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RESUMO

Entre os materiais com potencial para aplicacdes em implantes biodegradaveis o magnésio
tem ganhado uma atencdo especial por apresentar uma boa combinacdo de propriedades
mecanicas, bioldgicas e eletroquimicas. Estudos recentes mostram que 0 processamento do
magnésio por deformacao plastica severa refina a microestrutura e melhora as propriedades
mecénicas. O presente trabalho mostra a caracterizagdo microestrutural e mecénica do
magnésio puro e de ligas comerciais AZ31, AZ91 e ZK60 apos processamento por ECAP
(Equal-Channel Angular Pressing) e HPT (High Pressure Torsion). O magnésio
comercialmente puro (CP-Mg) foi processado por ECAP em alta temperatura e por HPT na
temperatura ambiente. As ligas de magnésio foram processadas por HPT na temperatura
ambiente. Para avaliar possiveis modificacdes nas propriedades mecanicas causadas pelo
processamento foram feitos ensaios de tracdo em temperatura ambiente das amostras de
magnésio e foram construidos mapas de distribuicdo de dureza das secOes transversais das
amostras processadas por HPT. A taxa de corrosao de todas as amostras foi determinada por
meio de ensaios eletroquimicos de polarizacdo e ensaios de evolucdo de hidrogénio. A
resisténcia de polarizagdo também foi medida utilizando técnicas de espectroscopia de
impedancia eletroquimica EIS (electrochemical impedance spectroscopy). Para comparar 0s
aspectos morfol6gicos do processo corrosivo em cada amostra também foram realizados
ensaios de inspecdo visual com registro fotografico. Para avaliacdo da citotoxicidade foram
utilizados dois testes diferentes 0 MTT e o teste comercial Live/Dead. O tipo de distribui¢do
e 0 tamanho médio de grdo nas amostras em cada etapa de processamento foram avaliados
utilizando procedimentos de metalografia e a aquisicdo de imagens foi feita por microscopia
Optica, microscopia eletronica de varredura (MEV), e microscopia eletronica de transmissao
(MET), no caso das amostras com microestrutura ultrafina. Os resultados mostram que o
processamento por HPT refina a estrutura de grdos do magnésio e suas ligas até a escala
submicrométrica e aumenta significativamente a dureza. A biocompatibilidade ndo é
afetada pelo processamento e o comportamento durante a corrosdo varia dependendo do
material processado. O refino de grdo promove uma mudanga no comportamento em
corrosdo de um perfil de corrosdo localizada para corrosdo generalizada no magnésio puro.
Os resultados dos ensaios eletroquimicos ndo mostram mudancas significativa nas ligas de

magnésio ap0os processamento por HPT.

Palavras-chave: Magnésio, Corrosdo, Citotoxidade, HPT, ECAP.
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ABSTRACT

Among the materials with potential for applications as biomaterials magnesium has
received special attention due to their good combination of desirable (mechanical,
biological and electrochemical) properties. Recent studies show that the processing of
magnesium by severe plastic deformation refines the microstructure and improves the
mechanical properties. The present work shows the microstructural and mechanical
characterization of pure magnesium and commercial alloys AZ31, AZ91 and ZK60
after processing by ECAP (Equal-Channel Angular Pressing) and HPT (High Pressure
Torsion). Commercially pure magnesium (CP-Mg) was processed by ECAP at high
temperature and by HPT at room temperature. The magnesium alloys were processed by
HPT at room temperature. To evaluate possible modifications in the mechanical
properties caused by the processing tensile tests were performed at room temperature on
magnesium samples and hardness distribution maps of HPT discs cross section were
constructed. The corrosion rate of all samples was determined by electrochemical
polarization tests and hydrogen evolution tests. The polarization resistance was also
measured using electrochemical impedance spectroscopy (EIS) techniques. To compare
the morphological aspects of the corrosive process in each sample, visual inspection
tests with photographic record were also carried out. To evaluate the cytotoxicity, two
different tests were used the MTT and the Live / Dead assays. The distribution and the
average grain size in the samples at each processing stage were evaluated using
metallography procedures and the image acquisition was performed by optical
microscopy, scanning electron microscopy (SEM) and transmission electron
microscopy (MET) in the case of samples with ultrafine microstructure. The results
show that HPT processing refines the grain structure of magnesium and its alloys to
submicron scale and significantly increases hardness. Biocompatibility is not affected
by processing and the corrosion behavior varies depending on material. Grain
refinement promotes a change from localized corrosion to generalized corrosion in pure
magnesium. The electrochemical tests results do not show significant changes on

corrosion behavior of magnesium alloys after processing by HPT.

Key words: Magnesium, Corrosion, Cytotoxicity, HPT, ECAP.
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ESTRUTURA DA TESE

No capitulo 1, sdo apresentadas as consideracdes iniciais a respeito do uso do magnésio
como matéria prima para a fabricacdo de implantes biodegradaveis e os objetivos que

nortearam a execugdo dessa pesquisa.

No capitulo 2 é feita uma revisdo de literatura tendo como topicos principais: 0
processamento por deformacdo plastica severa, a corrosdo dos metais em geral e do
magnésio especificamente, as principais técnicas de medicdo da taxa de corrosdo e por

fim 0 uso do magnésio como material biodegradavel.

Os manuscritos produzidos a partir dos resultados deste trabalho comp&em os capitulos
3, 4 e 5. Um estudo sobre a evolugdo da microestrutura e da dureza em etapas
sucessivas de processamento do magnésio por HPT, publicado em 2017 no periodico

Materials Research, é descrito no capitulo 3.

Um segundo trabalho publicado em 2017 no periédico Journal of Materials Science é
apresentado no capitulo 4. Nesse trabalho foi realizado um estudo sobre o efeito do
processamento por deformacdo plastica severa no comportamento mecanico, na

biocompatibilidade e na taxa de corrosdo do magnésio.

Por sua vez, um terceiro artigo, recentemente submetido para publicacdo, é apresentado
no capitulo 5. Esse artigo se refere a um estudo que compara o efeito do processamento
por HPT na microestrutura, dureza e resisténcia a corrosao no magnésio puro e em ligas

comerciais de magnésio.

No capitulo 6, sdo abordadas as consideracdes finais, as contribuigdes originais e as
publicacdes relacionadas a essa pesquisa. Nessa parte do texto também séo apresentadas

sugestdes para trabalhos futuros.



1. CAPITULO 1 - CONSIDERACOES INICIAIS

1.1 Introducéo

O magnésio € um material metalico que se enquadra em uma nova classe de materiais
biodegradaveis entdo chamados metais biodegradaveis e tem ganhado uma atencao
especial, pelo fato de apresentar uma boa combinacdo de caracteristicas mecanicas,
biologicas e eletroquimicas. A boa compatibilidade biol6gica e a capacidade de
degradacdo em meio fisiologico faz com que o magnésio possa ser utilizado como
matéria prima em implantes biodegradaveis. Além disso, ele apresenta uma boa relacao
resisténcia/peso e modulo de elasticidade com valor proximo aos dos 0ssos humanos
(40 - 45) GPa o que é um fator favoravel levando em consideracdo que materiais com
modulo de elasticidade superiores podem causar perda de densidade 6ssea (osteoporose)
na regido implantada, devido a um fenédmeno conhecido como stress shielding. Porém
existem fatores adversos que limitam ou inviabilizam o uso desse material em implantes
biodegradaveis. O magnésio puro apresentam propriedades mecénicas inferiores se
comparado aos metais inertes normalmente utilizados em implantes. Ele apresenta baixa
ductilidade e baixa resisténcia mecanica (tensao de escoamento ~ 20 MPa). Apesar da
degradacéo ser desejavel a elevada taxa de corrosdo em meio fisiolégico faz com que os
implantes feitos a base de magnésio percam as suas caracteristicas mecanicas
prematuramente o que compromete a funcionalidade dos mesmos. Outro fator adverso
esta relacionado a liberacdo de hidrogénio, que é um subproduto da corrosdo. No uso
em implantes ortopédicos, a elevada taxa de liberacdo de hidrogénio somada a baixa
taxa de absorcao pelo organismo, faz com esse gas que se acumule ao redor do implante
0 que pode desencadear reacdes fisioldgicas indesejaveis.

Para melhorar as propriedades mecanicas dos metais puros muitas vezes Sao
adicionados elementos de liga, porém no caso do magnesio a presenca de elementos de
liga pode aumentar a taxa de corrosdo e dependendo da quantidade e do tipo de
elementos utilizados a biocompatibilidade do material pode ser comprometida. A
degradacéo das ligas de magnésio pode causar respostas fisiologicas adversas se 0s ions

de magnésio e dos elementos de liga forem liberados a uma taxa muito alta e nessa



condigdo mesmo os elementos que normalmente estdo presentes no organismo (ex: Zn,

Ca, e Mn) podem ser tornar toxicos.

Outra estratégia para melhorar as propriedades mecanicas e reduzir a taxa de
degradacdo, que vem sendo utilizada, € o processamento por deformacdo pléstica
severa, SPD (severe plastic deformation) e se baseia no fato de que é possivel modificar
a cinética de corrosdo por meio de mudancas na microestrutura do material sem alterar
sua composicdo quimica. Dentre as técnicas de SPD disponiveis, podemos destacar o
processo de prensagem em canal angular ECAP (Equal channel angular pressing) e a
torcdo sobre alta pressdo HPT (High prssure torsion). O processamento por SPD
normalmente é utilizado para refinar a estrutura de grdos dos materiais metalicos e obter
uma melhora nas propriedades mecanicas. Sendo assim, o processamento do magnésio
por ECAP ou HPT abre uma possibilidade de se obter, simultaneamente, uma melhora
das propriedades mecanicas e reducdo da taxa de corroséo desse material.



1.2 Objetivos

1.2.1 Geral

O objetivo desse trabalho é avaliar a influéncia do processamento por deformacgéo
plastica severa, no comportamento mecanico, eletroquimico e citotéxico do magneésio e
das ligas AZ31, AZ91 e ZK60.

1.2.2 Especificos

- Processar 0 magnésio e as ligas por deformacdo plastica severa.

- Determinar a dureza e a resisténcia a tracdo de amostras de magnésio e ligas

submetidas a processamento por deformacéo pléastica severa.

- Determinar a taxa e o perfil de corrosdo dos materiais em solugédo salina de 3,5 wt.%
NaCl utilizando ensaios eletroquimicos, teste de evolugcdo de hidrogénio e inspecao

visual.

- Determinar a influéncia do tamanho de grdo na citotoxidade dos materiais, em células
de osteosarcoma humano (SAQS), utilizado os testes MTT (3-(4,5-dimetiltiazol-2yl)-
2,5-difenil brometo de tetrazolina) e o teste LIVE/DEAD.



2. CAPITULO 2 - REVISAO BIBLIOGRAFICA

2.1 Deformacéo pléastica severa

O processamento por deformacédo plastica severa, SPD (severe plastic deformation) é
um processo de conformacdo mecénica em que todo o volume de uma amostra é
submetido a um grau elevado de deformacéo sem produzir mudangas significativas nas
dimensbGes da secdo transversal e & feito com o intuito de criar estruturas com
granulacdo ultrafina (tamanho médio de grdo < 1um) (VALIEV e LANGDON, 2006).
Entre as técnicas de SPD mais utilizadas, pode se destacar a prensagem em canal
angular ECAP (equal channel angular pressing) e a tor¢ao sobre alta presséo HPT (high

pressure torsion).

211 ECAP

O ECAP ¢é um tipo de processamento mecanico que consiste em pressionar uma amostra
de determinado material contra uma matriz com dois canais de mesma secdo transversal
e que se interceptam em angulo. E um tipo de processamento termo-mecanico em que
as deformacOes impostas ao material acontecem por cisalhamento simples em uma
pequena regido no plano de intersecdo dos canais da matriz (SEGAL, 1995). A figura
2.1 apresenta o esquema de uma matriz de ECAP com angulo de intersecdo entre canais
@ de 90°.

Presséo

l Pungio
P

Figura 2.1 — esquema de uma matriz de ECAP com angulo de intersegdo entre canais @ de 90°.
Fonte: Adaptado de (VALIEV, 2004).



Poggiali et al. (2014) conseguiram refinar e homogeneizar a microestrutura do
magnésio comercialmente puro realizando o processamento por ECAP. Amostras do
material no estado fundido foram laminadas e, posteriormente, processadas por ECAP.
O material no estado fundido apresentava microestrutura heterogenia e com tamanho
médio de grdo de aproximadamente 480um. Apos a laminagdo, a microestrutura foi
parcialmente refinada e o material apresentava regides com gréos finos com tamanho
médio de Sum e regides mais grosseiras com graos da ordem de dezenas de microns.
Com o processamento por ECAP, a microestrutura foi completamente refinada e o
tamanho médio de grao foi reduzido para Sum. Na figura 2.2 sdo apresentadas as
imagens das microestruturas do magnésio no estado fundido, laminado e processado por

ECAP respectivamente.

Figura 2.2 — Microstrutura do magnésio como fundido (a), processado por laminagdo (b)
e laminagdo + ECAP (c)
Fonte: Adaptado de (POGGIALLI, 2014).

212 HPT

No processamento por tor¢do sobre alta presséo HPT, uma amostra de material em
formato de disco é prensada entre dois cilindros e, apds a aplicacdo da pressdo, um dos
cilindros executa um movimento de rotacdo com velocidade constante. A presséo
aplicada ajuda a manter a integridade do material prevenindo o aparecimento de trincas
e a grande diferenca entre as dimensdes do didmetro do disco e sua espessura faz com
que durante a rotacdo do puncdo o material acumule um elevado grau de deformacéo
(FIGUEIREDO et al., 2012). Na Figura 2.3 € apresentado de maneira esquematica o
processamento por HPT.



Matriz
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Figura 2.3 — Esquema do processamento por HPT.
Fonte: Adaptado de (SHARMAN et al., 2015).

No processamento do magnésio e ligas por HPT € possivel refinar os grdos até
dimensfes submicrométricas e obter materiais com estrutura nanocristalina. Com
processamento da liga AZ61 por HPT, por exemplo, é possivel refinar a microestrutura
ao ponto de se obter materiais com tamanho médio de grdo de 220nm e 110nm quando
0 processamento é realizado na temperatura de 423K e em temperatura ambiente,
respectivamente. Inicialmente, o refino de grdo € mais acentuado na borda do disco e
com um aumento do ndmero de voltas a microestrutura tende a ficar homogénea ao
longo de toda a extensdo do disco (HARAI et al., 2008). As variagcdes microestruturais
na liga AZ61 processada por HPT a 423K registradas por microscopia Optica sdo
apresentadas na figura 2.4 que mostra a microestrutura tipica no centro, em posicoes
préximas do centro do disco e nas bordas apds o processamento por 1, 3, 5, e 7 voltas.



Posicao de
observacao Numero de voltas

|
centro
(0 mm)

centro
(2.5 mm)

distancia em
relagao ao centro

Figura 2.4 — Imagens épticas mostrando a microestrutura apds o processamento por HPT no centro,
em posicdes intermedidrias e na borda de cada disco processados
por 1, 3,5 e 7 voltas de HPT na temperatura de 423K.
Fonte: Adaptado de (Harai et al., 2008).

