoBo-extruded to @8 mm, (c) KoBo-extruded to &6 mm, and (d) KoBo-

extruded to @4 mm.

Table 3. Equivalent electronic circuits (EECs) used for EIS data fitting.

(@) (b) Q)
CPE
CPE,
R, L
Sample/immersion time
40 mm/1 h @40 mm/6 h @40 mm/12 h 8 mm/6h
A8 mm/1h @6 mm/1h @8 mm/12h
@6 mm/6h @6mm/12 h P4mm/1h
D4 mm/6h @4 mm/12 h

The shape of the Nyquist plot is typical for materials with an oxide layer formed on
the surface. It is worth noting that in the case of the sample extruded to &6 mm (R 7:1), the
corrosion resistance after 12 h was still increasing, while in the case of the sample extruded
to @4 mm, it remained at the same level after 6 h of immersion. This is related to the
passivation mechanisms occurring on the surfaces (Tables 3 and 4). The active performance
of the initial billet and the sample deformed to @8 mm (R; 5:1) caused a weakening in
their corrosion resistance with extended immersion time (Figure 8a,b). An increasing
trend in the corrosion resistance with extended immersion time was shown for the samples
extruded to @6 mm (R, 7:1) and @4 mm (R3 10:1) (Figure 8c,d). As shownby King et al. [32],
circuit simplification enables the calculation of polarization resistance (Rp). Given that the
corrosion rate is inversely proportional to Rp, the dependence of corrosion resistance on
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immersion time for the samples was calculated, and the results are shown in Figure 9. This
is clear confirmation that KoBo enhances the corrosion resistance of pure Mg, with a slight
increase for the sample with a diameter of @8 mm (R, 5:1) and a significant improvement
for the material deformed to @6 mm (R; 7:1), though a slightly higher corrosion rate was
noted for the @4 mm (R 10:1) sample. Clearly, the lowest corrosion rate, regardless of the
immersion time, was calculated for the @6 mm (R, 7:1) sample.

Table 4. Electrochemical parameters fitted for EIS results with the EECs shown in Table 3.

Sample Imm.ersion
Time
240 mm 1h
40 mm 6h
40 mm 12h
@8 mm 1h
I8 mm 6h
@8 mun 12h
@6 mm 1h
6 mm 6h
U6 mm 12h
@4 mm 1h
4 mm 6h
4 mm 12h

Rs Ret CPEq Ry L R¢ CPE;
Qm?)  (Qem?) @Ss¥em?) ' (Qem? (Hemd) (Qom?)  (uSstemd) 2
189 380 0.003 0.83 2115 7 1906 000002  0.86
189 320 0.004 0.88 841 8 2085 0.0004 0.82
168 340 0.000205 073 1388 3130 35 0.000016  0.60
232 937 0000202 075 17,520 8 2114 0.000019  0.85
247 1557 0000054 073 3300 247 n/a n/a n/a
245 1057 0000071 086 3390 52,000 n/a n/a n/a
506 5508 0.000004  0.89 35000 2 5318 0.000006  0.91
569 3635  0.000006  0.81 9771 2 8099 0.000007  0.87
632 4600 0000005 075 6703 20 9359 0.000006  0.88
451 2029 0000006  0.85 8950 868,000 5425 0.000006  0.88
458 3638 0000521  0.90 3716 12 7722 0.000006  0.86
462 3521 0.000613  0.83 4840 2 8142 0.000006  0.87
0. - 40 mm
ol - 8 mm
g -+ 6 mm
‘Q_: - 4mm
>
< 0.001

12 3 456 7 8 9 101112
Immersion time

Figure 9. Typical ElS-estimated 1/R}, on pure Mg (initial billet and KoBo-extruded materials) vs.
time during immersion in 0.01 M NaCl.

Damage in the form of filiform corrosion with deep corrosion cavities was observed
on the surface of the initial billet (Figure 10a). Corrosion with threads developing on the
Mg surface was formed on the sample extruded to @8 mm (R, 5:1) (Figure 10b). The
same type of corrosion occurred on the samples extruded at the highest extrusion ratios
(Rz 7:1 and R3 10:1, Figure 10c,d, respectively). The observed corrosion damage was not
as deep as that observed for the initial billet. It should also be noted that the threads
observed on the sample extruded to &8 mum had a different shape to those formed on the
samples extruded to 6 mm and @4 mm. In the latter ones, corrosion damage propagated
along privileged crystallographic planes; this type of corrosion is known as preferred
crystallographic pitting [33,34].
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250 um

Figure 10. Corrosion damage observed on the surfaces of pure Mg after corrosion product removal
after 1 h immersion in naturally aerated 0.01 M NaCl: (a) initial billet (&40 mm), (b) &8 mm,
(c) @6 mm, and (d) G4 mm.

4. Discussion

The corrosion of Mg is a complex process and depends on the specific thermomechan-
ical fabrication route and the resulting microstructure formed. During the last decade,
researchers have tried to characterize the corrosion rate of Mg and its alloys after plastic
deformation; however, their findings did not lead to a straightforward explanation concern-
ing which microstructural components are the key factors in the mechanisms controlling
their corrosion performance. The texture, dislocation density, grain size, grain distribution,
and morphology of second phases are among the relevant factors; the predominance of
one over another may significantly change the corrosion mechanism and the resulting
corrosion rate of the materials. To simplify the complications concerning the ambiguous
(cathodic/anodic) role of second phases in the corrosion of Mg alloys [35], pure Mg was
investigated after KoBo extrusion. Since a similar texture intensity was observed in all
the extruded samples, we can exclude this factor from further discussion. The remaining
components worth consideration are the grain size, distribution, and crystallographic
orientation, along with dislocation densities.

Generally speaking, in chloride-containing solution, several SPD methods improve the
corrosion resistance of pure Mg via grain size reduction. Equal channel angular extrusion
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(ECAE) performed on pure Mg at 200 °C reduced the grain size to ~9 um [36], which
improved the corrosion performance of the material. This result was explained by the high
dislocation density, which forms more energetic crystalline defects, leading to the easier
formation of a passive film on the surface. Birbilis et al. [37] showed that after equal channel
angular pressing (ECAP) at 250 °C of pure Mg, the resultant more-refined grain size with
a high misorientation angle promoted the formation of a more stable oxide film. Similar
conditions of ECAP for pure Mg were used by Op’t Hoog et al. [38], and the results showed
lowered cathodic and anodic kinetics when compared to cast material. The same pure Mg
samples with subsequent annealing were described in their other study [39], where the
authors stated that not only does grain size reduction play a predominant role in corrosion
resistance improvement, but the surface free energy and residual stress in a material are also
critical. The various factors influencing pure Mg corrosion are not solely those related to the
grain size and its characteristics (such as grain boundaries and crystallographic orientation)
but also include the dislocation densities and strain imposed during fabrication, which
seem to be especially crucial during KoBo extrusion. The dislocation density, besides
high-angle grain boundaries, is of crucial importance because it can change the surface
potential [40]. Everything, therefore, leads to the consideration of recrystallization intensity,
which, during KoBo, depends on the extrusion ratio, thus resulting in the formation of
various microstructures. Without knowledge concerning how various microstructural
components formed during KoBo extrusion affect the corrosion behavior of pure Mg, we
are not able to predict the corrosion performance of other Mg-based alloys fabricated
using the same method. KoBo extrusion enhances the corrosion resistance of pure Mg by
microstructural refinement; however, there is no clear relationship between the grain size
and corrosion behavior. The corrosion resistance improvement is strongly dependent on
the influence of individual microstructural components (grain size vs. dislocation density).
Also, the decreasing grain size is not itself the main factor that may improve the corrosion
resistance of pure Mg extruded using KoBo. During KoBo, recrystallization processes
are affected by the massive plastic strain imposed during deformation. Therefore, the
respective dominance of DRX vs. DRV at various extrusion ratios results in there being
no linear change in the grain refinement with increasing extrusion ratio. As a result of the
extrusion, the grain sizes were reduced to 2.88 pm, 3.88 um, and 1.20 pm in the case of
materials extruded to @8 mm (R; 5:1), @6 mm (R; 7:1), and @4 mm (R3 10:1), respectively.
Therefore, considering the grain size itself, the corrosion resistance should follow the order
©4 mm (R3 10:1) > @8 mm (Ry 5:1) > @6 mm (R; 7:1). Although the smallest grain size
should lead to increased passivation behavior [40], in our case, a mismatch was caused by
the high dislocation density observed in the samples extruded at Ry 5:1 and Rs 10:1. This,
in turn, provides an explanation for the greater grain size observed after deformation at
R> 7:1, where, during DRV, the destruction of dislocations was observed, resulting in greater
grain size formation and leading to better corrosion resistance of the corresponding alloy.
This observation is opposite to the previous studies, where, with increased intensity of the
plastic deformation, the dislocation intensity also increased; however, this was observed
for a Mg alloy wherein second phase strengthening was also observed [41,42].

5. Conclusions

An attempt was made to describe the main factors influencing the corrosion resistance
of KoBo-extruded pure Mg. We conclude the following;:

¢ The KoBo method enables significant microstructural refinement for pure Mg without
preheating of the initial billet, having a positive influence on its corrosion resistance.

®  During KoBo deformation, there is no clear tendency for grain size reduction with
increasing extrusion ratios. The grain size decreased from coarseness typical of cast
material to 2.88 pm, 3.88 um, and 1.20 um for Ry 5:1, R, 7:1, and R 10:1.

¢ The corrosion resistance of the KoBo-extruded samples is related not solely to grain
refinement but also to other microstructural factors, particularly the dislocation density
accumulated during deformation.
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1. Introduction

ABSTRACT

The present work aims to elucidate the role of microstructural changes induced by the
extrusion with a forward backward oscillating die, thus verifying a novel approach to
developing deformation methods for Mg-based alloys at ambient temperature. The main
aim of this study was to show the process which enables the reduction of the hcp-
structured AZ31 rods (40 mm in diameter) to the wires with diameters of 6 mm, 4 mm
and 2 mm, without initial preheating of the billet. In contrary to the studies up to date, the
significant microstructure refinement led to the decline in corrosion resistance of the wires
with 6 mm and 4 mm diameters slightly relative to the original material. The highest
extrusion ratio resulted in the formation of an ultrafine, equiaxed microstructure, which
caused a tremendous corrosion resistance decrease. The significant decline in corrosion
resistance of this alloy is a result of the highest number of HAGBs and is promoted by the
accumulation of tangled dislocaions Summing up, the corrosion behaviors of the
extruded alloys were mainly affected by the recrystallization stage that occurred during
deformation, and not by the grain size alone.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY license (http://creativecommons org/licenses/by/4 0/).

high tensile properties [1]. In particular, AZ31 is an attractive,
commercially-used structural material, however, its hexagonal
close-packed (hcp) crystalline structure limits the number of slip

Magnesium-based alloys containing Al and Zn (the AZ series)
are among the most commonly used lightweight alloys owing to
their good castability, machining characteristics, and relatively

# Corresponding author
E-mail address: anna dobkowska@pw.edu pl (A. Dobkowska)
https://doi org/10 1016/j jmrt 2022 04 131

systems, which hinders its deformation at low temperature [2].
Therefore, numerous researchers have aimed to improve its
formability at lower temperature. Most studies have focused on

2238-7854/© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
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alloyingMg-based alloys with other elements (e.g., Li[3], Y [4], or
Ca [5]) or evaluating commonly applied plastic deformation
parameters. In some cases, applying a combination of these
methods leads to microstructural refinement, i.e., heat treat-
ment and multi-directional forging in a channel die, shear-
assisted processing and extrusion, or powder metallurgy.

In AZ-type alloys, two primary factors can improve the
corrosion-stability resistance: a protective oxide layer, or the
presence of precipitates, such as -Mgj;Aly, or an AIMn phase
[6,7]. Therefore, processing methods, such as severe plastic
deformation (SPD), which lead to a partition or a more ho-
mogeneous distribution of the second phase particles, can
reduce the corrosion rate. Many studies have evaluated the
role of the well-known B-Mg;,Al;,, which precipitates prefer-
entially along the grain boundaries and/or in the grain in-
teriors and impacts the mechanical and corrosion properties
of these alloys [8—10]. Some research groups have proposed
that p-Mg;,Aly, is naturally brittle, and its presence supports
cracking during low-temperature deformation [11]. Alterna-
tively, it has been suggested that the thermal instability of p-
Mgy7Aly, deteriorates the creep resistance and workability of
AZ alloys at elevated temperatures [12]. In terms of the
corrosion behavior, f-Mg;;Al;» either decreases the electro-
chemical activity of the alloy by forming a barrier against
spreading corrosion reactions [13—16], or it enhances anodic
reactions by promoting galvanic coupling with a matrix of the
alloy or other precipitates [17].

It has been confirmed that microstructural refinement
following the application of SPD methods (e.g., equal channel
angular pressing, equal channel angular extrusion, severe
shot peening, and extrusions performed using various pa-
rameters) improves the corrosion resistance of AZ31 alloys
Microstructural refinement promoted the formation of a pro-
tective oxide film and changed the distribution of B-Mg;;Al,,
which led to uniform corrosion with shallow penetration [18].
In contrast, some SPD methods, such as friction stir process-
ing, decreased the corrosion properties of AZ31 by forming a
bimodal grain structure [19,20].

This report presents a novel approach to obtain significant
microstructural refinement in AZ31 alloys via extrusion with a
forward-backward oscillating die (KoBo). KoBo has previously
been used for various materials, including Al alloys [21], Ti al-
loys [22], Zn [23], and dual-structured MgLiAl alloys [24]. To our
knowledge, all previous studies have focused on describing
either the microstructure and mechanical properties, or the
influence of plastic deformation on the precipitation process. It
was established that KoBo significantly increased the materials’
mechanical properties, but there is no scientific data indicating
how KoBo influenced the corrosion resistance of the extruded
materials, especially Mg-based alloys. Among SPD methods,
KoBo represents a newly developed technique that enables
significant alloy diameter reductions without preheating of
initial billet [21,25]. It is worth noting that KoBo is often used for
materials that are difficult to deform at low temperature
[24,26,27]. KoBo combines traditional extrusion with oscilla-
tions of the extrusion die at a specified angle and frequency,
which extrudes ingots under conditions of permanent micro-
structure destabilization, i.e., by applying a high deformation
rate, which generates a fine-grained microstructure (typically
<10 um) [28]. This strategy applies complex loading to the
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material, involving strain from the cross-section reduction and
cyclic torsion from the oscillating extrusion die. Significant
grain refinement may be beneficial to improve the corrosion
behavior of AZ31. Therefore, the present work aims to elucidate
the role of microstructural changes induced by KoBo extrusion,
thus verifying a novel approach to developing deformation
methods for Mg-based alloys.

2. Methodology
2.1. Material and exirusion method

In this work, AZ31 alloys (Mg—3Al-1Zn), with the detailed
composition shown in Table 1, were extruded via KoBo from
aninitial diameter of @40 mm to @6 mm, @4 mm, and @2 mm,
which corresponds to extrusion ratios of R; = 40:6 (deforma-
tion degree A; = 44; true strain e = 1.9), Ry, = 40:4 (A, = 100;
ez = 2.3), and Ry = 40:2 (A3 = 400; &3 = 3.0), respectively. The
KoBo extrusion was performed under the following condi-
tions: punch speed = 0.2 mm/s, die rotation angle = 8°, initial
temperature of the billet = 24 °C, and die oscillation
frequency = 5 Hz (+1 Hz).

2.2. Microstructure characterization

X-ray diffraction (XRD; Bruker, D8 Advance) patterns were
obtained at 40 kV and 40 mA with Cu K« radiation to charac-
terize the detailed alloy phase compositions. The results were
recorded by stepwise scanning 2¢ from 10° to 120°, with a step
size of 0.02° and a count time of 10 s per step.

The microstructures of the alloys were observed using a
scanning electron microscope (SEM; Hitachi, SUS000) equip-
ped with an electron dispersive spectrometer (EDX). The
extruded wires were cut into 3-mm-thick slices, polished with
1200-grit and 2400-grit SiC paper, and the surfaces perpen-
dicular to the extrusion direction were subsequently polished
using a low-energy Ar~ ion beam milling system (Hitachi,
IM4000 Ion Milling System) for 6 h. Images were captured
immediately after sample preparation.

A transmission electron microscope (TEM; JEOL, JEM-
1200EX) operating with an acceleration voltage of 120 kV was
used to investigate the dislocation distribution and charac-
terize the alloy phases in detail. The diffraction contrast in
bright field (BF) mode revealed the grain size. The thin foils used
for TEM observations were prepared using a Gatan Model 656
Dimple Grinder and Gatan Model 691 Precision Ion Polishing
System (PIPS) at 2.5 kV. The samples were observed on the
cross-section perpendicular to the extrusion direction.

2.3. Texture and grain size measurements

The grain sizes and their distributions were calculated based
on electron back-scattered diffraction (EBSD) maps. This

Elements wt.% Al Zn Mn Si S P Mg

AZ31+44Lig40mm 328 091 026 012 001 001 Bal
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technique used samples prepared identical to those used for
microscopic observations. Automatic EBSD scans were per-
formed on a deformation-free surface, with a step size of
0.6 um at 20 kV and a sample tilt angle of 70°. For each pattern,
six to seven Kikuchi bands were used to minimize indexing
errors. A lower limit boundary misorientation of 2° was used.
The grain sizes were calculated using a linear intercept
method (HKL data acquisition software, Inca Inc.). The crys-
tallographic orientations of the grains were presented on
inverse-pole figure (IPF) maps, where various colors distin-
guish the orientation of a given sample direction in a crystal
frame. Grain boundary characterizations were also per-
formed. If the angle between two neighboring grains was
distorted by more than 15°, then the angle between those
grains was described as a high-angle grain boundary (HAGB);
when the grains were misoriented by less than 15°, a low-
angle grain boundary (LAGB) was created between those
grains.

2.4. Electrochemical measurements

Electrochemical measurements were performed in naturally
aerated 0.1 M NaCl solution using a FAS1 Gamry potentiostat
equipped with three electrodes: platinum as the counter
electrode, Ag/AgCl as the reference electrode (Ref), and the
sample was the working electrode. The electrolyte comprised
analytical grade reagents and distilled water. The corrosion
potential (Econ) was recorded for 1 h under open-circuit
conditions. After immersion, potentiodynamic tests were
conducted at a scan rate of 5 mV/s starting 0.5 V below the
open-circuit potential (Egcp), and finishing at 2 V vs. Ref. At
least three tests were conducted for each set of extrusion
conditions. The post-corrosion sample morphologies were
observed by SEM (SEM, Hitachi SU8000) after 1 h of immersion
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under open-circuit conditions. The surfaces were analyzed
again by SEM after immersion and removal of the corrosion
products (immersion in 4% HNOs, as described previously
[30,31]).

2.5. Corrosion rate measurements

To compare the alloys' corrosion resistance, the corrosion rate
was calculated based on traditional mass loss measurements.
Samples were polished using #4000-grit SiC paper, ultrasoni-
cally cleaned in isopropanol, and dried in air. The surface
areas of the samples were measured, and they were weighed
before immersion. The samples were immersed in naturally
aerated 0.1 M NaCl for 1 h. After immersion, the samples were
dried in air, and the corrosion products were removed by
immersion in 4% HNO; for 5 s, as described previously [30,31].
The corrosion rate was calculated using Eq. (1),

Corrosion Rate = Am/s-t (1)

where 4m (g) is the mass loss, t (days) is the exposure time,
and s (m?) is the surface area [32]. To verify the reproducibility
of the results, three samples were investigated for each set of
extrusion conditions.

3. Results
3.1. Microstructure characterization

A typical bimodal microstructure with refined grains that
settled around large grains formed in the AZ31 alloy extruded
to @¥6 mm, as shown in Fig. la. The larger, uncrystallized
grains, as well as the small grains, were oriented randomly
and concentrated primarily around the pole {0001}. As shown

100 um

Grain boundaries

Fig. 1 — IPF maps obtained for AZ31 extruded to: a) #6 mm, b} @4 mm, and ¢) 2 mm, with the corresponding grain boundary
distributions. The inset in panel ¢ shows IPF map obtained for the alloy extruded to #2 mm at higher magnification.
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in Fig. 2, the coarse grains are refined continuously by the
dynamic recrystallization (DRX) occurring along the fine grain
bands. The smallest grains formed in this alloy had diameters
between 3 and 4 um, and they accounted for 31% of the
analyzed population. Larger grains, with diameters in the
range of 4-10 um, accounted for 69% of the population. The
higher extrusion ratio (to @4 mm) also resulted in the forma-
tion of a bimodal microstructure with the grain size affected
by the extrusion ratio (Fig 1b); however, compared with the
@6 mm alloy, the size and proportion of small grains changed.
The higher extrusion ratic led to the formation of grains with
sizes from 2 to 4 and its number pm increased from 31% to 56%
of the population. The proportion of grains with diameters
>4 um comprised 44% of the population. Note that in this case,
the grain orientations changed significantly, and the higher
deformation rate of extrusion resulted in the formation of
grains whose orientations concentrated at the poles {-12-10}
and {01-10}, Fig 1b. A few very small grains were oriented to
{0001}. In general, HAGBs formed predominantly in both
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Fig. 2 — Grain size distributions for all analyzed materials
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alloys. The highest extrusion ratio (to @2 mm) led to the for-
mation of a distinct microstructure in the AZ31 alloy (Fig 1c).
The deformation sufficiently yielded an ultrafine uniform
microstructure with randomly oriented grains; the average
grain size was 1.88 pm, while for the alloys extruded to @6 mm
and @4 mm it was 5.03 um and 4.38, respectively. Similarly
uniform ultrafine microstructures of AZ31 have been obtained
after four passes applying accumulative back extrusion, a
recent SPD method [33], or applying equal channel angular
pressing at 250 °C [34]. The majority of the small grains were
distorted by more than 15° and formed HAGBs.

The XRD patterns did not reveal any other phases besides
hcp-structured Mg (Fig. 3). To confirm whether there are other
phases in the alloys, SEM and TEM observations were per-
formed. The extrusion with the lowest deformation ratio
resulted in the formation of coarse, irregularly-shaped, white
precipitates rich in Al and Mn (Fig. 4a). Similar precipitates
were observed in the alloy deformed to @4 mm (Fig. 4b). As
shown in Fig. 4c, in the alloy with the lowest dimension many
smaller precipitates formed with the chemical composition
comparable to those existing in previous alloys. This indicates
that extrusion at the highest deformation ratio resulted in the
precipitates fragmentation.

Fig. 5a,b reveals a few tangled dislocations that exist in
grains formed in alloy materials extruded to #6 mm and @4
mm; a slightly higher number of dislocation tangles were
detected in the grains formed in the alloy extruded to @4 mm.
The small grains formed in the alloys extruded at higher
extrusion ratio blocked the dislocation movement at the grain
boundaries, thus leading to a high concentration of tangled
dislocations (Fig. 5c). The numerous dislocation tangles
generated an indistinguishable granular structure.

3.2. Corrosion behavior

Open-circuit potential testing of AZ31 alloy samples extruded
to various dimensions was performed in naturally-aerated
0.1 M NaCl for 1 h (Fig. 6a). The original material had a
smoothly (linearly) increasing Ecorr from —1.49 V vs. Ref at the
beginning of the immersion to —1.47 V vs. Ref at the end. The

M
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e eeh e .« ne
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60 70 80
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Fig. 3 — Phase composition of the AZ31 alloys extruded to #6 mm, ¥4 mm, and #2 mm (JCPDS 03-065-3365).
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Fig. 4 — SEM microstructure images of AZ31 alloys extruded to: a) #6 mm, b) @4 mm, and ¢) 2 mm.

500 nm 500 nm

500 nm

Fig. 5 — TEM micrographs of AZ31 extruded to (a) #6 mm, (b) #4 mm, and (c) #2 mm.
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Fig. 6 — Electrochemical results: (a) corrosion potential as a function of time; b) potentiodynamic polarization curves.

sample extruded to @6 mm had a slightly lower Eo,, than the
original material, and the E., for that sample decreased
smoothly from —1.44 V vs. Ref to ~1.49 V vs. Ref during the
first 5 min of the measurement, then remained in a near
steady-state for the remainder of the hour-long experiment.
Higher Eo,, values were obtained under open-circuit condi-
tions for the @4 mm sample, whose Ec,, remained steady
throughout the experiment at approximately -1.48 V vs.
Ref. The most negative E.,, (approx. —1.52 V vs. Ref) was
observed for the @2 mm extruded sample; however, after
30 min, the E.r; of this sample increased smoothly to —1.48 V
vs. Ref.

Potentiodynamic polarization curves were recorded to
rationalize the E..; measurements under open-circuit po-
tential, which represents the balance between the partial
anodic and cathodic reactions (Fig. 6b). All curves followed

similar trends and were characteristic for materials that un-
dergo active dissolution; the anodic current density increased
smoothly with increasing anodic potential, which indicated
that the samples dissolved gradually. The curves obtained for
the original material and the alloy extruded to @6 mm over-
lapped in both the cathodic and anodic regions, which sug-
gested that both alloys exhibited very similar behavior in the
analyzed solution. The cathodic side of these curves was
derived from hydrogen evolution, and thus, it was concluded
that the cathodic polarization current of hydrogen evolution
on AZ31 extruded to @2 mm significantly surpassed that of the
other analyzed specimens [35]. The corrosion potential shifted
slightly toward more negative values for the extruded alloy,
i.e., from Ecore = —1.46 V vs. Ref for the original material to
Ecorr = —1.49 V vs. Ref for the extruded alloy (Table 2). Inter-
estingly, the cathodic and anodic components of the
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AZ31 Ecorr (V/Ref) fcorr (LA -cm™?)
Original material —~1.46 28

extruded to @6 mm ~1.49 29

extruded to @4 mm ~1.47 03nA cm ?
extruded to @2 mm -1.47 24

potentiodynamic curve for the sample with a higher extrusion
ratio (@4 mm) remained at the same potential but shifted to-
ward a more negative current density range (by one order of
magnitude); this result suggested that the lower grain size
distribution in the @4 mm sample rendered it less active than
both the original material and the sample extruded to @6 mm.
This is also confirmed by the corrosion current density with
lower value calculated for the alloy extruded to @4 mm (Table
2). The current density of the sample extruded to ¥2 mm was
an order of magnitude higher than the original material and
the @6 mm alloy (thus, two orders of magnitude higher than
the @4 mm extruded alloy). This indicated that the sample
with the most refined grains was the most active under the
analyzed conditions.

Potentiodynamic polarization is an effective technique for
monitoring the instantaneous corrosion rate; however, owing
to their enhanced catalytic behavior, the general corrosion
rate of Mg-based alloys should be estimated based on mass
loss measurements or hydrogen evolution. Therefore, to
obtain more clear information regarding the corrosion
behavior of AZ31 alloys extruded using KoBo, their corrosion
rates were calculated based on traditional mass loss mea-
surements. Additionally, the corrosion rate for the initial billet
of AZ31 alloy (before KoBo) was calculated, and all of these
results are presented in Fig. 7.

The original material exhibited the lowest corrosion rate
(003 g day ™' em™?), which suggested that this material had
the highest corrosion resistance in 0.1 M NaCl. The AZ31 alloys
extruded to ¥6 mm and @4 mm had higher corrosion rates
(0.07 and 0.06 g day ! cm™?, respectively). The alloy with the
highest grain refinement (extruded to #2 mm) was the most
active (corrosion rate = 1.19 g day~! cm™?); this sample had a
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Fig. 7 — Corrosion rates calculated from mass loss
measurements for the original AZ31 and the alloys
extruded via KoBo to $6 mm, $4 mm, and @2 mm.
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calculated corrosion rate nearly 40 times higher than the
original material and almost 20 times higher than that
calculated for alloys with bimodal grain size distributions

3.3.  Characterization of corroded surfaces

The corroded surfaces of samples immersed for 1 h were
examined using SEM to investigate the mechanism governing
their corrosion. Severe corrosion occurred on all materials;
Fig. 8 a,c,e shows the overall changes in the bulk materials
extruded to @6 mm, @4 mm, and @2 mm, respectively. The
surface of the AZ31 extruded to @6 mm was covered with a
blurry white deposition (observed at higher magnification in
Fig. 8b) and contained needle-like shapes, which were iden-
tified as brucite-Mg(OH),. Severe corrosion occurred in some
areas, which aligned along certain preferential paths. Similar
localized corrosion damage was detected on the surface of the
alloy extruded to @4 mm (Fig. 8c); however, the corrosion
products were not as dense as those observed on the sample
extruded to a higher dimension Comparing Fig. 8a and c re-
veals that the reactions that generated corrosion products
were more intense on the surface of the alloy extruded to @4
mm than on that extruded to @6 mm; these reactions resulted
in a dense hydroxide film that formed on the surface of the
material. For the AZ31 extruded to @4 mm, dissolution re-
actions did not compensate for reactions generating corrosion
products; therefore, severe dissolution of the alloy surface
was observed (Fig 8d). As shown in Fig. 8e, corrosion of the
alloy extruded to the lowest dimension (@2 mm) was much
more severe than in the other two cases. Simultaneously, the
corrosion products formed on the AZ31 extruded to 2 mm
were denser than those on the surface of the @6 mm sample
(Fig 8f and b, respectively).

