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RESUMO

SILVA GRILLO ELESBAO, Denis. Influéncia de Diferentes Teores de Cu e Cr na
Solidificacdo e Microestruturas de Ligas Fundidas Hipoeutéticas Al-Cu-Cr.
Porto Alegre. 2023. Dissertacdo. Programa de Pdés-Graduacdo em Engenharia e
Tecnologia de Materiais, PONTIFICIA UNIVERSIDADE CATOLICA DO RIO
GRANDE DO SUL.

O presente trabalho investiga a influéncia de diferentes propor¢cdes de Cu-Cr
na solidificacéo e formacéo microestrutural em ligas Al-(2,5, 3,5, 4,5)Cu com adi¢cbes
de 0,25 e 0,50 Cr (% massa). As ligas foram preparadas através da fusdo do
aluminio puro, cobre eletrolitico, e cromo puro. Andlises térmicas baseadas em
curvas de resfriamento foram realizadas para determinar os intervalos de
solidificacdo e temperaturas de transformacao de cada liga em condi¢cdes de baixas
e moderadas taxas de resfriamento. Foram feitas comparacdes com dados obtidos
de ambas analises térmicas diferenciais (DTA) e simulacfes usando o software de
termodinamica Thermo-Calc. Amostras foram extraidas de lingotes solidificados,
submetidas a analises metalogréaficas (microscopia éptica e microscopia eletrdnica
de varredura - MEV), andlise por difracdo de raios X (DRX) e medi¢des de
microdureza Vickers (HV). As andlises térmicas mostraram que as temperaturas
Liquidus e Solidus praticamente ndo foram afetadas pelas taxas de resfriamento
investigadas neste trabalho. As analises microestruturais revelaram que adicdes de
Cr refinaram a microestrutura quando comparadas com as ligas binarias de Al-Cu.
Andlises de MEV com espectroscopia de raios X por dispersédo de energia (EDS)
semi-quantitativa permitiram a identificacdo da presenca do composto intermetalico
Al2Cu, precipitados AICuCrFe, e algumas particulas dispersas Al-Fe em forma de
agulha em todas amostras. As analises de DRX confirmaram picos de fases a-Al
(cubico, matriz) e 6-Al2Cu (tetragonal, interdendritico). Picos adicionais ndo foram
detectados devido a pouca quantidade nas ligas investigadas. Conforme a
quantidade de Cu e Cr aumentou nas ligas, os valores de microdureza também

aumentaram.

Palavras-Chaves: Ligas Al-Cu-Cr; analises térmicas; “caminho” de solidificagéo;

microestrutura.



ABSTRACT

SILVA GRILLO ELESBAO, Denis. Influence of Different Contents of Cu and Cr on
the Solidification and Microstructure of Hypoeutectic As-cast Al-Cu-Cr alloys.
Porto Alegre. 2023. Master Thesis. Graduation Program in Materials Engineering and
Technology, PONTIFICAL CATHOLIC UNIVERSITY OF RIO GRANDE DO SUL.

The present work investigates the influence of different Cu-Cr ratios on the
solidification path and microstructure formation in as-cast hypoeutectic Al-(2.5, 3.5,
4.5) Cu alloys with additions of 0.25 and 0.50 Cr (mass%). The alloys were prepared
by melting pure aluminum, electrolytic copper, and pure chromium. Thermal analyses
based on cooling curves were carried out to determine the solidification intervals and
transformation temperatures of each alloy with low and moderate cooling rates.
Comparisons with data obtained from both differential thermal analyses (DTA) and
simulations using the Thermo-Calc thermodynamics software were done. Samples
were taken from the solidified ingots, subjected to metallographic analysis (optical -
OM and scanning electron - SEM microscopies), X-ray diffraction (XRD) analyses
and Vickers microhardness (HV) measurements. The thermal analyses showed that
the Liquidus and Solidus temperatures were practically unaffected by the range of
cooling rates investigated in this work. The microstructural analyses revealed that Cr
additions refined the microstructure when compared to the binary Al-Cu alloys. SEM
with semi-quantitative EDS (energy-dispersive X-ray spectroscopy) analyses
permitted to identify the presence of the CuAlz intermetallic compound, AICuCrFe
precipitates, and some dispersed needle-like Al-Fe particles in all samples. The XRD
analyses confirmed peaks of the a-Al (cubic, matrix) and CuAlz (tetragonal,
interdendritic) phases. Additional peaks were undetected due to their small presence
in the investigated alloys. As the alloy Cu and Cr contents increased, microhardness

values increased.