2.2 Corrosao dos materiais metalicos

Segundo MccCafferty (2010), a corrosdao é um ataque destrutivo do metal devido a
reacdo com o meio. O processo corrosivo geralmente ndo acontece devido a uma reacdo
quimica direta entre o metal e 0 meio, mas sim por meio de duas rea¢fes de meia-pilha.
Uma reacdo anddica (oxidacdo) em que os elétrons aparecem como um produto, e uma
reacdo catodica (reducdo) na qual os elétrons aparecem como reagentes. A perda do
material metélico acontece devido a uma reagdo anddica como da eq. (2.1) e que
aparece representada de maneira esquematica na figura 2.5. A formacdo de hidrogénio
gasoso na superficie do material € um exemplo de reagdo catodica eq. (2.2)
predominante em meios acidos. Essa reacdo pode ser esquematizada como na Figura
2.6.

Fe (s) —» Fe?* (aq) + 2e~ (2.1)



Fet2
=
Solugéo \
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\ e
Reagéo anddica: Fe—— Fe'? + 26~

Figura 2.5 — Esquema da dissolucdo do ferro por meio de uma reacao anddica.
Fonte: Adaptado de (McCAFFERTY, 2010).

2H*(aq) + 2e~ » H,(g) (2.2)
Ho e H
- O OO
Solugdo v

+ |

[ Fe ) ej//e_

Reagéo catédica: 2 H* + 2¢¢ — H,

Figura 2.6 — Esquema da evolucéo de hidrogénio para o ferro imerso em solugéo 4cida.
Fonte: Adaptado de (McCAFFERTY, 2010).

De acordo com McCafferty (2010), devido a natureza heterogénea das superficies
metalicas, € possivel que as reacfes de meia-pilha (reacdo anddica e reacdo catodica)
ocorram em uma mesma superficie metalica. A superficie dos metais policristalinos
apresenta uma gama de regides com diferentes valores de energia devido a existéncia de
defeitos na estrutura cristalina (ex: deslocacdes, vacancias, contornos de grdo), defeitos
na superficie do material (como cantos e quinas) e também a presenca de impurezas
(como atomos metalicos e ions adsorvidos da solugdo). Os &tomos do metal localizados
em regides de alta energia possuem uma tendéncia maior de se dissolverem na solucao.
Durante o trabalho a frio e nos processos de conformacao mecanica, algumas regides da
rede cristalina do metal sdo tensionadas e os &tomos localizados nessas regides tendem a
sofrer uma dissolucdo mais rapida que os atomos das regides nao tensionadas. A partir
do momento em que o processo de dissolugéo do metal se inicia, as posi¢des das regides
anodicas e catdédicas mudam de maneira aleatéria e assim é possivel ocorrer uma

corrosao uniforme.



2.3 Corrosao do magnésio e suas ligas

2.3.1 Influéncia dos elementos de liga

O magnésio apresenta uma limitada resisténcia a corrosao em varios meios (MORDIKE
e EBERT, 2001) e uma das causas € o fato do filme formado na superficie desse metal
ndo ser estdvel (SONG e ATRENS, 2003). A estabilidade e espessura do filme formado
na superficie do magnésio sdo influenciadas pela presenca de impurezas e de elementos
de liga sendo que o filme formado em amostras da liga AZ91D e de magnésio de alta
pureza expostos a 0.1M de NaCl e 0.1M Na,SO, possuem capacidade de passivagdo do
substrato (HARA et al., 2007). Os diversos elementos, adicionados para formar ligas
ou presentes como impurezas, causam diferentes influéncias no comportamento em
corrosdo do magnesio. Alguns elementos como (Ni, Fe, Cu e Co) em concentracdes
menores que 0.2% causam perda acentuada de resisténcia a corrosdo das ligas de
magnésio e com aumento do nivel desses elementos a taxa de degradacdo pode ser
acelerada de 10 a 100 vezes (SONG e ATRENS, 2003). Sendo assim a reducao do nivel
dessas impurezas é uma forma de aumentar a resisténcia a corrosdo do magnésio e suas
ligas. O magnésio de alta pureza apresenta um valor de taxa de corrosdo bastante
reduzido e por isso é utilizado como referéncia para avaliar o desempenho das ligas de
magnésio (SONG et al., 1999).

A presenca da segunda fase influencia bastante no comportamento em corrosdo do
magnésio e alguns elementos sé causam alguma influéncia mensurével quando essa fase
¢ formada. Nas ligas de magnésio a matriz metélica (fase o) possui um potencial de
corrosdo mais negativo que a fase f3, isso acontece porque a segunda fase ¢ formada pela
reagdo entre magnésio e outro metal menos reativo. A fase B apresenta uma grande
resisténcia a corrosdo se comparada a fase a e € inerte em solugdes de NaCl. Devido a
essas caracteristicas a segunda fase apresenta duas influéncias principais no
comportamento em corrosdo das liga de magnésio. Quando presente em pequena
quantidade a fase  serve como um catodo formando pares galvanicos com a matriz
metélica e acelerando o processo de degradacdo, mas se a fracdo da segunda fase é
grande ela pode agir como uma barreira inibindo a corrosédo da liga em geral (SONG et

al., 1999). Na tabela 2.1 sdo apresentados o0s potenciais de corrosdo do magnésio puro e
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das fases alfa e beta na liga AZ91. Medidos ap6s 2 h em solucdo desaerada de 5% de
NaCl e saturada com Mg(OH), e com (pH 10.5).

Tabela 2.1 — Valores tipicos de potencial de corrosdo para 0 magnésio e segunda fases de magnésio em
solucdo de 5% de NaCl.
Fonte: (SONG et al., 2003).

Metal Ecorr: VscE
Mg -1.65
Mg,5i -1.65
AlMn -1.52
AlMn -1.45
Alng‘lgg -1.25
Mgi7AlL; (B) -1.20
AlgMns(Fe) -1.20
Beta-Mn -1.17
Al MM -1.15
Al-Mn(Fe) -1.10
Alg(MnFe) -1.00
Al;Fe(Mn) -0.95
AlsFe -0.74

2.3.2 Medidas da taxa de corrosdo do magnésio

Um dos procedimentos mais utilizados para medir a taxa de corrosdo dos metais é por
meio de medidas de perda de massa. A medida de perda de massa AW expressa em
(mg.cm™.d™) pode ser convertida para taxa de penetracdo Py expressa em (mm.ano™)

utilizando a seguinte relacdo (ZHAO et al., 2009)

Py = 3,65AW /p (2.3)
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onde p é a densidade do metal em (g.cm™). Para as ligas de magnésio, p é 1,74 g.cm™ e

assim a equacao (2.3) pode ser reescrita como:
Py = 2,10 AW (2.4)

Também é possivel calcular a taxa de corrosdo do magnésio estimando a densidade de
corrente de corrosao, icorr (MA.cM™) por meio de ensaios eletroquimicos realizando um
ajuste linear no ramo catddico da curva de polarizagdo sobre os pontos da regido de
Tafel. O ensaio de polarizacdo consiste em aplicar uma diferenca de potencial elétrico
entre o eletrodo de trabalho (amostra a ser estudada) e o eletrodo de referéncia e
simultaneamente medir a corrente que flui entre o eletrodo de trabalho e um terceiro

eletrodo chamado contra eletrodo, que deve ser feito de um material inerte (ex: platina).

A corrente de corrosao icor pode ser relacionada a taxa de penetracdo P, utilizando a
eq. (2.5) (ZHAO et al., 2009)

PW == 22,85 iCOI‘I‘ (25)

Combinando a eg. (2.4) com a eq. (2.5), é possivel chegar a uma expressdo para calcular

a correspondente taxa de corrosdao AW a partir da corrente de corrosao.

AW = 10,88 icorr (2.6)

Existem varios problemas com medidas realizadas utilizando as técnicas eletroquimicas
tradicionais, pois 0 mecanismo de corrosdo tem implicagdes nas medidas da taxa de
corrosao do magnésio e suas ligas (SONG e ATRENS, 2003). As taxas de corrosdo das
ligas de magnésio, calculadas a partir das curvas de polarizacao utilizando o método de
extrapolacdo de Tafel, ndo condizem com os resultados obtidos por perda de massa ou
evolucgéo de hidrogénio. O desvio relativo da taxa de corrosdo obtida por extrapolagédo
de Tafel em relacdo aos resultados obtidos por perda de massa e evolucgdo de hidrogénio
varia de 48% a 96% (SHI et al., 2010).

Uma maneira pratica de medir a taxa de corrosdo das ligas de magnésio em meio
aquoso é por meio da quantidade de hidrogénio gerada (SONG et al., 2001). De acordo

com a equacgdo geral de corrosdo para 0 magnésio puro, eq. (2.7), para cada atomo do
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metal que reage, uma molécula de hidrogénio gasoso € produzida (HAGIHARA et al.,
2016).

Mg (s) + 2 H,0 (aq) - Mg (OH),(s) + H,(g) (reacdo geral) (2.7)

Sendo assim, para cada mol (24,32 g) de &tomos de magneésio dissolvidos, um mol

(22,4 L) de gas hidrogénio € produzido. Logo a taxa de evolucdo de hidrogénio

Vi (ml.em.d™) pode ser convertida em perda de massa AW (mg. cm.d™) utilizando a
relacdo (ZHAO et al., 2009)

AW = 1,085 Vy (2.8)

Na Figura 2.7, é apresentado o esquema de uma montagem para medir a quantidade de
hidrogénio liberada no processo de dissolugdo do magnésio. Nessa montagem, a
amostra é mergulhada em um béquer com a solucdo (meio corrosivo) e coberta por um

funil sobre o qual € colocada uma bureta cheia com a mesma solucao.

Solugéo

Amostra

Figura 2.7 — Esquema da montagem para a medida da taxa de corrosao por meio
da quantidade de hidrogénio gerada.
Fonte: Adaptado de (ZHAO et al., 2015).

Song e Atrens (2003) compararam as taxas de corrosdo do magneésio e de varias ligas
medidas por perda de massa e por evolugdo de hidrogénio (Figura 2.8). Foi verificado

que existe uma boa correlacéo entre as medidas realizadas com os dois métodos.
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Figura 2.8 — Taxas de perda de massa e de evolucao de hidrogénio para varias amostras.
A taxa de evolucdo de hidrogénio foi convertida para taxa de perda de massa considerando que a
dissolucéo de um &tomo de magnésio produz uma molécula de hidrogénio.
Fonte: Adaptado de (SONG e ATRENS, 2003).

2.3.3 Corrosdo do magnésio processado por deformacao plastica severa

Além da composicdo quimica, a taxa de corrosdo do magnésio também é afetada pelo
tamanho médio de grdo, podendo sofrer influéncias antagbnicas conforme o meio em
que o material é testado. Segundo Hamu et al., (2009) o processamento do magnésio
por SPD afeta tanto a microestrutura quanto a resisténcia a corrosdo. Os contornos de
grdo agem como uma barreira que ajudam a passivar a superficie do material e
dificultam o processo de corrosdo (AUNG e ZHOU, 2010). Para avaliaram a influéncia
do tamanho médio de grdo na taxa de corrosdo, Birbilis et al,. (2010) processaram
amostras de magnésio por deformacdo plastica severa. Nesse estudo, foram realizados
ensaios eletroquimicos de corrosdo em amostras de magnésio com diferentes tamanhos
médio de grédo imersas em solucdo de 0,1 M de NaCl. Amostras cilindricas de magnesio
comercialmente puro Mg (> 99,9%) com 10 mm de diametro foram processadas por
ECAP a uma temperatura de 250°C em uma matriz com angulo de intercessao entre
canais de 90° com 10000 Ib in® de pressdo contréria, seguindo a rota de processamento
Bc. O material retirado do lingote apresentava um tamanho médio de grdo de 125 pm
que foi gradativamente sendo reduzido ao longo dos passes pela matriz de ECAP. Apds



14

0 primeiro passe, 0 tamanho médio de grdo foi reduzido para 25 um e, ap6s o oitavo
passe, ficou menor que 2,6 pum. Segundo 0s pesquisadores, para tentar determinar a
influéncia do tamanho médio de gréo na taxa de corrosdo foi necessario utilizar o metal
com elevado grau de pureza, para isolar os efeitos da composicdo quimica. Foi
percebida uma redugdo na taxa de corrosdo a medida que o tamanho médio de grédo
diminui, ou seja, o refino de grdo aumenta a resisténcia a corrosdo. Na figura 2.9 séo
apresentados os resultados dos ensaios eletroquimicos em um grafico em que aparece

plotada a corrente de corrosao em fungdo do tamanho médio de gréo.

12
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Figura 2.9 — Corrente de corrosdo em funcdo do tamanho médio de grdo em solucdo de 0,1M de NaCl.
Fonte: (BIRBILIS et al., 2010).

Para avaliar a influéncia das mudancas microestruturais na corrosdo do magnésio
comercialmente puro processado por ECAP, Song et al. (2010) fizeram testes de
imersdo com inspecdo visual, medidas de perda de massa e testes eletroquimicos. Todos
os experimentos foram realizados em solucdo de 3,5% de NaCl na temperatura
ambiente. Foram ensaiadas amostras retiradas de um lingote em diferentes etapas de
processamento, do material como recebido e ap6s 1, 4 e 6 passes de ECAP. As figuras
2.10, 2.11 e 2.12 mostram a aparéncia das amostras apds 1 min, 5 min e 2 h de imersao,
respectivamente. Como pode ser visto na figura 2.10, o inicio da corrosdo do magnésio
comercialmente puro acontece por pite e resulta da dissolucdo do filme protetor. O nivel
de degradacéo do filme protetor pode ser avaliado pela quantidade e pelo tamanho dos
pites formados. Para os diferentes tipos de amostra, o tamanho dos pontos de pite €

similar, porém o nimero de pites formado inicialmente nas amostras processadas por
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ECAP é maior se comparado com o material como recebido e esse numero cresce
juntamente com o nimero de passes de ECAP. Depois de 5 min de imersdo, o tamanho
dos pontos de pite aumenta e as amostras processadas por ECAP apresentam um maior
aumento no tamanho dos pites que as amostras como recebidas, como mostra a figura
2.11.

Figura 2.10 — Micromorfologia das amostras de magnésio mergulhadas em solucéo aquosa de NaCl a 3,5
wt.% ap6s 1min de imersdo: (a) como recebido; (b) apds 1 passe; (c) 4 passes e (d) 6 passes de ECAP.
Fonte: (SONG et al., 2010).

Depois de 5 min de imersdo, o tamanho dos pites aumenta e as amostras processadas
por ECAP apresentam um maior aumento no tamanho dos pites que as amostras como
recebidas como mostra a Figura 2.11. Na Figura 2.12, é possivel ver a macromorfologia
das amostras ap6s 2 h de imersdo. As amostras processadas por ECAP apresentam mais
areas corroidas (areas escuras) que a amostra como fundida evidenciando que as
amostras processadas por ECAP possuem menor resisténcia a corrosdo e uma tendéncia

a sofrer corrosdo preferencial nos contornos de gréo.
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Figura 2.11 — Micromorfologia das amostras de magnésio mergulhadas em solucdo aquosa de NaCl a
3,5wt.% apds 5min de imersdo: (a) como recebido; (b) apds 1 passe; (c) 4 passes e (d) 6 passes de ECAP.
Fonte: (SONG et al., 2010).

Figura 2.12 — Imagens épticas macromorfolégicas de amostras de magnésio como recebidas e
processadas por ECAP, apés imersdo em solugdo aquosa de NaCl a 3,5 wt.% por 2h:
(a) como recebido; (b) apds 1 passe; () 4 passes e (d) 6 passes de ECAP.
Fonte: (SONG et al., 2010).
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Nesse mesmo trabalho, a taxa de corroséo expressa em perda de massa foi determinada
para 0 material em etapas sucessivas do processamento por ECAP. Para efeito de
comparacdo, também foi determinada a taxa de corrosdo do material como recebido. A
Figura 2.13Figura 2.13 ilustra a variacdo da taxa de corrosdo com o tempo durante o
teste de imersdo das amostras de magnésio puro como recebidas e processadas por
ECAP.