SEM observations confirmed that the corrosion of all
samples preferentially occurred along certain paths; this
phenomenon was clear on the samples’ surfaces after the
corrosion products were removed (Fig 9). For the alloys
extruded to @6 mm and @4 mm, corrosion proceeded along
pathways that are characteristic for the material flow during
KoBo deformation. These paths result from the reversible
oscillations of the die (Fig. 9a and ¢) The alloy extruded to $2
mm was corroded more severely than the other two investi-
gated alloys, and Fig. 9e reveals that this specimen had more
visible corrosion filaments, which were generally more or-
dered. Despite the fact that corrosion slowly extended into the
grain interiors, several deep pits also formed (Fig 9e). The
particles rich in Al and Mn remained inactive during immer-
sion (Fig 9b and d, inset). In addition to the severe filiform
corrosion, tiny pits were created in the matrix of the alloys, as
shown in Fig. 9b, d, and f. These surface observations led to
the conclusion that corrosion damage depended on the
recrystallization stage that took place during KoBo extrusion.

4., Discussion

Many studies on Mg-based alloys present a power law rela-
tionship between grain size and corrosion rate, i.e., the smaller
the grain size, the better the corrosion resistance [36-38].
Additionally, many researchers declare that the corrosion
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Fig. 8 — Post-corrosion observations (after immersion for 1 h in 0.1 M NaCl) of the surface of AZ31 alloys extruded to various
dimensions: SEM images at different magnifications showing the corrosion products formed on the surface of (a, b) AZ31 @6

mm, (c, d) AZ31 @4 mm, and (e, f) AZ31 §2 mm.

resistance of coarse-grained Mg-based alloys can be improved
through SPD techniques by forming ultrafine or fine micro-
structures [36,38,39]. On the basis of these suppositions, it
would be reasonable to expect that AZ31 grain size reduction
via KoBo would lead to an improved corrosion resistance.
Nevertheless, the results presented herein reveal a contradic-
tory relationship, i.e., in the case of AZ31, samples with smaller
grains exhibit lower corrosion resistance. These results
strongly suggest that other microstructural features (in addi-
tion to the grain size) must be considered when evaluating the
corrosion resistance of fine and ultrafine microstructures. The
KoBo-extruded materials did not exhibit higher corrosion
resistance relative to the original material, and depending on
the extrusion ratio, various corrosion mechanisms could be
responsible for the material degradation. Those mechanisms
rely on various metallurgical aspects of KoBo processing, It was
observed that corrosion damage formed on the alloys extruded
to ¥6 mm and @4 mm propagated along lines characteristic of

the reversible oscillations of the die during deformation. This
suggests that the corrosion performances of those two alloys
are mainly controlled by the recrystallization stage, and not by
the grain size or its bimodal distribution. Nevertheless, when
comparing those two materials, the effect of the grain size and
its distribution must be taken into consideration. Comparing
AZ31 specimens extruded to @6 mm and @4 mm reveals that a
higher degree of processing resulted in slightly higher corrosion
resistance. The extrusion to @6 mm led to the formation of a
bimodal microstructure with a significantly different ratio of
larger to smaller grains, relative to the @4 mm alloy. The
microstructure of the @6 mm alloy comprised larger grains,
similar in size to those of the @4 mm alloy, although the pro-
portion of smaller grains was definitively higher in the @4 mm
alloy. These results explain the different corrosion behaviors
exhibited by these two alloys, which clearly indicates that
corrosion damage on the surface depends on the spatial dis-
tribution of the potential throughout the surface of the metal.
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Fig. 9 — Post-corrosion observations (after 1 h of immersion in 0.1 M NaCl) of the surfaces of AZ31 alloys extruded to various
dimensions (after removal of the corrosion products): SEM images showing: a) corrosion on the surface of AZ31 ¥6 mm, b)
Al,Mn-rich particles and tiny pits formed on the AZ31 @6 mm surface, c) corrosion on the surface of AZ31 P4 mm, d) iny pits
formed on the surface of AZ31 #4 mm (inset shows inactive Al,Mn-rich particles, €) corrosion on the surface of AZ31 $2 mm,

and f) tiny pits formed on the surface of AZ31 #2 mm.

Although the mechanism of spatial distribution pf the potential
due to different grains refinement is not experimentally
investigated in the present study, it is clear that the higher
fraction of bigger grains force reactions occurred on the smaller
grains to corrode faster as system is always driving to the
equilibrium state.

The most active alloy in 0.1 M NaCl was the alloy deformed
to @2 mm, which also had the most uniform and refined (ul-
trafine) microstructure. Notably, this alloy exhibited the worst
corrosion resistance among all investigated alloys. Previous
reports claimed that AZ31 alloys with the finest grains resisted
corrosion better than coarse-grained counterparts [40,41], and
others proposed that microstructural refinement through the
formation of additional grain boundaries inhibited Mg alloy
corrosion [36]. In addition, the passivity of the surface film

should be improved for the fine-grained AZ31B [42—44]. The
results presented herein are in contrast to these reports and
suggest that the high number of HAGBs are the main reason
for the reduced corrosion resistance of the ultrafine-grained
AZ31. 1t is well established that for heterogeneous micro-
structures, corrosion proceeds by forming local cells between
the anode and cathode reactions, which, in the case of uni-
form microstructures, are identified as HAGBs (anodes) and
grain interiors (cathodes) [45,46]. In the alloy with the most
refined microstructure, the highest number of HAGBs resulted
in the greatest corrosion initiation. Moreover, KoBo deforma-
tion generates intensively localized plastic flow in the shear
bands of the metal [27]. Such a high degree of processing (i.e.,
in the case of the alloy deformed to @2 mm; %3 = 400) may
promote the activation of numerous slip systems in an hep



4494

AZ31 alloy, compared with lesser activation in the materials
deformed at lower processing degrees (A, = 44 and %, = 100)
[47,48]. This can lead to the accumulation of a higher defor-
mation energy, which induces the transformation of more
lattice vacancies into dislocations. The numerous tangled
dislocations accumulated in the material because of their
less-ordered structure have a detrimental effect on its already
poor corrosion resistance by supporting further corrosion
processes.

5. Conclusions

Based on the results presented in this work it can be
concluded that:

¢ KoBo method enables extrusion of hexagonal Mg alloys
without preheating of the initial billet at high extrusion
ratio.

KoBo extrusion resulted in a significant grain size reduc-
tion, and depending on the extrusion ratio, fine and ultra-
fine microstructures were formed. The formation of fine,
bimodally-distributed microstructures was observed in
AZ31 alloys extruded to @6 mm (Ry = 40:6, A, = 44) and @4
mm (R, = 40:4, A, = 100); the highest extrusion ratio (to @2
mm; Rz = 40:2, A3 = 400) led to the formation of an ultrafine,
equiaxed microstructure.

The microstructural changes induced by KoBo extrusion
reduced the corrosion resistance of AZ31 alloys extruded to
6 mm and @4 mm slightly relative to the original material.
The corrosion behaviors of the extruded alloys were
mainly affected by the recrystallization stage that occurred
during KoBo deformation, and not by the grain size alone.
The higher corrosion resistance of AZ31 extruded to @4
mm (relative to @6 mm) was related to the lower diversity
of grain sizes and the more uniform crystallographic
orientation of neighboring grains, as well as their mutual
interactions.

The highest degree of processing led to the highest grain
refinement and the formation of an equiaxed ultrafine
microstructure (in the alloy extruded to @2 mm). The
lowest corrosion resistance of this alloy was caused by the
highest number of HAGBs, which was promoted by the
accumulation of tangled dislocations.
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1. Introduction

The properties of Mg-Al-Zn alloys depend on the manufacturing
and the processing methods, and the resulting microstructure in
terms of grain size, type, size, and distribution of precipitates, de-
fects, etc. [1.2]. The Mg-Al-Zn alloys are commonly used in many
branches of industry; however, their wide use is limited by poor
corrosion resistance. This obstacle is being solved by various de-
formation possibilities or thermal and chemical treatments. The
microstructure modification of Mg-Al-Zn alloys which includes grain
refinement, homogenization of second phases distribution, de-
creasing of residual strain in the matrix may be achieved using se-
vere deformation methods (SPD). The Mg-based alloys after SPD
generally show an improvement of the mechanical and the corrosion
properties. For example, shear-assisted processing and extrusion
improved the corrosion resistance and mechanical properties [3].
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The ultrafine microstructure obtained by repeated upsetting through
extrusion also led to an improvement in the mechanical properties
of AZ61 [4]. The same effect was found in the case of AZ61 processed
by multi-temperature multi-axial forging [5], isothermal multi-axial
forging [6], multi-pass equal-channel angular pressing [7], iso-
thermal multidirectional forging with increasing strain rate [$], and
equal-channel angular pressing with a 160° channel angle and
electro pulsing treatment [9]. Modifications to the microstructure by
adding elements such as Ca [10], Sr [11], Sc [12], Ag, Y [13] or a
combination of Y and Ca [14], were also investigated in terms of
corrosion and mechanical properties improvement. The addition of
Ca reduced the plastic elongation when the (0001) texture strength
increased [10]; Sc and Sr had a positive influence on the compressive
strength [11,12]; and the addition of Ag or Y inhibited the growth of
Mgy7Al1, and refined the grain size, which results in better me-
chanical and corrosion properties [ 13,15].

Since Mg-based alloys cannot be easily processed at room tem-
peratures, all the deformation methods were employed at elevated
temperature. Their hexagonal structure makes them very hard to
deform due to the limited slip systems which are possible to being
activated at room temperature [2]. It is very difficult to reduce the
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Table 1
Chemical composition of AZ61 according to [22| and measured using atomic ab-
sorption spectroscopy (AAS, GBC 932 Plus Spectrometer), wt. %.

Al Zn Mn Si Fe Mg
Given in literature 592 049 015 0037 00070 ba
AAS 621 058 020 - - ba

dimensions of Mg alloys at a high extrusion ratio at lower tem-
peratures than used so far (approx. 180-400 °C depending on the
deformation method [16,17]), and to obtain a homogeneous micro-
structure. The newly developed technique made us able to plasti-
cally deform the AZ61 at high extrusion ratios without preheating of
the initial billet. We used extrusion with a forward-backward os-
cillating die (called KoBo), which, due to the fact that the material
shows a plastic flow behaviour, makes it possible to significantly
reduce the Mg-based alloy’s dimensions [18,19]. Hence, the proper-
ties of the common Mg-Al-Zn alloy (in particular AZ61) extruded at
high deformation ratios could be tested without preheating of the
initial billet which has not been well developed for hexagonal
structured metals so far. In this work, for the first time, the influence
of the microstructure formed during the KoBo processing on the
corrosion and the mechanical behaviour of AZG61 reduced from
@40 mm to 6 mm and from @40 mm to @4 mm (extrusion ratios of
7:1 and 10:1) is investigated.

2. Materials

The Mg-6Al-1Zn magnesium alloy (AZ61) with the chemical
composition given in Table 1 was extruded without preheating of
the initial billet using an extruder with a forward-backward oscil-
lating die [19-21]. KoBo is a combination of a traditional extrusion
with a reversable oscillating die assembled at the end of the ex-
truder (Fig. 1), During the interaction of the extruder and the oscil-
lating die, the material shows plastic flow behaviour, and this
enables significant microstructure refinement of the hcp-structured
metals without preheating of the initial billet [19,21]. The detailed
description of the method can be found in [18].

As shown in Fig. 2, the initial billet in the form of a circular rod
with a diameter of 40 mm was extruded to @6 mm (extrusion ratio
R; 7:1) and to @4 mm (extrusion ratio Rp 10:1). The KoBo extrusion
had a punch speed of 0.2 mm/s, a die rotation angle of 8° and a
frequency of 5Hz.

KOBO method

Injection cylinder
Extrusion

die

Flna
rod

Fig. 1. Schematic of extrusion with a forward-backward oscillating die KoBo (gif file)
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a) initial billet

AZ61 ©40 mm AZ61 ©6 mm
R,7:1
AZ61 ®4 mm
R, 10:1

b)
{ 10.0m
AZ61 initial billet
AZ6LOE MM e 04 mm

Fig. 2. Details of KoBo extrusion applied to the investigated materials: a) initial and
final dimensions of the AZ61 rods extruded under various extrusion ratios, b) real life
images of the extruded rods.

3. Methods
3.1. Microstructure characterization

The microstructures of the investigated materials on the surfaces
perpendicular to the extrusion direction were observed using a field-
emission scanning electron microscope (FE-SEM JEOL [SM 6500 F)
and chemical analyses of the course precipitates, using energy-dis-
persive X-ray spectrometer (EDX, Inca Energy 400, Oxford
Instruments). The samples were first ion milled in an Ar+beam.
Afterwards, electron-backscatter diffraction (EBSD) was used with a
HKL Nordlys [1 EBSD camera and EDAX software. Inverse pole figures
(IPF) with the corresponding grain-boundary (GB) distributions and
the density of the geometrically necessary dislocations (GNDs)
density were obtained. The low-angle grain boundary (LAGB) be-
tween two adjacent grains deviated by less than 15 degrees (sub-
grains). In the case when the grains deviated by more than 15
degrees, a high-angle grain boundary (HAGB) was detected. The
textures of the materials were analysed based on the pole figures.
The intermetallic compounds formed in the alloys were determined
using X-ray diffraction (XRD, Bruker D8 Advance) operated at 40kV
and 40 mA with Cu-K« radiation. The results were recorded by
stepwise scanning 26 from 10° to 120°, with a step size of 0.02° and a
count time of 10s per step. The TEM observations were carried out
using a JEOL JEM 1200EX microscope with an accelerating voltage of
120 kV. Thin foils were prepared using a Gatan Model 691 Precision
lon Polishing System (PIPS) with a beam voltage of 3V inclined to
the sample surface at an angle of 10 degrees.

3.2. Mechanical properties

The mechanical properties were described based on tensile tests
performed using a Zwick/Roell Z050 tensile machine equipped with
holders that allow specimens with non-standard dimensions. In this
study we used micro-sized specimens, as in the work of Molak et al.

3]. Due to small s of the extruded wires samples were

it along the extru jon. The initial strain rate was 0.01s™".
After the tests the characteristic parameters for each material were
calculated: (Rg» - yield strength; Ry - tensile strength, A; - per-
centage of total extension at fracture) [24]. To ensure the repeat-
ability of the measurements, four tests were performed for each
material. Fractured surfaces of the representative tensile specimens
were examined with an SEM (Hitachi TM1000). The microhardness
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(HVy.) tests were done using Vickers method under the load of
200 g (Innovatest Falcon 500 Micro/Macro Vickers Tester). 10 points
in line were measured on each material.

3.3. Corrosion performance

The corrosion measurements were based on electrochemical
tests (OCP - open-circuit potential evaluation, EIS - electrochemical
impedance spectroscopy, and potentiodynamic polarization tests),
and corrosion-rate calculations based on the hydrogen-release
method were used to describe the corrosion behaviour of the in-
vestigated materials. The measurements were made in 0.1 M natu-
rally aerated sodium chloride solutions (0.1M NaCl) at room
temperature. The electrochemical tests were conducted using
Gamry's FAS1 potentiostat with a three-electrode measuring system
(a Pt electrode as the counter electrode, a saturated Ag/AgCl elec-
trode as the reference electrode, and the sample as the working
electrode). The OCP was recorded for 1 h. The potentiodynamic tests
were carried out with a scan rate of 5mV/s and a potential range
from - 0.5V below Egcp to 1.5V vs Ref. The EIS was recorded in the
range from 0.01Hz to 10 000Hz and the data were fitted using
Echem Analyst software. To ensure the reproducibility of the results,
the data for each sample were collected three times. To calculate the
corrosion rate the hydrogen evolved during immersion was col-
lected. Samples polished with #4000 SiC paper were placed in a
beaker and connected to a burette [25]. Hydrogen was collected in
the burette through a PVC pipe installed above the beaker, equipped
with a dropping funnel. The corrosion rate was calculated as fol-
lows [25]:

CR = Am/s-t (1)

where: Am is the mass loss (g) calculated from the hydrogen evo-
lution, s is the surface area (m?), and ¢ is the time of exposure (days).
To determine the standard deviation of the measured data, three
parallel samples were immersed from each material.

3.4. Characterization of the corroded surfaces

The samples were assessed with an SEM after immersion in 0.1 M
NaCl for 1 h. To find the fine differences in the corrosion mechanisms
propagating on the surfaces of the alloys the corrosion products
were chemically removed by immersion in chromic acid (200¢ of
Crz03 in 1L of distilled water). The surface development of the
samples was measured using an atomic force microscope (AFM,
Oxfords Instrument's Asylum Research AFM MFP3D Bio). The mea-
surement was performed with a scan size of 40 pm and a scan rate of
0.49 Hz. The setpoint of the deflection at the contact with the surface
for imaging was 0.5V, and the set point for scratching was 5V.
Measurements were repeated three times for each sample. The ob-
tained data were analysed using Gwyddion software. The images
showing the development of the surface profiles at the selected lo-
cation, and the numerical values of the mean roughness (S,) were
exported. The mean roughness (S,) is the arithmetic mean of the
absolute value of the height within a sampling area [48].

4. Resulits
4.1. Microstructure characterization

SEM observations of the investigated microstructures together
with the corresponding EDX analyses are shown in Fig. 3. The ma-
terial before the extrusion was composed of coarse white second
phase precipitates that were enriched with Mn and Al (Fig. 3a). As
the literature data shows, these are coarse AlsMng [26]. Other coarse
precipitates were Al, Mn, and Si-rich (P2, Fig. 3a). The same type of
precipitates was observed in the KoBo-extruded samples (P3, P4,
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Fig. 3b, and P5, P6, Fig. 3c). XRD patterns revealed that the Mgq7Al;»
phase exists in all the materials (Fig. 4).

For a deeper understanding of the microstructure formation
during KoBo extrusion, TEM images taken in bright field were in-
spected (Fig. 5). The dense dislocations distributions in some in-
dividual grains are observed for both deformation ratios (see Fig. 5a
- AZ61 96 mm and Fig. 5¢ - AZ61 ©4 mm). The small and elongated
precipitates (200-300 nm) form along the grain boundaries in both
KoBo-extruded materials. These precipitates are marked by the red
arrows, and they are identified in terms of Mg;;Al,, (Fig. 5b — AZ61
@6 mm, and Fig. 5d - AZ61 @4 mm). The KoBo extrusion caused a
change in the grain size of the investigated alloys (Fig. 6a-c). The
EBSD data shows that the average grain size in the case of the initial
billet is 20.4pm (Fig. 6a), while the extrusion to @6 mm causes a
grain refinement to 6.6 pm (Fig. 6b); the highest extrusion ratio
decreases the average grain size to 4.3 um (Fig. 6c). The grains de-
tected in the initial billet are mostly oriented with < 10-10 > and <
2-1-10 > perpendicular to the extrusion direction corresponding to
a strong {1010) fibre texture. The KoBo extrusion does not affect the
crystallographic grain orientation. All the grain boundaries are
HAGBs, with a few grains disoriented by fewer than 15 degrees
(LAGBs), Fig. 6d-f. In the initial sample there is a higher GND density
at the grain boundaries than in the grain interiors (Fig. 6g). A similar
situation exists in the case of the KoBo-deformed samples, where a
higher GND density is observed at the grain boundaries. However,
due to the grain refinement resulting in a larger number of grain
boundaries, the GND density is higher in the KoBo-extruded samples
(Fig. 6h. i). The pole figures for {0001} and {1010} show typical strong
texturing of the basal and prismatic planes for Mg (Fig. 7). The
texture intensity for the initial billet is weaker (max 6.4) than for the
KoBo-extruded samples (max 9.0 and 10.2 for 6 mm and @4 mm,
correspondingly). Conversely, the texture components in the mate-
rials after KoBo extrusion show a difference in pole figures. The
texture intensity is stronger in both KoBo-prepared samples than in
the reference material.

4.2. Mechanical properties

The representative engineering tensile curves are depicted in
Fig. 8 and the mechanical parameters calculated based on the tensile
tests are listed in Table 2. The data show that the KoBo-processed
samples elongated by 17 % and 15 % for the AZ61 @6 mm and AZ61
@4 mm, respectively, which is less than the elongation of the initial
billet (22 %). The tensile strengths (Ry,) do not vary (having 246, 242
and 245 MPa for AZ61 initial billet, KoBo extruded to @6 mm and @4
mm, respectively). Nevertheless, an increase in the yield strength,
Ro2, is observed after the KoBo extrusion (from 101 MPa for the in-
itial billet to 134 MPa for the AZ61 @6 mm, and to 161 MPa for AZ61
@4 mm). It is worth mentioning that with the increasing extrusion
ratio, the values of the Ry also rise. The fracture surfaces are similar
and contain mixed regions of plastic deformation characterized by a
dimple-like morphology (marked by the red arrows in Fig. 9) and
facets typical for brittle fracture (yellow arrows in Fig. 9). In the
materials with smaller grain size, the free dislocation path is reduced
by grain boundaries, causing the decrease in plasticity [27]. Materials
prepared by KoBo also had a stronger basal texture. Such an ar-
rangement is not favourable for basal slip during tensile loading
along the extrusion direction, causing an increase in the hardness,
Fig. 10 {28.29).

4.3. Corrosion performance

The open-circuit potential (Egcp) during 1h of immersion in
naturally aerated 0.1 M NaCl is shown in Fig. 11a. The increasing
values of Eqcp are characteristic of the initial billet. Such a trend
indicates that the sample is in oxidising conditions. Different curves
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a) AZ61 initial billet b) AZ61 36 mm c) AZ61 P4 mm
wt% Me Al Si  Mn wt%b Mg Al S Mn wt%b Mg Al Si  Mn
P1 83 54.7 37.0 P3 66.6 18.2 15.2 PS 30.7 40.7 28.6
P2 275 335 0.6 384 P4 126 380 0.7 487 P6 8.5 38.6 0.6 523

Fig. 3. SEM images of the microstructure of the investigated materials with corresponding EDX analyses: a) initial billet, b) sample after KoBo extrusion to @6 mm, and ¢) sample
after KoBo extrusion to @4 mm. P1,P3 and P5 precipitates enriched in Al and Mn; P2, P4 and P6 precipitates enriched in Al, Si and Mn.

[ ]

S Mg17Al12
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w a_exe
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Fig. 4. XRD patterns obtained for the investigated materials: initial billet, material
after KoBo extrusion to @6 mm, and material after KoBo extrusion to 64 mm.

AZ61

were recorded for the KoBo-extruded samples. The alternating small
ups and downs of the Eqcp show that the oxidation and reduction
reactions are being overcompensated; however, those reactions
cannot be easily explained by the Eqcp theasurements.

The cathodic branches obtained for the initial billet and KoBo-
extruded material to @6 mm are similar, suggesting that the cathodic
reaction kinetics in both cases is not related to the microstructural
differences caused by the KoBo extrusion [3], Fig. 11b. There is a shift
in the cathodic branch of the potentiodynamic curve recorded for
the most deformed sample. All anodic branches of the potentiody-
namic curves exhibit similar shapes, with the inflection points in-
dicating the pitting (breakdown, E,) potentials [3]. As shown in
Table 3, the smallest difference between Ecorr and E, is recorded for
the most refined alloy, indicating that this alloy is the least resistant
to pitting corrosion. The corrosion-current density increases with
the increasing KoBo-extrusion ratio, from 79 pA/cm? calculated for
the initial billet to 129 pA/cm? and 221 pA/cm? for the KoBo extru-
sion to @6 mm and @4 mm, respectively (Table 3). Based on the

mm

Fig. 5. Bright-field TEM images of the KoBo-extruded materials: @6 mm (a, b) and @4 mm (c, d). The dislocations are marked by the yellow arrows and the small black precipitates

identified as Mg,,Al, are marked by the red arrows.
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AZ51 initial um b) AZ61 P4 mm
e
0
1010
LAGBs —
HAGBs =
0001 2 0

Fig. 6. Inverse pole figures (IPFs) with the average grain size (a-c), grain boundaries (GBs) distributions (d-g), geometrically necessary dislocation (GND) densities (g-i) presented
for the AZ61 initial billet, the AZG1 after KoBo extrusion to @6 mm to 94 mm.

radius of the capacitive loops shown in the Nyquist plots (Fig. 11c), shown in Fig. 11d was used to fit data for the initial billet and the
the corrosion resistance of the materials can be ranked as follows: AZ61 KoBo extruded to @6 mm. The second circuit was used for the
initial billet > KoBo extruded to @6 mm > KoBo extruded to @4 mm. most extruded material (@4 mm), Fig. 11e. [n both circuits Ry re-

Two EECs were chosen to fit the EIS data [30-32|. The first one presents the solution resistance, R, is the resistance of the electric-

a) AZ61 initial billet b) AZ61 @6 mm c) AZ61 @4 mm

0001 mMax6.4 1010 0001 mMax9.0 1 1 max10.2 1

Fig. 7. Pole figures obtained for a) the AZ61 initial billet, b) the AZ61 after KoBo extrusion to 6 mm, and c) the AZ61 after KoBo extrusion to @4 mm; ED - extrusion direction
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Fig. 8. The representative engineering tensile curves of the investigated materials.

Table 2
Mechanical properties of the conventional and KoBo-extruded AZ61 (Ro: - yield
strength; Ry, - tensile strength, A, - percentage total extension at fracture).

Material Ro2 (MPa) Ry (MPa) A (%)

AZ61 940 mm 101 + 0.8 246 + 54 22+ 15
AZ61 96 mm 134 £ 6.5 242 £ 35 17 £23
AZ61 94 mm 161 + 1.3 24577 15£10

charge transfer through the material and electrolyte solution inter-
face, CPEg; models the properties of the double layer at the materi-
al-electrolyte interface, R, stands for the resistance at low
frequencies and is related to localized corrosion and L stands for the
inductance at low frequencies and is also related to localized cor-
rosion. Ry and CPE; also appear in the circuit chosen for the most
extruded sample, and the first represents the resistance of the pas-
sive film, while the second element describes the capacitance of the
passive layer. The values of the R, confirm that the corrosion

Journal of Alloys and Compounds 952 (2023) 169843
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Fig. 10. Microhardness profiles of the AZ61 initial billet, AZ61 KoBo extruded to 06
mm and to &4 mm

resistance of the AZ61 alloy extruded to @6 mm is slightly lower
than the initial billet. However, a difference in the corrosion-re-
sistance decrease is clearly visible for the most deformed sample
(Table 4).

Fig. 12 shows the corrosion rates calculated based on the hy-
drogen release method and taken from the potentiodynamic polar-
ization measurements. The corrosion rates based on the hydrogen
release method and the polarization tests show the same increasing
trend due to the increased extrusion ratio. The corrosion rate for the
sample deformed at the highest extrusion ratio is much larger than
those for the initial billet and the KoBo-extruded alloy to @6 mm.
This agrees with the EIS results and suggests that microstructural
changes caused by the deformation to @4 mm have a critical influ-
ence on the corrosion resistance.

As shown in Fig. 13, regardless of the extrusion ratio, the corro-
sion propagates through the grain boundaries. Despite the inter-
granular attack, multiple pits formed on the surface of the material

Fig. 9. Fracture surfaces of the AZ61 alloys: a) initial billet, b) KoBo extruded to ®6 mm and c) KoBo extruded to @4 mm Dimples are marked by the red arrows, and facets typical

for brittle fracture are marked by the yellow arrows
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Fig. 11. Electiochemical measurements performed in 0.1-M NaCl: a) open-circuit potential, b) polarization curves, c) Nyquist plots and electronic equivalent circuits (EEC) used for
EiS data fitting: d) initial billet and AZG1 KoBo extruded to @6 mm, e) AZ61 KoBo extruded to @4 mm.

Table 3
Electrochemical parameters calculated from potentiodynamic polarization curves

AZ61 Ecore Ey (V/Ref)  AE icorr (RAfcM?)
(V/Ref)

Initial billet @40 mm -140 -1.06 034 79

KoBo extruded to @6 mm  -139 -0.76 063 129

KoBo extruded to @4 mm  -122 -1.03 020 221

prior to the extrusion (Fig. 13a). More intensive damage occurred on
the surface of the @6-mm KoBo-extruded sample (Fig 13b). Here, the
grain boundaries are heavily corroded, and the corrosion propagates
to the grain interiors. The most corroded surface is seen in Fig 13c,
where dissolution reactions are not compensated by the passivation
reactions and, as a result, the surface of the sample is heavily da-
maged. Moreover, many pits are formed. This is confirmed by the
measured depth profile, where a higher S, is calculated for the
sample extruded to @4 mm (S, =75 nm), Fig. 14. The pits are not as
deep as in the material deformed to @6 mm, but there are many
more of them.