Keywords: Al-Cu-Cr Alloys; thermal analysis; solidification path; microstructure.
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1. INTRODUCAO

As propriedades mecanicas, fisicas e quimicas de ligas de aluminio
dependem de suas composi¢cbes quimicas e estruturas formadas. Os elementos
mais adicionados ao aluminio (Al) sdo o cobre (Cu), o manganés (Mn), o silicio (Si),
o magnésio (Mg) e o zinco (Zn), com composi¢cdes de até 10% em peso. Outros
elementos tipicamente presentes sdo o titdnio (Ti), vanadio (V), niquel (Ni).
Impurezas, cuja presenca acima de determinado nivel é indesejavel, normalmente
estdo presentes em teores menores que 0,15% em massa na composicao das ligas
de aluminio. A principal impureza do aluminio fundido é o ferro (Fe) (Mondolfo, 1976;
Hatch, 1984; Metals Handbook Desk Edition, 1998; Glazoff e outros, 2019).

Ligas de aluminio sdo muito usadas nas industrias automotiva, aeronautica e
aeroespacial, devido ao seu baixo peso (massa especifica) e propriedades
mecanicas satisfatérias, mas sua estabilidade térmica € limitada a temperaturas
abaixo de 200 °C. O cobre é usado nas ligas para aumentar a resisténcia mecéanica
e dureza, caracteristicas influenciadas principalmente pela precipitacdo da fase 6-
Al2Cu, de estrutura tetragonal, que se forma durante a solidificacdo (Mondolfo, 1976;
ASM Specialty Handbook: Aluminum and Aluminum Alloys, 1993; Skolakova e
outros, 2017; Glazoff e outros, 2019). As ligas de Al-Cu exibem alta resisténcia
mecanica e dureza a temperatura ambiente, porém sdo suscetiveis a trincas de
solidificacdo e retracdo, principalmente nas regifes interdendriticas. Ligas contendo
de 4% a 5,5% de Cu apresentam melhores caracteristicas de fundicdo (Kaufman e
Rooy, 2004). Dessa forma, torna-se fundamental investigar novas ligas de aluminio
para aprimorar aspectos metalurgicos relacionados a formagcdo macro e
microestrutural, processos de fabricacdo e propriedades fisico-quimicas resultantes,
principalmente para ligas do sistema Al-Cu.

O Cr e 0 Mn estdao incluidos no grupo de elementos que formam
predominantemente constituintes de segunda fase, devido a baixa solubilidade em

solucédo solida em ligas comerciais de aluminio. O Cr controla o tamanho de gréo e
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recristalizacdo em ligas de aluminio durante sua fabricacdo, e sua presenca em ligas
especificas pode ter efeitos benéficos suplementares significativos na resisténcia
mecanica da liga. A principal desvantagem da presenca de Cr em ligas
termicamente tratdveis é o aumento da sensibilidade a témpera quando a fase
endurecida tende a precipitar em cima das fases com particulas de Cr pré-existentes
(ASM Specialty Handbook: Aluminum and Aluminum Alloys, 1993). De acordo com
Kaufman e Rooy (2004), o Cr tipicamente forma o composto AlzCr, que apresenta
solubilidade em estado solido extremamente limitada e, portanto, & atil em suprimir
tendéncias de crescimento de grdo. Os autores afirmam que para melhorar a
qualidade da fundicdo, € necessario entender e controlar o processo de
solidificag&o.

Segundo Ribeiro e outros (2020), a literatura ainda possui pouca informacao
sobre a relacdo entre adicdes de Cr e condi¢cdes de solidificacdo, evolucdo da
microestrutura e propriedades mecanicas em ligas AI-Cu hipoeutéticas. O
entendimento sobre a redistribuicdo de soluto durante solidificacéo e a formacéao da
estrutura celular/dendritica sob condi¢cdes de solidificacdo em regime transiente de
ligas AI-Cu-Cr usando modelos tedricos/experimentais ainda é limitado. Ainda
segundo os autores, a maioria dos modelos foram desenvolvidos para prever
crescimento celular e/ou dendritico de ligas binarias e poucos consideraram
condi¢Oes de fluxo de calor transiente.

A existéncia de intermetdlicos nas ligas do sistema AI-Cu-Cr e suas
influéncias nas caracteristicas da liga torna de grande importancia o conhecimento
destes, para que se possa dar sequéncia no estudo das propriedades mecéanicas do
material. Assim, este trabalho tem como objetivo investigar ligas com diferentes
teores de Cu e Cr, avaliando a solidificacdo e formacdo estrutural em relacdo as
taxas de resfriamento e dureza.