8
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Figura 2.13 — Variacdo da taxa de perda de massa com o tempo para amostras de magnésio puro
como recebidas e processadas por ECAP com diferentes nimero de passes pela matriz
apos imersao em solucédo de 3,5% de NaCl.

Fonte: (SONG et al., 2010).

Para avaliar a relacdo entre as taxas de corrosdo do magnésio submetido a diferentes
tipos de processamento, WANG et al, (2008) utilizaram amostras da liga AZ31
fundidas, amostras processadas por ECAP e amostras laminadas a quente identificadas
como SC, ECAP e HR, respectivamente. Os ensaios de corrosdo foram realizados em
solugdo de Hank que simula parte da composicdo do plasma sanguineo. A taxa de
corrosdo foi medida em massa por area superficial da amostra por tempo, os resultados
foram convertidos em taxa de penetracdo em (um.d™). A variacdo da taxa de corrosdo

com o tempo é apresentada na Figura 2.14.
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Figura 2.14 — Taxa de corrosdo em solucdo de Hank de amostras da liga AZ31

submetidas a trés tipos de processamento.
Fonte: (WANG et al., 2008).

Kim et al. (2014) avaliaram a influéncia do tamanho médio de grdo na taxa de corrosao
do magnésio comercialmente puro em solucdo de NaCl a 0,8 %. As amostras foram
preparadas por moagem de alta energia seguida de sinterizacdo por plasma pulsado. O
tamanho médio de gréo do pd de magnésio como recebido (atomizado) era de 600 pum e
foi reduzido para 25 pum e 80 nm apds 0,5 h e 20 h de moagem, respectivamente. Apos
60 h de moagem, as amostram apresentavam um tamanho médio de grdo maior que para
20 h. A corrente de corrosdao foi determinada por meio de testes eletroquimicos
utilizando o método de extrapolacdo de Tafel nas regiGes lineares das curvas de
polarizacdo potenciodinamica e a resisténcia de polarizacdo foi determinada por ensaios
de impedancia eletroquimica. Os autores verificaram que a resisténcia de polarizacédo
diminui @ medida que o tamanho médio de grdo é reduzido. Na figura 2.15 sé&o
apresentados os resultados dos ensaios de impedancia para diferentes tempos de imerséo
(@) apo6s 0,5 h e (b) apds 6 h. Também foi constatado que a corrente de corrosao
aumenta a medida que o tamanho médio de grdo diminui. A Figura 2.16 2.16 mostra a
variagdo da corrente de corrosdo icor com d®° (inverso da raiz quadrada do tamanho

médio de grao).
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Figura 2.15 — Diagramas de impedancia eletroquimica obtidos em diferentes tempos de imersdo em NaCl.
(a) ap6s 0,5 h de imerséo, (b) ap6s 6 h de imersdo.
Fonte: (KIM et al., 2014).
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Figura 2.16 — Relagdo entre a corrente de corrosdo e o tamanho médio de gréo.
Fonte: (KIM et al., 2014).

Comparando os trabalhos que buscam elucidar a influéncia do tamanho médio de grdo
na taxa de corrosdo do magnésio e suas ligas e tomando como exemplo resultados e as
conclusdes dos trabalhos de Birbilis et al. (2010) e Song et al. (2010) ¢é possivel notar
uma contradi¢do, pois, no primeiro caso, 0s pesquisadores concluiram que o refino de
gréo, causado pelo processamento por ECAP, diminui a corrente de corrosdo ou seja
aumenta a resisténcia a corrosdo. Ja no segundo, os pesquisadores concluiram que o
processamento por ECAP diminui a resisténcia a corrosdo. O comportamento pode
variar conforme 0 meio em que o material é testado.

Ralston et al. (2010) analisaram os dados de varios trabalhos experimentais e
propuseram uma explicacdo para os diferentes comportamentos apresentados. Segundo

esses pesquisadores, para 0s metais com baixa taxa de corrosdo (< 10pA.cm™?) e com
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algum grau de passivagéo em determinado meio, a resisténcia a corrosdo aumenta com a
reducdo do tamanho médio de grdo. Um comportamento oposto, ou seja, a reducdo da
resisténcia a corrosdo com a reducdo do tamanho médio de grdo € observado para
metais que apresentam altas taxas de corrosdo (> 10pA.cm™®) e nenhum grau de

passivagdo em determinado meio.
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Figura 2.17 — O efeito do tamanho de gréo na taxa de corrosdo em diferentes materiais e meios.
Os dados foram obtidos dos trabalhos seguintes:

Afshari et al. (2009) para o0 Fe em 10% NaOH;
Liu and Duh (2008) para NisgsAlses em 0,9wt.% NaCl;
Ghosh et al. (2006) para Ni-Cu em 3 wt.% NaCl desaerado;
Mishra e Balasubramaniam (2004) para Ni em 1M H2S04;
Song et al. (2010) para Mg (99,9%) em 3,5 wt.% NaCl,
Mahmoud et al. (2008) para AA6063 em 1M HCI;
Hamu et al. (2009) para AZ31 Mg em 3,5 wt. NaCl saturada com Mg(OH), em pH 10,5;
Lin et al. (1995) para liga 600 em sulfato ferritico (31,25 g.I™") e 50% H,SO,;
op’t Hoog et al. (2008) para Mg (99,9%) em 0,1M NacCl;
Ralston et al. (2010) para Al (99,999%) em 0,1M NacCl;
Birbilis et al. (2010) para Mg (99,9%) em 0,1M NaCl
Fonte: (RALSTON et al., 2010).
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Na figura 2.17 sdo apresentados resultados de alguns trabalhos analisados por Ralston et
al. (2010). Nas (Figura 2.18, 2.19 e 2.20) sdo apresentados o0s ajustes lineares feitos a
partir dos dados experimentais analisados. A regressao linear foi feita para uma melhor
visualizacdo das tendéncias de aumento ou reducdo da resisténcia a corrosdo com a
reducdo do tamanho medio de gréo.
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Figura 2.18 — Relagdo entre a corrente de corrosdo (taxa de corrosdo) e o tamanho médio de gréo para
correntes de corrosdo baixas (amostras que apresentam certo grau de passivacéo).
Os dados foram extraidos dos trabalhos: Birbilis et al. (2010);0p’t Hoog et al. (2008).
Fonte: (RALSTON et al., 2010).
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Figura 2.19 — (A) e (B) — Relac&o entre a corrente de corroséo (taxa de corrosdo) e o tamanho médio de
grdo para correntes de corrosdo baixas (amostras que apresentam certo grau de passivagao).
Os dados foram extraidos dos trabalhos: Liu and Duh (2008); Ghosh et al. (2006); Ralston et al. (2010).
Fonte: (RALSTON et al., 2010).
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Figura 2.20 — Relagdo entre a corrente de corrosdo (taxa de corrosdo) e o tamanho médio de gréo para
correntes de corrosdo altas (amostras que ndo apresentam passivacao).
Os dados foram extraidos dos trabalhos: Mahmound et al. (2008); Song et al. (2010); Lin et al. (1995).
Fonte: (RALSTON et al., 2010).

Na literatura é possivel encontrar um grande numero de trabalhos que avaliam a
resisténcia a corrosdo do magnésio e suas ligas, submetidos a diferentes tipos de
processamento incluindo técnicas de SPD e imersos em diferentes meios. Para efeito de
comparagdo sdo mostrados a seguir, de forma resumida, os resultados de alguns desses
trabalhos. No sumario de dados de corrosdo do magnésio e ligas, sdo apresentados 0s
dados referentes a taxa de corrosdo expressa em perda de massa e ou taxa de penetracao
e ou corrente de corrosdo, extraidos da literatura. Também sdo descritos o tipo de
material, o tipo de processamento, 0 meio corrosivo, 0 tempo de imersdo e a
temperatura.



Sumario de dados de corrosdo do magnésio e ligas
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Material

Processamento e

tamanho médio

de grdo

Meio (eletrolito)

e temperatura

Tempo de imersao

e taxa de corrosao

Corrente de

corrosao

Referéncia

Lamina injetada

0,1 M NaCl a 25°C

6,86 (3.m2h™)

15,1 (A.m™)

Hara et al. (2007)

3N-Mg (99,96%) a quente 0,689 (mg.cm2h) 1 51(mA.cm?)
’ e 51(mA.cm
_ 0,18 (g.m™=h™) 0.40 (Am?2
6N-Mg Fundido 0,1 M NaCl a 25°C o A0 (Am) Hara et al. (2007)
(99,9999%) 0,018 (mg.cm™.h") 0,040 (MA.cm™)
o 0,24 (g.m?.h™) 0.53 (Am?2
AZ31RB Laminado a frio 0,1 M NaCl a 25°C o 3 (Am7) Hara et al. (2007)
0,024 (mg.cm™.h™) 0,053 (MA.cm?)
S 0,019 (g.m?.h™) 2
R Laminado 2 frio 0.1 M NaCl a 25°C 0,042 (A.m™) Hara et al. (2007)
0,0019 (mg.cm™h™) 0,0042 (MA.cm?)
. -1
Solucio de Hank's (1 dia) 2,08 (um.d™) Wang et al.
AZ31 Squeeze cast 0,35 (mg.cm?d?) . (2008)

+ Glucose (pH7)

0,0146 (mg.cm™?.h™)
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(1 dia) 1,3 (um.d™)
0,12 (mg.cm™.d™)

0,005 (mg.cm?.h™)

Laminad Solucéo de Hank’s Wang et al.
aminadoaquente
AZ31 2008
+ Glucose (pH7) (20 dias) 0,74 pm.d™ (2008)
0,12 (mg..cm?.d™)
0,005 (mg.cm?.h™)
(1 dia) 1,5 (um.d™)
ECAP, taxa 5mm/min  Solugdo de Hank’s 0,12 (mg.cm™.d™) Wang et al.
AZ31 4 passes, 200°C, rotaC ~ + Glucose (PH7)  jon viov g o 1 T (2008)

(20 dias) 0,74 pm.d™
0,12 (mg.cm™?.d™)

Fundido

(1 hora) 0,4 (mg.cm®.h™)

NaCl 3,5wt.% a 0,05 (MA.cm?) Song et al. (2010)
Mg (99,9%) (800-1500) um S50C (6 horas) 0,3 (mg.cm2.h™)
ECAP
i 2 -l
=90, txa05mms”  NaCl3swtopa (MO AS(MGEMTNT 02 Songetal. (2010)

Mg (99,9%)

1 passe, T =300°C,
(100-200) pum

25°C

(6 horas) 2,3 (mg.cm™.h’)
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ECAP (1 hora) 6,2 (mg.cm?.h™)
©=90°, taxa 0,5mm.s™  NaCl 3,5wt.% a (6 horas) 4,1 (mg.cm™.h™)

0 0,19 (mA.cm™ Song et al. (2010)
Mg (99.9%) 4 passes, 300°C, rotaC  250C ( )
(rormmemees ) Um
ECAP
®=90°, taxa 0,5 mm.s™  NaCl LY (1 hora) 7,2 (mg.cm?.h™
Mg (99,9%) aCl35wt%a 5 1) 0.27 (MA.cm? Song et al. (2010)
6 passes, 300°C, rotaC  250C (6 horas) 4,8 (mg.cm2h?)  0.27 (MA.cm™)

(50-100) pm

Mg (99,9%)

1N NaCl (pH6)

50 (mg.cm™.d™)
2,08 (mg.cm™.h™)

Song et al. (2001)

Mg (99,9%)

1N NaCl (pH11)

32 (mg.cm™.d™)
1,33 (mg.cm?.h™)

Song et al. (2001)

0,03 (mg.cm?.d™)

Mg (90.0%) oo IN Na(OH) ot e e Song et al. (2001)
71
Mg (99.9%)  —eeoecemecmememecenes 63 (g.cm™.d") Song et al. (2001)
IN HCl 2,63 (mg.cm?h?) T
16 (mg.cm™.d*
VTG R ——— 59% NaCl (mg b Song et al. (2001)

0,67 (mg.cm?h™)

AZ21

1N NaCl (pH11)

0,31 (mg.cm™.d™)
0,013 (mg.cm?.h™)

Song et al. (2001)
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. 3 (mg.cm?.d™) Song et al. (2001
AZI1D diecast ~ --eoememmeemeeeeeee 1N NaCl (pH11) 0125 (mg.omZpl)  eeeee ong et al. (2001)
] -2
Fundido 11 (ACM®)  Biilis et al.
0, 0 TETEmmmTETTT T
Mg (>99,9%) (125 - 1000) um 01M NaCl a 25°C 0,011 (MA.cm™)  (2010)
ECAP1 passe, 250°C
- -2
Pressao contraria 8,5 (MA.cm™) Birbilis et al.
0, 0 TTTTTTTTT T
Mg (> 99,9%) 10000 Ib.in” 0.1M NaCl a25°C 0.0085 (MA.cm?)  (2010)
(~25) pm
ECAP
4 passe, 250°C, rota B ~ -2
pp oo c 8 (MACM™)  Birhilis et al.
0 ressao contraria 0, Tommmmmmeemees
Mg (> 99,9%) - 0.1M NaCl a25°C 0.008 (MA.cm?)  (2010)
10000 Ib.in
(~8) um
ECAP
8 passe, 250°C, rota B¢ 6 (LA _2)
~ 6 (LA.cm e
o 905%) N N 0.1M NaCl 8 250C  coemmmmememee Birbilis et al.
) Press&o contraria 0.006 (mA.cm?)  (2010)

10000 Ib.in
(~2,6) um
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Fundido ~ 71,78 (WA.cm”)

HBSS a 37,4°C (5 min.) 1,64 (mm/ano) Saha et al. (2015)
Mg (99,97%) (~1000) um 0.0718 (MA.cm™)
Fundido _ ~13,71 (uA.cm?)

Mg - 0,25Zr (~425) pm HBSS a 37,4°C (5 min.) 0,31 (mm/ano) 0.0137 (mA_cm'Z) Saha et al. (2015)

Fundido ~ 4,87 (MA.cm™)

Ma 17 HBSS a 37,4°C (5 min.) 0,11 (mm/ano) Saha et al. (2015)

g-12r (~80) um 0.0049 (mA.cm™)
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2.4 O uso do magnésio como material biodegradavel

O surgimento de uma nova classe de materiais biodegradaveis entdo chamados de
metais biodegradaveis BMs (biodegradable metals) quebrou o paradigma de que os
biomateriais metélicos deveriam apresentar uma elevada resisténcia a corrosao em meio
corporal (ZHENG et al.,2014). O termo metal biodegradavel é definido como metal que
sofre corrosdo gradual in vivo, com uma resposta fisioldgica apropriada desencadeada
pelos produtos da corrosdo, sem deixar residuos. Sendo assim, 0s principais
componentes de um BM devem ser elementos que possam ser metabolizados pelo corpo
humano, e que, em meio fisioldgico, possuam taxas e mecanismos de degradacdo
apropriados (ZHENG et al.,2014).

Para uso em implantes biologicos € essencial que o material tenha uma
biocompatibilidade adequada e que, portanto, seja capaz de executar uma funcao
especifica no organismo hospedeiro com uma resposta fisiologica satisfatoria (WITTE
et al., 2008). Os testes de citotoxidade sdo indicadores preliminares para avaliar a
biocompatibilidade das ligas. Teoricamente todos 0s metais apresentam uma dosagem
limite acima da qual apresentam algum grau de toxidade no corpo humano. A
biocompatibilidade das ligas € influenciada pela taxa de liberacdo dos ions metalicos
que por sua vez tem relacdo com a taxa de corrosdo no meio em que essas ligas seréo
utilizadas. O magnésio é um metal que reconhecidamente apresenta uma boa
biocompatibilidade no corpo humano, entretanto niveis de magnésio no sangue
superiores @ 1 mmol.L™, podem desencadear reagdes fisioldgicas como: paralisia
muscular, hipotensdo e desconforto respiratério. Em situacdes extremas 0 magnésio em
niveis sanguineos severamente altos de 6-7 mmol.L™ pode causar parada cardiaca
(STAIGER et al., 2006).