Table 4

Electrochemical parameters fitted for EIS 1esults,
AZ61 R (Q:cm?) R (Qrem?) CPE,, (nSs/cm?) al
Initial billet 36 2977 8.7 092
KoBo @6 mm 25 2165 10.2 091
KoBo @4 mm 21 37 3401 093

5. Discussion

The KoBo extrusion of the AZ61 magnesium alloy modified the
microstructure in terms of grain size, second phase distribution, and
texture evolution. The KoBo extrusion does not improve the strength
of the initial billet; however, it has an influence on the ductility of
the alloy, whereas the strength of the alloys, even with the refined
grains, remains at the same level. Simultaneously, the higher the
extrusion ratio, the worse the corrosion behaviour. To our knowl-
edge, such a relationship has not been previously reported among
SPD methods used for hexagonal structures.

KoBo can refine the original coarse microstructure, and this is the
reason for the increasing yield strength. This indicates that the strain
hardening of the alloys decreases and the plastic deformation is
localized more rapidly. Jiang et al. [7] and Kim et al. [33] suggested
that it is probably related to the texture softening, which appreciably
overwhelms the strengthening due to grain refinement, This hy-
pothesis does not fit the results of our study, as the texture intensity
of the KoBo-deformed materials is higher than that for the initial
billet. This is confirmed by Zeng et al. [34] where various

R, (Q-cm?) L(Hcm?) R, (Qcm?) CPE[ (nSs?fcm?) a2
30 4

1 1894
66 24 14 9.6 0.99
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Fig. 12. Corrosion rates calculated from hydrogen release method and potentiodynamic polarization tests.

relationships between the textures and mechanical properties of the
extruded Mg alloys are described. Although the grain size was re-
duced, no changes in the strength of the alloys was observed. We
supposed that in our case it is the result of the dynamic precipitation
of the Mgy,Al;; phase during the KoBo extrusion and the disloca-
tions being accumulated around the grain boundaries, which over-
whelmed the strengthening mechanisim related to grain refinement.
As shown in Section 4.1, the Mg;7Al;; precipitates have the same size
after KoBo extrusion regardless extrusion ratio. The KoBo specimens
show failure around precipitates with the neighboring regions
having brittle failure. Therefore, one might say, that failure under
tensile loading is initiated by the delamination or fracture of
Mg17Al12. This phenomenon has been previously studied in details
by Zha et al.[35] and Lu et al. [36]. Such behaviour would explain the
ultimate strength of the samples remaining at the same level.
Microgalvanic corrosion is always an issue in the case of Mg-Al-Zn
alloys [32,37,38]. Even though many reports of the role of the
Mg;7Al;, phase in the corrosion of AZXX alloys exist in the literature,
their results are contradictory. Surface-potential maps obtained by
scanning Kelvin-probe force microscopy for the AZ91D alloy made by
Pardo et al. [39] suggested that between the Mg7Al;> and the o(Mg)
the galvanic coupling was not significant. The authors claimed that
the potential difference between them was in the range of 10 mV,
which is not enough to form a galvanic couple. Other researchers,
such as Mathieu et al. [40], suggested that the Mg;7Aly; is 150 mV
nobler than the «(Mg) and thus is able to form microgalvanic coupling
with the Mg matrix. Based on the literature review the corrosion of
the Mg-Al-Zn alloys not only depends on the presence of the Mg7Al1,
phase, but also on its shape, size and distribution. Ubeda et al. [41]

stated that under anodic polarization, larger amounts of Mg;;Al;; are
beneficial for durability, decreasing the Mg matrix dissolution rates.
Candan et al. [42] investigated the role of the Mgy;Al;» intermetallic
phase due to the increasing Al content in AZ series alloys. It was
shown that the decline in the corrosion resistance of the alloys, at
higher Al contents, was attributed to the amount and morphology of
the Mg;7Al;; intermetallic phase, and the interruption of the con-
tinuity of the oxide film on the surface of the alloys, owing to the
coarsened Mgq7Aly> intermetallic phase. None of the researchers de-
scribed in a systematic way the relationship between the grain size
and the distribution density of the Mg;7Al;; along the grain bound-
aries during deformation. Generally, considering relationship between
grain size and corrosion, the smaller the grain size the better corro-
sion performance as high grain boundary density tends to passivate
more readily [43-46]. The role of Mg;;Al;; must be also explained. As
shown, with the increasing Al content, the number of Mg;Al;; in-
creases and this leads to the corrosion resistance improvement
[32.,47]. The results of our study show that the smaller the grain size,
the most intense the microgalvanic corrosion, while it is promoted by
the presence of fine precipitates of Mg;;Al|>, We have proven here
that when the small, elongated precipitates of Mg;;Al;;are located
very close to each other on the grain boundary, and the grain size is
small, the current of the anodic half-reactions must be compensated
by the cathodic half-reactions. This drives the system to rapid dis-
solution close to the Mg 7Al,, causing the rapid dissolution of the
grain interior. This mechanism is also supported by dislocation ac-
cumulation at the grain boundaries, leading to the very rapid dis-
solution of the surrounding areas. In this scenario, the corrosion is less
severe for materials with a larger grain size.

Fig. 13. SEM images of the corroded surfaces: a) initial billet, b) AZ61 extruded to @6 mm, ¢} AZ61 extruded to @4 mm.
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Fig. 14. AFM images with the corresponding surface development profiles extracted from the area marked by the arrow for a) AZ61 extruded to @6 mm, b) AZ61 extruded to

94 mm.
6. Conclusions

Based on the results the following conclusions can be drawn:

—

. The KoBo extrusion results in grain refinement of AZ61 Mg alloys
without preheating the initial billet (from 10.4 pm to 6.6 pum and
to 4.3 pm for R 7:1 and R 10:1). The main difference is related to
the distribution of the Mg;;Al;5, which in the KoBo-extruded
samples is more refined and denser at the grain boundaries. The
texture intensity is stronger in the KoBo-prepared samples than
in the reference extruded material.

2. KoBo extrusion improves the yield strength of the alloys; how-

ever, it does not affect the strength of AZ61.

3. The corrosion resistance of the KoBo-processed materials in the

chloride-containing solution was lower than the corrosion re-

sistance of the initial billet. The decline of the corrosion proper-
ties is related to the grain refinement; the smaller the grain size,
the more intense the micro galvanic corrosion, and it is promoted

by the presence of fine precipitates of Mg;;Al 5,
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In this study, the microstructure-dependent corrosion of fine-grained Mg-4Li-3A)-Zn alloys in the chloride
containing solutions is described. The materials were processed using extrusion with a forward-backward
oscillating die. The Mg-4Li-3Al-Zn alloys were extruded from G40 to @4 mm (R,= 10:1, 4, = 100), and also
from @40 te @1 mm (R,= 40:1, 2, = 1600); the resulting microstructures were then analyzed. The results
show that the corrosion of both alloys is strongly dependent on the processing parameters (mainly extrusion
ratio), which in turn have a significant influence on the recrystallization stage. Interestingly, the higher the
extrusion ratio, the lower the corrosion resistance of the alloy. The decreasing corrosion resistance of the
alloy deformed at a higher extrusion ratio is related to the grain growth resulting from the more intense
recrystallization processes that occurred during KoBo extrusion.

Keywords Mg-Li  alloys, comosion.  extrusion  ratio,

microstructure

1. Introduction

Extrusion is a powerful technique which results in the
improvement of many properties of metallic materials (Ref 1.
2). The recent literature suggests that grain refinement can
improve the mechanical and corrosion properties of Mg and its
alloys (Ref 3), however, grain refinement may also lead to
reduced corrosion resistance, partly because of the increased
chemical activity at energetic grain boundary regions (Ref 4).
Numerous experiments have shown that severe plastic defor-
mation (SPD) provides a useful tool for introducing significant
microstructure refinement in AZ-type magnesium alloys (Ref
5). As commonly known, plastic deformation of Mg-based
alloys is difficult to process due to their hep-structure, which
together with their low stacking fault energy. is the main cause
of the low ductility of Mg-based alloys (Ref 6). Therefore, very
important from processing point of view is to develop the
room-temperature deformation method of Mg-based alloys.
One of the solution is the modification of the crystal structure of
Mg by Li addition, which has a significant impact on its
formability at room temperature by the activation of prismatic
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slip alongside basal slip, resulting in an increasing number of
total available independent slip systems (Ref 7). To approach
this, Mg-Li with 8 wt.% Li was processed by high-pressure
torsion at room temperature, and as a result, ultrafine grains
were formed (Ref 8). Mg-8Li-1Zn processed by multidirec-
tional forging, and rolling at 573 K with refined microstructure
was also described by Cao et al. (Ref 9). The ultrafine-grained
Mg-9Li-1Zn alloy prepared through high-ratio-differential
speed rolling had a higher strength and ductility at room
temperature than its conventional counterpart (Ref 10).

The literature review indicated that there is a chance that
significant microstructure refinement may also increase the
corrosion resistance of Mg-Li alloys. It was found that SPD
affects both the microstructure and the corrosion performance
of AZ31, and as shown by Ben Hamu et al. (Ref 11) and
Alvarez-Lopez et al. (Ref 12), the corrosion rate decreases with
a decrease in grain size. The corrosion resistance of hot rolled
Mg-4Li-1Ca was analyzed in simulated body fluids by Nene
etal. (Ref 13). The results showed a significant improvement in
the overall corrosion resistance of the fine-grained alloy over
the coarse one. Li et al. (Ref 14) showed that the grain
refinement of Mg-9Li-1Zn via friction stir processing weakened
galvanic corrosion compared to the coarse-grained counterpart.
Mineta et al. (Ref 15) proved that accumulative channel-die
compression bonding is a powerful method to simultaneously
improve the Vickers hardness and cortosion resistance of
LA143.

Studies to date have shown various SPD techniques that
give a significant grain refinement of Mg-based alloys, leading
to an improvement in their corrosion resistance. A recently
developed method for significantly reducing the grain size of
Mg-based alloys at room temperature is extrusion with a
forward-backward rotating die (KoBo) (Ref 16). KoBo. due to
the additional reverse rotation of the matrix, is a suitable method
of deformation for materials that are hard to deform at low
temperature without pre-heating of the billet (Ref 17). During
KoBo extrusion. the input material goes through the matrix,



where an additional reversible oscillating die causes permanent
destabilization of the structure and the dominance of localized
plastic flow in the intersecting shear bands (Ref 17); a detailed
description of the KoBo can be found in (Ref 18). In the
deformed materials, fine or even nano-grained microstructure is
formed, and the materials have an optimum combination of
high strength and good plasticity (Ref 19-22). Our previous
work focused on the characterization of the corrosion mech-
anisms occurred in dual phase Mg-Li (according to equilibrium
phase diagram when Li concentration is more than 5.5 wt.%
and less than 11wt.% Mg-Li alloys have dual phase structure)
(Ref 18). Nevertheless, there is still no information regarding
the corrosion performance of KoBo extruded single » phase
Mg-Li alloys (with less than 5.5 wt.% of Li). Therefore, in this
work the microstructure and corrosion properties of fine-
grained Mg-4Li-3Al-Zn (AZ31-4Li) extruded using the KoBo
method at various extrusion ratios are investigated.

2. Materials and Methodology

2.1 Materials

In this paper, the Mg-4Li-3Al-1Zn (AZ314Li) alloy
deformed at different processing parameters is investigated:
extruded using KoBo from @40 mm to @4 mm giving an
extrusion ratio of Ry= 10:1 and a processing degree of A =
100, and extruded from @40 mm to @1 mm (R, =40:1 and 7, =
1600). The initial billet temperature was 24 °C. The extrusion
was performed with a punch speed of 0.2 mm/s, a die
oscillating angle of £ 8°, and an oscillation frequency of 5 Hz.

2.2 Microstructural Characterization

The chemical conposition of the alloy before extrusion was
performed using the high-performance wavelength dispersive
x-ray fluorescence (WDXRF) Bruker S4 Explorer spectrometer.
After extrusion, due to the high ability of Li to oxidation and
evaporation, its relative concentration in the extruded alloys
was measured using atomic absorption spectroscopy (AAS,
GBC 932 Plus).

X-ray diffraction (XRD, Bruker D8 Advance) operating at
40 kV and 40 mA with Cu Ko radiation was used to
characterize the detailed phase composition of the alloys. The
results were recorded by stepwise scanning 26 from 10 to 120°,
with a step size of 0.02° and a count time of 10 s per step.

To characterize the grain size and coarse precipitations
formed in the alloys. high-resolution scanning electron micro-
scopic observations were carried out in back scattered mode
(SEM BSE, Hitachi SU8000). Additionally, electron backscat-
tered (EBSD) scans were performed using scanning electron
microscope (SEM, Hitachi SU70) equipped with Bruker EBSD
detector. The EBSD data were recorded with a step size of 50
nm. The grain sizes were calculated using Quantax Esprit
Bruker Microanalysis Software. The crystallographic orienta-
tions of grains are presented on inverse pole figure (1PF) maps,
where various colors distinguish the orientation of a given
sample direction in a crystal frame. High and low angle grain
boundaries were also labeled on the maps; if the angle between
two neighboring grains was distorted by more than 15°, then
the angle between those grains was described as a high angle
grain boundary (HAGB): when the grains were misoriented by

less than 15° (cut-off limit of 3° has been selected), a low angle
grain boundary (LAGB) was created between those grains.

The extruded wires were cut into slices, polished with 1200-
grit and 2400-grit SiC papers, and subsequently, the surfaces
perpendicular to the extrusion direction were polished with a
low-energy Ar" ion beam milling system (Hitachi IM4000 Ion
Milling System) for 6 hours. Observations and EBSD mea-
surements were done immediately after samples preparation.

A transmission electron microscope (TEM, JEOL JEM-
1200EX) with an acceleration voltage of 120 kV was used to
characterize the detailed phases formed in the alloys. The
diffraction contrast in the bright field (BF) mode showed the
grain size. The thin foils used for TEM observations were
prepared using a Gatan Model 656 Dimple Grinder and a Gatan
Model 691 Precision Ion Polishing System at 2.5 kV. The
samples were observed on the cross-section perpendicular to
the direction of extrusion.

2.3 Corrosion Tesis

2.3.1 Electrochemical Procedure. Electrochemical mea-
surements were carried out in naturally aerated, unstirred 0.01
M NaCl solution using a Gamry FASI potentiostat equipped
with three electrodes: platinum as the counter electrode, Ag/
AgCl as the reference electrode, and the measured sample as
the working electrode. The reference electrode was inserted into
a Luggin capillary, and the setup was placed in front of the Mg
electrode. The electrolyte was made up using analytical grade
reagents and distilled water. The corrosion potential (E.q,) Was
recorded for 1 hour under open-circuit conditions. Potentiody-
namic polarization tests were then carried out after immersion
in a range of 0.5 V below Ecp to 1.5 V vs. Ref (a scan rate of 5
mV/s was used). At least three tests were conducted for each
microstructural condition. Polarization curves were fitted using
Gamry Elchem software in Tafel mode.

2.3.2 Characterization of Corroded Surfaces. The cor-
roded surfaces of the samples were observed after I-hour
immersion under open-circuit conditions using SEM. Hitachi
SU8000. To describe the role of the microstructure in the
corrosion resistance of both alloys, surfaces with chemically
removed corrosion products were observed using SEM. After 1
hour of immersion in 0.01 M NaCl, the samples were gently
removed, dried, and subsequently immersed in 4% nitric acid
for 5 s to remove corrosion products.

2.3.3 Corrosion Rate Calculation. To make an exact
comparison of the corrosion resistance of both alloys, the
corrosion rate after | hour of immersion in the naturally aerated
0.01 M NaCl was calculated based on hydrogen evolution (Ref
23, 24). The evolved hydrogen was collected during immersion
tests. To measure the hydrogen gas, samples polished up to
#4000 SiC paper were placed into a beaker and connected to a
burette. Hydrogen was collected in the burette through a PVC
pipe installed above the beaker equipped with a dropping
funnel. The corrosion rate was calculated as follows:

(Eq 1)

where: Am is the mass loss (g) calculated from hydrogen
evolution, s is the surface area (mz), and t is the time of
exposure (day). To determine the standard deviation of the
measured data. three parallel samples were immersed for each
extrusion condition.

CR= Am/s -1

Joumal of Materials Engineering and Performance



3. Results

3.1 Microstructural Characterization

The chemical composition of the billet before extrusion is
given in Table I, indicating that the composition of the
investigated material is similar to the nominal composition of
AZ31B (Ref 25). As shown in Table 2, the concentration of Li
in the alloy extruded to @4 mm was found to be 3.32 wt.%.
while in the alloy extruded to @1 mm it was 3.46 wt.%. The
microstructures of both alloys are shown in Fig. 1(a) and (b).
The SEM observations clearly revealed that ultrafine-grained
microstructures with a grain size of less than 5 um were formed
in the examined alloys. Comparing Fig. 1(a) and (b), a more
refined microstructure was formed in the alloy extruded to @4
mm, while grains of a greater size were present in the alloy
extruded to @1 mm (day. = 3.24 pm for the alloy extruded to
©4 mm, d,,, = 3.94 um for the one extruded to @1 mm, Fig. 2).
Coarse particles rich in Al and Mn occurred in both alloys
(marked as P1, Fig. 1). They were randomly distributed in the
matrix, and their chemical composition is given in Fig. 1(c).
Needle-like particles rich in Si were also observed in the alloy
extruded to @1 mm (Fig. 1b). The grains formed in the alloys
have random crystallographic orientation, with the prevalnce of
grains oriented to <-[-210> direction (Fig. 2). In both alloys,
more than 95% of the grain boundaries are HAGBs. [t is worth
to mention that the grain size of the billet before KoBo
extrusion was found to be 19.42 um.

XRD patterns (Fig. 3) revealed that only the diffraction
peaks of the %(Mg) phase were identified for the Mg-4Li-3Al-
1Zn extruded to @4 mm. while additional peaks arising from
Mg, 7Al;; were noted in the case of the alloy reduced to @1
mm. In order to more thoroughly characterize the microstruc-
tures of the alloys, TEM observations were made. As shown in
Fig. 4(a), coarse and nearly round dark precipites identified as
AlLi were found in the alloy extruded to @4 mm. Their amount
was to small to be revealed by XRD. The TEM observations
performed for the alloy extruded to @1 mm confirmed the
presence of small round dark precipitates of Mg,;Al,-.
Additionally, small needle-like precipitates were observed,
and they were indexed in terms of non-stoichiometric
Li().S]MgO.I‘J (Flg 4b)4

3.2 Corrosion Performance

Figure 5(a) presents the open circuit potential of each Mg-
4Li-3Al-1Zn alloy in 0.01 M NaCl meonitored for 1 h. The
subsequent surface appearance of each sample was recorded by
SEM. A more negative potential was recorded for the alloy
extruded to ©4 mm. Immediately the specimen was immersed,
the potential had started to smoothly increase from — 1.50 V/
Ref toward more positive values achieving — 1.42 V/Ref after
45 min of immersion. Afterward slight decrease in the potential
was observed. A more positive potential was recorded for the
specimens deformed at a higher degree of extrusion (starting
from — 1.40 V/Ref). The potential of the sample oscillated

throughout the immersion. Generally, a more negative potential
reflects poorer corrosion resistance of the alloy in the corrosive
environment (Ref 26), in the case of Mg-based alloys, the rise
in open circuit potential is attributed to the phenomenon called
“cathodic activation” (Ref 27). Moreover, the oscillations in
the open circuit potential recorded for the alloy extruded to
lower dimensions indicated more intense course of dissolu-
tion/passivation reactions than those proceeding on the alloy
extruded to @4 mm (Ref 28).

The potentiodynamic curves of Mg-4Li-3Al-1Zn are dis-
played i Fig. 5(b). The cathodic side of the curves were driven
by the hydrogen evolution reaction. In both cases. when the
potential reached Eco, the corrosion current density gradually
increased with increasing anodic potential. When the potential
was around 200 mV more positive than E.,, for the sample
extruded to @4 mm, or around 600 mV more positive for
sample extruded to @1 mm, the corrosion current increased
abruptly, indicating the breakdown of the oxide fitm. The
greater difference between E . and Ey, occurred for the Mg-
4Li-3Al-1Zn extruded to @1 mm, suggesting that this alloy was
more resistant to localized corrosion than the other. However,
the corrosion cuitent density i.o, Was significantly higher for
the alloy extruded to @1 mm (Table 3), suggesting in contrast
that this alloy was the more active of the two in the corrosive
medium.

While potentiodynamic polarization allows a careful quan-
tification of electrochemical kinetics, such testing is not
sufficient to provide detailed information about the real-life
corrosion rates of Mg-based alloys (Ref 29). One convenient
and reliable method to measure the corrosion rate of Mg-based
alloys is the hydrogen evolution technique, which is also used
for Mg-Li alloys. The results from the hydrogen evolution
technique showed that the sample extruded to @1 mm had
double the corr ion rate, 307 g/(m’day), than the other, 135 g/
(m*day) (Table ).

The surface morphologies of the specimens after 1 hour of
immersion in 0.01 M NaCl solution are shown in Fig. 6 and 7.
More intense corrosion products were formed on the alloy
extruded to @ Imm (compare Fig. 6a and 7a). When the
corrosion products were removed (according to the ASTM
standard G1-03 Ref 30), characteristic filiform corrosion was
observed on the surface of both alloys (Fig. 6b and 7b). The
mechanism of filiform corrosion formed on Mg-Li alloys in
chloride containing solution has been clearly described by Song
et al. (Ref 31). Similarly to those results, in our study the

Table 2 The relative concentration of Li in the alloys
after KoBo extrusion measured using AAS

Table I The chemical composition of the billet before extrusion measured using WDXRF

Elements wt.% Al Zn Mn

AZ31 +4Li 940 mm 3.28 0.91 0.26

Joumnal of Materials Engineering and Performance

AZ31 + 4Li Li wt.%
Extruded to @4 mm 332
Extruded to @1 mm 346
Si S P Mg + Li
0.12 0.01 0.01 Bal.
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P1 3.0 455
P2 3.8 82.5

Fig. 1
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30.2 213
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SEM images: (a) the microstructure of the alloy extruded to @4 mm, (b) the microstructure of the alloy extruded to @1 mm (P2

precipitates in SE mode are shown in the inset). (¢} EDX point analyses of the precipitates are given in the table

d,.=3.24 um

avg

20 um

@  ooo1 01-10

-1-210

d,.=3.94 um

avg

(b)

HAGBs
- LAGBs

Fig. 2 IPF maps with corresponding low and high angle grain boundaries marked in the band contrast images obtained for (a) the alloy
extruded to @4 mm, (b) the alloy extruded to @1 mm; the average grain size (da.. average equivalent diameter) is given above each panel. The
non-indexed areas are given in green in band contrast maps (Color figure online)

filaments were not perfectly straight, and the way they
propagated appeared to be through some privileged paths.
The important observation from our study is that filaments
propagated into the depth of the material through crystallo-
graphically grown traces, which is visible in Fig. 7(c). This is
the first time it has been noted that filiform corrosion
propagates through the crystal lattice of %(Mg). In random

areas, the corrosion attack propagated into the depths of the
material causing deep damage (Fig. 7b). These findings
indicated that the corrosion resistance of the alloy was
weakened by extrusion at a higher deformation ratio, and the
specimen with the lowest dimension had the lowest corrosion
resistance. As observed, the precipitates rich in Al and Mn were
not active during immersion in the corrosive medium (Fig. 6b).

Journal of Materials Engineering and Performance
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Fig. 3 XRD patterns obtained for the Mg-4Li-3Al-Zn extruded to @4 mm and to @1 mm
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Fig. 4 TEM images in bright field and selected area diffraction (SAD) patterns obtained from second phase particles formed in Mg-4Li-3Al-

1Zu: (a) extruded to @4 mm. (b) extruded to @1 mm
4. Discussion

Results of this work show that the corrosion resistance of
KoBo deformed fine-grained Mg-4Li-3Al-Zn alloys is depen-
dent on the extrusion ratio. Our findings also show that the
corrosion performance of Mg-4Li-3Al-Zn is a complex process
and is related to a few microstructural-dependent components.

Firstly, it is important to mention that both, alloy chemistry
and grain size play crucial roles in the corrosion resistance of
the investigated alloys, and conversely to the results reported in
reference (Ref 32), the grain size is dominant over the alloy
chemistry. There are many studies showing the positive
influence of grain refinement on the corrosion rate of coarse-
grained Mg-based alloys (Ref 33), while there is no clear-cut
information about the relationship of extrusion ratio and grain
size among the refined microstructures of Mg-based alloys. As
shown in this study, a higher extrusion ratio does not always
lead to the greater grain refinement. The results of this study
clearly show that the higher the extrusion ratio, the fasterr the
corrosion rate of the material. The decreasing corrosion
resistance of the alloy deformed at the higher extrusion ratio
is related to the grain growth resuiting from more intense
recrystallization processes. During KoBo deformation at the
higher extrusion ratio (sample extruded to @1 mm) effects
related to material friction caused an increase in material's
temperature resulting in its grain growth. As such, the corrosion

Journal of Materials Engineering and Performance

behavior of the as-extruded alloy was largely determined by the
deformation of the Mg matrix phase. As shown by Korbel et al.
(Ref 17), during KoBo extrusion the increase in the billet
temperature, especially at high extrusion ratios, is unpre-
dictable. Such behavior leads to intense recrystallization
processes—the higher the extrusion ratio, the greater grain
growth. The most likely explanation of the grain growth is that
the accumulation of plastic deformation caused various
dynamic recrystallization processes to occur. Depending on
the deformation parameters, these processes led to dislocation
structure evolution, low angle grain boundaries being formed,
and their transformation to high angle grain boundaries caused
grain growth in the material extruded at a higher extrusion ratio
(Ref 34). This explains the grain growth observed in the alloy
extruded to @1 mm (/> = 1600).

Generally, corrosion attack on Mg-Al alloys occurs at 2(Mg)
and intermetallic particles, and a small amount of Mg,;Al,,
accelerates the cortosion of the «(Mg) matrix by micro-galvanic
coupling (Ref 35). Therefore, the presence of the Mg;;Al,~ in
the alloys extruded @1 mm cannot be ignored, and we suppose
that corrosion processes on the alloy extruded to @1 mm were
accelerated by micro-galvanic corrosion between Mg;;Al;, and
the x(Mg) matrix.

Moreover, corrosion damage of the materials was dependent
on the intensity of the recrystallization processes. The filaments
observed on the surface of the sample deformed at a lower
extrusion ratio propagated differently than those observed on
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Fig. 5 The results delivered from electrochemical measurements
performed in naturally aerated 0.01 M NaCl (a) E., evaluation for
1 hour, (b) potentiodynamic polanization curves

Table 3 The electrochemical parameters calculated from
Tafel extrapolation based on results from potentiodynamic
polarization tests recorded in 0.01 M NaCl

Materials Eeors VRl icarn 1A cm™ B, mV/decade
Extruded to @4 mm - 1.29 7.2 220
Extruded to @1 mm - L3 144 297

Table 4 Corrosion rate of the Mg-4Li-3Al-1Zn alloys
calculated from hydrogen evolution after 1 hour
immersion in naturally aerated 0.01 M NaCl

Extruded to Extruded to

Mg-4Li-3Al-Zn 4 mm 91 mm
Corrosion rate [g/(m*day)] 135 307
St. deviation 9 24

the sample deformed at a higher extrusion ratio (compare
Fig. 6b and 7b). The former ones were formed along lines very
characteristic for reversible oscillations of the die during
deformation, while the latter propagated along more ordered
paths, indicating that the microstructure recrystallization was
dependent on the extrusion ratio. During early stages of the
deformation, slip bands were formed, and as a result of KoBo
deformation they recrystallized: however, the recrystallization
stage in both samples varied due to the extrusion ratio. In the
sample extruded at a lower extrusion ratio (£, = 100),
recrystallization was not as intense as in the case of the
material deformed at a higher extrusion ratio (2, = 1600).
Grains formed in the location where slip bands were formed
may have different orientations than the rest of the recrystal-
lized grains. Therefore, privileged corrosion paths occurred in
these areas, leading to the formation of wave-like paths of
corrosion filaments. During KoBo deformation at the higher
extrusion ratio, more slip bands were formed leading to the
randomization of grain orientations, and this is probably the
main reason that wave-like paths were less observed.

5. Conclusions

In this work, microstructure-dependent corrosion of KoBo
extruded Mg-4Li-3Al-Zn alloys is described, which allows
the dependence between extrusion ratio and grain size in
these Mg-Li alloys to be understood.

The KoBo extrusion of Mg-4Li-3Al-Zn from @40 mm to
@4 mm (R; = 10:1, /; = 100) and from @40 mm to &1
mm (R, = 40:1, 7, = 1600) led to significant grain refine-

Fig. 6 Surface morphology of the Mg-4Li-3Al-1Zn alloy extruded to @4 mm after 1 hour immersion in naturally acrated 0.01M NaCl (a)
surface morphology after immersion, (b) surface morphology after corrosion product removal

Journal of Materials Engineering and Performance



Fig. 7 Surface morphology of the Mg-4Li-3Al-1Zn alloy extruded to @1 mm after 1 hour immersion in naturally aerated 0.01M NaCl (a)
surface morphology after immersion, (b) surface morphology after corrosion product removal, (¢) image showing interor of the corrosion
filament

ment. Unexpectedly, the alloy extruded at a higher extru-
sion ratio had a poorer corrosion resistance.
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Abstract

The microstructure-dependent corrosion resistance of dual structured fine-grained Mg-7.5Li-3Al-1Zn has been investigated. The alloys
were extruded using extrusion with a forward-backward rotating die (KoBo, a newly developed SPD method) at two different extrusion ratios
The fine-grained microstructures formed in the alloys were characterized. and the influence of grain refinement on corrosion resistance was
analyzed. For fine-grained (o + #) Mg-Li alloys, a higher extrusion ratio led to more intensive grain refinement; however. this relationship
did not improve their corrosion resistance in a chloride-containing solution. The corrosion resistance of the alloys was mainly controlled by
the refinement of «(Mg) and B(Li), along with the distribution of second phases. The presence of MgLi,Al at grain boundaries facilitated

their dissolution.
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1. Introduction

Dual-phase structured Mg-Li alloys have drawn extensive
scientific attention, and they have been widely investigated
in terms of their microstructure and the improvement of
their mechanical properties by microstructure refinement and
second-phase strengthening using plastic or thermal process-
ing [1-9]. Many attempts have been made to evaluate the me-
chanical properties of ultrafine-grained (a+8) Mg-Li. which
have been fabricated using severe plastic deformation (SPD)
methods, such as high-pressure torsion [5,10]. double-change
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angular pressing [I1]. and equal-channel angular extrusion
[12]. The occurrence of superplasticity was reported for dual-
structured Mg-Li alloys processed by equal-channel angular
pressing [13.14], heavy rolling and nitrate bath annealing
[15], or forging [16]. Another method giving a possibility of
significant grain refinement is a combination of an extrusion
with applied additional plastic deformation by reversible
torsion of the die (KoBo) [17]. The KoBo method allows a
very high deformation to be obtained at room temperature
and has been previously used for Mg-Li alloys [18,19].
There have been many trials to describe the corrosion
resistance of dual-phase structured Mg-Li alloys; neverthe-
less. the associated corrosion mechanisms are quite poorly
described in the literature. This phenomenon is due to the
fact that the corrosion behavior of dual-structure Mg-Li
is a complex process [20-24], and in addition to mul-
tiple microgalvanic processes caused by the presence of
second-phase precipitation in the matrix [25.26], many other

2213-9567/© 202] Chongging University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access
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microstructure-dependent mechanisms proceed simultane-
ously [27,28]. Pitting and filiform corrosion are the most
observed types of corrosion in dual-structured Mg-Li alloys
[22,23,29,30]. It should be noted that the corrosion rate of
dual-structured Mg-Li alloys is the highest when compared
to single a-structured and single 8-structured Mg-Li [31].

Generally, the corrosion resistance of Mg-Li alloys in-
creases with microstructure refinement [31-34]. It has been
shown that grain refinement resulting from extrusion at an
extrusion ratio of 20:4:1 improved the corrosion resistance of
Mg-9.29Li-0.88Ca and changed the form of corrosion from
pitting to general corrosion for extruded alloys with a higher
extrusion ratio [35]. In addition, it has been demonstrated
that grain refinement caused by rolling supported oxide film
formation [33]. Yang et al. [22] showed that in Mg-8Li-3Zn-
Al in 3.5 wt.% NaCl solution, CI~ ions led to the initiation
and development of corrosion pits. It has also been noted that
B(Li), which is more active than a(Mg) (since Li is a very
active metal), played the major role in the corrosion behavior
of Mg-Li alloys [23,36]. Another study showed that although
the Volta potential of «(Mg) phases is much higher than that
of B(Li) phases, pitting occurrence was preferentially related
to the a(Mg) phases, but not the (8)Li phases [36].

Due to their hexagonal close-packed (hcp) crystal struc-
ture, which results in a limited number of slip systems
and anisotropic deformation, Mg-alloys are hard to deform
[37.38]. Hence, the possibility of significant grain refinement
(to fine grains with dimensions below 10 pm) for these mate-
rials is limited, but may be accomplished under conditions of
permanent destabilization of their microstructure by methods
where a high deformation rate can be applied [39]. Due to its
additional reversible oscillating die at the end of its extrusion
injection cylinder, extrusion with a forward-backward rotating
die (KoBo) allows for the deformation at lower temperatures
than used so far of materials that are hard to deform (i.e.
Mg-based alloys), by the introduction of a large deformation
until a viscoplastic material flow phenomenon occurs in the
material [40].

The KoBo is a newly developed technique among SPD
methods, which may be used for the reduction of the dimen-
sions of Mg-based alloys [41]. Therefore, in this study the
first examination of microstructure-dependent corrosion in
chloride-containing solution of two Mg-7.5Li-3Al-1Zn alloys
extruded via a KoBo is described.

2. Methodology
2.1. Microstructural characterization

The first step in this study was to characterize the phase
compositions of the alloys. Atomic absorption spectrometry
(AAS, GBC 932 Plus) was performed to calculate the Li con-
centration in both the analyzed materials. X-ray diffraction
(XRD, Bruker D8 Advance), operating at 40 kV and 40 mA
with Cu Ko radiation, was used to characterize the detailed
phase composition of the alloys. The results were recorded by
stepwise scanning 26 from 10° to 120°, with a step size of

0.02° and a count time of 10 s per step. A semi-quantitative
analysis of the relative concentration of the phases present in
the alloys was carried out by comparing the integrated inten-
sities of the diffraction peaks from each of the known phases.

The microstructure of the alloys was observed using a
high-resolution scanning electron microscope (SEM, Hitachi
SUS8000). The extruded wires were cut into 3 mm-thick slices,
polished with 1200-grit and 2400-grit SiC papers, and subse-
quently surfaces perpendicular to the extrusion direction were
polished with a low-energy Ar*™ ion beam milling system
(Hitachi IM4000 Ion Milling System) for 6 h. Observations
were carried out immediately after sample preparation.

A transmission electron microscope (TEM. JEOL JEM-
1200EX) with an acceleration voltage of 120 kV was used
to investigate the dislocation distribution and to characterize
the details of the phases formed in the alloys. Samples in the
form of thin foils were prepared using a Gatan Model 656
Dimple Grinder and a Gatan Model 691 Precision Ion Polish-
ing System (PIPS) at 2.5 kV. The observations were carried
out on cross-sections perpendicular to the extrusion direction.

2.2. Corrosion tests

Electrochemical measurements were carried out in nat-
urally aerated, quiescent 0.1 M NaCl solution using an
FAS| Gamry potentiostat equipped with three electrodes:
platinum as the counter electrode. saturated Ag/AgCl as the
reference electrode, and the measured sample as the working
clectrode. The electrolyte was produced using analytical
grade reagents and distilled water. The corrosion potential
(Ecorr) Was recorded for 1 h under open-circuit conditions.
After immersion, potentiodynamic tests were conducted
with a scan rate of 5 mV/s, starting 0.5 V below Eocp
and finishing at 2 V vs. Ref. The polarization curves were
fitted using Gamry Echem software in Tafel mode. The
post-corrosion morphology of the samples was observed after
| h immersion under open-circuit conditions using scanning
electron microscopy (SEM, Hitachi SU8000).

To compare the corrosion resistance of the alloys, the
corrosion rate (V.) was calculated based on traditional mass
loss measurements. Samples were polished up to 4000-grit
SiC paper, ultrasonically cleaned in isopropanol and dried in
the air. Prior to immersion, the surface area of the samples
was measured, and the samples were weighted. Afterwards
samples were immersed for | h in naturally aerated 0.1 M
NaCl. After immersion, samples were dried in the air and
corrosion products were removed by samples immersion in
7% solution of nitric acid (HNO3) for 15 s (as per [42,43]).
The V. was calculated [44]:

Corrosion Rate = Am/s -t (n

where: Am is a mass loss (g). t is a time of exposure (day),
s is a surface area (m?).

Corrosion rate of the investigated materials were com-
pared with the results obtained for traditionally extruded
and annealed Mg-7.5Li-3Al-1Zn alloy (coarse-grained alloy
described in [45]).
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Fig 1. Extrusion with a torward-backward rotating die (KoBo).

Table |
Li concentration obtained by AAS (wt %).

Mg-7.5Li-3Al-1Zn Li concentration (wt.%)

?4 nm 7.0
92 nm 5.7

To describe the role of microstructure in the corrosion
resistance of both alloys, the corrosion products formed on
the samples as well as surfaces with chemically removed cor-
rosion products had been chemically removed, were observed
using SEM. Cross-sectional observations were also made.

3. Deformation method and materials

The materials examined in this study were extruded
using the KoBo method. As shown in Fig. 1, during KoBo
extrusion, the input material is punch-pressed through the
matrix where the oscillations of the bilaterally rotating die
occur. This specific combination allows for extrusion under
conditions of permanent microstructure destabilization by
applying a high deformation rate and leads to the formation
of a fine-grained microstructure (approx. <10 pm) [40,46].
The extrusion was performed under the following condi-
tions: punch speed = 0.2 mm/s, die rotation angle = 8°,
initial temperature of the billet = 24 °C, and die oscillation
frequency = 5 Hz (%1 Hz).

In this study, two fine-grained Mg-7.5Li-3A1-1Zn
(AZ31 + 7.5 wt.%Li) alloys extruded using the KoBo
were investigated. The first was extruded at an extrusion ratio
of Ry = 40:4, giving a deformation degree of A; = 100,
while the second was extruded at an extrusion ratio of
R; = 40:2, giving »; = 400.

4. Results
4.1. Microstructure characterization

As Li is a chemically active metal, it was necessary to
confirm the Li concentration in the extruded rods. As listed
in Table 1, the concentration of Li after extrusion to the
final dimension of @4 mm slightly decreased from the initial
amount of 7.5 wt.% to 7.0 wt.%, and to 5.7 wt.% after
extrusion to @2 mm. Similarly to their coarse-grained coun-
terparts [45]. both materials exhibited a dual-phased structure
composed of light areas of o(Mg) and dark areas of B(Li),

Table 2
Semi-quantitative analysis obtained by XRD for the extruded Mg-7.5Li-3Al-
1Zn.

Mg-7 5Li-3Al-1Zn Relative composition (%)

Phase 24 mm @2 mm
a(Mg) 34.1 27.2
B(LI) 63.2 712
MgnAl]z 2.1 04
MgLijAl 0.4 10
AlLi 0.2 0.2

Fig. 2. The dark B(Li) was irregularly distributed in the alloy
extruded to @4 mm, and its twisted shape (Fig. 3a,b) may
have been a result of the insufficient frequency of the die
oscillation [41]; however, this hypothesis needs to be further
examined. As a result of the higher degree of deformation,
a more uniform microstructure formed (Fig. 2c,d). Coarse
white Al Mn-rich phases were precipitated within the matrix
of both alloys (marked as Pl in Fig. 2b.d).

Moreover, various nano-sized precipitates were formed
in the materials, and as shown in the XRD patterns, they
were identified as Mgi;Al}», AILL, and MgLiAl (Fig. 3).
To confirm their presence, TEM observations were carried
out. As shown in Fig. 4a, small round Mg7Al» precipitates
were randomly distributed in the grain interiors in the alloy
extruded to @4 mm, Fig. 4a. Randomly distributed Mg ;Al}
precipitates, which were similar in shape, were also identified
in the alloy extruded to 2 mm (Fig. 4c). The presence of
elongated MgLi,Al precipitates at the grain boundaries was
also confirmed, and a higher number of them were formed in
the alloy extruded to @2 mm (Fig. 4d). Additionally, the ex-
istence of round, coarse precipitates is shown in Fig. 4b. This
kind of precipitates can be identified as AILi. Unfortunately,
we were not able to perform SAD to confirm its presence:
however, based on our previous observations, we suppose that
the observed shape and distribution can support the classiti-
cation of these precipitates as AlLi [45]. Surprisingly, a few
ternary precipitates of and MgLiAl> were detected in the alloy
extruded to @4 mm (Fig. 4c). When comparing the TEM mi-
crostructure of the alloys extruded at the two extrusion ratios,
it can be seen that a higher number of second phases precip-
itated in the alloy extruded to @2 mm (Fig. 5). These precip-
itates were formed around B(Li), and they are clearly visible
as tiny white threads surrounding the dark areas of B(Li) in
Fig. 2b and d. Despite the dittering degrees of deformation,
the relative concentrations of a(Mg) to B(Li) did not change
significantly, and in the alloy extruded to @4 mm the ratio
was 34.1 to 63.2%, while being 27.2 to 71.2% for @32 mm
(Table 2).

4.2. Corrosion testing

The electrochemical results for both the analyzed materi-
als, performed in naturally aerated 0.1 M NaCl. are shown
in Fig. 6. The E.n evaluation during 1 h of immersion in
naturally aerated 0.1 M NaCl for both analyzed materials is
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e) at.%

P1 50 24
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d)

Mn
35,6 57

Fig 2. SEM images showing microstructure of Mg-7 5Li-3Al-1Zn: (a) image showing overall microstructure of the alloy extruded to @4 mm, (b) image

showing distribution of coarse precipitates in the alloy extruded to @4 mm. (c) image showing overall microstructure of the alloy extruded to P2 mm. (d)
image showing distribution of coarse precipitates in the alloy extruded to @2 mm. (e) the representative EDX analyzes for precipitates labelled as P1.

g Mg-7.5Li-3Al-Zn @2 mm

2

[~

3

(&} Mg-7.5Li-3Al-Zn @4 mm
20 30 80 90 100

20 (deg)

Fig. 3. XRD patterns obtained for the examined materials.

shown in Fig. 6a. Depending on the deformation ratio, the
E.or curves exhibited different trends. Higher values of Econ
were recorded for Mg-7.5Li-3Al-1Zn extruded to @2 mm.
At the beginning of immersion. a rapid increase in Ecor took
place, from the initial value of —1.53 V/Ref to —1.47 V/Ref.

During the following 3 min, E.,, slightly decreased, and
then once again increased towards more positive values,
reaching —1.45 V/Ref. Subsequently, an abrupt decline
occurred to —1.52 V/Ref, the potential remaining around
this value, in a nearly steady state, for the remainder of the
experiment. Lower values of E. in the analyzed solution,
suggesting a poorer resistance to the corrosive environment
due to a lower equilibrium potential that made the oxidation
process easier [22,47]. were registered for the Mg-7.5Li-3Al-
1Zn extruded to @4 mm. In this case, a rapid increase in
Ecor Occurred at the start of the immersion, starting below
—1.56 V/Ref, reaching a value of around —1.53 V/Ref after
5 min of immersion, and continuing at a near steady state
just above —1.53 V/Ref for the remainder of the experiment.
The observed initial rapid increase in the Eco. values for
the period of <5 min of immersion is unique for Mg-based
alloys, and is rather associated with “cathodic activation”
than with the suppression of anodic kinetics [31,48]. Also,
the variations around the steady-state value of E.,n. recorded
for both alloys during the immersion, are attributed to the
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0.2 um

1um

0.5um

Fig. 4. TEM images in bright field and selected area diffraction (SAD) patterns obtained from the alloy extruded to @4 mm (a and b), and the alloy extruded

to @2 mm (c and d).

lum

b)

Fig 5. TEM images of the microstructure of the alloy extruded to @4 mm (a). and the alloy extruded to @2 mm (b).

changes in anodic kinetics under the corrosion conditions
[31.48.49].

Fig. 6b shows the polarization curves for the Mg-7.5Li-
3Al-1Zn alloys deformed to @2 and @4 mm, and the
characteristic electrochemical parameters calculated from the
Tafel slopes are displayed in Table 3. The cathodic branches
showed a similar trend in their slopes; however, slightly
higher cathodic current densities (i,) were reported for
Mg-7.5Li-3Al-1Zn extruded to @4 mm than for the material
extruded to @2 mm. This trend suggests that the rate of
water reduction is higher in the case of Mg-7.5Li-3Al-1Zn
extruded to @4 mm, and may be supported by the presence
of second phases that act as local cathodes [50,51]. In the
anodic branches, a typical inflexion point is visible, related

to the breakdown of the protective oxide film formed on
the alloys® surfaces [49,52,53]. This breakdown potential is
clearly visible for both alloys; however, E, was higher for the
material extruded to @2 mm than for the material extruded to
@4 mm (B, = —1.24 V/Ref for Mg-7.5Li-3Al-1Zn extruded
to @4 mm, and E, = —0.97 V/Ref for Mg-7.5Li-3Al-1Zn
extruded to @2 mm, respectively). The portion of the active
area of the anodic slope, after reaching E.,, and preceding
the inflexion point (Ep), was shorter for the alloy extruded
with a lower extrusion ratio (extruded to @4 mm) than for
the material extruded with a higher extrusion ratio (extruded
to @2 mmy), as shown in Fig. 7. The greater the differences
between these two values. the higher the resistance to the
localized corrosion of the respective alloy. Additionally, the
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Fig 6. The results of electrochemical measurements performed in naturally aerated 0.1 M NaCl (a) Ecorr evaluation over | h. (b) potentiodynamic polarization

curves.
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Fig 7 The difference between Econ and Eb calculated for both analyzed
materials showing susceptibility to localized corrosion

Table 3
The electrochemical parameters calculated fiom Tafel extrapolation based on
results from potentiodynamic polarization tests recorded in 0 1 M NaCl.

Mg-7.5Li-3Al-1Zn Ecor (V/Reh) Ep (V/Ref) icor (HA cm™2)
Extiuded to @4 mm —1.4] —-124 9.9
Extruded to @2 mm —1.31 —-0.97 20.2

alloy extruded at a lower extrusion ratio (@4 mm) presented
lower corrosion current density than that extruded with a
higher extrusion ratio (Table 3).

The results for the measured mass loss rates are shown
in Fig. 8. The mass loss results represent the corrosion rate
directly, and as presented. the extrusion of Mg-7.5Li-3Al-1Zn
to @4 mm made this alloy the most resistant to the 0.1 M
NaCl. The corrosion rate after 1 h of immersion gave results
of 0.02 g-day~'-cm 2, which was significantly lower that
for coarse-grained Mg-7.5Li-3Al-1Zn (0.5 g-day~'-cm™3).
The higher extrusion ratio increased the corrosion activity
of the alloy extruded to @2 mm, giving a corrosion rate of
0.07 g-day '-cm™> making it still lower than that calculated
for its coarse-grained counterpart but higher than that the

0.6
0.5
0.5
0.4
0.3
0.2

0.1 0.07
0.02

Corrosion rate (g-day™-cm?)

0.0 )
coarse-grained &4 mm

Mg-7.5Li-3Al-Zn

2 mm

Fig. 8. Corrosion rate culculated after 1 h of immersion in 0.1 M NaCl for
conventionally extiuded and annealed Mg-7.5Li-3Al-1Zn (coarse-giained).
and for Mg-7.5Li-3Al-1Zn KoBo extruded to @=4 mm and #=2 mm.

one obtained for the KoBo extruded alloy to @4 mm. This
indicates, that among SPD extruded dual-structured Mg-Li
alloys, higher grain refinement is not capable of reducing the
corrosion rate.

4.3. Post-corrosion observations

SEM images of the surface and its chemical composition
(EDX) were obtained after immersion of the samples for a
period of 1 h. Figs. 9 and 10 depict corrosion attack on the
surface and cross-sectional observations of Mg-7.5Li-3Al-1Zn
extruded to @4 mm and to @2 mm after immersion for 1 h
in 0.1 M NaCl. The surface of both alloys suffered from an
intense local corrosion attack aligned along some preferred
paths (Figs. 9a and 10a). The SEM images of the corroded
surfaces of both alloys taken with higher magnification show
that localized corrosion attack was intense and led to the
strong dissolution of local areas (Figs. 9b and 10b). The
cross-sectional images of the samples after immersion under
open-circuit conditions revealed that corrosion in Mg-7.5Li-
3Al-1Zn extruded to @4 mm spread apparently selectively,
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Fig. 9. SEM surface observations of Mg-7.5Li-3Al-1Zn extruded to @4 mm. after 1 h immersion in naturally aerated 0.1 M NaCl: (a) image showing overall
corrosion after immersion, (b) image showing localized corrosion. (c) cross-sectional observations. (d) EDX analysis performed at point Al in panel! c.

b)

d) At % Mg o
B1 17.7 64.4
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Fig. 10. Cross-sectional observations of the corrosion products formed on the Mg-7.5Li-3Al-1Zn extruded to @2 mm, after 1 h immersion in naturally aerated
0.1 M NaCl: (a) image showing overall corrosion after immersion. (b) image showing localized corrosion, (c) cross-sectional observations. (d) EDX analysis

performed at point B1 in panel c.

and propagated into the interior of the material (Fig. 9¢). The
a(Mg) phase had a relatively higher potential of —2.37 vs.
SHE, whereas B(Li) had a much lower potential of —3.41 V
vs. SHE [30.54]: therefore, in the case of dual-structured
Mg-Li alloys, B(Li) was more prone to dissolve than «(Mg).
Based on this preference, it can be claimed that the extension
of corrosion proceeded through B(Li). as marked in Fig. 9c.
In the case of the sample extruded with a higher extrusion
ratio (to @2 mm), corrosion spreading at the sample/solution
interface led to the formation of a poorly protective layer
with a width of <3 um and was also accompanied by
selective and deep local damage to the material (Fig. 10c).
EDX analyzes shown in Figs. 9d and 10d revealed that the
corrosion products formed on the surfaces of both alloys
were enriched in Mg and Al. suggesting that besides con-
glomerates with the needle-like crystals typical for brucite
(shown in the inset in Fig. 10b), other compounds enriched
in Al were present, which may support better passivation of
the Mg-Li alloys [55,56]. Ni and Cu detected during EDX
analysis were present because prior to the observations the
samples were coated with Ni-Cu.

After the corrosion products were removed, it was clearly
seen that the corroded areas could be identified with grain
boundaries. There are two reasons of this: microgalvanic

corrosion would be expected to occur between MgLi,Al
and the grain boundary, and the grain boundaries are more
prone to serve as an anode with respect to the cathodic
grain interior because of their higher distortion (Fig. 11).
As shown in Fig. 11b, the intergranular corrosion extends to
intragranular locations, and the attack led to the dissolution
of B(Li). Clearly, more intensive corrosion occurred at the
surface of the material deformed at a higher extrusion ratio.

5. Discussion

The results obtained in this study gave a new insight into
the corrosion of dual-structured Mg-Li alloys, which con-
tributed to a better understanding of this process. Our com-
bined microstructural, electrochemical, and analytical study
highlighted the differences between the spreading corrosion
mechanisms and evaluated the role of various microstructural
features in their propagation. It would be expected that higher
grain refinement would give a positive influence on the cor-
rosion resistance of metallic materials in alkaline and near
neutral solutions [35,57]. For AZ31B alloy, the effect of grain
size played a significant role in the case of an untwined mi-
crostructure, for which the corrosion rate was higher when
the grain size increased from 65 to 250 wm [58]. Also, Li
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Fig. 11. Images taken after cotrosion products were removed: (a) Mg-7.5Li-3Al-1Zn extruded to @4 mm, (b) Mg-7 5Li-3Al-1Zn extruded to @2 mm

a)

a(Mg) B(Li)

b)

| initiation sites of corrosion

Fig 12. The comparalive images of the surfaces.

et al. [29] described the corrosion resistance of Mg-5Li al-
loy, which was improved due to more refined grains. The
presented study shows that declaring a definitive relationship
between the grain size and corrosion resistance of metallic
materials, especially dual-structured ones, may be an unjusti-
fied interpretation. Grain refinement via KoBo extrusion im-
proved the corrosion resistance of dual-structured alloys when
compared to their coarse-grained counterparts. Among group
of fine-grained (& + B) Mg-Li alloys. a higher extrusion ratio
led to more intensive grain refinement; however, this relation-
ship did not improve their corrosion resistance in chloride-
containing solution. This phenomenon is attributed to two
critical factors. First of all. corrosion attack on both the an-
alyzed alloys with fine-grained structure started at the grain
boundaries where MgLiAl was formed. The more refined
structure possessed a higher number of grain boundaries with
precipitated MgLi»Al where the corrosion may be initialized.
and the reactions occurring at grain boundaries were not com-
pensated by reactions leading to the formation of a protective
layer. Secondly. an important finding is that the corrosion
process is extended through S(Li). which is more active than
a(Mg). A microgalvanic coupling between B(Li) and a(Mg)
has been previously reported [31.59]. In our previous study,
we claimed that the corrosion resistance of dual-phased con-

ventionally extruded Mg-7.5Li-3Al-1Zn alloys depends on the
@(Mg) to B(Li) area ratio, where one acts as a cathode and
drives the local system to a state of equilibrium [45]. This
effect forces the second phase to actively corrode, and there-
fore the amount of B(Li) and a(Mg) in the case of coarse-
erained dual-structured Mg-Li alloys plays a predominant role
in their corrosion mechanisms. In the case of fine-grained
dual-structured Mg-Li alloys, regardless of the degree of de-
formation, the ratio of the relative concentration of a(Mg) to
B(Li) did not change significantly, and taking this into consid-
eration, it is reasonable to assume that grain refinement. and
the results of this refinement on both phases are major factors
influencing the corrosion mechanisms in the examined alloys.

Fig. 12 summarizes the microgalvanic corrosion mecha-
nisms in the Mg-7.5Li-3Al-1Zn alloys extruded to @4 and
@2 mm. The microgalvanic processes in dual-phase Mg-Li
alloys are mainly controlled by the anodic to cathodic area ra-
tio of B(Li) @(Mg) [45]. Nevertheless, at the beginning of the
process, in stage I, due to either the formation of a galvanic
cell between the MgLi>Al precipitate and grain boundary, or
a higher distortion of the grain boundary when compared to
the grain interiors, the most preferential corrosion sites were
grain boundaries (marked with the red arrow in Fig. 12).
Although at the beginning of immersion more sites of cor-
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rosion initiation were present on the alloy with higher grain
refinement, the predominant corrosion mechanism occurred
during stage II, where microgalvanic corrosion proceeded
between o(Mg) and B(Li). and intergranular corrosion was
supplemented by an intragranular process. In this case, micro-
galvanic corrosion was controlled by the area ratio of cathodic
to anodic grain interiors. As commonly known for heteroge-
neous microstructures, the corrosion system was composed
of half-cell electrodes, where the phase with the lower
potential was anodic, and the phase with higher potential
cathodic. Therefore, after reaching stage I, anodic dissolution
of B(Li) was observed. Moreover, the higher refinement of
both phases resulted in a higher number of microgalvanically
coupled o(Mg)/B(Li) grains with a lower area ratio than
in the material where the grains were larger. In the latter
case the number of microgalvanically coupled a(Mg)/B(Li)
grains was lower, and the area ratio of a(Mg)/B(Li) was
higher. This trend influenced the spatial distribution of the
cathodic and anodic reactions, resulting in a higher degree
of penetration for the alloy with the more refined grains.

6. Conclusion

In this study, through observing the microstructure and
investigating the corrosion behavior of KoBo extruded Mg-
7.5Li-3Al-1Zn alloys extruded to @4 and @32 mm, the effects
of a(Mg) and S(Li) distribution, their relative ratio. and the
role of second phases have been examined. The following
conclusions can be drawn:

* The KoBo extrusion to the dimension of @4 mm led to
the formation of non-uniform fine-grained microstructure
in dual-structured Mg-7.5Li-3Al-1Zn alloys. The increase
in the extrusion ratio caused the formation of homogenous
fine-grained dual-structured microstructure.

In the case of fine-grained dual-structured Mg-Li alloys,
the main roles in the corrosion mechanism were played
by the refinement of «(Mg) and B(Li) and the distribution
of second phases. The presence of MgLi>Al at grain
boundaries facilitated their dissolution.

For fine-grained (o« 4+ ) Mg-Li alloys. a higher extrusion
ratio led to more intensive grain refinement; however, this
relationship did not improve their corrosion resistance in
chloride-containing solution.
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A hexagonal close-packed-structure WE43 alloy was extruded without any preheating of the initial billet using
extrusion with an oscillating die to improve the corrosion and mechanical properties. The WE43 alloy was
extruded at high ratios of Ry 5:1, Rz 7:1 and R 10:1. Electron back-scatter diffraction and transmission electron
microscopy were used to determine the microstructural properties of the alloys. The influence of the extrusion
method and the extrusion ratios on the corrosion and mechanical properties were investigated. Electrochemical
tests were performed, and the corrosion damage was inspected. Tensile tests were made using micro specimens.
When compared to conventional extrusion, the microstructural changes obtained with the KoBo method at R 5:1
increased the corrosion resistance, which was not only due to the grain refinement, but also due to the intensity
of the texture. A decline in the corrosion resistance of the alloys deformed at higher extrusion ratios was
observed. This was a result of the massive plastic strain imposed by the KoBo die. The room-temperature me-
chanical properties of the KoBo-extruded alloys were improved. However, at higher temperatures the mechanical

properties decreased due to the solutioning of tiny triple precipitates.