A influéncia dos elementos (X= Al, Ag, In, Mn, Si, Sn, Y, Zn and Zr) na citotoxidade
das ligas binarias de magnésio Mg — 1X (wt.%) contendo 99 wt.% de magnésio e 1
wt.% de elemento de liga foi avaliada por Gu et al., (2008) . Os testes de citotoxidade
indicaram que os extratos feitos a partir das ligas Mg-1Al, Mg-1Sn e Mg-Zn nédo
causaram uma reducdo significativa na viabilidade celular em fibroblastos (L-929 e
NIH3T3) e os extratos das ligas Mg-1Al, Mg-1Si, Mg-1Sn, Mg-1Y, Mg-1Zn e
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Mg-1Zr n&o indicaram nenhum comportamento citotoxico em células de osteoblastos
(MC3T3-E1).

Testes de citoxidade de ligas de magnésio WE43, WZ21 e ZW21 aparecem descritos no
trabalho de Hanzi et al., (2010). Foram realizados testes do tipo indireto utilizando
extratos produzidos a partir da imersdo do material em uma solucéo de fluido corporal
simulado. Apos a imersdo esse extrato foi adicionado em diferentes quantidades as
culturas de célula. Foram realizadas medidas da viabilidade e da atividade metabdlica
das células em contato com diferentes quantidades de extratos das trés ligas de
magnésio e solucdes de controles positivo e negativo. A partir dos resultados obtidos
figura 2.21 é possivel inferir que a viabilidade e a atividade metabodlica das células
diminuem quando o volume de extrato adicionado € superior a 20ul para as ligas ZW21
e WZ21. De maneira similar também podemos observar que para a liga WE43 e para o
controle SBF (Negativo) a viabilidade e a atividade metabodlica das células diminuem
quando o volume de extrato adicionado € superior a 100 pl. Dentre as ligas de magnésio
avaliadas a que apresenta melhor biocompatibilidade é a liga WE43, pois para esse
material a taxa de queda da viabilidade e metabolismo celular é menor que para as

outras duas ligas.
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Figura 2.21 — Citotoxidade indireta ap6s 7 dias: a) viabilidade e b) atividade metabdlica.

Vérios volumes de extrato (2, 5, 10, 50, 100 e 200 pl) das ligas ZW21, WZ21, WE43 e

controles SBF (T) e ECGM foram adicionados a 500 pl do meio de cultura das células.
Fonte: (HANZI et al.,2009).
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Abstract

High pressure torsion provides an opportunity to process materials with low formability
such as magnesium at room temperature. The present work shows the microstructure
evolution in commercially pure magnesium processed using a pressure of 6.0GPa up to
10 turns of rotation. The microstructure evolution is evaluated using electron
microscopy and the hardness is determined using dynamic hardness testing. The results
show that the grain refinement mechanism in this material differs from materials with
b.c.c. and f.c.c. structures. The mechanism of grain refinement observed at high
temperatures also applies at room temperature. The hardness distribution is
heterogeneous along the longitudinal section of the discs and is not affected by the

amount of deformation imposed to the material.
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3.1 Introduction

High-pressure torsion (HPT)" %is a metal processing technique in which a sample is
subjected to torsion under elevated pressure. The pressure leads to high hydrostatic
compressive stresses and severe plastic deformation is introduced by torsion increasing
significantly the amount of crystalline defects in the material structure. Thus, a high
dislocation density and an increased area of grain boundaries are observed in processed
metallic materials leading to high strength and refined grain structures.

High pressure torsion has been widely used to process magnesium and its alloys at room
temperature despite their low formability. Many papers have reported the formation of
ultrafine grained structures in pure magnesium *° and Az31 "**, Az61 '?, AZ80 =,
AZ91 10 zK60 *° Mg-zn-Y 2 % Mg-Gd-Y-Zr** %, Mg-Zn-Ca ?**" and Mg-Dy-

Al-Zn-Zr®alloys. The processed alloys exhibit improved strength but also some papers

16, 19, 22, 29, 30 3,31-35

report superplastic behaviour , improved hydrogen storage properties

and improved corrosion resistance * 2" 3.

Formation of ultrafine grained structures and improved strength are also observed in
other metallic materials processed by HPT. However, the evolution of the
microstructure and the distribution of hardness in processed discs of magnesium and its
alloys seem to differ from other f.c.c. and b.c.c. materials.It is expected that the amount
of strain imposed to the disc during HPT processing is proportional to the distance from
the center due to the torsional deformation. Thus, hardness variations along the sample
radius are expected in the early stage of processing when the material has not reached
hardness saturation. However, the amount of strain and the hardness are not expected to
vary along the sample thickness and this has been confirmed by experiments in pure

37, 38

aluminium and iron®. Minor variations in distribution of strain along the sample



36

thickness has been predicted by finite element modelling ** ** due to friction and
variations in hardness distribution have been reported in samples with low diameter to
thickness ratio ** %2, However, experiments have shown significant heterogeneity in
hardness distribution along the disc thickness in a magnesium alloy in samples with
high diameter to thickness ratio®® **.

Moreover, it is known that the high amount of defects introduced by plastic deformation
leads to the formation of low angle boundaries in the early stage of processing and the
misorientation of these boundaries increase with continuing processing. Therefore, a
large fraction of low angle boundaries are expected in the early stage of HPT processing
and a gradual transition towards a larger fraction of high angle boundaries is expected at

later stages. This has been confirmed by experiments in aluminium **#°

and in pure iron
' However, the mechanism of grain refinement in magnesium and its alloys differs
from f.c.c. and b.c.c. materials. A mechanism in which new refined grains are formed
along coarse grains boundaries has been proposed “**° based on experimental evidence
of microstructure evolution for high temperature processing.

The understanding of the distribution of plastic deformation and evolution of structure
during HPT processing is of key importance to future production of components of
magnesium alloys with superior strength, superplastic properties, enhanced hydrogen
storage kinetics or improved corrosion resistance. The present paper aims to clarify the
distribution of hardness along the disc longitudinal plane using dynamic hardness

measurements at different stages of HPT processing and to determine the evolution of

grain boundary misorientation distribution.
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3.2 Experimental material and procedures

The material used in the present work was commercial purity magnesium provided by
RIMA (Bocaiuva / Brazil) as a cast slab. The material was machined into a billet with
10 mm diameter and 100 mm length. Discs with 1 mm thickness were cut using a low
speed diamond coated saw and were ground to ~0.85 mm thickness using abrasive
papers.

The discs were processed by HPT using quasi-constrained anvils and a nominal
pressure of 6.0GPa. The rotation rate was 1 rpm which is expected to lead to ~10 K
temperature rise during processing (considering a flow stress of 200 MPa) ** *2 Discs
were processed to 1/8, 1/2, 2 and 10 turns.

The distribution of hardness was determined on the longitudinal section of the discs. A
low speed diamond coated saw was used to cut the discs and the samples were mounted
using room temperature curing resin. The samples were ground and polished to a
mirror-like finish. Figure 1 illustrates the section and the location of indentations. A
Shimadzu DUH-211s dynamic hardness tester with a Berkovich indenter was used for
testing. The maximum applied load was 200 mN, the loading rate was ~70 mN/s and the
dwell time was set to 0 s in order to avoid room temperature creep which has been
shown to take place in magnesium processed by HPT ©. The values of hardness were
plotted as colour coded maps as a function of the indentation position. Also, the average
hardness for indentations at similar distance from the center were plotted as a function

of the effective strain which was determined by the following equation >* **.

__2mNr

tV3 @
where N is the number of turns, r is the distance to the center and t is the sample

thickness.
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The microstructure was determined at mid-radius position (see Fig. 3.1) using EBSD.
The samples were polished to a mirror-like finish using diamond paste and the final
polishing step used colloidal silica in a Vibromet equipment. The equipment used for
EBSD characterization was a JEOL JSM-7001F scanning electron microscope operating
at 7 kV. The step size was 0.1 um. The images were cleaned up using grain confidence

index (CI) standardization, neighbor CI correlation and grain dilation procedures.

EBSD

== ~0.72 mm !
T toa2mms . PR

“indentations

10.0 mm

Figure 3.1 — Illustration of the section used for hardness testing, location of indentations
and the location for EBSD characterization of the microstructure.

3.3 Results and discussion

3.3.1 Microstructure

Figure 3.2 shows representative images of the grain structure of samples processed by
1/8, 1/2 and 10 turns of HPT. Different colours are used to set apart low angle (red) and
high angle (black) boundaries. Grains sizes with over one order of magnitude difference
are clearly observed in the sample processed by 1/8 turn. The smaller grains are
typically located between coarse grains suggesting they are formed along grain
boundaries. The microstructure of the material processed by 1/2 turn exhibits grains
with different sizes although the size difference between the small and coarse grains is
reduced significantly. Also, the area fraction occupied by the coarse grains decreased
significantly by comparison to the material processed by 1/8 turn.Finally, the
microstructure of the material processed by 10 turns of HPT continues to exhibit a few

coarse grains although it is apparent that the area fraction of the coarse grains is
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reduced. This is in agreement with transmission electron microscopy characterization of
magnesium processed by HPT in which some coarser grains are observed in the
microstructure even after multiple turns of processing * ® *. Therefore, a mix of
ultrafine grains and grains with a few microns of diameter seems to be a stable

microstructure in pure magnesium processed by HPT.

CP-Mg
HPT: P =6 GPa (R.T.) 1 rpm
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Figure 3.2 — Distribution of low angle (red) and high angle (black) boundaries in samples processed by
1/8, 1/2 and 10 turns of HPT.
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In order to determine the area fraction occupied by coarse and fine grains at the
different stages of processing, the cumulative distribution of grain sizes in samples
processed by 1/8, 1/2 and 10 turns of HPT is shown in Fig. 3.3. It is observed that most
of the microstructure is composed of grains larger than 1 micron in the sample
processed by 1/8 turn. Processing to 1/2 turn increases significantly the area occupied
by ultrafine grains and decreases the size of the largest grains. Further processing up to
10 turns does not change the distribution of the very fine grains (<0.6 um) but increased
the fraction of grains in the range 0.6 um ~ 1.0 um and reduced the fraction of coarser
grains. This is in agreement with the trend observed in magnesium processed by Equal-
Channel Angular Pressing at high temperatures in which the new grains nucleate along

grain boundaries and slowly consume the coarse grains “¢*°.
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Figure 3.3 — Cumulative fraction of grain sizes at different stages of processing.

Figure 3.4 shows the distribution of misorientation angles of the grain boundaries for
the different samples. A large fraction (~0.41) of grain boundaries exhibit
misorientations lower than 15° after only 1/8 turn but the frequency of low angle
boundaries is decreased significantly after only 1/2 turn (~0.27). An additional decrease
in frequency of low angle boundaries is observed after 10 turns which ultimately

stabilizes in ~0.15. The frequency of low angle boundaries in magnesium is
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significantly lower than observed in other metallic materials “*". It is also worth noting
a peak of frequency of boundaries between 85° ~ 90° which is associated with twinning

%6 and a peak at ~30° which is associated with a basal texture °’.
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Figure 3.4 — Frequency distribution of misorientation angles of grain boundaries.

3.3.2 Hardness

Figure 3.5 shows colour-coded distribution of hardness at the longitudinal sections of
samples processed to 1/8, 1/2, 2 and 10 turns of HPT. It is observed that the hardness
does not vary notably with the distance from the center and also does not vary with the
number of turns although the amount of plastic strain imposed to the material by torsion
increases linearly with increasing distance from the center and with the number of turns.
The hardness maps show substantial variations in hardness without a clear trend. Areas
with low hardness (~50 kgf mm™) and areas with high hardness (~65 kgf mm™) are
observed throughout the longitudinal sections of the samples at the different stages of
processing. This heterogeneous distribution of hardness differs from reports in pure
aluminum® and in pure iron * where homogeneous distributions of hardness have been
reported along the sample thickness and a clear trend is observed at different distances

from the center.
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Figure 3.5 — Distribution of hardness at the longitudinal section of discs processed by HPT
to 1/8, 1/2, 2 and 10 turns.

Figure 3.6 shows the average hardness plotted as a function of the effective strain. It is
observed that the hardness does not vary significantly with the amount of effective
strain. Hardness values in the range 55 ~ 60kgf mm? are observed at strains in the range
0.3 ~ 200. This disagrees with a report in the literature of a peak hardness at low strains
followed by slight softening and saturation 3. The softening observed at intermediate
values of strain in pure magnesium is usually attributed to the occurrence of recovery
and recrystallization in this material >. However, the present results show that this may
not be the case since softening was not observed in the present experiments. Recent
reports have showed that pure magnesium exhibit an inverse Hall-Petch relation at very

6, 58

small grain sizes *® and a change in deformation mechanism takes place at levels of
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strain in which the softening effect is usually observed. Grain boundary sliding starts to
play a role in deformation leading to an apparent softening effect. Thus, the decrease in
hardness is attributed to creep by grain boundary sliding during dwell time in
conventional hardness testing. The indentations in the present work were controlled and
the dwell time was removed in order to prevent creep and therefore the softening effect

was not observed.
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Figure 3.6 — Distribution of hardness as a function of the imposed effective strain in HPT.

3.4 Summary and conclusions

1-High-pressure torsion was used to introduce severe plastic deformation in pure
magnesium. EBSD characterization revealed the formation of small grains along grain
boundaries of coarse grains. The fine grains gradually consume the coarse grains with
increasing imposed strain.

2-The gradual increase in fraction of ultrafine grains and the fast evolution of the
distribution of grain boundary misorientation towards high angles differs from other
metallic materials and agrees with a model of grain refinement for magnesium

processed at high temperatures.
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3-The distribution of hardness is heterogeneous along the longitudinal plane of the
processed disc which also differs from other metallic materials.

4-The average hardness does not vary with the amount of imposed effective strain
during HPT. The softening effect reported in the literature is attributed to the onset of

grain boundary sliding and creep during dwell time in conventional hardness testing.
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Abstract

It is well established that magnesium has a considerable potential for use as a
biodegradable material. This report describes the effect of processing by severe plastic
deformation (SPD) on the grain refinement, mechanical behavior, biocompatibility and
corrosion behavior of commercial purity (CP) magnesium. The material was received as
cast slabs and processed by rolling, equal-channel angular pressing and high-pressure
torsion to produce samples with average grain sizes in the range of ~0.5 - 300 um. The
results show that severe plastic deformation does not affect the biocompatibility.
However, the corrosion behavior is affected by the processing route. Specifically, SPD
processing leads to general corrosion as opposed to localized corrosion in the as-cast

and hot-rolled condition.
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4.1 Introduction

Magnesium and its alloys are attracting significant attention among potential
biomaterials due to their good mechanical, biological and electrochemical behavior
[1,2]. Experiments show that magnesium alloys can degrade in vivo and exhibit a good
biological response [1,3]. However, the high corrosion rate of this metal in a
physiological environment may lead to the premature failure of implants. Also the high
rate of hydrogen formation, which is a byproduct of the corrosion of magnesium, may
produce an accumulation of this gas around the implant and trigger adverse
physiological reactions [4]. Alloying is used to reduce the corrosion rate of magnesium
but this procedure may lead to undesirable effects in the biocompatibility depending on
the type and amount of alloying elements [1]. The high corrosion rate of magnesium can
lead also to a fast delivery of alloying elements and even common elements such as Zn,
Ca and Mn can become toxic [5].