1. Introduction

One of the most popular alloys of the Mg-Y-RE series is WE43
(Mg—4.2Y-2.3Nd-0.6Zr, wt%), which owes its excellent mechanical
properties at normal and high temperatures to two different mecha-
nisms: precipitation and solid-solution strengthening [1,2]. While
alloying elements are the main reason for the improvement in me-
chanical properties, their presence is problematic when analyzing the
corrosion performance. The second phases formed in Mg-Y-RE alloys
have different electrode potentials than the Mg matrix, which makes
them either anodic or cathodic with respect to the Mg matrix, thus
accelerating or slowing down the micro-galvanic processes [3-6]. The
role of the second phases in the micro-galvanic corrosion of WE43 was
investigated by Feng et al. [6]. They showed that the micro-galvanic
effect caused by the second phases and Mg matrix in WE43 is depen-
dent on the anions present in the corrosive solutions [3]. The corrosion
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E-mail address: anna.dobkowska@pw edu.pl (A Dobkowska).
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behavior of WE43 is also affected by the number of second phases, their
distribution and the grain refinement [7]. Several studies proved that
the greater the grain refinement, the better the corrosion resistance of
WE43. For example, Eivani et al. [8] investigated the influence of the
number of passes of friction-stir processing on WE43, and it was stated
that with a smaller grain size, the uniformity of the protective passive
layer was improved and, at the same time, the intensity of the
micro-galvanic coupling leading to pitting corrosion was decreased.
Soderlind et al. [9] also showed that the grain refinement that occurred
during the spark plasma sintering of WE43 holds the potential for slow
and homogeneous corrosion. The processing method also plays an
important role in the corrosion behavior of WE43 alloys. A uniform
corrosion dominates on the surface of the extruded WE43, while the
forged WE43 alloy suffered from severe local galvanic corrosion with a
four-times-higher corrosion rate than the extruded alloy [10}].

At room temperature the basal slip has a much lower critical resolved
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shear stress in Mg with a hexagonal close-packed crystal structure than
all other deformation modes. Therefore, the number of independent,
operable slip systems is limited, leading to poor ductility and formability
[11]. Among the severe plastic deformation methods known for metals
with hexagonal close-packed crystal structures, most are employed at
higher temperature {12-16]. Therefore, it is crucial to look for solutions
that allow for the cost and efficiency optimization of the Mg processing.
In this study the mechanical and corrosion properties of a WE43 mag-
nesium alloy extruded using conventional extrusion at 400 °C and
forward-backwards extrusion with an oscillating die (KoBo) without
preheating of the initial billet are compared. We emphasized the
microstructural differences and their influence on the corrosion and
mechanical properties of WE43 extruded at high deformation ratios with
and without preheating of the initial billet.

2. Materials and methodology
2.1. Extrusion method and investigated materials

The chemical composition of the WE43 alloy is given in Table 1. The
reference material was conventionally extruded from ©40 mm to @8 mm
at 400 °C using a Hydromet press [17], giving an extrusion ratio of Ry
5:1 (Fig. 1a). The alloys in the form of rods with an initial dimension of
?40 mm were extruded with an oscillating die (the so-called KoBo
method [18-21]) to @8 mm, @6 mm and @34 mm, giving extrusion ratios
R; 5:1 (true strain g7 =1.6), Ry 7:1 (g2 = 1.9) and R34 10:1 (e3 = 2.3),
Fig. 1b. Unlike conventional extrusion, KoBo enables dimensional
reduction at high rates without preheating of the initial billet (even for
hexagonal structures) [20]. This is possible due to the presence of the
oscillating die at the end of the extruder, which introduces material into
a state of plastic flow. The investigated materials were extruded under
the following conditions: punch speed of 0.2 mm/s, die rotation angle of
8°, initial temperature of the billet of 24 °C, and die oscillation fre-
quency of 5 + 1 Hz).

2.2, Microstructure characterization

The microstructures of the samples were analyzed by examining a
cross-sectioned, ion-milled surface prepared using a JEOL SM-09010
Cross Section Polisher with an Ar~ ion beam set to 5 kV and 30 mA.
Secondary-electron imaging (SEI) and electron-backscatter diffraction
(EBSD) were performed on a field-emission scanning electron micro-
scope (FIB-SEM), Zeiss CrossBeam 550 with an EDAX Hikari Super EBSD
camera using APEX software and EBSD postprocessing using OIM 8.6
software. The parameters used for the SE images and EDS analyses were
a 15 kV accelerating voltage and a 2.0-5.0 nA probe current, while the
EBSD analyses were performed on 70°-tilted samples and a 10-nA probe
current with a step size of 0.5 pm. The crystallographic orientations of
the grains are presented as inverse-pole-figure (IPF Z) maps, where the
various colors indicate the orientation of a given grain in a crystal frame
of reference. OIM software was used to calculate the Geometrically
Necessary Dislocation Densities (GNDs) and the textures of materials
based on their pole figures.

X-ray diffraction (XRD, Bruker D8 Advance) operating at 40 kV and
40 mA with Cu-Ku radiation was used to identify the phases in the al-
loys. The results were recorded by stepwise scanning 20 from 10° to
120°, with a step size of 0.02° and a count time of 10 s per step. We used
transmission electron microscopy (JEOL JEM 1200EX) to capture high-
resolution images in bright-field mode. The acceleration voltage used

Table 1
Chemical composition of the WE43 alloy from energy-dispersive X-ray (EDS)
measurements in wt%.

Elements Y Nd Gd Dy Mg
25+ 0.1 0.4+ 0.1 bal.

WE43 4,1 £0.1 05+0.1
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was 120 kV. Thin foils were prepared using a Gatan Model 691 Precision
Ion Polishing System (PIPS) with a beam voltage of 3 V inclined to the
sample surface at an angle of 10 °. Differential scanning calorimetry
(DSC, PerkinElmer) was used to reveal the phase transitions. DSC sam-
ples with dimensions of 2 x 2 x 4 mm? were heated in Al,O3 crucibles
to 550 °C at a heating rate of 10 °C/min in argon (99.996%).

2.3. Corrosion testing

To compare the corrosion behavior of the alloys, electrochemical
measurements were made in a naturally aerated, unstirred 0.1-M NaCl
solution using a Gamry FAS1 potentiostat equipped with three elec-
trodes: platinum as the counter electrode, Ag/AgCl as the reference
electrode, and the measured sample as the working electrode. The
electrolyte was made up using analytical grade reagents and distilled
water. The corrosion potential (Ecorr) was recorded for 1 h in open-
circuit conditions. Electrochemical impedance spectroscopy (EIS)
covered a frequency range of 10 mHz to 10 kHz. Potentiodynamic po-
larization tests were then carried out in the range of 0.5 V below Egcp to
1.5 V vs. Ref (a scan rate of 5 mV/s was used). At least three tests were
conducted for each microstructural condition. The polarization curves
were fitted using Gamry Elchem software in polarization-resistance
mode.

The surfaces after 1 h of immersion in the 0.1 M NaCl with subse-
quent removal of the corrosion products were analyzed with SEM. The
corrosion products were chemically removed by immersion in chromic
acid (200 g of Cr203 in 1 L of distilled water). The surface development
of the samples was measured using an atomic force microscope (AFM,
Oxford Instruments Asylum Research AFM MFP3D Bio). The measure-
ment was performed with a scan size 0f 40 pm and a scan rate of 0.49 Hz.
The data were analysed using Gwyddion software. The images showing
the development of the surface profiles at the selected location and the
mean roughness (Sa) numerical values were exported. The mean
roughness (S,) is the arithmetic mean of the absolute value of the height
within a sampling area.

2.4. Mechanical testing

To characterize the mechanical properties, tensile tests were per-
formed using micro-sized specimens, as in the study of Molak et al. [22]
(Zwick/Roell Z050 tensile machine equipped with holders which allow
measuring of specimens with non-standard dimensions). Tensile tests
were performed at room temperature and 300 °C using an initial strain
rate of 0.01 s™ 1. Afterwards, characteristic parameters for each material
were calculated: (YS — yield strength; UTS — tensile strength, A; — per-
centage of total extension at fracture) [23]. Four tests were made for
each material to ensure the repeatability of the measurements. SEM
images of the fractured surfaces of the representative tensile specimens
for deeper characterisation were captured (SEM, Hitachi SU70).

3. Results
3.1. Microstructure characterization

3.1.1. EBSD, SEM and XRD

The microstructure of the conventionally extruded WE43 to 28 mm
(R; 5:1) is composed of equiaxed grains with an average size of 3.9 pm
(Fig. 1a). The Kobo extrusion at the same ratio as the conventionally
extruded WE43 (R; 5:1) leads to greater microstructure refinement with
an average grain size of 3.3 um (Fig. 1b). The crystallographic orienta-
tions of the grains formed in both alloys are relatively random (Fig, 1a,
b). Nevertheless, even a slight change in the microstructural refinement
led to more accumulation of the GND at the grain boundaries in the
KoBo-extruded alloy (Fig. 1i, j). The grains with an average size of
2.7 um were formed in the @6-mm KoBo-deformed sample (R 7:1),
Fig. 1c, while the smallest grain size (1.8 pm) was in the material KoBo
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a) traditional extrusion at 400°C

WE43 @40 mm

28 mm
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b) extrusion with an oscillating die at room
temperature

WEA3 940 mm @8 mm

R, 7:1 @6 mm

) o

Fig. 1. Schematic of a) tradifional extrusion and b) extrusion with an oscillating die (KoBo): 1 - extrusion punch, 2 - injection cylinder, 3 — initial billet, 4 — final rod,

5 — oscillating die.

extruded to @4 mm (R3 10:1), Fig. 1d. There is a change in the crys-
tallographic orientations of the grains formed in the alloy extruded to @6
mm with a prevalence of grains oriented to < 0001 > (red), while the
highest extrusion ratio (4 mm, Rz 10:1) results in the formation of
grains with random orientations (Fig. 1d). The maps showing the GND
density indicate that the accumulation of dislocations occurs at the grain
boundaries, however, their number is rather comparable Fig. 1j,k, 1.
Most of the grains formed in the investigated materials are distorted by
more than 15° leading to the formation of HAGBs (Fig. le-h).
Regardless of the extrusion ratio, two types of coarse, bright precipitates
are observed in each material when analyzing the SEM images (see
Fig. 3a-d). The bright precipitates with irregular shapes are enriched in
Nd, as shown in Fig. 3a. The precipitates that have sharp edges are

composed of Y and Nd, as shown in Fig. 2b-d. Their rectangular shape
indicates that these are rare-earth hydrides [24,25]. The XRD reveals
that Mgq1Nds and MgasYs precipitated in the conventionally and
KoBo-extruded WE43 to @8 mm (Fig. 4). Mg;2Nd and Mg,1Nds addi-
tionally formed at higher extrusion ratios.

Fig. S shows pole figures of conventionally extruded (Fig 5a) and
KoBo-extruded (Fig. 5Sb-d) WE43 alloy. The grains in the extruded ma-
terials were mainly oriented parallel to the ¢ axis of grains. When
comparing the two types of extrusion for the same ratio of 5:1 (@8 mm),
Fig. 5a and Fig. 5b reveal different textures. The conventonally
extruded material has a stronger texture intensity, but also contains
more randomly distributed textural components. The texture distribu-
tion in the KoBo-extruded materials is comparable for various extrusion

Fig. 3. SEM microstructure of the investigated alloys with the representative EDS analyses of the precipitations (in wt%).
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GND,,, 373x10%2m?

GND,,, 266x10?m™?
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1 1000

Fig. 2. Inverse-pole-figure (IPFs Z) maps with the average grain size (a-d), grain boundaries (GBs) distributions (e-h), geometrically necessary dislocation (GND)
densities (i-1) with the average number of the GND density presented for the WE43 conventionally extruded to @8 mm, KoBo extruded to 8 mm, ¥6 mm and 04
mm. The EBSD was conducted on the surface perpendicular to the extrusion direction.

ratios (as shown in Fig 5b-d). The material extruded at R2 7:1 (96 mm)
has the highest maximum texture intensity of 5.2 (Fig 5c).

3.1.2. TEM observations

To gain a better understanding of the phases formed by conventional
extrusion and the KoBo method, TEM observations and X-ray diffraction
were carried out. As shown in Fig. 6a, besides the phases recognized
with the XRD, one additional phase was detected in the conventionally
extruded alloy, i.e., MgsY. Mga1Nds has an irregular, sharp shape with
an approximate size of 1 pm (Fig. 6b). The same types of precipitation
observed in the KoBo-extruded alloy are round, and they are smaller
than 1 pm (Fig 6c). The Mga4Ys was detected in the WE43 KoBo-

extruded to ®4 mm (Rs 10:1), Fig. 4d. When TEM images of the mate-
rials extruded with the same ratio (@8 mm, Ry 5:1) are compared, it is
apparent that conventionally extruded material has only a small number
of dislocations in the grain interiors (as shown in Fig. 6a, b). In the KoBo-
deformed sample, more dislocations are present (as illustrated in Fig. 6¢,
d), which are indicated by the yellow arrows. When examining the
different extrusion ratios of materials undergoing KoBo deformation, we
observed that as the extrusion ratio increased, the dislocations were
more tangled. These dislocations were not only present around distinct
grain boundaries, but also within the grain interiors (as seen in
Fig 7b-d, indicated by the yellow arrows). A higher concentration of
dislocations might support the precipitation in the samples extruded to
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- KoBo mm
— KoBo 6 mm
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Fig. 4. Phase composition of the investigated materials analyzed with XRD.

a) WE43 @8 mm trad extr

TO ™
ED
0001 max 4.6
c) WE43 @6 mm KoBo
™ ™
ED
max 5.2
0001

b) WE43 #8 mm KoBo

T ™
ED ED
max 2.9
d) WE43 34 mm KoBo
D T
ED
0001 max 2.9

Fig. 5. Pole figures obtained for a) the WE43 conventionally extruded to @8 mm, and the WE43 after KoBo extrusion to b) 8 mm, and ¢) to 86 mm and d) to @4

mm; ED - extrusion direction.

©6 mm (R, 7:1) and ¥4 mm (R3 10:1) even during the extrusion process.
Special attention should be paid to tiny, round precipitates with a size of
a few nanometers that are present in the KoBo-extruded materials. A
representative TEM image of the KoBo sample extruded to @8 mm
showing those precipitates is in Fig. 8 (precipitates marked inside the
red square). Behind the clearly distinguishable diffraction patterns of the
a(Mg) matrix, second-phase diffraction patterns are visible on the SAD
pattern. Based on literature data, those tiny precipitates must be ternary
precipitates with a chemical composition of Mg-Nd-Y [4,26-30].

3.2. Corrosion resistance

The potential evolution recorded under open-circuit conditions
(Eocp) was followed for 1 h in 0.1-M NaCl for each sample, shown in
Fig. 9a. At the outset, the Eqcp for the conventionally extruded alloy

started from — 1.75 V/Ref, gradually increasing during first 20 min of
immersion to — 1.68 V/Ref, and then stabilizing. The Egcp for the @8-
mm KoBo-extruded material increased smoothly from — 1.70 to
— 1.67 V/Ref. The highest values of Eqcp are recognized for the alloy
KoBo extruded to @4 mm (starting from —1.72 V/Ref to —1.57 V/Ref),
while the lowest values of Egcp oscillating around — 1.84 V/Ref are
observed for the 36-mm KoBo-extruded sample. The potentiodynamic
curves shown in Fig. 9b indicate that all the materials undergo pitting
corrosion, and that the susceptibility to localized corrosion depends on
the method of deformation and the extrusion ratos. All the recorded
curves have an inflection point, recognized as the breakdown potential
(Eb). Based on the values of Ecor and Ey, the most susceptible to pitting
corrosion are the alloys extruded via KoBo to @6 mm and 94 mm
(Table 2). The conventionally extruded and KoBo-extruded WE43 to @8
mm are the least prone to pitting. Both the cathodic and anodic branches
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Fig. 6. Selected-area diffraction (SAD) patterns obtained from the WE43 conventionally extruded to #8 mm (a,b) and KoBo extruded to @8 mm (c,d).

a)

3

Lym

1um

Fig. 7. TEM bright-field images of the WE43: a) conventionally extruded to @8 mm, b) KoBo extruded to @8 mm, ¢) KoBo extruded to @6 mm and d) KoBo extruded

to @4 mm,

of the polarization curves showed an active response with the corrosion-
current density, icor, determined by a Tafel extrapolation, of 195 pA/
em? for the reference alloy and 191 pA/cm?, 153 pAsem? and 111 pA/
cm? for the KoBo-extruded material to @8 mm, @6 mm and @4 mm
(Table 2). A change in the kinetics of the anodic processes was also
observed.

Electrochemical impedance spectroscopy (EIS) was performed after
1 h of immersion in 0.1-M NaCl. Fig. 9¢ and d show the impedance
response of the conventional and KoBo-extruded WE43. The data

presented in the form of Nyquist plots reveal the presence of two
capacitive loops at high and medium frequencies and one inductive loop
at low frequencies. Such a frequency response of the electrical imped-
ance for Mg in NaCl solutions has previously been reported in several
studies [31-33]. The capacitive loop at high frequencies is related to the
charge-transfer double layer at the metal/electrolyte interface, while the
capacitive loop at medium frequencies stands for the resistance and
capacitance of the layer of corrosion products [34,35]. The medium
capacitive loop originated from the diffusion through a porous solid film



A. Dobkowska et al. Journal of Alloys and Compounds 976 (2024) 173090

the low-frequency range decreased when the extrusion ratio was Ry 7:1
and R3 5:1.

The examination of the corroded surfaces after oxide-film removal
showed that localized corrosion is the predominant effect (Fig. 10). The
least damage is observed on the surface of the KoBo-extruded WE43 to
@8 mm (Fig. 10b), where some tiny pits are formed on the surface. This
is also confirmed by the value of the mean roughness (S,), which in this
case was calculated to be the lowest among the investigated materials
(63 £ 6 nm). The oscillations visible in the line scan of the surface-
development profile are also not significant, showing that the corro-
sion damage is not deeper than approximately 0.5 um. Greater localized
damage is formed on the surface of the alloy conventionally extruded to

Fig. 8. TEM bright-field image of the WE43 KoBo extruded to @8 mm. @8 mm (Fig. 11a). The pits are larger than those observed in ig. 10D,

on the alloy surface [36]. The R, and L at low frequencies correspond to Table 2

the mjlcleation of localized corrosion. The rnlagr}ltude of.d'le semicircle in Electrochemical parameters calculated from the potentiodynamic
the high-frequency range may help to qualitatively estimate the alloys’ measurements.

corrosion resistance. As observed, the corrosion resistance of the

: 2.
KoBo-extruded material to ¥8 mm is more resistive in the analyzed so- WE43 Koo Boon (V/ReN By (V/ReN  1AE)  fcon (uA/em)
lution than the same alloy conventionally extruded to the same diameter ©8mm conv. extrusion -1 65 -1.07 0.58 195
(Table 3). The KoBo-extruded WE43 to @4 mm and to @6 mm has higher g E:nml ;gzz ; :(7) 1; g';: i:;
activity than both alloys in the chloride-containing solution. Both the @ 4 mm KoBo 154 139 015 111
capacitive loop in the high-frequency range and the capacitive loop in
-1 10"
a) —— 8 mm KoBo 6 mm KoBo b)
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— 3
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Fig. 9. Conventionally and KoBo-extruded WE43 from electrochemical testing performed in aerated 0.1-M NaCl: a) Eocp evolution, b) potentiodynamic polarization
curves, ¢) Nyquist plots, d) Bode plots, e) electrical equivalent circuit (EEC) used for data fitting.
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Table 3
Electrochemical parameters obtained from the electrical equivalent-circuit fitting.
WE43 Rs (Q em?) Re (@ cm®) Qo (Ss" ecm 2) m Rr (Q em?) Qr (Ss" ecm 2) na L (Hecm®) Ry (Q cm?)
@ 8 mm trad extr. 24 1768 0000017 095 1219 0.001633 0384 2 1775
3 8 mm KoBo 26 2099 0.000017 090 1599 0.000145 083 3 2000
(3 6 mm KoBo 48 1150 0.000026 088 1628 0.000939 068 1 1915
9 4 mm KoBo 18 439 0.000064 068 1743 0.000682 099 9 1639
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Fig. 10. SEM of corroded surfaces after 1-hour immersion of WE43 in 0.1-M NaCl (corrosion products removed) with corresponding surface-development 3D images
and extracted line profiles (in the areas marked by the red arrows on 3D images): a) conventionally extruded to @8 mm, b) KoBo extruded to @8 mm, c¢) KoBo
extruded to @6 mm and d) KoBo extruded to @4 mm.

and the S, was found to be almost three times higher, being 178 presented on the line profiles, the single pits are deeper than 2 nm (for
+ 12 nm. The deeper pit had a depth of around 2 nm. When analysing the highest extrusion ratio, it is almost 6 nm).

higher extrusion ratios, Rz and Rj, the corrosion mechanism is more

intense, the morphology of the samples shown in Figs. 10c and 10d is

rough, having S, of 225 + 85 and 350 + 49 nm, respectively. Also, as
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Fig. 11. Stress-strain curves taken from the tests performed for the conventionally and KoBo-extruded WE43 to @8 mm, @6 mm and @4 mm: a) at room temperature,

b) at 300 “C.
3.3. Mechanical properties

Typical engineering stress-strain curves of the WE43 alloys investi-
gated at room temperature and 300 °C are shown in Fig. 11, and the
calculated mechanical properties are given in Table 4. At room tem-
perature, the conventionally extruded WE43 has a tensile yield strength
(TYS) and ultimate tensile strength (UTS) of 80 + 30 and 165 + 5 MPa,
respectively. The alloys extruded to the same dimension using KoBo
increased the YS to 244 + 7 MPa and the UTS to 273 + 7 MPa. Extrusion
at higher ratios (Ry and Ry) also resulted in the rise of YS and UTS to 198
+ 3 MPa and 256 + 1 MPa for 6 mm and to 210 % 15 and 250 + 19,
respectively. The deformation behaviour after KoBo extrusion changed
and alloys exhibited clear yield phenomenon. There is also a slight in-
crease in the elongation values. Very similar mechanical properties at
both ambient and elevated temperatures are observed for the conven-
tionally extruded alloy. The situation changed for the KoBo-deformed
materials -the mechanical properties investigated at elevated tempera-
ture decreased when compared to the properties examined at room
temperature. The biggest differences are observed for the sample Kobo-
extruded to @8 mm, where the YS is lowered from 244 + 7-88 4 4 MPa,
and UTS from 273 + 7-109 + 1. The other two samples also show lower
values of the YS and UTS, but not with such large differences. A mixed
fracture is observed on the samples fractured at room temperature
(Fig. 12a-d), while typical for superplastic phenomenon, elongated tips
are visible in Fig. 12e-h.

4. Discussion

The purpose of this study was to determine whether it was feasible to
extrude WE43 at high-deformation ratios without the need to preheat
the initial billet. The results indicate that such extrusion is possible and
produces positive outcomes for manufacturing WE43 wires, without
incurring additional costs from heating during the processing of

Table 4
Mechanical properties of the conventionally and KoBo-extruded WE43 (YS
yield strenght; UTS - ultimate tensile strenght, As - elongation to fracture).

KoBo extruded WE43 YS (MPa) UTS (MPa) Ar (%)
Room Temperature

8 mm traditional extrusion 84 £ 31 165+ 5 17 +4
() 8 mm KoBo 244 £ 7 2737 201
© 6 mm KoBo 198 £3 256 +£1 20+ 2
&) 4 mm KoBo 214 + 15 252+ 19 25+ 1
Elevated temperature (300 'C)

9 8 mm traditional extrusion 114 £ 10 139 £ 2 56+ 9
¢ 8 mm KoBo 88+ 4 109+ 1 942
© 6 mm KoBo 1455 154 + 5 45+ 3
© 4 mm KoBo 116 + 13 134 £ 13 78 £ 17

hexagonal structures. This is particularty advantageous in the medical
implant industry where ultra-fine-grained WE43 is desirable because of
its high strength and corrosion resistance [37].

The results show that among two different methods of extrusion at
the same extrusion ratio, a better corrosion performance is observed
with the KoBo-extruded sample (@8 mm, R; 5:1). The main factor that
improves its corrosion performance is the increased grain refinement,
which leads to a more uniform potentials distribution between the
anodic grain boundaries and the cathodic grain interiors. However, in
our opinion, it is not the only reason for the increase in the corrosion
resistance of this alloy. To some extent the corrosion resistance may be
controlled by the texture intensity; in our case, a lower texture intensity
was measured for the KoBo-extruded sample, and it would affect the
more uniform spatial distribution of the anodic and cathodic potentials
on the surface of the alloys. In the conventionally extruded WE43, more
rapid corrosion reactions could also be supported by the randomly
distributed textural components, which in turn contribute a great deal to
the surface energy, increasing the corrosion rate of the alloy [38-40].

Having in mind that KoBo enables a microstructure refinement
resulting in a better corrosion resistance of the WE43 when compared to
the conventional extrusion, during the next step, we investigated
whether the corrosion resistance of the WE43 might be improved further
by processing at higher extrusion ratios than R; 5:1. The KoBo per-
formed better at higher extrusion ratios due to the grain refinement, but
it did not improve the corrosion resistance of the alloys. This contradicts
the published data, where authors showed that SPD methods improve
the corrosion and mechanical properties of WE43 [8,41-43] and other
Mg alloys [43-45]. In our case, the alloys with the more refined grains
actively corroded in the analyzed medium, which is related to the
massive plastic strain imposed during KoBo, confirmed by the high
density of tangled dislocations. Grain boundaries are generally the
initiation sites for corrosion; the higher number of grain boundaries, the
more corrosion initiation sites formed. In this case the corrosive re-
actions was also enhanced by the high density of dislocations. It seems
that in the case of the extrusion ratios of Ry 7:1 and Rz 10:1 this factor
overwhelmed the role of the grain size and the textural components in
those alloys, which agrees with the observations made by Zhang et al.
[46]. KoBo is a specific extrusion method during which too high a
deformation ratio causes the accumulation of a higher deformation en-
ergy, leading to a higher density of dislocations [20].

It is worth mentioning that bright, coarse precipitates observed
during the SEM inspection are not corrosively active. Localized corro-
sion, in this case, can start either at the interface of the Mg matrix/grain
boundaries or tangled dislocations or on the Mg matrix/double pre-
cipitates and eventually the Mg matrix/tiny triple precipitates. It is
obvious that Mg in an aqueous solution is much lower than that of
hydrogen and therefore forms a galvanic reaction with most metals [47].
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Fig. 12. Macro images and fracture characterization after tensile tests performed for WE43 conventionally extruded to ©8 mm, and KoBo extruded to @8 mm, 96

mm and ¢4 mm at room temperature (a-d) and at 300 °C (e-h).

Several authors showed that the micro-galvanic effect between Mg and
Mga4Ys or Mgq1Nds does not reduce the corrosion of WE43 because of
their similar electrode potentials to Mg [48] and a capability to promote
oxide-layer formation [47]. Since the specific potential of tiny triple
precipitates, to the best of our knowledge, is unknown, it should be
investigated further in the future. The corTosion mechanism is very
complex and all the mentioned parameters play their role in the corro-
sion process. It is extremely difficult to completely isolate the effect of
grain size on the corrosion resistance from other metallurgical param-
eters such as texture, the effect of precipitates or the dislocation density.

The mechanical properties of the WE43 investigated in this work are
greatly influenced by the characteristic Mg-Nd-Y precipitate phases. The
samples after KoBo exhibited better mechanical properties at room
temperature than the conventionally extruded material, resulting from
the precipitation of triple phases with a chemical composition of Mg-Y-
Nd. It should be noted that during KoBo extrusion, the temperature in-
side the extruded miaterial rises, creating the conditions for tiny triple
phases of precipitation. There are four types of strengthening precipitate
phases in Mg-Y-Nd alloys: B, p’, p1 and equilibrium § [27]. Unfortu-
nately, due to the scale of the precipitates, we were not able to determine
which of the tiny precipitates were formed in the alloys. Our observa-
tions only suggest that due to the globular form observed during TEW, it
might be identified with p° having a stoichiometry of MgioNdY [49].
Regardless of the stoichiometry, those tiny precipitates have been
observed to be responsible for the strengthening effect in WE43 [50].
The triple precipitates are not thermally stable; therefore at 300 °C they
solutionized, resulting in a decline in the mechanical properties of the
KoBo-extruded samples. The same effect was previously noted by Li
et al. [28]. The most significant decline of YS and UTS at 300 °C was
further observed for the sample that was KoBo extruded to 8 mm. For the
other KoBo samples, there is an evident precipitation tendency at 175 °C
(peak A, Fig. 8). Such precipitation creates a barrier to dislocation slip or
even helps to prevent creep, which restricts the general decline of TYS
and UTS. The mechanical properties of the conventionally extruded
material remained at the same level.