Another strategy to control the corrosion rate of magnesium and its alloys is
through the use of thermo-mechanical processing since changes in the microstructure
affect the corrosion behavior. For example, it has been reported that texture may affect
the corrosion rate. Thus, samples cut parallel to the extrusion direction exhibit lower
corrosion rates than samples cut perpendicular [6] and it was reported also that the
corrosion rate decreases with an increase in the intensity of basal planes parallel to the
surface [7]. Decreasing the grain size [8,9] and homogenizing the second phase particle
distribution [10] also reduces the corrosion rate. Among the thermo-mechanical
processing techniques, severe plastic deformation (SPD) processes [11] are gaining
significant attention because of their potential for producing fully-dense bulk samples
with exceptionally small grain sizes. Also, processing by SPD can improve the
homogeneity of the distribution of impurities and second phase particles.

The most attractive SPD techniques are equal-channel angular pressing (ECAP)
[12] and high-pressure torsion (HPT) [13]. The former can produce samples with larger

dimensions but the low ductility of magnesium prevents ECAP processing at low
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temperatures. As a consequence, processing of magnesium is usually carried out at high
temperatures and the final grain sizes are in the range of a few micrometers [14-17]. By
contrast, high hydrostatic pressures are generated during HPT and this permits the
processing of materials with low ductility including magnesium [18]. As a consequence,
the final grain sizes after HPT are generally smaller than after other thermo-mechanical
processing techniques [19,20] and there is also a higher fraction of grain boundaries
having high angles of misorientation [21].

Many reports have shown that SPD significantly modifies the properties of
magnesium and its alloys. For example, ECAP introduces exceptional superplastic
properties at high temperatures [22] and increases the hardness at low temperatures
[23]. These improved mechanical properties are attractive for biomedical applications.
Thus, a recent report demonstrated the fabrication of a biodegradable stent from a
magnesium alloy processed by ECAP followed by extrusion and laser cutting [24]. In
addition, HPT processing also shows the development of superplasticity and improved
hardness in magnesium alloys and a recent report described the development of
exceptional ductility in pure magnesium at room temperature after processing by HPT
[25].

Although it is known that SPD improves the mechanical behavior of magnesium
and its alloys, its effect on the corrosion behavior is not yet clearly defined because
reports have demonstrated different trends. For example, a weaker corrosion resistance,
more and deeper corrosion pits and a higher rate of mass loss in a 3.5 wt.% NaCl
solution was reported in pure magnesium after processing by ECAP compared to the as-
cast material [26]. On the other hand, a reduced degradation rate in Hank"s solution was
reported in a magnesium AZ3lalloy processed by ECAP by comparison with the
squeeze-cast counterpart [27]. An improved corrosion resistance in an AZ31 alloy after
processing by ECAP was also reported in NaCl and phosphate-buffer solution-PBS and
this was attributed to the early formation of a protective layer of corrosion products
[28]. It was also reported that HPT processing improved the corrosion resistance of a
Mg-2 wt.% Zn-0.24 wt.% Ca alloy [10]. A recent report [29] showed that grain
refinement can lead to a higher corrosion rate in materials in which the corrosion
current is high, >10-5 A.cm2, but the presence of grain boundaries may help in

developing a passive layer in materials with a low corrosion current, <10-5 A.cm2, and
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this suggests that grain refinement may improve the corrosion resistance. Accordingly,
the present investigation was initiated to determine the effect of different thermo-
mechanical processing operations, including SPD techniques, on the mechanical

behavior, biocompatibility and corrosion behavior of pure magnesium.

4.2 Experimental material and procedures

Commercial purity (CP) magnesium (99.7% purity) was provided by RIMA
(Bocailva-MG) in the form of as-cast slabs. Plate samples of 5 mm thickness were cut,
heated to 673 K and subjected to 7 passes of rolling. These sheets were re-heated to 673
K between each pass and the reduction per pass was ~20% leading to a final sheet
thickness of ~1.0 mm. Some hot-rolled samples were annealed for 1 h at 523 K and
others were cut into 60 x 10 x 1 mm3 sheets which were stacked and wrapped in copper
foil for processing by ECAP. The ECAP die had a channel angle of 135° a 10 x 10
mm2 square cross-section and electric resistances for heating. This channel angle
imposes a strain on the billet of ~0.5 in each pass through the die [30]. The samples
were processed by 4 passes at 473 K using route C in which the billets are rotated by
180° between passes [31]. Discs of 10 mm diameter and 0.8 mm thickness were cut
from the as-cast material and processed by HPT under a pressure of 6.0 GPa up to 10
turns.

The microstructures of the as-cast material and the material processed by hot-
rolling and hot-rolling followed by annealing were investigated by optical microscopy
after conventional metallographic sample preparation. The samples were cut, embedded
in resin, ground and polished to mirror-like finishes and then etched in a 0.05% nitric
acid solution in ethanol to reveal the grain boundaries. Samples of the material
processed by hot-rolling followed by ECAP were prepared following a similar
procedure but the microstructure was investigated by scanning electron microscopy
(SEM) in order to obtain a higher magnification and permit observations of the smaller
grains. The ultrafine-grained (UFG) microstructure of the material processed by HPT
was examined by transmission electron microscopy (TEM) in which discs of 3 mm
diameter were cut from the HPT-processed samples, ground to thicknesses of ~0.1 mm

and then polished to perforation using a double jet electro-chemical polisher.
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Tensile tests were carried out at room temperature using dog-bone specimens
with an initial strain rate of 10-3 s-1. An electronic extensometer was used to record
strain data for all samples except for the material processed by HPT due to the reduced
size of the tensile specimens.

In this work, a human osteosarcoma cell line (SAOS-2), obtained from Rio de
Janeiro Cell Bank (BCRJ, Brazil), was used to assess the cytotoxicity of Mg-based
materials. Firstly, the mitochondrial metabolic activity was quantitatively determined
using 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT) (Sigma-
Aldrich, St. Louis, MO, USA). This test consisted of the reduction of MTT to an
insoluble purple formazan by cleavage of the tetrazolium ring by dehydrogenase
enzymes, expressing cell functionality. Secondly, vital status and cell morphology were
qualitatively evaluated using a LIVE/DEAD® Viability/Cytotoxicity Kit (Molecular
Probes, Eugene, OR, USA). This assay is based on plasma membrane integrity and
esterase activity, indicating cell viability. Dulbecco’s modified Eagle’s medium
(DMEM) was used as negative control with 1% Triton-X 100 (Sigma-Aldrich, St.
Louis, MO, USA) as positive control. CP magnesium samples with 48 mm2 area,
processed by five different methods (as-cast, hot-rolled, hot-rolled + annealing, hot-
rolled + ECAP and HPT), were rinsed in 70% ethanol for 5 min, washed three times in
distilled water, dried and sterilized by ultraviolet radiation.

To perform the MTT assay, 3 x 104 cells/mL were seeded per well in a 24-well
plate with DMEM containing 10% fetal bovine serum (FBS), 1% antibiotic-antimycotic
and maintained for 24 h in a controlled 5% CO2 95% humidified incubator at 37°C.
After 24 h of cell culture, cells were directly exposed to materials for 24 h. After the
exposure period, materials were removed and 210 pL of fresh medium was added in
each well. Then, 170uL of MTT solution (5 mg mL-1) was added and the cells were
incubated for 4 h. Afterwards, 170 puL of SDS solution/4% HCI was placed and
incubated for 12 h. Absorbance was quantified at 595 nm in a spectrophotometer. For
each experimental condition, three different measures were taken. All values were
normalized to the controls and expressed as a percentage of the cell function. Negative
control (functional cells) was considered as 100%. The statistical analysis performed
was one way/ANOVA/Bonferroni (GraphPad Prism software, San Diego, CA, USA)

and significant differences were considered for p<0.05.
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Significantly, 6 x 104 SAOS cells were seeded on glass coverslips in 6-well
plates with 2 mL of DMEM containing 10% FBS and 1% antibiotic-antimycotic,
maintained for 24 h in a controlled 5% CO2 95% humidified incubator at 37°C, and
then exposed to materials for 24 h. After exposure, the materials were removed, the
cells were rinsed twice with phosphate-buffered saline (PBS) and their vital status was
observed using the LIVE/DEAD® kit according to the manufacturer’s protocol. Cells
were examined under a fluorescent confocal microscope (Zeiss LSM 510, Thornwood,
NY) with an excitation at 488 nm and observations at 505 nm to detect calcein, and
excitation at 555 nm and observations at 605 nm to detect ethidium homodimer 1.

Electrochemical corrosion tests were carried out using a Princeton Applied
Research potentiostat model Versat 3 with 3 electrodes: Ag/AgCl as a reference,
platinum as counter-electrode and the magnesium samples as the work electrode. The
corrosion solution was NaCl 3.5 wt.%. The scan rate for the polarization tests was 5
mV/s, the frequency range was 10 mHz to 10 kHz and the amplitude was 10 mV in
relation to the open circuit potential in the electrochemical impedance spectroscopy
tests. The NaCl solution was used to provide the opportunity to compare the results with
the literature since this is the most common corrosion environment for testing pure
magnesium.

The rate of mass loss was determined in 3.5 wt.% NaCl solution using the rate of
H2 formation following a procedure described elsewhere [32].The samples for these
tests were ground to #4000 SiC paper and immersed in the solution. A funnel was used
to collect H2 and the volume of gas was tracked up to 6 h for all conditions of
processing. The as-cast material and the materials processed by ECAP and HPT were

subjected to longer testing of up to 48 h.

4.3 Experimental results

Representative images of the microstructures of the magnesium after different
processing routes are shown in Fig. 4.1. It is apparent that the material has a coarse
grain structure in the as-cast condition. Hot-rolling promotes significant grain
refinement but the grain structure becomes heterogeneous so that there are bands of
finer grains (<10 pm) intermixed with larger grains in the range of tens of microns,

thereby suggesting the occurrence of concentrations of deformation. Annealing at 523 K
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for 1 h after hot-rolling promotes homogenization of the grain size distribution without
any significant grain growth whereas processing by ECAP after hot-rolling leads to
excellent grain refinement throughout the sample volume. An ultrafine grain structure
was also observed after HPT processing. Measurements showed that the average grain
sizes were ~480 um in the as-cast condition, ~16 um after hot-rolling, ~24 um after hot-
rolling and annealing, ~3.2 pm after hot-rolling and ECAP and ~0.56 pum after HPT.
The engineering stress vs. strain curves obtained from tensile testing are shown
in Fig. 4.2 for all five experimental conditions. The as-cast material exhibited low
strength and low ductility with a yield stress of ~34 MPa and an elongation of ~5%. Hot
rolling increased the yield stress to ~110 MPa but with no overall improvement in the
ductility. The material subjected to annealing after hot-rolling also exhibited a yield
stress of ~110 MPa but the final elongation increased slightly to ~7% and the material
processed by ECAP after hot rolling exhibited the highest yield stress of ~140 MPa and
displayed a reasonable elongation of ~8%. By contrast, the stress-strain curve after HPT
exhibited a different behavior with a relatively low strength, a yield stress of ~80 MPa,

but with an exceptional ductility to an elongation of ~130%.



Figure 4.1 — Microestruture of magnesium with different processing history.
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Figure 4.2 — Stress vs strain curves determined for the material with different processing history.

The cytotoxicity evaluation using MTT and LIVE/DEAD assays demonstrated
that magnesium with different processing histories (as-cast, rolling, rolling and
annealing, rolling and ECAP, HPT) generated a non-cytotoxic environment. As shown
in Fig. 3, the cytotoxic analyses determined quantitatively by the MTT test
demonstrated that SAOS cells exposed to magnesium samples for 24 h presented no
significant alterations in their mitochondrial metabolic activity when compared to the
control group (p<0.05), thereby indicating high levels of cell viability. The experimental
groups produced levels of cell function above 50%.
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Figure 4.3 — Cell metabolic activity of SAOS exposed for 24 h to magnesium with different processing
history (as-cast, rolling, rolling and annealing, rolling and ECAP, and HPT).
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The cytotoxicity analysis using the LIVE/DEAD assay revealed qualitatively
that the cells exposed to Mg-based materials for 24 h maintained suitable cell viability.
Figure 4.4 shows live cells stained with green fluorescence and dead cells stained with
red fluorescence. Live cells were clearly observed in all groups, indicating that the
LIVE/DEAD results are consistent with the MTT findings. Additionally, the live cells
exhibited cell morphologies similar to the control cells with typical cell spreading.

Figure 4.4 — Vital status of SAOS cells exposed to Mg-based materials determined by LIVE/DEAD
assay, indicating green fluorescence (viable cells) and red fluorescence (dead cells) images. Negative
control (A and B), positive control (C and D), magnesium with different processing history: HPT (E and
F), as-cast (G and H), rolling (I and J), rolling and annealing (K and L), rolling and ECAP (M and N).
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Figure 4.5 shows the potentiodynamic polarization curves for the samples with
different processing histories. It is observed that the as-cast material exhibits a higher
open circuit potential and lower corrosion current density which suggests a higher
resistance against corrosion. The materials processed by hot-rolling and hot-rolling
followed by annealing exhibit a lower open circuit potential and the highest corrosion
current density which suggests a lower resistance against corrosion in an aqueous
solution of NaCl 3.5 wt.%. It is also apparent that the material processed by SPD
exhibits better corrosion resistance than after hot-rolling. The polarization curves of the
material processed by hot-rolling and ECAP exhibit an open circuit potential which is
almost as high as the as-cast material and the corrosion current density is higher than the
current of the as-cast material but significantly lower than the hot-rolled condition. The
polarization curve of the material processed by HPT is similar to the curve of the as-cast

material, thereby suggesting this provides the best corrosion resistance.
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Figure 4.5 — Polarization curves determined in NaCl solution for magnesium with different processing
history.

The Nyquist diagrams for the different samples are shown in Fig. 4.6 where Zim
and Zre represent the imaginary and the real impedances, respectively. All samples
exhibited a capacitive arc suggesting metal dissolution but the diameter of the arc,

which directly denotes the resistance to corrosion, differs significantly depending upon
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the processing history. The diameter of the arc of the samples processed by hot-rolling
with and without annealing are smaller than for the as-cast material suggesting they
have a poorer corrosion resistance. The lowest corrosion resistance was observed for the
hot-rolled condition where the microstructure was more heterogeneous and with a
greater deformation concentration than in the hot-rolled and annealed condition. It is
reasonable to assume that the heterogeneous microstructure of the hot-rolled condition
generates potential gradients which serve to accelerate the metal corrosion and this is in
agreement with the polarization curves. However, the samples processed by SPD
exhibit higher polarization resistance compared to the as-cast material indicating a
higher corrosion resistance. The largest diameter is observed in the material processed
by HPT and all curves, except for the HPT material, exhibit an inductive arc in addition
to a capacitive arc. It is known that this inductive behavior is associated with the

adsorbed species or with pit formation during corrosion [33,34].
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Figure 4.6 — Nyquist curves determined in NaCl solution for magnesium with different processing
history.

The mass loss rate is documented in Fig. 4.7 for all samples up to immersion times of 6
h and for the as-cast material and the material processed by SPD up to 48 h. Thus, a
lower mass loss rate is observed in the material processed by hot-rolling and annealing.