5. Conclusions

The microstructures, corrosion and mechanical properties of the
WE43 alloy after conventional extrusion and extrusion with an oscil-
lating die without preheating of the initial billet were investigated. The
results are summarized as follows:

10

e KoBo extrusion without preheating the billet can achieve high
deformation ratios and grain refinement in a WE43 alloy, but it can
also cause the precipitation of small triple phases due to the tem-
perature rise.

KoBo extrusion at a ratio of Ry 5:1 improves the corrosion behavior
due to grain refinement and texture intensity. However, at higher
ratios of Ry 7:1 and R3 10:1, the plastic strain overwhelms the role of
grain size and texture components, causing a decline in the corrosion
performance.

In the KoBo-extruded material, the triple Mg-Nd-Y precipitates have
a strengthening effect. However, at 300 °C, the mechanical proper-
ties decrease due to the solutioning of the precipitates.
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Abstract: Due to limited slip systems activated at room temperature, the plastic deformation of
Mg and its alloys without any preheating of initial billets is significantly limited. To overcome
those issues, new methods of severe plastic deformation are discovered and developed. One such
example is extrusion with an oscillating die, called KoBo. This method, due to the oscillations of
reversible die located at the end of extruded, introduces material into the plastic flow, and thus,
enables deformation without preheating of the initial billets of metals that are hard to deform. Such
solution is important from an industrial point of view and may lead to serious savings and reduction
in carbon dioxide emission to the atmosphere. Therefore, this paper focuses on the possibility of KoBo
extrusion of hep-structured Mg alloys with different chemical compositions and includes comparison
of their corrosion resistance using short-term electrochemical tests. In order to have a broad view of
the problem presented, we compared the electrochemical behavior of the following groups of Mg
materials: pure Mg, Mg-Al-Zn, Mg-Li, and Mg-Y-RE. It was stated that the KoBo method performed
at room temperature improves the corrosion resistance of pure Mg when compared to the initial billet
and the alloys which belong to the Mg-Al-Zn, Mg-Li, and Mg-Y-RE series. The presented study shows
that different corrosion trends are observed for traditionally deformed alloys, and they significantly
vary from nascent developments, such as KoBo extrusion. Therefore, it is crucial to widely study
those methods because it may be a path leading to long-lasting solution to the formability limitations
of Mg-based metallic systems.

Keywords: magnesium alloys; plastic deformation; microstructure; corrosion

1. Introduction

The most appropriate way to describe the role of grain size in the corrosion behavior
of materials after deformation is to analyze pure metals to avoid the effect of second phases
and their anodic or cathodic contribution to corrosion mechanisms. Pure Mg has a standard
potential of —2.373 V vs. SHE, while its free corrosion potential is more positive (toward
—1.6 V), indicating that a surface layer is present on the pure Mg, limiting its contact with
the solution [1,2]. This corrosion layer is not fully protective, but limits corrosion reactions
on the substrate of Mg metal to some extent. To date, many researchers focused on finding
clear relationship between grain size and corrosion behavior for Mg alloys [3-6]. As is
commonly known, grain size is a predominant factor affecting corrosion resistance, and
it might be expected that a universal law describing it would exist. Unfortunately, this
is impossible for plastically deformed polycrystalline materials because grain refinement
itself is also related to the dislocation density and distribution, as well as the internal
strain induced during deformation [7]. Another important factor is the tremendous role
of an intermetallic phase, 3-Mgj7Alj,, in mechanical and corrosion properties, which

https:/ /www.mdpi.com/journal / materials



Materials 2024, 17, 6182

20f 10

h A
E el
h di

har

ote

the

ons
more equal the fractions of a(Mg) and 3(Li), th ense were the res rosion
reactions. Besides the mentioned factors, texture also affects the co havior
especially in al Y and RE as alloying elements.

All of the ed factors are typical for Mg alloys plastically deformed at

extrusion with an oscillating die located at the end of extruded (as described in [19], called
KoBo. Since Mg and its alloys are characterized by poor corrosion characteristics, which
limit their widespread use in industrial applications, it is of crucial importance to carry out

on fast electrochemical corrosion tests.

2. Materials and Methods
The electrochemical behavior indicating corrosion resistance of various Mg alloys

ratios has been described. For this research, the alloys with the highest corrosion resistance
analyzed in the previous studies have been chosen, and they are specified in Table 1.

Table 1. Selection of Mg materials in order to make a comparative analysis of their corrosion resistance.

Materials Pure Mg AZ31 AZ61 AZ31+4Li AZ31+7.5Li WE43
Extrusion ratio 71 10:1 71 101 10:1 51

The electrochemical measurements were performed in naturally aerated 0.01 M NaCl
sol a 600+ potentiostat equip thre : platinum
as e AgCl as the reference e and ed sample
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version 5.58. Corrosion damage was characterized after 1 h of immersion in 0.1 M NaCl.
Before electrochemical tests, samples were polished using water-free diamond suspensions
(3 and 1 um). The morphology of corrosion damage was observed, after chemical removal
of the corrosion products in aqueous CrOj3 solution (4 min, 180 g/L CrOs), using a scanning
electron microscope (SEM, Hitachi SUS000, Japan). Additionally, the corrosion rate of
the materials was calculated using the hydrogen release method [26-29]. To ensure the
reproducibility of the results, at least three specimens from each composition were tested.

3. Results

The evaluation of the open circuit potential (Eqcp) of the investigated materials during
1 h of immersion in 0.1 M NaCl is presented in Figure 1. The highest values of the Egcp were
observed for AZ31 and AZ61, and their average values were —1.45 V/Ref and —1.46 V/Ref,
respectively. The 4 and 7.5 wt.% of Li addition shifted the Eqcp toward negative values:
—1.53 V/Ref and —1.54 V/Ref, respectively. The lowest values of Eqcp were observed for
pure Mg and WE43: —1.56 V/Ref and —1.65 V/Ref, respectively. Inspection of the anodic
branch of the polarization curves in Figure 2 determined the active dissolution of the AZ61,
while the rest of the alloys underwent localized corrosion. A characteristic plateau was
observed on the anodic branch of AZ31, WE43, pure Mg, AZ31+4Li, and AZ31+7.5Li, and
a typical inflection point indicating the breakdown potential, Ey, was also noted (labeled by
the red arrows in Figure 2). The difference between Ep, and Ecyp; describes the resistivity to
pitting corrosion, AE [30,31]; the broader the difference, the higher the resistance to pitting.
The numerical values of the resistivity to pitting are shown in Table 2. Undoubtedly, the
highest pitting susceptibilities were in the cases of pure Mg and the alloys with Li addition.
The most stable corrosion layers were formed on the AZ31 and WE43.

-1.40
-1.45
-1.50
T
€ -1.55
¢
S 160
§-1.65 Azt
uf —— AZ31+4%Li
-1.70 ——AZI+7.5%Li
—AZ61
-1.75 —— pure Mg
—— WE43

-1
0 10 20 30 40 50 60

Time of immersion (min)

Figure 1. Open circuit potential (Eqcp) evolution during 1 h of immersion in naturally aerated
0.1 M NaClL

10"
102
£10°
3 —AZ31
:104 —_— AZ31+4%Li
e ——AZ3147
" * —— AZB1
10 —— pure Mg
—— WE43

.
20 -15 -10 -05 00 05 10

E (V/Ref)

Figure 2. Potentiodynamic polarization curves recorded after 1 h of immersion in naturally aerated
0.1 M NaCl.
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Table 2. The characteristic parameters calculated based on the extrapolation of linear polarization
(Bconr—corrosion potential, E,—breakdown potential).

Parameters Pure Mg AZ31 AZ61 AZ31+4Li AZ31+7.5Li WE43

Ecore (V vs. Ref) —1.54 —1.39 —-1.44 —1.51 —1.58 —1.57

Ep, (V vs. Ref) —1.34 —0.56 - —1.33 —1.45 -0.94
AE 0.20 0.83 - 0.18 0.13 0.63

The Nyquist plots recorded for the investigated materials after 1 h of immersion in
naturally aerated 0.1 M NaCl are shown in Figure 3a, while corresponding Bode plots are
depicted in Figure 3b. All samples exhibited two semicircles, corresponding to two time
constants, with the exception of AZ31+7.5Li, where the small radius of the Nyquist plot
and intense inductive loop may indicate strong localized corrosion and/or precipitation of
corrosion products on the surface. The Nyquist plots for pure Mg, AZ31, AZ61, AZ31+4L4,
and WE43 were composed of two semicircles registered at a high and medium frequency
range. The first one was related to the charge transfer resistance at the double layer interface,
while the second one corresponded to the corrosion products’ layer [32,33]. The equivalent
electrical circuits given in Figure 3c,d were used to fit data for these samples. Here, Rg is the
solution resistance; Rt is the charge transfer resistance, and the corresponding capacitance
is defined by the constant phase element (CPE). The R¢ and CPE; variables stand for
the resistance of the corrosion products’ layer. In the given equivalent electrical circuits,
CPE is used to compensate for the nonuniformity of the corrosion system [34]. The results
from the fitting are depicted in Table 2. The equivalent electrical circuits given in Figure 3d
were used to fit the data recorded for AZ31+7.5Li. They were composed of a capacitive
loop described by Ret and CPE¢; and an inductive loop defined by Ry and L, with the
latter loop being most probably related to the initial stage of localized corrosion [35,36],
although it can also be related to the precipitation of corrosion products. The behavior of
the analyzed samples, with the exception of Mg-7.5Li, was very similar to each other in the
analyzed medium and exhibited the presence of a protective film. The complex nature of the
fitted data was supported by the corrosion rate calculated based on hydrogen release tests,
Figure 4. Both the EIS results and estimated corrosion rates showed a similar tendency with
respect to the corrosion behavior of the investigated materials. The least resistant was dual-
structured AZ31+7.5Li, where strong dissolution of the alloy was observed. Its corrosion
rate was found to be 23.2 & 1.2 mm/year. The rest of the materials were less active in the
analyzed solution. The most resistant were AZ31 and AZ31+4Li, with corrosion rates of
11.0 £ 0.9 mm/year and 11.0 + 2.1 mm/year, respectively. The higher standard deviation
out of these two samples was observed for the alloy containing Li. These alloys exhibited
the highest values of Rt and Ry, suggesting that the most stable corrosion product layers
are formed on their surfaces (Table 3). Less resistant than AZ31 and AZ31+4Li were AZ61,
WE43, and pure Mg, and their corrosion rates were comparable to each other: 16.0 +2.2,
14.4 + 1.2, and 16.0 + 1.1 mm/year, respectively.

Table 3. Parameters fitted from EIS results using data shown in Figure 3.

. Rs Ret CPEt Rp L R¢ CPE;
Materials (Q-cm?) (Q-cm?)  (uSs¥em?) a1 (Q-cm?) (H-cm?) (Q-cm?)  (uSs?/em?) as
Pure Mg 61 1242 0.000018 0.94 N/A N/A 634 0.000840 0.84
AZ31 22 2266 0.000008 0.85 N/A N/A 1420 0.000120 0.86
AZ61 10 1454 0.000019 0.94 N/A N/A 1016 0.001688 072
AZ31+4Li 17 2357 0.000009 0.93 N/A N/A 1603 0.000155 0.71
AZ31+7.5Li 17 183 0.000025 0.88 691 182 N/A N/A N/A
WE43 14 1201 0.000027 0.92 N/A N/A 1294 0.001756 0.76
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Figure 3. Electrochemical impedance spectroscopy (EIS) results recorded after 1 h of immersion
in naturally aerated 0.1 M NaCl and presented in the form of (a) Nyquist plots, (b) Bode plots,
(c) equivalent electrical circuit used for pure Mg, AZ31, AZ61, AZ31+4Li, and WE43 fitting, and
(d) equivalent electrical circuit used for AZ31+7.5Li fitting.
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Figure 4. Corrosion rate calculated based on the hydrogen release method.

Figure 5a—f show the surface morphologies of the corroded samples after removing the
corrosion products. Many small and round pits were observed on the surface of pure Mg
(Figure 5a); in random locations, they propagated into the depth of the material (inset in
Figure 5a). In the case of AZ31 (Figure 5b) and AZ61 (Figure 5c), besides small round pits,
larger and deeper pitting holes interlinked with one another on the surface were observed.
The pits propagated on the surface of AZ31 are as deep as those formed on pure Mg (inset
in Figure 5b). As shown in the inset in Figure 5¢, corrosion damage in triple points was
formed on the AZ61. The surface of the AZ31 with Li was more damaged; however, the
corrosion damage differed depending on the amount of Li present. On the surface of
the single-c(Mg)-phase AZ31+4Li, corrosion in the form of threads proceeding along the
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grain boundaries was observed (Figure 5d). The dual-phase structured alloy exhibited a
different mode of degradation related to microgalvanic corrosion between the a(Mg) and
B(Li) phases (Figure 5e). This phenomenon is explained in detail in our previous study [24].
In the case of WE43, the corrosion mechanism propagated along the grain boundaries
(Figure 5f). The corroded grain boundaries are depicted at higher magnification in the inset
in Figure 5f.

Figure 5. Corrosion damage characterization after chemical removal of corrosion products after
1 h of immersion in 0.1 M NaCl: (a) pure Mg, (b) AZ31, () AZ61, (d) AZ31+4Li, (e) AZ31+7.5L4,
and (f) WE43.

4, Discussion

The extrusion with an oscillating die (KoBo) method exhibits great potential for Mg
alloy deformation without preheating of the initial billet. It may significantly reduce the
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grain size and redistribute secondary phases in the microstructure. It is noteworthy that the
grain refinement does not depend on the extrusion ratio, but on the intensity of dynamic
recrystallization (DRX) triggered by the oscillations of the reversible die. As a result of
this phenomenon, the corrosion resistance of Mg alloys changes in a nonlinear manner.
Of course, the corrosion resistance of KoBo-extruded alloys is dependent on the alloy
chemistry, but based on the data published so far, the predominant role seems to be played
by grain size and dislocation distribution.

Based on the presented results of electrochemical behavior and hydrogen release, the
corrosion resistance of the analyzed materials may be ordered as follows: AZ31 > AZ31+4Li
>> WE43 > pure Mg > AZ61 >>> AZ31+7.5Li. The order of the corrosion resistance of each
material were analyzed based on the detailed description of the microstructure presented
in our previous works, and the results are shortly summarized in Table 4.

Table 4. Summary of the basic microstructural features characteristic for the investigated materials.

Grain Size (um) Second Phases Grain Orientation Ref.

3.88 um; uniformly distributed N/A (1010) and (2110) [21]
438 pm; uniformly distributed Coarse AlsMng ﬂ?:ﬁéiﬁ;ﬁﬁlﬁ%&ﬁe [21]
Coarse AlsMng and nano
6.6 um uniformly distributed B-Mg)7Al|; located at (1010) and (2110) [22]
grain boundaries
Coarse AlLi and B-Mg7AlL»
3.24 um; uniformly distributed (nano) distributed in the (1010) and (2110) [23]
grain interiors
Coarse AlLi and MgLi; Al with
No EBSD data, based on SEM a size around 1 pum, B-Mg)7Al;2

few um {nano) distributed in the No EBSD data 24]
grain interiors
3.3 pum; uniformly distributed Mg.iNds, Mga4Ys, Mg;Nd, Random [25]

and nano termary Mg-Nd-Y

As per results of this work, lower corrosion rate estimated via electrochemical mea-
surements was observed for a(Mg) alloys than for dual-structured «(Mg)+B(Li) alloys. The
most resistant in the analyzed medium was AZ31. As shown in [21], it has a grain size
of 4.38 um and a preferential orientation of the grain toward (1010) and (2110). The Al
fully dissolved in the solution, and no B-Mg;7Aly» was formed. Similar level of corrosion
resistance was observed for the AZ31 alloyed with 4 wt.% of Li. In this case, nanosized
-Mgi7Al, distributed in the grain interiors was observed, creating a barrier against
spreading corrosion reactions caused by the Li in the alloy [23]. Lower corrosion resistance
and also corrosion products being formed on the surface in some kind of “protective” layer,
was characteristic for WE43, pure Mg, and AZ61. The presence of nanosized $-Mg7Alj»
at the grain boundaries promotes microgalvanic corrosion in AZ61, thus lowering its
corrosion resistance when compared to AZ31 {22]. Surprisingly, pure Mg had a higher
corrosion rate than AZ31. Since the grain sizes for pure Mg and AZ31 were similar, the
factor favoring higher corrosion resistance lay in the crystallographic orientation of the
grains formed in AZ31. In this case, besides grains oriented to (1010) and (2110), grains
with a (0001) orientation were present. In this relation, the grains with an (0001) orientation
parallel to the corroded surface are more corrosion resistant than grains with orientations
(1010) and (2110) [37].

During KoBo, materials enters to the state of plastic flow, therefore the reversibly
oscillating of the die at the end of the extruded enables deformation of Mg alloys. Si-
multaneously, the presence of the complex strain conditions formed as a result of the die
oscillations resulted in the accumulation of high density of defects in the microstructure of
the extruded material. This in turn led to the pile up of dislocations in the refined grains.
As stated in [21], in the KoBo extruded AZ31 alloy, the main factors affecting corrosion
resistance were dislocation density and its distribution. Consequently, despite the KoBo
extrusion reducing grain size from a coarse to a micrometer scale, it did not improve the
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corrosion resistance of the alloy. A similar situation was observed for the AZ61 [22,38];
however, strong microgalvanic reactions between -Mgi7Al;> and the Mg matrix occurred,
overwhelming the role of other microstructural components in its corrosion resistance [39].
WEA43 has a completely different chemical composition than that of the other Mg alloys, and
here, the predominant role in the corrosion mechanism may be caused by the presence of
tiny precipitates located in this alloy [25], which has a corrosion resistance similar to AZ61
and pure Mg. Nevertheless, the role of small second phases must be further analyzed.

5. Conclusions
Based on the performed tests and reviewed data, the following may be concluded:

KoBo extrusion enables the deformation of Mg and its alloys without preheating of
the initial billet. The obtained materials are without cracking and reduce the diameter
of the ingots significantly, resulting in the production of long elements, such as rods or
wires. The next step of the KoBo improvement should be research on the possibility of
thin-walled structure fabrication;

KoBo extrusion improves the corrosion resistance of the initial ingots of Mg and its
alloys; however, there is no clear relationship between grain refinement and corrosion
resistance improvement, and smaller grain size does not always lead to higher corro-
sion resistance. The properties of the specific alloy must be treated as a separate case,
since the intensity of the dynamic recrystallization is related to the extrusion ratio and
strain induced by the reversible die;

The corrosion resistance of the KoBo-extruded alloys depends mainly on the alloy
chemistry and its microstructure; however, it is also dominated by the formation of
stresses during extrusion with an oscillating die. Importantly, we do not have any
clear information about the specific temperature inside the extruder. The effect of the
internal heating resulting from the friction of the material and the extruder during
processing should be further investigated;

In the current research on magnesium alloys, the imperative issue of balancing the
structural characteristics and mechanical properties of the alloys remains to be re-
solved. A reduction in the deformation temperature of Mg alloys will generate savings
and reduce CO, gas emissions, which is crucial to ensure the sustainable growth of
industry.
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produktowe bedace wynikiem prac badawczo rozwojowych oraz wdrozenie
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Zatacznik 7

Publikacja potwierdzajaca inne osiagnigcia naukowe dotyczaca
wytwarzania proszkow ze stopéw Mg niedostgpnych w sprzedazy
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Abstract

In this study, powder metallurgy methods were used to fabricate Mg-7.5Li-3Al-Zn alloys from repowdered extruded alloys. Extruded
alloys were powdered using ultrasonic atomization, and then laser powder bed fusion (LPBF) and pulse plasma sintering (PPS) were used
to consolidate the bulk materials. A comparison of the properties of the fabricated alloys with those of a conventionally extruded one was
carried out using methods that characterized the microstructure and corrosion resistance. When compared to their conventionally extruded
counterpart, LPBF and PPS materials exhibited refined microstructures with low enrichment in AlLi and coarse Al, Zn, Mn precipitates. The
main drawback of the LPBF alloy, printed for the needs of this study, was its porosity, which had a negative effect on its corrosion. The
presence of unrecrystallized particle boundaries in the PPS alloy was also unbeneficial with regard to corrosion. The advantage of the LPBF
and PPS processes was the ability to change the proportion of a(Mg) to B(Li), which when the complete consolidation of the materal is
achievable, may increase the corrosion resistance of dual-structured Mg-Li alloys. The results show that powder metallurgy routes have a
wide potential to be used for the manufacture of Mg-Li based alloys.
© 2022 Chongging University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
Peer review under responsibility of Chongging University

Keywords: Additive manufacturing; Laser Powder Bed Fusion (LPBF); Pulse Plasma Sintering (PPS); Corrosion; Mg-Li alloys.

1. Introduction

The modern construction requirements of industries such
as transportation focus on the reduction of their environmen-
tal impact and the lowering of energy costs. Such consider-
ations have led to an increased interest in lightweight ma-
terials, such as magnesium alloys [1]. They offer high rela-
tive strength and stiffness, good damping characteristics, high

* Corresponding author.
E-mail addresses: anna.dobkowska@pw edu pl, adobkow@uwo.ca (A.
Dobkowska).

https://doi org/10 1016/j.jma.2022 06 003

thermal and electrical conductivity, and (most importantly)
the lowest weight among construction metals [2,3]. How-
ever, their widespread use is restricted by two important fac-
tors [4-6]: low corrosion resistance leading to a rapid degra-
dation of the elements within, and secondly, poor ductility
and formability, which stem from the close-packed hexago-
nal structure restricting the number of independent slip sys-
tems in operation [7-10]. The latter problem results in dif-
ficulties in obtaining more complex shapes using traditional
manufacturing methods and raises the necessity to employ
non-conventional techniques. Two types of approach that al-
low near-net-shape processing can be considered as alterna-

2213-9567/© 2022 Chongging University. Publishing services provided by Elsevier B V. on behalf of KeAi Communications Co. Ltd. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/) Peer review under responsibility of Chongging University
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tive: non-conventional powder metallurgy [11-14] and addi-
tive manufacturing [6,15-22]. Such techniques are extremely
important in the biomedical industry where both a high
structural integrity of the material and a wide freedom for
customization to perfectly match anatomical geomelries are
desired [23].

Powder metallurgy and additive manufacturing routes of-
fer attractive alternatives to conventional manufacturing of
Mg alloys, and researchers to date have prepared and investi-
gated the properties of the following Mg-based alloys: Mg-Al-
Zn (AZ31, AZ61, AZ91) [24-26], Mg-Zn-Zr (mostly ZK60)
[27-29], and those containing REE, such as WEA43 or AE42
[30,31]. Generally, powder sintering methods exhibit many
advantages in terms of microstructure modification, such as
the limited formation of a strong texture and the prevention of
unwanted changes to the materials, such as unfavorable grain
growth or the formation of deleterious intermetallic phases
[32,33]. The decisive factors with regard to the development
of the aforementioned processes for the preparation of the
Mg-based alloys are achieving superior mechanical proper-
ties and an improvement in the corrosion resistance of Mg
alloys when compared to their traditionally cast counterparts
[33,34]. For example, it was shown that AZ91D produced
by wire and arc additive manufacturing exhibited higher cor-
rosion resistance than the equivalent cast alloy [16]. Simi-
larly, laser powder bed fusion (LPBF) produced ZK60 that
was more corrosion resistant than a traditionally cast alloy
[35]. Since there are also disadvantages in the form of sig-
nificant degradation and the early loss of mechanical stability
of the produced materials, Kopp et al. [36] proposed suitable
post-processing methods for the preservation of the long-term
stability of mechanical properties modified by heat treatment
or plasma electrolytic oxidation of WE43 fabricated through
laser powder bed fusion. Yang et al. [37] used additive man-
ufacturing to prepare Mg-based composite with mesoporous
bioglass, which shows enhanced corrosion properties in terms
of orthopedic application.

In view of the microstructural considerations, the key is-
sue in the design and production of Mg-based alloys is a
full understanding and control of the properties of the pow-
ders used for consolidation [17]. Secondly, strict environ-
mental restrictions drive researchers and technologist to look
for methods to reuse post-production waste materials. There-
fore, the concept behind this study was to explore the pos-
sibilities of reusing traditionally extruded Mg-Li based al-
loys through atomization of the base alloy and reconsolida-
tion it, using novel manufacturing methods. To the best of
our knowledge this is the first study regarding the fabrica-
tion of Mg-based alloys with Li as the main alloying element
using LPBF and PPS. The main goal of this paper was to de-
scribe the differences in the corrosion resistance of the dual-
structured Mg-7.5Li-3Al-Zn alloy fabricated by traditional ex-
trusion and that produced by powder consolidation methods.
This is the first study showing the possibility of the fabrica-
tion of dual structured Mg-Li alloys using powder metallurgy
methods.

2. Materials and methodology
2.1. Material fabrication

2.1.1. Reference material

The reference material was a dual-structured Mg-7.5Li-
3Al-1Zn alloy prepared utilizing traditional casting and
conventional extrusion. For casting, the AZ31B alloy was
smelted, and 7.5 wt.% high-purity Li was added. The alloy
was cast, extruded to a dimension of @20 mm, and subse-
quently annealed at 350 °C for 1 h. The microstructure and
corrosion performance of the alloy was previously described
by our research group in reference [38]. As stated in this
work, Li addition decrease the density and increase formabil-
ity leading to the higher number of methods that can be used
for plastic deformation of Mg-Li alloys. All these aspects re-
sult in fabrication of the Mg-Li alloys with higher plasticity
and strength than traditional Mg-based alloys.

2.1.2. Atomization

The extruded Mg-7.5Li-3A1-1Zn was powdered by ultra-
sonic atomization using a rePowder device (AMAZEMET,
Poland). 57.7 g of the alloy was melted in a graphite cru-
cible at a heating rate of 150 K/min up to 1023 K and
kept for 2 min at this temperature under an Ar atmosphere.
Subsequently, the molten alloy was treated with a Ti6AI4V
sonotrode, which vibrated at 40 kHz average frequency and
15 wm amplitude. As a result of a 40 s atomization process,
52 g of powder was produced. The powder was collected un-
der an inert atmosphere and after sieving through a 100 pm
sieve, a total mass of 48 g of powder was inserted into the
laser melting machine.

2.1.3. Powder metallurgy methods (LPBF and PPS)

LPBF 3D printing was carried out using a Realizer 50
(DMG MORI, Japan) laser melting machine equipped with
a 120 W continuous wave 1064 nm laser. The process was
carried out under an inert atmosphere of Ar 5.0 on a pure Mg
build plate without preheating. After a preliminary study of
the parameters, a sample of 15 x 15 x 3 mm was prepared
with a 25 wm powder layer, 100 wm hatch distance, 80 mm/s
scanning speed, and 15 W laser power without hatch rotation
between the layers. During the process, extensive fuming was
observed.

A second batch of samples was produced using powder
prepared in the same way as for LPBF. The powder was con-
solidated using PPS, which is a novel current-assisted pow-
der metallurgy technique (details may be found in reference
[397). The consolidation process was carried out under vac-
uum (5-1073 Pa) at 350 °C for 5 min under a pressure of
50 MPa.

2.2. Microstructural characterization

Scanning electron microscopes (SEM, Hitachi SU8000 and
Hitachi SU70) were used to show the shape, distribution
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and microstructure of the powder particles. To show the
microstructure of the particles, powder was mixed with an
acrylic resin, and the specimen was milled in Ar* beam us-
ing ion-beam milling system (Hitachi IM4000). The particle
size distribution (PSD) was measured using a Horiba Partica
LA-950 laser scattering particle size distribution analyzer.

To analyze the phase composition of the alloys, X-ray
diffraction (XRD, Bruker D8 Advance) operating at 40 kV
and 40 mA with Cu Ko radiation was utilized. The results
were recorded by stepwise scanning 26 from 10° to 120°, with
a step size of 0.02° and a count time of 10 s per step. Based
on the registered patterns, by comparing the integrated inten-
sities of the diffraction peaks from each of the known phases,
a semi-quantitative determination of their relative concentra-
tion was carried out. The relative concentration of Li in the
investigated alloys was measured by atomic absorption spec-
troscopy (AAS, GBC 932 Plus) with an air oxidizing flame
and a wavelength of 670.8 nm.