The as-cast material exhibits the second lowest rate while the hot-rolled material and the
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material processed by hot-rolling and ECAP exhibit larger rates. The largest rate of
mass loss is observed in the material processed by HPT in the first 6 h. This is in
disagreement with the results reported by the potentiodynamic polarization curves and
the Nyquist diagrams where the HPT processed material exhibits higher corrosion
resistance. Nevertheless, long exposure for more than 6 h led to a significant decrease in
the mass loss rate of the material processed by HPT and ultimately this became the

condition having the lowest mass loss rate.
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Figure 4.7 — Mass loss rate determined by the evolution of H, in NaCl solution for magnesium with
different processing history.

Table 4.1 shows a summary of the grain size, d, the electrochemical potential and
current, and the estimated mass loss rate based on the electrochemical experiments
using an average hydrogen evolution rate for the first 6 h of immersion. The yield stress,
oy, and elongation to failure, AL/L0%, are also shown in Table 1. It is noted that there
is a significant difference between the values of the estimated mass loss rates using the
electrochemical tests and the hydrogen evolution tests. This difference was also
reported in earlier experiments and it was shown that the best agreement with the mass
loss rate measured by the variation of mass of the sample was obtained by hydrogen
evolution [32,35]. It is worth noting that the HPT-processed material exhibited a

corrosion current <10° A.cm? and therefore the refinement in grain size is expected to
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lower the corrosion rate [29]. This is in very good agreement with the decrease in

corrosion rate observed after 48 h of immersion as shown in Fig. 4.7.

Table 4.1 — Summary of grain size, d, yield stress (s,), corrosion potential (Ecorr), COrrosion current
(Icorr), predicted corrosion rate based on electrochemical testing (AW;) and corrosion rate calculated from
the evolution of H, (AW4y) during the initial 6 h of testing and after 48 h of exposure in 3.5 wt.% NaCl

solution.

Processin d o, | ALIL, | Ecox [ AW, AW, (6h) | AW, (48 h)
9 (Mm) | (MPa) | (%) {V) | (mA.cm?) | (mg.cm2h') | {(mg.cm2h') | (mg.cm2.h)

Ac-cast 480 34 ] -1.48 0.007 0.003 0.027 0.054

Hot-rolling 16 110 5 -1.61 0.350 0159 0.050 -

Hotroling =24 1101 7 ) 4683|0210 0,095 0.021 -

annealing

Hot-rolling + 32 140 8

ECAp -1.51 0.040 0.018 0.065 0.025

HPT 056 80 130 -1.49 0.008 0.004 0.055 0.018

It is important to note that there was a change in the overall macroscopic
corrosion behavior with the processing conditions. It was noted that localized corrosion
occurred in the as-cast material and in the material processed by hot-rolling while there
was a more generalized corrosion in the material processed by SPD. The appearances of
the corroded surfaces of samples of the as-cast material and the material processed by
HPT are shown in Fig. 4.8 for several different exposure periods up to a maximum of
48 h. It is observed that only a fraction of the surface of the as-cast material shows
evidence of corrosion after 6 h of immersion whereas the whole surface of the HPT-
processed material shows this evidence. This is in agreement with the higher corrosion
rate observed in the HPT-processed material in the earliest stages of immersion. A
longer immersion period led to the formation of a thick layer of corrosion product in the
area of localized corrosion in the as-cast material. By contrast the material processed by
HPT exhibited only a thin layer of corrosion products throughout the sample surface

even after 48 h of immersion.
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Figure 4.8 — Appearance of surface of samples from the as-cast material and the material processed by
HPT after immersion in NaCl solution for different amount of time.

4.4 Discussion

The results obtained in this investigation show that the mechanical properties and the
corrosion behavior of pure magnesium are significantly affected by the thermo-
mechanical processing. A control of these properties, allied to the good
biocompatibility, provides an opportunity to use pure magnesium as biodegradable
implants with superior performance. It is apparent that the best combinations of
properties are attained through processing by SPD.
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4.4.1 Mechanical properties

Pure magnesium usually exhibits poor mechanical properties. Specifically, this
material exhibits a low yield stress and low ductility in the coarse-grained condition.
Conventional thermo-mechanical processing by hot-rolling improves the strength but
does not improve the ductility. However, a moderate ductility is required in many
applications. For example, coronary stents are plastically deformed in situ and may
withstand more plastic deformation during their lifetime. Therefore the material used in
their fabrication must display a reasonable ductility [36]. Also, strength is required for
bio-implants with structural functions and this becomes even more important for
biodegradable implants since the load-bearing area of the product decreases with time.
The present results show that ECAP processing leads to the highest yield stress and also
displays a good elongation. The improved strength is attributed to the grain refinement
while the good elongation is attributed to texture effects. Earlier reports showed that the
processing of magnesium alloys by ECAP can lead to a preferential orientation of grains
with the basal planes favorably aligned for tensile deformation [37,38]. Thus, the
present results demonstrate improvements in both strength and ductility in the material
processed by ECAP compared to the as-cast and the hot-rolled conditions.

The mechanical properties of the HPT-processed material exhibits an
unexpected low strength compared to the coarser-grained counterparts and an
exceptionally high elongation for magnesium at room temperature. The decrease in
yield strength of magnesium at very fine grain sizes was reported earlier [39,40] and it
was attributed to the onset of grain boundary sliding as a deformation mechanism.
Recent reports have shown that fine-grained magnesium can exhibit improved ductility
[15] and this is due to a combination of grain boundary sliding and basal slip
propagation through grain boundaries having low misorientations [25]. Therefore, HPT
processing may be used to produce ductile magnesium with moderate strength. It is
worth noting also that the strength of the HPT-processed material is strongly dependent

on the strain rate and it may be increased by an appropriate annealing treatment [25].
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4.4.2 Cytocompatibility

A previous report documented good cytocompatibility of the elluates of
magnesium alloys WE43, WZ21 and ZW21 dissolved in various physiological media.
Also, in vivo experiments showed that implants from these alloys degrade and lead to
the formation of gas bubbles but this does not compromise the physiological
functionality of the tissue [1]. Similarly, a degradation of implants made of magnesium
alloys AZ31, AZ91, WE43 and LAE442 and gas bubble formation was reported
previously [3]. The metallic implants were compared to a biodegradable polymer and
the results suggested an osteoblastic response with increased bone mass surrounding the
magnesium implants [3]. These reports demonstrate that alloying magnesium with Al
and rare earth elements does not compromise the biocompatibility of the material. Also,
earlier work demonstrated that changes in the texture of extruded rods of pure
magnesium induced no cytotoxicity on a mouse osteoblast cell line by using indirect
methods [6]. Additionally, cytotoxicity tests of magnesium-based alloys (Mg-2Ag and
Mg-10Gd) and pure magnesium, used as extruded materials, showed that human
osteoblasts were mostly alive by LIVE/DEAD staining after 4 or 14 days of exposure
and pure magnesium showed moderate cell damage compared with two other alloys
studied using these tests [41].

For medical applications, it is extremely important to determine whether the cell
behavior is affected by the biomaterials. In this work, a direct contact method was used
and both cytotoxic tests MTT and LIVE/DEAD showed clearly that pure magnesium
caused no cytotoxic effects on cells. Furthermore, the present results confirm this same

result for all processing conditions including when using SPD.

4.4.3 Corrosion behavior

It is apparent that, in addition to the improved mechanical properties, SPD
processing improves the corrosion behavior. The electrochemical tests show that the
materials processed by ECAP or HPT exhibit higher corrosion potentials compared to
their hot-rolled counterpart and a higher impedance compared to the as-cast and the hot-
rolled material in an aqueous solution of NaCl 3.5 wt.% . These results suggest a higher
resistance against pitting in the SPD materials.



69

In practice, however, the most important observation is the change in the
macroscopic corrosion behavior. Magnesium exhibits localized corrosion in the as-cast
condition but HPT processing produces a homogeneous corrosion surface. This is in
agreement with the Nyquist diagrams in which the HPT-processed material exhibited
the highest polarization resistance without an inductive arc. This result is attributed to
the pronounced grain refinement that appears to stimulate the formation of a denser
protective layer of corrosion product. It is worth noting also that a decrease in the
corrosion rate and an increase in the polarization resistance was observed in an Mg-Y-
RE alloy and this was attributed to the grain refinement produced by friction stir
processing [8].

An early report described a poorer corrosion resistance in pure magnesium
processed by ECAP compared to a squeeze-cast condition [26]. The apparent
disagreement with the present results is probably due to the processing conditions and
final microstructure. Thus, ECAP processing at 573 K from the cast condition was not
effective in refining the grain structure so that grain sizes in the range of ~100-200 pm
were produced by ECAP [26]. By contrast, in the present experiments the magnesium
was first processed by hot-rolling to achieve a partially-refined microstructure and then
processed by ECAP to further refine the grain size. It is known that billet failure during
ECAP and the final microstructure depends on the initial grain structure [42]. In
practice the initial processing by hot-rolling allows a decrease in the ECAP processing
temperature of magnesium without billet failure and this prevents grain growth and thus
leads to a finer microstructure. Furthermore, the grain size of ~3.2 um for the ECAP-
processed material in the present experiments was almost two orders of magnitude
lower than in the material processed from the cast condition [26] and this changed the
corrosion behavior.

A decrease in the corrosion current rate in the NaCl solution with decreasing
grain size was reported earlier [14] for magnesium processed by ECAP. In that work,
the ECAP processing was carried out with a back-pressure to prevent billet failure and
the final grain size was ~2.6 um. The resistance against corrosion with decreasing grain
size was attributed to the increase in grain boundaries with high angles of misorientation

that promote a more coherent oxide layer [14]. This hypothesis is in agreement with the
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reduction in corrosion rate observed in the present experiments in the samples with very

fine grain sizes.

4.5 Summary and conclusions

1. Samples of CP magnesium in the as-cast condition and processed by hot-rolling, hot-
rolling and annealing, hot-rolling and ECAP and HPT were used to evaluate the effect
of processing on the mechanical behavior, the citotoxicity and the corrosion behavior in
NaCl solution.

2. Processing by SPD improves the mechanical properties of magnesium. A higher
yield strength and ductility were attained by ECAP compared to the as-cast material and
the material processed by hot-rolling. Exceptional ductility and moderate strength were
achieved by HPT processing. The biocompatibility was not affected either by the
processing history or by the grain size of the magnesium.

3. The corrosion rate was strongly affected by the processing history. A lower
corrosion potential and reduced polarization resistance were observed after hot-rolling
and after hot-rolling and annealing compared to the as-cast material. Material processed
by ECAP or HPT exhibited similar corrosion potentials to the as-cast material and the
largest polarization resistance. All materials exhibited an inductive arc except after HPT
processing which was associated with the development of more uniform corrosion.

4. The material processed by HPT exhibits the formation of an homogeneous layer of
corrosion product that protects the material and decreases the mass loss rate after long

immersion times.
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Abstract

Severe plastic deformation by high pressure torsion (HPT) was used to process and
refine the grain structure of commercial purity magnesium and AZ31, AZ91 and ZK60
magnesium alloys. Transmission electron microscopy showed that the microstructure of
pure magnesium was characterized by a bi-modal grain size distribution with grains in
the range of a few microns and ultrafine grains after HPT whereas the magnesium
alloys displayed a homogeneous ultrafine grain structure after processing. X ray
diffraction analysis revealed that the AZ91 alloy displayed the largest lattice microstrain
and this alloy also exhibited the highest hardness after processing. The processed AZ31
and the ZK60 alloys showed similar microstructures and maximum values of hardness.
Contrary to earlier reports of significant improvements in the corrosion resistance of
magnesium alloys in biological environments, the present results showed that
processing by HPT had no significant effect on the corrosion behavior of magnesium
alloys in a 3.5% NaCl solution. By contrast, pure magnesium exhibited an increased

corrosion resistance after HPT.

Keywords: corrosion; hardness; high pressure torsion; magnesium; microstructure.
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5.1 Introduction

There are many reports showing that grain refinement by severe plastic deformation
(SPD) changes significantly the properties of magnesium and its alloys. Pure
magnesium becomes extremely ductile at room temperature after processing using the
SPD procedures of equal-channel angular pressing (ECAP) [1] or high pressure torsion
(HPT) [2]. There is also some evidence that ECAP and HPT may affect the corrosion
behavior. Thus, coarse-grained pure magnesium exhibits localized corrosion in NaCl
whereas the fine-grained and ultrafine-grained (UFG) material displays more general
corrosion [3]. Homogeneous corrosion in simulated body fluid was also reported in a
Mg-Zn-Ca alloy processed by HPT [4, 5]. The processing technique of HPT increases
the hardness of diverse magnesium alloys to values over 100 Hv [6-13] which are
higher than the hardnesses observed after conventional thermo-mechanical processing.
Although many reports describe the microstructural and hardness evolution of
different magnesium alloys after processing by HPT, a direct comparison between pure
magnesium and representative different alloys is not yet available. Thus, the effects of
the amount and type of the alloying elements on the microstructural refinement and
hardness are not fully understood. Also, the corrosion behavior of different magnesium
alloys in an aggressive media has not been reported to date. Accordingly, the objective
of the present investigation was to make a direct comparison between the
microstructural evolution, the hardness distribution and the corrosion properties in a
3.5% NaCl solution using pure magnesium and magnesium alloys with zinc (ZK60) and

different amounts of aluminum (AZ31 and AZ91) as the main alloying elements.

5.2 Experimental materials and procedures

The materials used in this investigation were commercial purity magnesium
(99.7% purity) and the AZ31, AZ91 and ZK60 alloys. The CP-Mg and the AZ91 alloy
were received as cast ingots and the AZ31 and ZK60 alloys were received as extruded
bars having diameters of 10 mm. The AZ91 alloy was subjected to a solution treatment
at 693 K for 24 hours followed by water quenching to reduce the amount of second

phase particles. The grain structures of these four materials, determined by conventional
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metallographic procedure, are presented in Fig. 5.1. The cast CP-Mg exhibited a coarse
structure with grains in the range of hundreds of micrometers including some grains in
the millimeter range. The solution treatment was effective in reducing the amount of
second phase and homogenization in the AZ91 alloy. The AZ31 and the ZK60 alloys
exhibited refined grain structure as expected from the prior extrusion treatment. The
average grain sizes, determined by the mean linear intercept method, were ~1 mm for
the CP-Mg and ~16 pum for AZ31, ~110 um for AZ91 and ~2.9 um for the ZK60 alloy.

AZ31 Extru

7,

AZ91 Solution Treated® *
I T et S
Y S R BN T e

Figure 5.1 — Grain structure of the (a) as-cast CP-Mg and (b) extruded AZ31, (c) solution treated AZ91
and (d) extruded ZK60 alloys before processing by HPT.

Bars with 10 mm diameter were machined from the CP-Mg and the AZ91 alloy.
Discs with ~0.9 mm thickness were cut from the bars of the four different materials and
ground with #600 paper to final thicknesses of ~0.85 mm. These discs were used for
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HPT processing to different number of turns at room temperature at a nominal pressure
of 6.0 GPa. The thicknesses of the samples were reduced to 0.5 ~ 0.6 mm due to
processing. The rotation rate was maintained constant at 2 rpm since this effectively
limits the heating of the sample to less than ~50 K [14]. The HPT was conducted under
quasi-constrained conditions where there is a small outflow of material around the
periphery of the disc during the processing operation [15].

The microstructure of the processed material was investigated by transmission
electron microscopy (TEM) and x ray diffraction (XRD) analysis. TEM samples from
the CP-Mg and the AZ31 and ZK60 alloys were prepared by electro-polishing to
perforation using a Tenupol. A solution of 5% perchloric acid and ethanol at T = 30 °C
was used for the polishing. Despite several attempts, including the use of different
solutions, the electro-polishing technique failed to provide a good transparent area in the
AZ91 alloy. Therefore, a TEM sample of this alloy was prepared using the focused ion
beam technique leading to a smaller area for investigation. All samples were prepared
from the mid-radius positions of the processed discs. All samples were prepared from
the mid-radius positions of the processed discs. The samples were observed in an FEI
Tecnai G2-20 microscope operating at 200 kV. Samples for XRD were prepared by
grinding with #600, #1200 and #2500 grit papers and polishing to 1 um diamond paste.
The whole surface of the disc was prepared and the analysis was carried out with a
Philips PW1710 diffractometer using Cu Ka radiation and a graphite monochromatic
crystal with a wavelength of 1.5406 A. The MAUD software was used to analyze the
diffraction profile and to determine the crystallite size and microstrain through Rietveld
refinement. The agreement between the simulated profile and the experimental data was
monitored through the goodness of fitness (Sig in MAUD software) which was smaller
than 3 in all conditions.

Previous reports have shown that the hardness distributions may be
heterogeneous in magnesium alloys processed by HPT [16, 17]. Therefore the hardness
distribution was determined along the through-thickness and radial planes to evaluate
the degree of homogeneity along the thickness of each sample. The hardness
measurements were taken using a dynamic hardness tester SHIMADZU DUH-211 with
a Berkovich indenter, a loading rate of ~70 mN/s and a maximum load of 200 mN. A
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grid with 50 indentations was used to determine the hardness distribution map for each
sample.

The corrosion behavior of the different alloys before and after HPT processing
was evaluated by electro-chemical polarization and impedance spectroscopy tests in a
3.5 wt% NaCl solution. An Autolab potentiostat model PGSTAT 100N with 3
electrodes (Ag/AgCl as a reference, platinum as counter-electrode and the samples as
the work electrode) was used for the tests. The disc samples for corrosion testing were
ground with #4000 grit paper and the samples were immersed in the solution for 600 s
in order to stabilize the potential before testing. A scan rate of 1 mV s™ was used for the
polarization tests and an amplitude of 10 mV in relation to the open circuit potential was

used in the spectroscopy impedance tests in the frequency range of 10 kHz — 10 mHz.

5.3 Experimental results

5.3.1 Microstructure

Figure 2 shows representative images of the grain structures of the different
materials after processing by HPT. The CP-Mg in Fig. 2(a) is characterized by grains
having different sizes such that areas of grains of hundreds of nanometers and areas of
grains larger than a micrometer are clearly distinguished. A similar bimodal grain
structure was reported earlier in other experiments on pure magnesium [18-20] and can
be attributed to recrystallization [19]. A dark field image is also shown in the right
column to facilitate the distinction of some of the ultrafine grains. Selected area electron
diffraction revealed a ring shaped pattern indicating a high misorientation between the
grains. The dark field image was obtained by selecting (100) plane family reflections.
The average grain size, determined as the average of the individual grains, was ~510 nm
and this is slightly larger than the value of the mean linear intercept length (~320 nm)
determined by EBSD in a similar material [2]. The grain sizes of the magnesium alloys
processed by HPT are significantly smaller than CP-Mg. Thus, the AZ31 alloy in Fig.
2(b) exhibits a homogeneous distribution of ultrafine grains and the bright field image
reveals grains in the range of ~100 ~ 500 nm. A dark-field image shows one grain with
~200 nm of size. The average grain size in this alloy was determined as ~130 nm and

this is consistent with earlier reports of the grain structure in the AZ31 alloy processed
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by HPT [6, 7]. Despite the small transparent area available in the sample of AZ91, it
was possible to distinguish grains having different sizes. It was also apparent that grains
smaller than ~100 nm and larger than ~100 nm co-existed in the same area. The average
grain size was not easily determined for the AZ91 alloy due to the small amount of
available data but nevertheless it was estimated as ~100 nm. Energy dispersive X-ray
spectroscopy (EDS) was used to estimate the compositions at different locations in the
AZ91 and the results showed a composition of Mg-9 wt.% Al at point 2 in Fig. 2(c) and
Mg-22 wt.% Al at point 1. This suggests that a small second phase particle is present
near point 1. The grain structure of the ZK60 alloy was reasonably homogeneous after
HPT with an average grain size of ~160 nm. Some very small second phase particles
were homogeneously distributed at the grain boundaries and within the grains as shown
in the higher magnification image in Fig. 2(d). Similar particles were observed after
severe plastic deformation by ECAP in a similar alloy [21]. The high stresses and severe
plastic deformation can break up second phase leading to the formation of smaller

particles.



CP-Mg
HPT: N =10 (R.T.) P=6 GPa

AZ31
HPT:N =10 (R.T.) P =6 GPa

(d)
Figure 5.2 — Grain structure of the (a) CP-Mg and the (b) AZ31, (c) AZ91 and (d) ZK60 alloys
after processing by HPT.
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The XRD profiles of the samples before and after different numbers of HPT
turns are shown in Fig. 5.3 where the upper profiles in each plot labeled N = 0 denote
measurements taken in the unprocessed material. The planes associated with the various
peaks may be described with reference to the CP-Mg data since it is readily apparent
from Fig. 5.3(a) that the positions of the peaks for CP-Mg are not significantly affected
by the HPT processing. By contrast, the magnesium alloys in Figs 5.3(b-d) show a very
significant broadening of the peaks after HPT which is directly attributed to a reduction
in the crystallite size and an increase in the microstrain within the lattice. These effects
were also simulated using the MAUD software and the simulated diffraction profiles are
also plotted as continuous lines together with the experimental data shown as open
symbols. The agreement between the simulated and experimental data is clearly seen in
a magnified plot over the 20 range of 30~40° for the AZ31 alloy in Fig. 5.3(b). The
AZ31 and the ZK60 alloys exhibit higher intensities for the (100) peaks before HPT
processing and this is due to texture effects that are a direct consequence of the earlier
processing by extrusion. The HPT processing promotes an increase in intensity of the
(002) and (101) peaks in all samples and minor peaks associated with a second phase
are visible in the AZ91 and ZK60 alloys. Examination shows that these peaks agree
with the expected patterns for the Al;,Mg;7 and MgZn;, phases, respectively. It should
be noted that the Al;,Mg;7 peaks were very small in the AZ91 alloy before processing
but their intensity increased after HPT, thereby indicating that the solution treated alloy
undergoes precipitation during HPT. An earlier report documented precipitation during
SPD by ECAP in a solution-treated AZ91 alloy [22].
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Figure 5.3 — XRD profiles of the (a) CP-Mg and (b) AZ31, (c) AZ91 and (d) ZK60 alloys

before and after HPT processing.
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The values of the crystal structure parameters determined by XRD are
summarized in Table 5.1. The crystallite size after HPT processing was larger for CP-
Mg than for the magnesium alloys which is in qualitative agreement with the TEM data.
The AZ91 alloy exhibits slightly smaller values for the cell size parameters, a and ¢, and
the microstrain, which is associated with the distortion of the crystalline structure and is
related to the dislocation density, is lower in CP-Mg and larger in the AZ91 alloy. This
shows that increasing the solid solution content increases the maximum microstrain
after HPT. It is worth noting that the lattice microstrain increases in the initial stage of
HPT processing and decreases slightly at larger number of turns in the AZ31 and ZK60
alloys. A decrease in microstrain was also reported in a ZK60 alloy [23] and a decrease
in dislocation density was reported in an AZ31 alloy [7] processed by HPT to large
number of turns. This effect is attributed to the onset of contribution of grain boundary
sliding to the deformation [23].

Table 5.1- Crystallite size, dygrp, crystal parameters a and ¢ and microstrain, &, determined by XRD for
the magnesium alloys before and after HPT processing.

Material N dxrp (nm) a (nm) ¢ (nm) g x 10
0 239 0.32103 | 0.52111 4.78
1/8 193 0.32136 | 0.52148 3.21
CP-Mg 1/2 227 0.32138 | 0.52144 3.09
5 206 0.32138 | 0.52152 4.10
0 312 0.32021 0.51969 11.63
AZ31 1/8 142 0.31980 | 0.51935 16.60
1 120 0.31992 | 0.51965 16.61
5 119 0.32005 | 0.51988 15.41
0 530 0.31814 | 0.51688 11.22
AZ91 1/8 107 0.31822 | 0.51727 20.81
10 141 0.31827 | 0.51795 39.96
0 434 0.32029 | 0.52018 3.23
1/4 147 0.32059 | 0.52052 11.94
ZK60 1 133 0.32064 | 0.52067 11.57
5 133 0.32081 0.52086 8.69
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5.3.2 Hardness

The hardness distributions for the different materials are presented in Fig. 5.4 for
(@) CP-Mg, (b) AZ31, (c) AZ91 and (d) ZK60. These color-coded maps have different
hardness scales for the various materials due to significant differences in the hardness
values but the scale for each material is shown at the upper right. A reasonable level of
heterogeneity in the hardness distributions in the through-thickness directions (the
vertical directions in the plots) is apparent in all samples with larger heterogeneity for
the AZ31 alloy. Heterogeneity in the hardness distribution was already reported in this
alloy [16, 24] which suggests that the alloy is more susceptible to deformation
localization. An increase in the numbers of turns reduces the level of heterogeneity in
the AZ91 and ZKG60 alloys. This agrees with an earlier report of good homogeneity in
the hardness distribution on the disc surface of a ZK60 alloy processed by HPT [11] and
it indicates that deformation localization is less important in this alloy. Overall, it
appears that the hardness does not change significantly after 1 turn of HPT in all
materials tested.

In order to evaluate the hardening behavior of the different materials, the

average hardness along the through-thickness direction is plotted as a function of the

effective strain in Fig. 5.5. The effective strain, e, was calculated as ¢ = 2mNr/+/3h,
where N is the number of turns, r is the distance from center and h is the sample
thickness [25]. The CP-Mg and the AZ31 alloy display a very short hardening stage
such that the saturation takes place at strains <10. This short hardening in the AZ31
alloy agrees with an earlier observation in this alloy processed by HPT [6] but in pure
magnesium there may be a very short hardening stage followed by softening and
saturation [19]. Nevertheless, a peak hardening is not apparent in the present data and
this may be due to the different hardness testing conditions. For example, it was shown
that HPT processing of pure magnesium leads to the activation of grain boundary
sliding at room temperature which causes the occurrence of room temperature creep [2].
Conventional microhardness testing is associated with a dwell time in which the load is
applied to the sample so that room temperature creep may be activated to increase the
depth of the indentation and thereby decrease the measured hardness in the

microhardness testing. In the present work the dynamic hardness tests had no dwell time
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so that the effect of creep was minimized and this directly explains the absence of a

softening stage in the curve of hardness versus strain.
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Figure 5.4 — Hardness distribution maps for the (a) CP-Mg and (b) AZ31, (c) AZ91 and (d) ZK60 alloys

at different stages of HPT processing.
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The AZ91 and the ZK60 alloys present a broader hardening stage up to strains
of >20. Previous reports described strain hardening up to strains of ~20 in ZK60 [9, 26]
and a broad strain hardening in the AZ91 alloy [27]. It is known that hardening is
effective in preventing deformation localization and this agrees with the higher
homogeneity of the hardness distribution in these alloys compared to the AZ31 alloy. It
is noted also that the AZ91 alloy exhibits the highest hardness after HPT in Fig. 5 and
this is followed by AZ31 and ZK60. The CP-Mg is the softer material after HPT as
expected for a reasonably pure material. Although the ZK60 is considered a high
strength alloy and the AZ31 is considered of medium strength [25], the present results
show that the Al-rich alloys (AZ31 and AZ91) display higher strength after strain
hardening than the Zn-rich alloy.
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Figure 5.5 — Evolution of hardness as a function of the effective strain in the CP-Mg, AZ31, AZ91 and
ZK60 alloys processed by HPT.

5.3.3 Corrosion

Figure 5.6 shows the potential vs. current curves determined by the

potentiodynamic polarization tests in the different materials before and after HPT
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processing. The samples processed by HPT were subjected to 10 turns each. The
corrosion potential is higher in the alloys compared to the CP-Mg indicating a positive
effect of the alloying elements. HPT processing does not affect the overall shapes of the
curves of the unprocessed materials. The CP-Mg and the AZ31 and AZ91 alloys display
a range of potentials with low variations in the current. This effect is more pronounced
in the AZ91 and it suggests the formation of a protective layer of a corrosion product.
This stage is not visible in the ZK60 alloy suggesting a more homogeneous corrosion in
this material. This is in agreement with the polarization curve reported for this alloy in a
similar solution [29]. The electrochemical parameters are summarized in Table 2
including the penetration rate estimated from the corrosion current. The corrosion
current observed in the ZK60 alloy is lower than values reported earlier [29, 30] and
this is attributed to the prior thermo-mechanical processing of this alloy by extrusion

which is expected to decrease the corrosion current [31].
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Figure 5.6 — Potentiodynamic polarization curves in 3.5% NaCl solution for the CP-Mg, AZ31, AZ91 and
ZK®60 alloys before and after HPT processing.
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Table 5.2 — Summary of corrosion potential (Ec,), current density (icor) and penetration rate (P;),
determined by potendiodinamic polarization tests.

Material and condition Econ 1Com p;
(Vagiager) (MA.cm™) (mm.y")
CP-Mg | As-cast -1.54 + 0.01 18 £5 0401
CP-Mg | HPT -1.55+£0.02 13£1 0.30+0.02
AZ31 Ext. -144+£0.03 16 £2 0.370.04
AZ31 Ext. + HPT -1.42+£0.03 17+£2 0.39+0.04
AZ91 S.T. -1.46 £0.01 3615 0803
AZ91 ST.+ HPT -1.46+£0.02 28+7 06+02
7ZK60 Ext. -1.48+0.09 110 =30 2507
ZK60 Ext. + HPT -1.44+£0.02 150 £20 34+05

The Nyquist plots for all samples are depicted in Fig. 5.7(a) for conditions
before and after HPT processing. There are significant differences in the diameters of
the capacitive arcs between the samples. Thus, the diameters of the arcs for the AZ31
and ZK60 alloys are significantly smaller than for the CP-Mg and AZ91 alloy.
Therefore, a second plot is shown in Fig. 5.7(b) with a smaller scale. It is apparent that
the ZK60 alloy presents the smallest arc followed by the AZ31 alloy but both alloys
also exhibit an inductive arc suggesting adsorption of the ionic species or pitting
formation during the test [29, 30]. The result for the as-cast CP-Mg is in reasonable
agreement with earlier reports for a similar solution [34, 35].

However, the AZ91 alloy exhibits a larger arc than CP-Mg which disagrees with
an earlier study [31] and this difference is attributed to the solution treatment processing
of the AZ91 in the present experiments. This solution treatment will increase the
aluminum content in the magnesium matrix and decrease the amount of second phase
particles and both of these effects will enhance the corrosion resistance. It is worth
noting that HPT processing has no significant effect on the shape and size of the plots
for the different materials. An increase in the diameter of the arc due to HPT processing

was only observed in the CP-Mg which agrees with earlier results for this material [3].
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A decrease in the arc diameter was observed in the AZ91 alloy after HPT processing

while the AZ31 and the ZK60 alloys showed no significant difference.