The samples’ microstructure was observed with the Hitachi
SU8000 SEM using tunneling contrast on the ion-milled sur-
faces. The ion milling was carried out utilizing a low-energy
Art ion-beam milling system (Hitachi IM4000) over 4 h. To
avoid surface oxidation (due to the high activity of Li), obser-
vations were taken immediately after sample preparation. The
TEM observations were carried out using JEOL JEM 1200EX
microscope with an acceleration voltage of 120 kV. Thin foils
were prepared using a Gatan Model 691 Precision Ion Pol-
ishing System (PIPS) with a beam voltage of 3 V inclined to
the sample surface at angle of 10°. The samples were scanned
using a microfocused X-ray tomographic system (MicroXCT-
400, Xradia - Zeiss), at 40 kV and 200 wA. For each sample,
1200 projection images were recorded with an exposure time
of 5 s and a magnification objective of 4 x . The volume was
reconstructed using the supplied manufacturer software and
was then exported to Avizo Fire (Thermo Fisher Scientific)
for further 3D image analysis and porosity evaluation. The
voxel size was the same for all samples (5 x 5 x 5 um).

In order to investigate the mechanical properties, the test of
microhardness was performed. Vickers microhardness testing
was conducted under a load of 200 g using Innovatest Falcon
500 Micro/Macro Vickers Tester. 10 points were measured on
each material.

2.3. Corrosion performance

2.3.1. Electrochemical testing

The corrosion potential under open-circuit conditions, elec-
trochemical impedance spectroscopy (EIS), and potentiody-
namic measurements were carried out in naturally aerated,
quiescent 0.01 M NaCl solution using an Autolab PGSTAT
302N potentiostat equipped with three electrodes: Pt as the
counter electrode, Ag/AgCl as the reference electrode, and
the measured sample as the working electrode. The corrosive
medium was freshly prepared using analytical grade reagents
and distilled water. The corrosion potential was recorded for
1 h, then EIS measurements and potentiodynamic tests were
performed. The EIS measurements were recorded in a fre-

Table 1
Li concentration measured by AAS (wt.%) and Zn concentration measured
by EDX (wt.%).

Material Li% (wt.%) Zn% (wt.%)
Powder 74 £ 04 09 + 02
LPBF 75 + 04 0.8 £ 0.1
PPS 73+ 04 0.9 £ 0.1

quency range from 0.01 to 10,000 Hz. The potentiodynamic
tests were conducted from 0.5 V below Eqcp to 1.5 V vs.
Ref with a scan rate of 5 mV. To ensure the reproducibility’
of the results, the data for each sample was collected three
times. Nova 2.1.5 software was used to fit the data. To give
a further view on the corrosion processes that occurred on
the surface of the sample, high resolution SEM observations
were carried out after immersion under open-circuit condi-
tions (Hitachi SU8000, Japan). Two kinds of observation were
performed: on the surfaces with the corrosion products as they
were formed, and on the surfaces with chemically removed
corrosion products. The corrosion products were removed by
immersion in 4% nitric acid for 5 s as per references [40,41].

2.3.2. Hydrogen evolution method

The evolved hydrogen was collected during immersion
tests. To measure the hydrogen gas, samples polished with
up to #4000 SiC paper were placed in a beaker and con-
nected to a burette. Hydrogen was collected in the burette
through a PVC pipe installed above the beaker equipped with
a dropping funnel. The corrosion rate was calculated as fol-
lows [42]:

CR=Amy )

where: Am is the mass loss (g) calculated from hydrogen
evolution, s is the surface area (m?), t is the time of exposure
(days). To determine the standard deviation of the measured
data, three parallel samples were immersed from each mate-
rial.

3. Results
3.1. Particle size and distribution

The shape and chemical analysis of the powder were ana-
lyzed by SEM/EDX and AAS. As shown in Fig. la, the par-
ticles of the repowdered alloy were spherical, and no agglom-
erates were observed. The morphology of a single particle is
shown in Fig. 1b, and an EDX analysis revealed that the par-
ticle was composed of Mg, Al, and Zn (Fig. 1d and €). AAS
results confirmed that no Li evaporation and/or oxidation was
observed during atomization of the extruded ingot, and it was
found to be around 7.4 wt.%; Zn depletion did not take place
either during atomization (Table 1). The phase composition
of the powder, namely a(Mg), B(Li), AlLi, and MgLi,Al, is
depicted in Fig. 2a. The cross-sectional SEM observations of
the powder showed that pores were present in the outer re-
gions of the particles (Fig. Ic), and the microstructure of the
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Fig. 1. SEM of powdered Mg-7.5Li-3Al-Zn alloy: a) the overall image of the powder, b) single particle image, c) the microstructure of the powder, d) EDX
analyses made in area A, €) magnified area from the panel b), f) magnified area of the powder microstructure.

«(Mg) B(Li) *MgLi,Al a AILi

a) powder
5
g .
‘2 b) PPS
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Fig. 2. XRD patterns recorded for a) powdered Mg-7.5Li-3Al-Zn, b) PPS alloy and c) LPBF - produced alloy.

Table 2
Relative phase composition (%) of the powder, PPS and LPBF alloys calcu-
lated based on XRD measurements.

a(Mg) B(Li) Precipitates
Powder 80 19 1
LPBF 58 39 3
PPS 85 13 2

particle was composed of a(Mg) and B(Li) with the 80% of
a(Mg) and 19% of B(Li), Table 2. AlLi particles were also
visible in the microstructure of the powder (Fig. 1f). For sam-
ple consolidation, a powder with a size from 29 to 200 pm
was used with the frequency shown in Fig. 3. The average
diameter of the particles was 70 wm. 10% of the powder
particles had a size below 48 pwm, while Dgg is a parameter
indicating that 90% of the particles had a size below 95 pm.

3.2. Microstructure of the manufactured samples

As shown in Fig. 4a, the extruded Mg-7.5Li-3Al-Zn alloy
exhibited a dual-phase microstructure where the dark phase
was B(Li) and the light one a(Mg). The results published
in our previous study [38] showed that the relative volume
fractions of a(Mg) and B(Li) were calculated to be 65% to
35%, respectively, and coarse white precipitates marked as
P1, rich in Al, Zn, and Mn, were formed in the alloy. We
also found AILi, MgLi,Al, and Mg;Al;; in the extruded
alloy. The LPBF- and PPS-produced alloys also had dual-
phase structures; however, the shape, size, and distribution
of the phases changed due to the various processing routes
(compare Fig. 4a-c). It is worth to mention that the Li con-
centration in both alloys remained at the same level as indi-
cated in the powder (Table 1). The microstructure of the 3D-
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Fig 3. PSD obtained using laser-scattering particle size distribution analyzer.

printed sample appeared as refined unevenly shaped grains,
with the dark areas of B(Li) surrounded by the a(Mg) matrix
(Fig. 4b). Irregularly shaped pores (Fig. 4b) were also clearly
distinguished in this microstructure. Coarse white precipitates
P1 and the presence of tiny white AlLi areas were revealed
(confirmed by combined SEM and XRD, magnified Figs. 4b
and 2c, correspondingly). The PPS sintered alloy exhibited
a microstructure similar to that presented by Dvorsky et al.
[31] for WE43 sintered by spark plasma sintering. Individ-
ual particles were clearly visible, and the areas between them
were not fully recrystallized (shown as “particle interface”
in Fig. 4c). Inside each particle, B(Li) surrounded by a(Mg)
could be observed (magnified Fig. 4c). In the same Fig. 4c,
irregularly shaped white coarse precipitates enriched with Al,
Zn, and Mn were observed [38], and tiny AlILi precipitates
could also be easily recognized (confirmed by XRD, Fig. 2b).
During consolidation MgLi, Al probably solutionized into the

150 Extruded ¢ PPS s LPBF
140
130 s 4 4 a4 &2 4 4 4 s
120
c110"§,,"'.§
I 100
90 -
80
Extruded HV,  =93:0.84, PPS HV,  =11411.71
70 LPBF HV,, =130:0.64
60
2 3 4

Distance from the edge (mm)

Fig. 5. Microhardness profiles of the extruded, PPS and LPBF-sintered al-
loys.

solid solution, therefore they were not detected in the PPS al-
loy. The relative concentration of the «(Mg) to B(Li) changed
depending on the different processing routes, being 85% to
13% for the PPS alloy, and 58% to 39% for the LPBF-printed
material (Table 2). It can also be observed that together with
the changing processing route the microstructure refinement
occurred with the highest refinement obtained for LBPF sin-
tered sample (Fig. 4). With the increasing microstructure re-
finement, microhardness of the alloys also changed, and it
increased from 93 HV,, for the extruded sample, to 114
HVy for the PPS and 130 HVy, for the LPBF-sintered ones
(Fig. 5).

Different manufacture methods led to the creation of the
microstructures with significant differences clearly distin-
guishable in nanoscale. TEM observations revealed that nano-
sized precipitations exist in both, LPBF and PPS fabricated

Fig. 4. SEM microstructure observations of the a) extruded alloy, b) LPBF-produced alloy, and c) PPS alloy.
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Fig 6 TEM images in bright tield obtained from the investigated alloys: a) and b) LPBF-produced alloy, ¢) and d) PPS sample

samples, with the higher number of precipitates with the size
of around 150 nm formed in the material fabricated by LPBF
(Fig. 6a and c). There were many stacking faults in the LPBF
processed material (marked by the red arrows in Fig. 6b),
while formation of complex precipitates was observed in the
PPS sintered sample (marked by the red arrows in Fig. 6d).
The greyscale confirmed that within one location of such com-
plex precipitate, various chemical composition could be dis-
tinguished (inset in Fig. 6d). Unfortunately, due to small size
of the precipitates we were not able to perform diffraction.

Based on the XRD and SEM results, it can be stated that
the precipitates formed in the alloys did not diverge qualita-
tively, but their quantitative distribution changed. The wCT
measurements allowed the density and distribution of the
coarse precipitates to be defined, as shown in Fig 7. Those
precipitates had a size between 5 and 30 wm. This infor-
mation combined with the SEM observations allowed us to
identify the coarse precipitates with P1 in Fig. 4. The density
of these precipitates formed in the traditionally extruded ma-
terial was very low, being 30 precipitates per mm? (Fig. 7a).
When compared to the traditionally produced alloy, a higher
density of the Pl precipitates was observed in the PPS al-
loy, and the highest number of precipitates was formed in the
LPBF alloy (N = 310/mm?). Their distribution in the matrix
of both alloys was nearly random.

One of the challenges faced during the production of Mg-
based alloys using LPBF is minimizing porosity [43,44].
Therefore, an important issue in this research was to ana-
lyze the porosity of each of the produced materials. We did

not observe any pores formed in the extruded and PPS alloys,
but a high number of closed pores were formed in the LPBF-
produced alloy (Fig. 8). The calculated volume fraction of the
pores was 3.51%, while their average size was found to be
28.3 wm with a standard deviation of 18.2 wm. We also cal-
culated the maximum size of the pore, which was established
to be 151.6 wm. The final structure of the alloy resembled a
sponge, with the pores being unreticulated. It must be men-
tioned that the porosity level of 3.51% in Mg-7.5Li-3Al-Zn
was very high when compared other LPBF-prepared Mg al-
loys, such as AZ61 with a porosity of 0.8% [45], while for
AZ31 a porosity level of less than 0.5% was achieved [44].

3.3. Corrosion behavior

The changes in open-circuit potential (Egcp) with respect
to immersion time are given in Fig. 9a. The lowest values
of Egcp (around —1.42 V/Ref) were characteristic for the ex-
truded Mg-7.5Li-3Al-Zn alloy; the Eqcp of this alloy was
fairly stable during the entire immersion time. The LPBF and
PPS alloys exhibited higher values of Eqcp, which were com-
parable, oscillating just below —1.35 V/Ref. The potentiody-
namic curves shown in Fig. 9b were typical for alloys that
undergo active dissolution, with a slight shift in the curve of
the extruded alloy towards more negative values of potential.
The parameters of corrosion potential (E..,) and corrosion
current density (icor) extrapolated using the Tafel method are
depicted in Table 3. The lowest izon Of 0.2 mA/cm? was cal-
culated for the extruded alloy, while the other two alloys both
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Fig. 7. Plane image of the microstructure with the corresponding 3D image showing density of pores in a) extruded Mg-7.5Li-3Al-Zn b) LPBF-produced

alloy, ¢) PPS alloy.
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Fig. 8. Pore distribution in LPBF-produced alloy (volume fraction of
pores = 3.51%, average size of the pores 28.3 wm, stand. dev = 18.2 pm,
max size of the porc = 151.6 um).

exhibited an icor of 0.5 mA/cm?. As proved by Birbilis et al.
[46], because of the negative difference effect, potentiody-
namic tests by themselves cannot describe the corrosion rate

Table 3
The electrochemical paramelers extrapolaled using Tafel method based on
results from polentiodynamic polarization tests recorded in 0.01 M NaCl.

Mg-7.5Li-3A1-Zn Ecor (V/Ref) icomr (MA/cm?)
Extruded —1.46 02

LPBF —1.34 05

PPS —1.36 0.5

Table 4

Calculated corrosion rate based on hydrogen evolution method.
Mg-7.5Li-3Al-Zn Extruded LPBF PPS
Corrosion rate [g/(m?day)] 23 x 103 3.7 x 10* 25 x 104
St. deviation 6 x 10° 2 x 103 8 x 10°

of Mg-based alloys in an appropriate manner. Therefore, to
have a wider view of the corrosion rates of the analyzed mate-
rials, corrosion rates were calculated based on hydrogen evo-
lution. According to the results shown in Table 4, the samples
produced via powder metallurgy methods had higher corro-
sion rates than the conventionally extruded alloy. The highest
corrosion rate of 3.7 x 10* g/(m?day) was calculated for the
LPBF-printed alloy, a lower value of 2.5 X 10* g/(m2day)
was found for the PPS materials, and the lowest value was
for the extruded alloy, 2.3 x 10° g/(m?day).
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Fig. 10. The results of EIS measurements performed in naturally aerated 0.01 M NaCl: a) Nyquist plots, b) EEC used for data fitting.

Table 5

Parameters delivered from fitting EIS data with the EEC presented in Fig. 8b.

Mg-7.5Li-3Al-Zn R; (Q cm?) Ry (Q cm?) CPE (WF -cm™2) n L (H-cm?) RL (Q cm?)
Extruded 25 550 100 0.85 1000 650

LPBF 126 63 450 0.70 1000 250

PPS 116 94 450 0.55 777 188

The Nyquist plots presented in Fig. 10a confirmed the
results from the potentiodynamic polarization and hydrogen
evolution. Based on the radius of the capacitive loop, it can be
stated that the extruded alloy had the highest corrosion resis-
tance, while the LPBF and PPS alloys both had significantly
lower values. In order to interpret the EIS results, the equiv-
alent electrical circuit (EEC) shown in Fig. 10b was chosen.
In this circuit, R; is the solution resistance, while the charge
transfer resistance and the electric double layer at the inter-
face between the substrate and electrolyte are defined by Ry,
and CPEq, respectively. The inductive character of the loop at
low frequency is described by Ry and L, which stand for the
resistance and the inductance related to the initiation of local-
ized corrosion [47]. Data fitting results are given in Table 5.
Since Mg-Li alloys are very active and the strong hydrogen
evolution reactions that occur during immersion can disturb
the results of the corrosion rate measurements, it is worth-
while to compare the corrosion rates calculated from the EIS
results to those obtained from the hydrogen evolution method.

In the case of the EIS, the corrosion rate can be calculated
based on the polarization resistance:

CR = l/R,, 4))

As proved by King et al. [48], R, can be accurately deter-
mined based on the impedance of the EEC (herein presented
in Fig. 8b):

1 1 1
T_r, 1 @
R, R R,

Taking into consideration the EEC shown in Fig. 8b, R,

is a sum of:

1 1 1

—= 3)
R, R4 R

The measured values gave straightforward information
about corrosion activity of the alloys, which followed the
sequence: LPBF > PPS > extruded alloy (Table 6). These
findings were highly consistent with the values of corrosion
rate calculated from hydrogen evolution.
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Fig. 11. Characterization of corroded surfaces of the conventionally extruded Mg-7.5Li-3Al-Zn alloy after 1 h of immersion in 0.01 M NaCl: a) surface
covered with corrosion products, b) surface without corrosion products, c) surface without corrosion products shown at higher magnification.

Fig. 12. Characterization of corroded surfaces of the LPBF-printed Mg-7.5Li-3Al-Zn alloy after 1 h of immersion in 0.01 M NaCl: a) surface covered with
corrosion products, b) surface without corrosion products, ¢) surface without corrosion products shown at higher magnification.

Fig 13 Characterization of corroded surfaces of the PPS Mg-7.5Li-3Al-Zn alloy after 1 h of immersion in 001 M NaCl: a) surface covered with corrosion
products, b) surface without corrosion products, c) surface without corrosion products shown at higher magnification.

Table 6

Polarization resistance calculated based on EIS results.

Mg-7.5Li-3Al-Zn Ry (Q cm?)
Extruded 297

LPBF 50

PPS 62

3.4. Characterization of corroded surfaces

The SEM observations of corroded Mg-7.5Li-3Al-Zn al-
loys produced via different methods are shown in Figs. 11-13.
Figs. 1la, 12a, and 13a present the surfaces of the samples
covered with corrosion products after 1 h of immersion in aer-
ated 0.01 M NaCl. The least intense corrosion products were

formed on the surface of the extruded samples (Fig. 1la).
Thick layers of oxides were formed on the surfaces of the
LPBF and PPS samples, with a more compact layer being
formed on the LPBF-printed alloy than on the PPS one.

To obtain a better view on the corrosion mechanisms pro-
ceeding on the alloys’ surfaces, the corrosion products were
removed. Clearly, micro-galvanic corrosion between a(Mg)
and B(Li) was a dominant mechanism in the case of the ex-
truded alloy (Fig. 11b and c), with B(Li) being preferentially
dissolved during immersion. A different situation was ob-
served for the LPBF-printed alloy, where there was no distin-
guishable corrosion mechanism between the various phases;
nevertheless, the printed alloy exhibited the lowest corrosion
resistance among all the investigated materials. This weak cor-
rosion resistance of the LPBF-printed alloy was a result of its
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high porosity. Inside pores accumulated reactions change the
pH of the sotution, and local chemical variations cause rapid
corrosion of these areas [49,50]. A very similar corrosion
resistance was observed for the PPS alloy, where corrosion
proceeded along unrecrystallized particle boundaries forming
oxides, while micro-galvanic corrosion between a(Mg) and
B(Li) could also be seen.

4. Discussion

In this study, a new approach for the manufacture of Mg-
Li alloys was investigated; the microstructure and corrosion
behavior of conventionally extruded Mg-7.5Li-3Al-Zn alloy
were compared with those produced by powder-metallurgy
techniques (LPBF and PPS). This research was carried out to
clucidate the microstructure-dependent corrosion mechanisms
proceeding in the dual-structured Mg-Li alloys produced from
recycled powders, and the results of this work shows that
powder metallurgy routes have a wide potential to be used
for the manufacture of Mg-based alloys. Nevertheless, for the
production of uniform, fully recrystallized, and pore-free ma-
terials, the parameters of the LPBF and PPS methods need to
be further optimized and investigated.

As a result of consolidation powdered Mg-7.5Li-3Al-Zn
alloy, bulk materials with various microstructures were pro-
duced. When compared to their conventionally extruded coun-
terpart, both alloys exhibited refined microstructures with
small AlLi and coarse Al,ZnMn enriched precipitates. The
main drawback of the LPBF-printed alloy was its porosity,
which had a detrimental effect on its properties. The pres-
ence of unrecrystallized particle boundaries in the PPS al-
loy was also unbeneficial from the point of view of corro-
sion. Nevertheless, the key differences observed in the mi-
crostructures of the formed alloys are important to understand,
as the microstructure dictates the properties of Mg-based
alloys.

As demonstrated in our previous study [38], the main
corrosion mechanism in dual-structured Mg-7.5Li-3Al-Zn is
the micro-galvanic corrosion processing between o(Mg) and
B(Li), where the most active species (as a result of its greater
reactivity) is B(Li). Corrosion in dual-phase structured Mg-Li
alloys is clearly phase-size dependent, and when analyzing
the corrosion mechanisms occurring in the Mg-7.5Li-3Al-Zn
produced by LPBF and PPS, this statement is also accurate,
Nevertheless, the results of this study showed that the corro-
sion mechanisms proceeding in these alloys were dependent
not only on the variability of microstructural factors (qualita-
tive factor), but also their number and distribution (quantita-
tive factor). As shown, all the produced alloys were mainly
composed of a(Mg) and B(Li). Not only did the relative vol-
ume fraction of w(Mg) and B(Li) in each of the alloy change,
but also the size of the phases, and this result is the most im-
portant factor which should be discussed when analyzing the
corrosion performance of the investigated alloys. As shown
in our previous study [38], the volume fraction of a(Mg) to
B(Li) plays a predominant role in the corrosion performance
of the extruded alloy. The more uniform the proportion of

a(Mg) compared to B(Li), the more uniform is the distribu-
tion of cathodic to anodic sites of corrosion. Consequently,
if we were able to avoid porosity in the 3D-printed alloy, its
corrosion resistance should surpass that of the conventionally
extruded alloy. The volume ratios of a(Mg) to B(Li) were
58% to -39% and 85% to -13% for the 3D and PPS alloys,
respectively. The change in ¢(Mg) to B(Li) volume ratio is
related to the colling rate of each method, where cooling rate
during LPBF is significantly higher than colling rate of PPS
[51,52]. Additionally, the higher refinement and more uniform
distribution of the S(Li) in the «(Mg) matrix should support
the corrosion resistance of the alloy, and LPBF is a proven
technique which uses laser melting and rapid solidification to
directly form fine-grained microstructure [53]. Nevertheless,
the corrosion reactions occurring on the 3D-printed alloy were
mainly affected by the porosity of the structure. Taking into
consideration that corrosion inside the pores is increased by
auto-catalytic processes because of the limited interchange of
the solution inside the pores with that outside them, pores
have a detrimental effect on the corrosive degradation of Mg
alloys [54,55]. Moreover, in the case of the 3D printed alloy,
the real surface area, because of additional internal surface
area inside the pores, is significantly larger that the exposed
geometric surface area. If the parameters of LPBF could be
properly optimized to prevent the growth of porosity in the
investigated alloys, there is a strong indication that superior
corrosion resistance, because of the significant refinement of
the o(Mg) and B(Li) phases, may be achieved. The parame-
ters for LPBF were chosen based on those actually used for
AZ31 fabrication [53]. Due to the changed alloy chemistry,
especially the presence of volatile Li, further studies have to
be performed to obtain a poreless structure. Metals such as
Zn cause similar problems during laser processing, and spe-
cialized machines with high gas flow rates should be used
in further studies to address the issue of fuming and spatter-
related porosity [50].

In the PPS alloy, microgalvanic corrosion between a(Mg)
and B(Li) occurred, but it was also supported by significant
corrosion at the particle interfaces. Unfortunately, the param-
eters chosen during material consolidation did not give full
microstructure recrystallization, and unrecrystallized particle-
particle interfaces were still observed. Such locations, because
of their different energy compared to the inner parts of the
particles, are prone to corrosion. Since the size of the par-
ticles’ interfaces was observed to have a major influence on
the corrosion behavior of WE43 [31], the relationship between
the size of the powder particles and the corrosion resistance
of Mg-7.5Li-3Al-Zn should be further investigated.

Due to various techniques of powder metallurgy used for
the materials fabrication, different microstructural features
were formed in the alloys produced by LPBF and PPS. Re-
sults showed that high density of stacking faults were cre-
ated during LPBF, and the microharduess of this alloy was
also the highest among the investigated materials. Both factors
can indicate that by using LPBF there is a possibility to pro-
duce Mg-3Al-7.5Li-Zn with superior mechanical properties
[56].
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5. Conclusions

* Powder metallurgy methods can be beneficial in the fabri-
cation of ultrafine and fine-grained Mg-7.5Li-3Al-Zn alloys
from atomized powders.

Dual-phase microstructures with various degree of refine-
ment and various volume ratio of a(Mg) to S(Li) were
formed in the alloys depending on the manufacture route.
The parameters chosen for PPS of the atomized powders
did not provide full recrystallization of the microstructure,
and unrecrystallized particle boundaries were still present
in the alloy.

The microstructure-dependent corrosion of the produced
alloys was increased by the presence of pores in the LPBF
alloy and by the unrecrystallized particle boundaries re-
vealed in the PPS alloy.

The advantage of the LPBF and PPS processes lies in
changing the proportion of a(Mg) to B(Li), which when
the complete consolidation of the material is achievable,
may increase the corrosion resistance of dual-structured
Mg-Li alloys.

The high density of stacking faults can have detrimental
effect in increasing microhardness of the Mg-Li materials
produced using LPBEF.

The results show that powder metallurgy routes have a
wide potential to be used for the manufacture of Mg-Li
alloys.
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The corrosion of a number of coarse- and fine-grained copper materials has been studied in an aerated aqueous
nitric acid (100 mM) solution. The materials properties and the consequences of corrosion were characterized by
scanning electron microscopy, electron back scatter diffraction and confocal laser scanning microscopy. The
corrosion of the coarse-grained materials was shown to be strongly influenced by the crystallographic orienta-
tions of grains. For fine-grained materials grain boundary etching at high angle grain boundaries and grain

boundary pores (for cold sprayed copper) overrode the influences of texture on the corrosion rate.

1. Introduction

The microstructure of polycrystalline materials often has an impor-
tant influence on corrosion, as has been widely described in the litera-
ture [1-8]. Corrosion initiation is commonly controlled by metallurgical
factors and the inhomogeneity of structures, with the subsequent
propagation mostly controlled by kinetic factors (i.e., polarization and
diffusion) [9-11]. A number of studies have been devoted to investi-
gating the effect of grain-size on corrosion of face-centered cubic (fec)
metals [3,12-20], and a review of this literature shows that the corro-
sion resistance improves with a reduction in grain size from
coarse-grained (CG) to nanocrystalline (NC). Since grain boundaries can
act as corrosion barriers, the more refined the microstructure, the higher
the expected overall corrosion resistance [13,21].

An interesting insight into microstructure-dependent corrosion of
metals was made by Gollapudi [22], who showed that, in a
non-passivating environment, a bimodal microstructure with a higher
volume fraction of coarse grains may increase the corrosion resistance of
metals. These systematic studies were carried out to find the relationship
between grain refinement and corrosion rate for fcc-structured metals.
However, this relationship may be disrupted by other microstructural
factors such as crystallographic orientation, grain boundary

* Corresponding author.
E-mail address: anna.dobkowska@pw.edu.pl (A. Dobkowska).

https://doi org/10 1016/j corsci 2021.109778

disribution, discontinuities (voids or pores), or internal stress/strain
that may be introduced into the material during fabrication or
post-processing. Studies on the influence of grain orientation on corro-
sion [23-31] prove that differences in the electrochemical behaviour of
grains in coarse-grained, fine-grained, and nanocrystalline materials are
related to differences in the crystallographic orientations.
Martinez-Lombardia et al. [23] found that for Cu in the active state, <
111 > //ND grains were the most reactive which is counter to expec-
tations based on surface energies and work functions. It was also shown
that the reactivity of < 100 > //ND grains decreased when located
between < 111 > //ND grains, an observation consistent with those of
Lapeire et al. [24].

The grain boundary misorientation angle also plays an important
role in determining the corrosion resistance; with grain boundaries
possessing a misorientation angle higher than 15° corroding faster than
those with a misorientation angle below 15° [8,16,32]; i.e., the effect of
the “special” coincidence site lattice (CSL) boundaries is a key feature
[26,33-37]. It has been suggested that for low stacking fault
fee-structured metals, a higher fraction of low-T CSL boundaries may
enhance the corrosion resistance, especially for intergranular corrosion
[33,35). A new insight into the influence of grain boundary properties
on Cu corrosian is given by Chen et al. [27], who showed that a thicker

Received 23 March 2021; Received in revised form 13 August 2021; Accepted 14 August 2021

Available online 17 August 2021
0010-938X/© 2021 Elsevier Ltd. All rights reserved.



A. Dobkowska et al.

passive film was formed at random grain boundaries than at coherent
twin boundaries. The effect of the porosity on the corrosion resistance of
fee-structured Cu produced by cold spray deposition has also been
investigated. [38], but there is a lack of evidence showing how changes
in local chemistry within pores influences corrosion reactions.

The resistance of polycrystalline fec metals to corrosion is complex
and involves a number of factors for which a complete understanding
has not yet been realized. Most notably the consideration of texture and
grain size distribution becomes important when designing long-lived
structures such as used fuel containers (UFC) for the permanent
disposal of high-level nuclear waste. The UFC is a key barrier in the
multi-barrier systems proposed in Canada and many other countries for
the long-term containment and isolation of used nuclear fuel in a deep
geologic repository (DGR). In the proposed Canadian design, used nu-
clear fuel will be sealed in UFCs fabricated from carbon steel vessels
(ASME SA516 Gr.70) covered with an approximately 3 mm-thick Cu
coating, applied by electrodeposition and cold spray deposition tech-
niques [39,40]. For the large majority of their lifetime in a DGR, the
UFCs will be exposed to anoxic conditions. However, for a brief initial
period after emplacement, oxygen will be present in the DGR, trapped
within the filling and sealing materials during UFC emplacement. Dur-
ing this relatively short period, which may last from a few weeks to a few
decades, oxides of Cu may be present on the surface of the UFC [41]. An
understanding of the early, oxygen-initiated corrosion behaviour of the
Cu coating is important to ensure safe, long-term disposal [42-46],
although the range of oxic damage is expected to be only on the order of
tens or hundreds of micrometres.

As noted above, a range of evolving exposure conditions is antici-
pated over the lifetime of a DGR (i.e., 1 million years). Reviews by King
et al. [47] and Hall et al. [48] summarize the current understanding of
container corrosion behaviour as DGR conditions evolve. In the early
stages of container emplacement in a DGR, warm, humid air conditions
could prevail, and with a current Canadian container thinner than those
of previous container designs, gamma radiation fields on the outer
surface of the container could be more significant. This could lead to the
production of small amounts of HNO3 by the radiolysis of aerated
vapour [49,50], which may lead to small amounts of corrosion. The
kinetics of this corrosion process have been studied by Turnbull et al.
[51-53].

The current work compares the influence of metallurgical features
such as grain size, grain distribution and the crystallographic orienta-
tions of grains, on the corrosion behaviour of pure Cu materials fabri-
cated by various techniques. To determine how these microstructural
features could influence corrosion, the extent and distributdon of
corrosion damage on Cu specimens after exposure to aerated HNO3 so-
lution were analysed.

2. Materials

Five different Cu materials were examined in this work: P-doped O-
free wrought Cu (SKB Cu), electrolytic tough pitch Cu (ETP Cu), com-
mercial wrought Cu (CW Cu), electrodeposited Cu (ED Cu), and cold
spray deposited Cu (CS Cu).

The SKB Cu is a P-doped O-free wrought Cu supplied by the Swedish
Nuclear Fuel and Waste Management Company (SKB, Solna, Sweden).
The ETP Cu, in the form of a plate (30 cm x 30 em x 0.5 cm), was
purchased from Rolled Alloys Inc., Mississauga, Canada, and the CW Cu
was a typical commercially available Cu plate material (10 cm x 3 cm x
0.5 cm, manufacturer unknown). The ED Cu was supplied in the form of
a 3-mm-thick Cu coating ona 15 cm x 15 cm x 0.4 em A516 Gr. 70 steel
block substrate, by Integran Technologies Inc., Mississauga, Canada. The
CS Cu was manufactured by the National Research Council of Canada,
Boucherville, Canada, also in the form of a 3-mm coating on a steel
substrate (A516 Gr. 70). The CS Cu was annealed at 350 °C for 1 h after
deposition to relieve stresses (42,43,54].
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3. Experimental methodology
3.1. Microstructural characterization

The microstructure of each material was examined by electron
backscatter diffraction (EBSD) in the Zircon and Accessory Phase Lab-
oratory, The University of Western Ontario, using a Hitachi S6600
scanning electron microscope (SEM) equipped with an Oxford Symme-
try Nano EBSD detector. Cu coupons were mounted in an epoxy resin,
ground with SiC papers (#600, #1200, #2500 and #4000), and then
polished using 3 and 1 pm diamond suspensions in a glycol-based
lubricant. Specimens were ultrasonically rinsed in methanol before
electropolishing at room temperature using an electrolyte composed of
HNO3:CH30H = 1:3 by volume (HNO3, ACS reagent, 68-70%; CH30H,
ACS reagent). Using a GPR-H Series Linear D.C. Power Supply, a voltage
of 10 V was applied for 10 s to specimens immersed in this solution. Prior
to transfer to the SEM chamber, the surface of the specimens was flat-
milled with an Ar ion beam for 6 min, using an IM4000 Hitachi Plus
Ion Milling System. The EBSD data were acquired using AZtecHKL
software (Oxford Instruments NanoAnalysis Group). Measurements
were performed with a step scan of 0.5 pm and a working distance of
22.3 mm. The recorded data were analyzed using Oxford HKL Chanel 5
software. The orientation images are shown as inverse pole figure (IPF)
maps. In a polycrystalline material, two types of grain boundaries (GBs)
can be distinguished. If the angle between two adjacent grains is below
15°, then the GBs are defined as low-angle grain boundaries (LAGBs)
and marked in green in IPF maps. If the neighboring grains are misor-
iented by more than 15°, then the GB is defined as a high-angle grain
boundary (HAGB) and marked in red in the IPF maps. Non-indexed areas
are marked in black. The IPF maps and corresponding GB distributions
obtained are shown after the processing, except for the data acquired for
CS Cu which is presented in its original form.

To determine the average grain size and the relative frequency of
grain sizes, we used a post-processing procedure involving a grain
tolerance angle of 2° and a cut-off limit of 10 pixels. The grain size was
determined using a linear intercept method. To estimate the variation in
grain sizes, the coefficient of variation (C,) was calculated using the
following formula:

where ¢ is the standard deviation and p is the average grain size
dimension.

To further determine the microstructure of CS Cu, SEM observations
were performed on the same specimen used for EBSD measurements.
The images were captured using a Hitachi S4500 field emission SEM.
Dynamic secondary ion mass spectrometry (D-SIMS) was performed to
determine whether oxygen was present between splats of CS Cu. Mea-
surements were performed using a Cameca IMF-6f SIMS and an area of
250 pm x 250 pm was sputtered.

The microstructure of SKB Cu was additionally observed using an
optical microscope (6000 VHS Keyence), after polishing and chemical
etching using 20 mL NH4OH + 20 mL H,0 + 10 mL 3% H505.

3.2. Electrochemical corrosion tests

For electrochemical measurements specimens with the dimensions
1 em x 1 cmx 0.5 cm were cut from plate materials, tapped, threaded,
and connected to steel rods covered with PTFE heat-shrink tubing.
Specimens were ground with SiC papers (#600, #1200, #2500 and
#4000) and polished with 3 and 1 pm diamond suspensions in a glycol-
based lubricant. Prior to each electrochemical measurement, specimens
were rinsed with Type-1 water, ultrasonically cleaned in methanol, and
then dried with high purity Ar gas.

In this study experiments were conducted in solutions containing
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100 mM HNOj3 to investigate the accelerated corrosion of copper surface
exposed to maximum accumulated concentration of HNO3 anticipated
in a DGR [55], and also to facilitate the comparison with previous
studies. The Ecqrr was recorded as a function of immersion time. After
24 h of immersion of coupons in an aerated HNOj solution, the polari-
zation resistance (Rp) of each specimen was determined by linear po-
larization resistance (LPR) measurements performed over a potential
range of Egor = 5 mV, at a scan rate of 10 mV/min. Experiments were
performed in a large volume, three-compartment electrochemical cell. A
saturated calomel electrode (SCE) was used as the reference electrode
(RE), a Pt wire as a counter electrode (CE), and a polished Cu specimen
with 1 em? of exposed area as a working electrode (WE). All electro-
chemical measurements were performed using a Solartron Analytical
Modulab. The 100 mM HNOj solution was prepared using HNO3 stock
soludon (ACS reagent, 68-70%, Fisher Scientific) and Type-1 water
(18.2 MQ-cm). To ensure the reproducibility of the results the experi-
ments were repeated at least twice.

3.3. Characterization of corroded surfaces

After electrochemical measurements specimens were examined
using a Hitachi SU3500 Variable Pressure SEM. The surface topography
was measured and depth profiling of corroded surfaces performed using
confocal laser scanning microscopy (CLSM, Zeiss LSM800 For Mate-
rials). The collected data are shown in the form of 3D images, with the
attached colour scale indicating depth, and as surface profiles. In depth
profiling, the deepest point detected by CLSM was adopted as zero on the
ordinate (depth) axis. Imaging was performed with a 405-nm excitation
laser. All measurements were performed with a 0.2 pm interval between
slices. Quantitative analyses of surface profiles were based on mea-
surements of the arithmetic mean height (S;) and maximum height (S,),
where S, describes the mean surface roughness, and S, the height dif-
ference between the highest peak and the deepest valley within the
analyzed area [56].

4. Results
4.1. Microstructural characterization

An optical image, IPF map and GB distribution for a polished and
etched SKB Cu surface are shown in Fig. 1. As observed in Fig. 1a, the
microstructure is characterized by coarse grains with an average size of
29 um. The grains are randomly oriented, and almost all detected GBs
reside between grains whose orientation differs by more than 15°,
Fig. 1b. (Note that, due to the large grain size and the low number of
grains within the Held of view, the grain size distribution for this ma-
terial is not shown in Fig. 3 with those of the other materials). A detailed

500 pm
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characterization of the microstructure of SKB Cu has been published by
Lietal. [57].

ETP Cu has a random texture and exhibits a heterogeneous micro-
structure comprised of grains of different sizes, Fig. 2, with the majority
of grain boundaries being HAGBSs, Fig. 2b. The distribution of grain sizes,
Fig. 3, shows that grains with an equivalent dimension below 5 pm
comprise 55% of the analyzed population, and those with an equivalent
dimension between 5 and 10 pm make up 31% of the population. Bigger
grains contribute much smaller fractions of the population. The average
grain size was estimated to be 6.1 ym, with a C, value of 0.8.

Of the materials analyzed, CW Cu has the broadest grain size dis-
tribution, as indicated by a Cy value of ~ 1, with randomly oriented
grains with an average size of 7.8 ym, Fig. 3 and Fig. 4a. HAGBs are
present but LAGBs are still observed, Fig. 4b. Grains measuring below
5 um make up 55% of all analyzed grains, with those between 5 and
10 pum comprising 20%, Fig. 3. Grains with larger sizes are also present,
but in only minor amounts.

The ED Cu has a well-refined microstructure, Fig. 5, with an average
grain size of 2.8 nm, Fig. 3, with the C, value of 0.4 indicating only a
small variation in grain size. Of the analyzed population, 94% of grains
have an equivalent dimension below 5 pm, with those between 5 and
10 pm comprising 6% of the population. As shown by the dominance of
blue and green regions, respectively, in the IPF map, Fig. 5a, the vast
majority of the grains are oriented to (111) and (101). The grains ori-
ented to (001) are smaller, and randomly distributed within the whole
analyzed area. Mostly HAGBs were formed, Fig. 5b. Such a refined
microstructure would provide greater strength in the Cu coating, which
is critically important in optimizing the mechanical properties of the
UFC [57,58].

The most refined microstructure, with an average grain size of
2.7 um, was observed in CS Cu. During the low temperature annealing,
recrystallization occurred [43,59], and ultrafine and nearly equiaxed
grains were formed, Fig. 6a. The grain size in CS Cu is reasonably ho-
mogeneous (Cy ~ 0.4), Fig. 3. As observed for ED Cu, the smallest grains,
with an equivalent dimension below 5 pm, comprised the great majority
of the analyzed population (95%), with the remainder between 5 and
10 um. HAGBs were formed around recrystallized grains, but compared
to ED Cu, a significantly larger number of LAGBs are present, Fig. 6b.

The indexation rate from EBSD data was 77%, with the vast majority
of the non-indexed fraction due to the presence of microstructural de-
fects (pores formed during deposition) [43]. Within the structure, pores
can be observed, Fig. 7a. The observed pores can be classified according
to their different shapes. Large pores, located at triple points, Fig. 7b, are
around 4 pm in size. The depth of several randomly selected pores was
approximately measured by subtraction of the working distance of the
microscope measured when focusing on the bottom of the pore from that
measured when focusing on the surface. This yielded pore depths in the

20 pm
= |AGBs (< 15°) ==HAGBs (> 15°)

Fig. 1. Microstructure of SKB Cu; a) optical image after chemical etching; b) IPF map with corresponding GB distribution.
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Fig. 2. EBSD maps recorded on the surface of ETP Cw: a) IPF map, b) GB distribution.
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Fig. 3. Grain size distribution in different Cu materials, estimated using the
linear intercept method.

range 20-46 um. Pores in CS Cu coatings deposited on steel have been
observed previously by Yu et al. [59] and Li et al. [57]. Both studies
focused on the negative influence of randomly distributed pores in CS Cu
on the mechanical properties of the Cu coating.

SEM imaging showed long pores that extended along the length of

20 pm

several adjacent particles located at particle boundaries, Fig. 7¢, indi-
cating weakly bonded particle-particle interfaces. Although low tem-
perature annealing was used to minimize the porosity (350 °C for 1 h),
weakly bonded areas were still present in the coating, indicating that
conditions used during cold spray deposition and annealing did not lead
to the complete sintering of the inter-splat areas [59]. Small grains are
visible in the particle interiors suggesting that microstructural recrys-
tallization occurred Fig. 7d; however, further studies regarding the
detailed microstructure recrystallization should be undertaken.

4.2. Corrosion measurements

Ecorr measurements recorded in aerated 100 mM HNO3 for 24 h are
shown in Fig. 8. The evolution in E.qr on SKB Cu and ED Cu exhibited
similar trends, a rapid, initial decrease followed by a slower longer-term
increase. The initial E¢,,r decrease on ED Cu was more rapid than on SKB
Cu, with the minimum potential achieved lower (~ —0.05 V/SCE) than
that on SKB Cu (-0.04 V/SCE to —0.03 V/SCE). The ETP Cu and CW Cu
also exhibited similar behaviors but were different from SKB Cu and ED
Cu, with the initial decrease in Ec followed by a steady increase to-
wards steady-state values of ~ 0.03 V/SCE (CW Cu) and ~ 0.05 V/SCE
(ETP Cu). The CS Cu exhibited very different behavior, initially rising to
~ 0.07 V/SCE before decreasing slowly to ~ 0.03 V/SCE, a value in the
same range as achieved with CW Cu and ETP Cu.

After 24 h of exposure, when Ego approached a constant value, R,
measurements were collected, Table 1. The apparent corrosion rate («
Rp'l) was highest on CS Cu, considerably lower on ED Cu, and of in-
termediate range on SKB Cu, ETP Cu and CW Cu. Moreover, all the
longer-term values (i.e., after 24 h of immersion) are in the range

20 pm
= | AGBs (< 15°) =—=HAGBs (> 15°)

Fig. 4. EBSD maps recorded on the outer surface of CW Cu: a) IPF map, b) GB distribution.
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Fig. 5. EBSD maps recorded on the outer surface of ED Cu coating: a) IPF map, b) GB distribution.

20 pm
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Fig. 6. EBSD maps recorded on the outer surface of CS Cu coating: a) IPF map, b) GB distribution.

(0.04 V/SCE to —0.04 V/SCE) which we have observed in many exper-
iments conducted in HNOj3 solutions in the HNO3 concentration range
10-150 mM [60]. No apparent relationship between Ecorr and Ry was
observed, suggesting that the differences in R, cannot be explained by a
simple rebalancing of the relative rates of the anodic and cathodic
reactions.

4.3. Characterization of corroded surfaces

Fig. 9 shows that corrosion damage in aerated nitric acid was non-
uniformly distributed on SKB Cu, with some grains experiencing more
extensive corrosion than others. These differences were confirmed in the
3D CLSM image in Fig. 10a with the variations in depths of corrosion on
individual grains shown in Fig. 10b. Measurements made on areas such
as the one shown in Fig. 10a show that both S, and S, were greatetr on
grain A than on grain B, Fig. 9a—c. In addition, if two adjacent grains
have the same etch patterns after exposure in the test solution, then it
can be supposed their exposed surfaces have similar crystallographic
orientation, leading to preferential corrosion of HAGBs (Fig. 9c and d).

Examination of ETP Cu showed a texture-dependent corrosion
pattern similar to that of SKB Cu, as indicated by grains A, B and C in
Fig. 11a. The 3D map in Fig. 11b and the surface profile in Fig. 11c show
the differences in grain etching reflecting the much lower average grain
size in ETP Cu. Similar texture-dependent corrosion was observed on CW
Cu, Fig. 12a—c. This is not unexpected, given similarities in their grain
size distributions, Fig. 3, except for the small number of large grains
present in CW Cu. Both the surface roughness (S,) and corrosion depth
(S,) on CW Cu were approximately twice the values observed on ETP Cu,

which may reflect the approximate doubling in the corrosion rate of CW
Cu compared to that of ETP Cu (Table 1). The SEM and CLSM images and
a surface profile for ED Cu are shown in Fig. 13. Corrosion damage
appeared to be greatest along grain boundaries, with the frequency of
deeper penetrations indicated in the surface profile consistent with the
average grain size. Since this specimen has a relatively high density of
HAGBs, Fig. Sb, it was likely that corrosion initiated at these locations
with the surface profile, Fig. 13c, and higher S, value suggesting that it
remained dominantly concentrated in these locadons. Despite this
localization of corrosion, the mean roughness (S,) of the ED Cu remained
similar to those of the ETP Cu and CW Cu. In addition, despite the high
density of corrosion-susceptible HAGBs, R;, for the ED Cu was 3-5 times
higher than those of ETP Cu and CW Cu, respectively.

Examination of the corroded specimens showed that corrosion in
aerated nitric acid solution was more localized on CS Cu (Fig. 14) than
on the other specimens and propagated along preferential pathways.
The shape and distribution of these corroded locations indicated that the
most corrosion-susceptible areas were located at the pores and along the
particle boundaries present in this material, Fig. 7. The CLSM surface
profile showed the deepest penetrations at these locations, Fig. 14d. The
maximum corrosion penetration measured in the area shown in Fig. 14b
was 80 pm, which is con ly gr the penetration depths
measured on the other ens. SIMS mapping by °0
showed that the particle boundaries were rich in O, Fig. 14c. This was
most likely due to surface oxidation of the Cu particles used in the
deposition process, which was retained at the particle boundaries. To
examine the corrosion damage, a CLSM map and surface profile were
recorded on the area marked with the black square in Fig. 14b and are
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Fig. 7. SEM images recorded on the surface of the CS Cu specimen prepared for EBSD measurements: a) overall SE image, b) SE image highlighting the location of
pores, ¢) weakly bonded particle-particle interfaces, d) BSE image taken from the same area as image 7a.

0
— N
o CS Cu
Q
Q0 \
CW Cu

2 o ETP Cu
ng -0 Cu

-0

AN
0 ED Cu

0 2 46 8 101214 16 18 20 22 24
Time of immersion (h)

Fig. 8. Ec, evolution as a function of time of immersion in aerated
100 mM HNOj.

shown in Fig. 15. The S, and S, values within this 70 ym x 70 pm area
are 1.7 ym and 10 pm, respectively. Corrosion damage to the central
part of a deposit particle is shown in Fig. 16.

Table 1
R, measurements after 24 h of immersion in aerated 100 mM HNOs.

Material Linear polarization R;, (€ cm?)
ED Cu 2269
ETP Cu 712
SKB Cu 569
CW Cu 469
CS Cu 49

? due to an increasing effective area, the value may only be
approximate

5. Discussion

The Cu specimens investigated in this study can be separated into
coarse-grained (SKB Cu, ETP Cu, CW Cu) and refined grain (ED Cu, CS
Cu) materials.

5.1. The major factors affecting the corrosion behaviour of coarse-grained
Cu

The key features controlling the corrosion of the coarse-grained
materials were the crystallographic orientation of grains, with vari-
ously oriented grains corroding at different rates. The rates for all 3
specimens were within a factor of 2 (Table 1), with the Ecq,, for the very
large grained SKB Cu substantially lower than that for the ETP Cu and
CW Cu. Miyamoto et al. [9] suggested that this dependence on texture
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b)
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Fig. 9. SEM images of the surface of SKB Cu after immersion in HNOj3 for 24 h. Areas A and B are shown with higher magnification in Fig. 9b and c, respectively.

Panels ¢ and d show preferential etching of HAGBs.

can be assigned to the establishment of anodic/cathodic separation be-
tween individual grains. They proposed that this could result from dif-
ferences in surface energies between crystal planes, with the close
packed < 111 > plane having the lowest surface energy. Subsequently,
Lapeire et al. [13] demonstrated that not only the grain orientation but
also the orientation of neighbouring grains exhibited an influence on the
corrosion behaviour of specific grains, and suggested that the greatest
degree of galvanic coupling between grain interiors would be between
<001 > //ND and < 111 > // ND oriented grains, particularly if they
were located adjacent to each other [24]. How this leads to the reba-
lancing of the anodic and cathodic kinetics, which would account for the
lower Ecorr for SKB Cu, is presently unclear. The variation of corrosion
rate with texture will also be complicated by anion adsorption processes,
which could be particularly important in NO3~ solutions, since this
anion has been shown to have different adsorption energies on different
crystal planes [61].

In addition, within this group of coarse-grained materials, the very
large grained SKB Cu exhibited preferential grain boundary etching of
HAGBs. The higher energies at these locations make them preferential
corrosion sites relative to the lower energy grain surfaces, as described
by Miyamoto et al. [9], this leads to a combination of GB etching and the
more visible etching of the more sensitive crystallographic planes.
Miyamoto et al. [9] went on to propose that the mechanism for this
effect was a type of galvanic coupling between the grains and grain
boundaries.

Our results are not inconsistent with the results of Miyamoto et al.
[9] and Lapeire et al. [13], and it is possible that an

intra-microstructural-feature galvanic corrosion mechanism may be
responsible, though we do not yet have direct evidence for the
anode-cathode separation that would confirm it.

5.2. The major factors affecting the corrosion behaviour of fine-grained
Cu

A number of studies [16,37,62-65] have demonstrated the enhanced
reactivity of HAGBs, with the corrosion rate depending on their number
and distribution. However, despite the extremely high number and
density of such boundaries, ED Cu was the most corrosion resistant of
these materials, exhibiting a R, value 3-6 times greater than the values
recorded for the other 4 materials (Table 1). This decrease in corrosion
rate, combined with a lower Eg (compared to the other materials),
indicates a suppression of the cathodic reaction on the ED Cu surface.
Miyamoto et al. proposed that the dominant influence on the corrosion
rate of fine-grained Cu is galvanic coupling between the grains, acting
dominantly as cathodes, and the HAGBs which act dominantly as anodes
[9]. In this scenario, a refined structure containing dominantly HAGBs
will possess a low cathode (grain surface) area to anode (HAGBs) area
ratio which, while dominantly supporting corrosion within the HAGBs,
would limit the overall rate of corrosion penetration. That HAGB etching
was observed for the large-grained SKB Cu (large ratio of grain interior
to grain boundary surface area) but not the smaller-grained ETP Cu and
CW Cu (smaller grain interior: grain boundary area ratio) is also in line
with the results of Miyamoto et al. [9].

For the CS Cu, corrosion propagated preferentially within the
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Fig. 10. CLSM image recorded on the surface of SKB Cu: a) 3D image, b)
surface profile extracted from the location marked by the arrow.

particle boundaries. Despite a lower density of HAGBs than on ED Cu
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inter-microstructural-feature galvanic coupling was overridden by the
enhanced overall cathodic and anode reaction kinetics on CS Cu.

5.3. Corrosion mechanism

The mechanism of Cu corrosion in aerated HNO4 has been shown to
be complicated [52,53,60]. Nitrate is strongly adsorbed on Cu [61] and,
in the absence of dissolved Oy, prevents corrosion either due to NO3~
adsorption or to the formation of a protective oxide [53,61]. When
dissolved Oy is present it acts as the dominant oxidant,

O +4H* +de”— 2H,0 m
leading to the overall corrosion reaction,
O-+4Cu  + dHY —4Cut + 2H.0 2)

with the overall reaction kinetics being first-order with respect to [0]
but independent of [H™] and only slightly dependent on [NO3~1 [52,53,
66]. These studies also demonstrated that corrosion supported by H™
reduction does not occur. The Cu~ produced in reaction 2 can then
undergo competitive homogeneous oxidation reactions:

4Cu* +20, +4H" =4Cu* +40H™ (3
and
NOT + 2Cu* +2HYSNO; +2Cu™t +  H,0 “®

Reaction 4 effectively activates NO3~ as an oxidant, since the NO,~
formed acts as a rapid cathodic reactant [52],

and a similar small grain size, the corrosion rate and Ecq,, for CS Cu were NO7 +2H*" + ¢ >NO+ H,0 (5)
both considerably higher than those of ED Cu. This indicates faster
cathodic reaction kinetics on the former than the latter material. The supporting the overall corrosion reaction
Ecorr o.f CS Cu was apprc?ximately the sarr.xe as that of the coarse—g‘rair_led NOT +Ciu+ H —=NO+Cu*+ OH- 6)
materials but the corrosion rate was considerably higher, a combination -
suggesting that both the anodic and cathodic reaction kinetics were
faster on CS Cu. Although annealing has been shown to significantly
decrease plastic strain within the interparticle boundaries [42], it is further corrosion via comproportionation reaction (7),
possible that small amounts of residual strain exerted an influence on the
anodic kinetics. These observations demonstrate that any influence of ~ Cu+ Cu* —2Cu* @
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Fig. 11. Post-corrosion characterization of ETP Cu: a) SEM image, b) CLSM 3D image, d) surface profile extracted along the location marked by the arrow.
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Fig. 12. Post-corrosion characterization of CW Cu: a) SEM image, b) CLSM 3D image, d) surface profile extracted along the location marked by the arrow.
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Fig. 13. Post-corrosion characterization of ED Cu: a) SEM image of the surface, b) CLSM 3D image, b) surface profile extracted from the location marked by

the arrow.

and the establishment of a catalytic corrosion cycle.

Experiments involving large and small Cu surface area to solution
volume (S4/V) ratios demonstrated that for small Sy/V ratios the latter
potential oxidants (Cu®>~ and NO;") could escape by transport to the
bulk of solution, leading to their dilution at the Cu surface and limiting
their involvement in the corrosion process. When the Sp/V ratio was
large, such transport losses were limited and Cu corrosion accelerated by
reactions (6) and (7).

This sequence of reactions offers an explanation for the promotion of
corrosion occurring in the pores along particle boundaries of CS Cu,
based on local Sa/V ratios. Initially, the Oy reduction reaction would
oceur across the whole CS Cu surface. However, due to transport limi-
tations, O» would become depleted within the pores and particle
boundary fractures. By contrast, the NOz~, which in the present

experiments was present at a significantly higher concentration than Og,
would not be similarly depleted in these regions. Combined with the

rt restrictions, and the high s of Cu™ in acidic so-

ould allow Cu™ and the other oxidants (Cu?~ and
NO;7) to accumulate in these high S,/V ratio locations, initiating the
catalytic corrosion cycle locally, particularly reactions (4), (6) and (7).
Conversely, on the boldly exposed surfaces, where Sa/V ratios are
smaller, Cu?>~ and NO,~ could escape by transport to the bulk of solu-
tion, meaning corrosion on these surfaces would be directly driven by
oxygen but not by the catalytic cycle. This would lead to more rapid
corrosion within pores and fractures at particle boundaries than on the
open surfaces. It also suggests the possibility of developing differential
0, concentration cells between open surfaces and particle boundary
pores and fractures. The presence of oxides at these locations in the form
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Fig. 14. Post-corrosion characterization of CS Cu: a) SEM image, b) 3D CLSM image, ¢) D-SIMS elemental map for 1°0, d) surface profile extracted from the area
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® On the coarse-grained materials investigated (SKB Cu, ETP Cu, CW
Fig. 15. Post-corrosion characterization of the area extracted from the particle Cu.) the -corrosion 'behav'iour was contr011.ed by the 'crystallogljaphic
of CS Cu marked by the black square in Fig. 14b: a) 3D CLSM image, b) surface orientation of grains, with differently oriented grains corroding at
profile extracted from the area marked by the arrow. different rates.

e On SKB Cu, the HAGBs corroded at a higher rate than did the grain
of either CuyO or CuO would not be expected to inhibit corrosion since surfaces, whereas preferential dissolution of grain boundaries was
they would dissolve in the acidic solution to produce Cu~ and/or Cu*~ not prevalent on ETP Cu and CW Cu. . .
both of which would accelerate the localized corrosion by reactions (4) * On the refined-grained ED Cu, the corrosion rate was considerably
and (7). lower than on the coarse-grained materials, with corrosion damage

accumulating predominantly in the HAGBs.
6. Conclusions e The corrosion rate in 100 mM nitric acid was considerably higher on
CS Cu than on the coarse-grained materials, with corrosion pro-
e In this work, different Cu specimens were exposed to an aerated gressing most rapidly within pores and along deposited particle
nitric acid solution to allow us to observe an accelerated corrosion of boundaries. The propagation of corrosion within these locations was

likely enhanced by the confinement of Cu~, as well as oxidants NO,~
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and Cu®~ produced by the reaction of NO3~ with Cu™, giving rise toa
catalytic corrosion cycle locally.

Further investigations are underway to elucidate the influence of O
in oxides present on the particle boundaries of CS Cu on its corrosion
behaviour.
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