2500 T T ‘ T T
Electrochemical impedance spectroscopy (EIS)
3.5 wt. %NaCl
2000 | 1
—o— CP-Mg (As-cast)
—e— CP-Mg (HPT)
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Figure 5.7 — Nyquist plots in 3.5% NaCl solution for the CP-Mg, AZ31, AZ91 and ZK60 alloys
before and after HPT processing.
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5.4 Discussion

It is widely known that severe plastic deformation by high pressure torsion
refines the grain structure of magnesium and magnesium alloys and increases the
hardness. The present results confirm this trend as samples with initial grain sizes of
several microns were refined to the submicrometer range and hardness values over 100
kgf mm™ were obtained. The present results also provide supporting evidence for
comparing different commercial magnesium alloys. Although the initial condition of the
different alloys varied (ranging from as cast to solution treated and extruded
conditions), processing by HPT was carried out through a large number of turns so that
hardness evolution essentially saturated. Also, the microstructure and hardness are in
agreement which shows that a saturation in microstructural refinement was achieved in
all materials.

The TEM analysis confirmed the formation of a bi-modal grain size distribution,
with grains over 1 um and ultrafine grains in the commercial purity magnesium after
HPT processing. However, micrometer-sized grains were not observed in the
magnesium alloys after HPT. Instead, the microstructure was more homogeneous in the
AZ31 and ZK60 alloys with grains in the range ~100 — 500 nm. These alloys also
exhibited similar values of lattice microstrain of ~1.0 x 10 and with the hardness
saturating within a narrow range of ~105 — 110 kgf mm™ after HPT processing. These
results suggest that the AZ31 and ZK60 alloys display similar grain refinement and
mechanical strength after HPT. Nevertheless, AZ91 with the higher aluminum content
displayed significant differences in the microstructure and hardness after HPT. TEM
analysis revealed the presence of a significant number of grains smaller than ~100 nm
after 10 turns and the microstrain was determined by XRD as about three times larger
than the average for the AZ31 and ZK60 alloys. These finer grain structures and higher
lattice microstrains are consistent with the higher hardness in the AZ91 alloy.

Despite the significant changes in the microstructure and hardness, the HPT
processing revealed no significant effect on the corrosion behavior of these materials in
a 3.5% NaCl solution compared to the unprocessed materials. The electro-chemical
results in the present work differ slightly from earlier reports. For example, the

corrosion currents for the AZ31 and the ZK60 alloys are lower than reports for these
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alloys [30, 34] and this difference is attributed to the previous thermo-mechanical
processing by extrusion of these alloys in the present experiments which is expected to
homogenize the microstructure and enhance the corrosion resistance [31]. Further
processing of these alloys by HPT failed to significantly change the electro-chemical
results which suggests that there is a saturation in the increase in corrosion resistance by
thermo-mechanical processing.

The results for the AZ91 alloy differs significantly from reports for this alloy in
the cast condition or after ECAP processing. Although the corrosion current in the
present experiments was in a similar range to that observed in a 3.5% NaCl solution in
the as-cast material [34, 36], it is lower than observed in this material after processing
by ECAP [36]. A major difference is observed in the impedance spectroscopy test.
Thus, the arc for the AZ91 alloy in the present experiments is significantly larger than
reported for the as-cast [32,34] and ECAP-processed materials [36]. These differences
are attributed to the preliminary solid solution treatment in the present experiments. It
has been shown that the corrosion current, which is considered proportional to the
corrosion rate, increases with an increase in the fraction of B phase in this alloy [37].
This Al-rich phase is nobler than the a matrix phase and may accelerate the degradation
of the matrix. Thus, the solid solution treatment decreases the amount of  phase in the
alloy and increases the Al content in the o phase.

It is worth noting that severe plastic deformation by ECAP deteriorates
significantly the corrosion resistance of the AZ91 alloy [36] because this processing
operation, as in most of the thermo-mechanical processing of this alloy, needs to be
conducted at moderate or high temperatures and this leads to significant precipitation of
the B phase during processing. By contrast, high-pressure torsion can be conducted at
room temperature which limits the precipitation of the second phase. A slight increase
in the fraction of  phase due to HPT processing was detected by XRD in the present
experiments and this explains the decrease in the corrosion resistance of the AZ91 alloy
as evident in the impedance spectroscopy test. However, it is important to note that the
diameter of the capacitive arc for this alloy after HPT processing remains significantly
larger than observed in this material in the as-cast condition or after ECAP processing.
Therefore, HPT processing of the solution-treated AZ91 alloy is an effective method for

improving the mechanical properties without compromising the corrosion resistance.
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The only material processed by HPT in these experiments without any previous
thermal or thermo-mechanical processing was the CP-Mg. Previous reports document a
reduction in corrosion resistance of cast pure magnesium after processing by hot-rolling
[3] and by ECAP at high temperatures [35]. However, this material exhibits an increase
in the capacitive arc after room temperature HPT processing which suggests an increase
in the corrosion resistance. This is in agreement with earlier results for this material
after processing by HPT [3].

There are many reports of significant improvements in the corrosion resistance
of magnesium alloys due to HPT processing but these reports of corrosion behavior are
generally for magnesium alloys in solutions that simulate biological environments
[4,5,39,40]. The present results show no clear improvement in the corrosion resistance
in a 3.5 wt% NaCl solution for magnesium alloys processed previously by extrusion or
through a solution treatment. Thus, it is reasonable to conclude that HPT processing is
more effective in improving the corrosion resistance of magnesium alloys when testing

in less aggressive environments.

5.5 Summary and conclusions

1- Commercial purity magnesium (CP-Mg) and commercial alloys AZ31, AZ91
and ZK60 were processed by high-pressure torsion. The structure and hardness
evolution were determined before and after HPT processing together with the corrosion
behavior in a 3.5% NaCl solution.

2- Pure magnesium exhibits coarser average grain size and a bimodal grain
distribution after HPT processing. The magnesium alloys AZ31 and ZK60 display
homogeneous grain size distributions with final grain sizes of ~130 and ~160 nm
respectively. The AZ91 alloy contains a large fraction of grains smaller than 100 nm
after HPT.

3- The microstructural evolution, final grain sizes and maximum hardness values
are similar in the AZ31 and ZK60 alloys. The hardening of the ZK60 alloy takes place
over a broader deformation range and leads to a more homogeneous hardness
distribution. The AZ91 alloy has a finer structure with a more distorted lattice and a

higher hardness than in the other magnesium alloys and pure magnesium.
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4- High-pressure torsion improves the corrosion resistance of cast pure
magnesium but has no significant effect on the corrosion behavior of extruded AZ31
and ZK60 magnesium alloys when testing in a 3.5% NaCl solution.

5- The AZ91 alloy displays the largest capacitive arc among the materials tested
and this is attributed to the small fraction of B phase in the microstructure. The
processing by HPT at room temperature limited the precipitation of this phase during

the processing operation and this led to a minor decrease in the capacitive arc.
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6. CAPITULO 6 — CONSIDERACOES FINAIS

6.1 Conclus0es gerais

O processamento por deformacédo plastica severa além de modificar as propriedades
mecanicas (resisténcia mecanica, ductilidade e dureza), pode ser utilizado para aumentar
a resisténcia a corrosdo do magnésio em solucéo de 3.5 wt.% de NaCl. O processamento
também pode ser utilizado para modificar o perfil de corrosdo do magnésio fazendo
com que o perfil de corrosdo localizada tipico do material no estado como fundido seja
convertido em um perfil de corrosdo mais generalizada como o apresentado pelo

material processado por HPT.

No caso das ligas AZ31 e ZK60, o processamento por HPT modifica as propriedades
mecanicas do material, mas ndo afeta a resisténcia a corrosdo. O processamento da liga
AZ91 por HPT pelo fato de poder ser realizado em temperatura ambiente e ao contrario
de outros tratamentos termomecéanicos (ex: extrusdo, laminacdo, ECAP e etc)
aparentemente € um dos mais adequados para a liga AZ91, pois limita o crescimento da
fase B o que faz com que o processamento ndo afete negativamente a resisténcia a

corrosdo dessa liga.

Tanto o historico de processamento quanto o tamanho médio de grdo ndo afetam a
biocompatibilidade do magnésio comercialmente puro. Esse comportamento é um
diferencial importante em relacdo a utilizacdo de elementos de liga para melhorar as
propriedades mecanicas e a resisténcia a corrosdo, pois o uso de elementos de liga pode
comprometer a biocompatibilidade do material.

6.2 Contribuicoes originais

A partir de amostras de magnésio no estado como fundido e utilizando diferentes
técnicas e rotas de processamento (laminacdo, laminagdo + recozimento, ECAP e HPT),
foi possivel obter amostras com diversos tamanhos médio de grdo cobrindo uma ampla
faixa de 0.5 um a 480 pum. Na revisdo de literatura, realizada antes e durante a execugao

desta pesquisa, ndo foram encontrados trabalhos semelhantes que utilizaram amostras
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cobrindo um faixa, de tamanho médio de gréo, tdo ampla. Nos trabalhos publicados que
utilizam amostras de magnésio com grdos finos (da ordem de poucos microns) e
ultrafinos (< 1um), as amostras foram produzidas utilizando técnicas de processamento
diferentes (moagem de alta energia e ECAP com pressdo contraria). Nas pesquisas que
utilizam amostras de magnésio processadas por ECAP sem pressdo contraria, 0 menor
tamanho médio de grdo alcancado é uma ordem de grandeza maior do que o obtido no

presente trabalho.

Com essas amostras, foi possivel avaliar a influéncia dos diferentes processamentos e
do tamanho médio de grdo na resisténcia mecanica, ductilidade, biocompatibilidade e na

taxa de corrosdo do magnésio em solucédo de 3.5 wt.% de NaCl .

Também ndo foram encontrados na literatura trabalhos que avaliaram a influéncia do
processamento por HPT sobre o comportamento em corrosdo de amostras de magnésio
e das ligas AZ31, AZ91 e ZK60. Com essa pesquisa foi possivel avaliar e comparar
diretamente a influéncia do processamento por HPT sobre o comportamento mecanico e
a resisténcia a corrosdo em solucdo de 3.5 wt.% de NaCl, utilizando amostras de

magnésio comercialmente puro e ligas comerciais de magnésio.

6.3 Producdo académica relacionada
6.3.1 Artigos Publicados

Silva, C. L.P.; Tristédo, I. C.; Sabbaghianrad, S.; Torbati-Sarraf, S. A.; Figueiredo, R. B.;
& Langdon, T. G. (2017). Microstructure and Hardness Evolution in Magnesium
Processed by HPT. Materials Research, 20, 2-7.

Silva, C.L.P; Oliveira A.C.; Costa C.G.F.; Figueiredo, .RB.; de Fatima Leite M.; Pereira
M.M.; Lins, V.F.C.; Langdon, T.G.; (2017) Effect of severe plastic deformation on the
biocompatibility and corrosion rate of pure magnesium. Journal of Materials Science.
(10):5992-6003.
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Artigos Submetidos

Silva, C. L., Soares, R.B., Pereira, P. H. R., Figueiredo, R. B., Lins V. F. C., Langdon,

T. G. The effect of high-pressure torsion on microstructure, hardness and corrosion

behavior for pure magnesium and different magnesium alloys. Artigo submetido e

aceito para publicacdo no periodico Advanced Engineering Materials.

6.4 SugestOes para trabalhos futuros

v

Estudar a influéncia do processamento por SPD na taxa de corrosdo utilizando

outras ligas de magnésio.

Estudar a influéncia do processamento por SPD na taxa de corrosdo do

magnésio em outros meios (ex: solucdo com diferentes concentracdes de NaCl).

Usinar implantes de magnésio processados por SPD (Chapas, parafusos, fios,
Scaffolds).

Realizar testes de corrosdo in vitro de implantes feitos de magnésio processado
por SPD.

Realizar testes de corrosdo in vitro com implantes usinados por diferentes

processos de fabricacéo.

Estudar a degradacdo dos implantes usinados utilizando microtomografia. E
utilizar as imagens (3D) em conjunto com um software de simulacdo por
elementos finitos para estudar a variacdo da resisténcia mecénicas ao longo do

periodo de imersdo.

Realizar testes de degradacdo in vivo dos implantes usinados que apresentaram

os melhores resultados nos testes in vitro.
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v' Estudar a influéncia da velocidade de rotagdo na taxa de crescimento da fase e

na resisténcia a corroséo durante o processamento da liga AZ91 por HPT.

v" Estudar de maneira mais detalhada a influéncia de diferentes fragdes de aluminio
na resisténcia mecanica e na resisténcia a corrosdo em ligas de magnésio do tipo
AZ (ex: AZ21, AZ3l, AZ61 e AZ91) submetidas a tratamento térmico de

solubilizacéo.
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7. APENDICE A - MONTAGENS EXPERIMENTAIS E METODOLOGIAS

Testes de evolugéo de hidrogénio

As medidas da taxa de corrosdo por evolucdo de hidrogénio foram realizadas em meio
de 3.5 wt.% de NaCl em temperatura ambiente. Na figura 7.1 é apresentado o esquema
da montagem utilizada para os testes de evolugdo de hidrogénio. Nessa montagem as
amostras foram colocadas em um béquer de 250 ml preenchido com a solucdo de
interesse e cobertas com um funil para coletar o hidrogénio gerado no processo de
degradacdo. Posteriormente uma proveta graduada, também preenchida com a solucgéo
de NaCl, foi mergulhada no béquer de maneira a se encaixar na haste do funil tomando
os devidos cuidados para ndo deixar a solucdo no interior da proveta escapar. Para evitar
que uma das faces da amostra ficasse em contato com o fundo do recipiente a mesma

permaneceu suspensa durante todo o ensaio, amarada por um fio de Nylon.

Figura 7.1 — Esquema da montagem utilizada para determinacéo da perda de massa
por evolugdo de hidrogénio

O volume inicial V, de gas no interior da proveta foi medido no inicio de cada teste e
para o calculo do namero de mols de hidrogénio gerado, foi utilizada a equacdo dos

gases ideais. Devido ao fato da pressao hidrostatica, gerada pela coluna do liquido no
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interior da proveta, ser bastante reduzida (= 1% da pressdo atmosférica), a mesma foi
desprezada nos célculos. Com essa simplificacdo a pressdo do hidrogénio no interior do

béquer ficou resumida a pressao atmosferica local equacdo 1.

Pym.V=n.R.T (7.1)

Testes Eletroquimicos

Para a realizacdo dos testes eletroquimicos foi utilizado um porta amostras do tipo

cachimbo figura 7.2 que comporta amostras de tamanho reduzido e sem embutimento.

cL .

\

Figura 7.2 — Porta amostras tipo cachimbo.

Uma ceélula eletroquimica composta por 3 eletrodos sendo o eletrodo (Ag/AgCl)
utilizado como referéncia, uma malha de platina utilizada como contra-eletrodo e as
amostras de magnésio como eletrodo de trabalho. A célula foi montada utilizando um
béquer de 250 ml. Os eletrodos foram colocados no recipiente suspensos por um
suporte, conforme a disposicdo mostrada na figura 7.3. As superficies das amostras
foram preparadas utilizando lixas de carbeto de silicio até a granulacdo 4000# para obter
um acabamento espelhado. Em seguida as amostras foram limpas com alcool absoluto e

secas com um soprador de ar.
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Figura 7.3 — Montagem da célula eletroquimica.

Para determinacdo do tempo padrdo de imersdo antes do inicio dos testes (tempo de
OCP), foram realizados alguns testes preliminares. O tempo para a estabilizagcdo do
potencial para as diferentes amostras foi determinado e o maior tempo de OCP
encontrado foi utilizado como padrdo para todas as amostras. Os testes de polarizacdo
potenciodinamica foram feitos com uma taxa de varredura de 1 mV/s de -2.0V a -1.0V.
Por sua vez os testes de impedancia eletroquimica foram realizados utilizando um sinal
senoidal de 10 mV de amplitude em relacdo ao potencial de OCP fazendo uma

varredura na faixa de frequéncia de 10 KHZ a 10 mHZ.