Dessa forma, o presente trabalho estéd dividido pelos Capitulos a seguir: No
Capitulo 2 serdo definidos os objetivos gerais e especificos deste trabalho. No
Capitulo 3 sera realizada a revisdo bibliografica com analise sobre os tdpicos
relevantes. O Capitulo 4 mostrara os procedimentos experimentais e resultados
obtidos por este trabalho. O Capitulo 5 apresentard as conclusdes alcangadas
através deste trabalho, seguido pelo Capitulo 6 que define propostas para futuros

trabalhos referentes a este tema.
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2. OBJETIVOS

O objetivo principal do presente trabalho é investigar a influéncia de diferentes
teores de cromo (0,25% e 0,50%) nas condicbes de solidificacdo, formacéo
microestrutural e microdureza de ligas fundidas do sistema Aluminio-Cobre com
variagdes nos teores de Cu (2,5%, 3,5% e 4,5%), visando estabelecer correlacdes

entre composic¢des quimicas, condi¢cdes de solidificacdo e microestruturas formadas.
2.1. Objetivos Especificos
Como objetivos especificos, citam-se:
- Realizar andlises térmicas para obtencdo de curvas de resfriamento, com
diferentes taxas de resfriamento, visando determinar as temperaturas Solidus,
Liguidus e de precipitacdo de fases secundarias de cada liga.
- Analisar as microestruturas das ligas, solidificadas sob diferentes taxas de
resfriamento, por microscépia Optica e MEV, para correlacdo dos diferentes teores

de Cu e Cr com a formacao microestrutural.

- Avaliar a microdureza de amostras das ligas, para verificar sua correlagdo com os

diferentes teores de Cu e Cr.

- ldentificar via MEV, EDS e DRX as diferentes fases, compostos e

microconstituintes presentes nas amostras com diferentes teores de Cu e Cr.
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3. REVISAO BIBLIOGRAFICA

3.1. Consideracdes Gerais

As principais preocupacdes na metalurgia fisica de ligas de aluminio incluem
os efeitos da composi¢cdo quimica, formacao estrutural, presenca de defeitos, entre
outros e suas consequéncias em etapas de processamento, como por exemplo
trabalhos mecanicos e termomecanicos, tratamentos térmicos e termoquimicos, e as
propriedades fisicas e mecéanicas resultantes. O aumento da resisténcia mecéanica é
um dos principais objetivos no projeto das ligas, pois a baixa resisténcia mecanica
do aluminio puro limita sua utilidade (Metals Handbook Desk Edition, 1998). De
acordo com Nakashima (2018), apud Encyclopedia of Aluminum and Its Alloys
(2019), algumas das ligas de aluminio mais resistentes, endurecidas por
precipitacdo, tém limite de resisténcia a tracdo que excedem 700 MPa, como a
Weldalite 049, que é um liga aluminio-cobre-litio-magnésio-prata-zircénio. Esse
aumento significativo de resisténcia mecanica fornece a essas ligas uma alta
resisténcia em relacdo ao seu peso, tornando-as competitivas com agcos de média
resisténcia mecanica. Os elementos de liga estdo presentes em concentracdes de
poucos percentuais atbmicos, causando mudancas despreziveis na densidade da
liga em comparacdo ao aluminio puro, frente aos ganhos de resisténcia de 10 a 20
vezes. Segundo o autor, esse aumento €, em grande parte, devido ao efeito do
acumulo de precipitados fortalecedores, de alta relacao largura/comprimento, que
inibem o movimento das discordancias dentro das ligas.

A organizagédo ndo-governamental americana The Aluminum Association, que
publica normas internacionais para nomenclatura e limites de composi¢cao quimica
de ligas de aluminio, criou um padrdao de nomenclatura internacional para
identificagdo de aluminio e suas ligas, através de quatro digitos, International Alloy
Designations and Chemical Composition Limits for Wrought Aluminum and Wrought

Aluminum Alloys e Designations and Chemical Compositions For Aluminum Alloys in
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the Form of Castings and Ingot (Designacao Internacional para Ligas e Limites de
Composi¢Bes Quimicas para Aluminio Trabalhado e Ligas de Aluminio na Forma de
Pecas Fundidas e Lingotes) de 2009, baseado na norma americana American
National Standard Alloy and Temper Designation System for Aluminum ANSI H35.1
(Sistema Nacional Padrédo de Designacgéo para Ligas e Témperas de Aluminio) (The
Aluminum Association, 2018), aprovada inicialmente em 1954. Conforme a AA, as
ligas de aluminio trabalhaveis e fundidas, com cobre como elemento ligante
principal, sdo denominadas 2xxx e 2xX.x, respectivamente.

A classificacdo das ligas de aluminio no Brasil é determinada pela ABNT,
através da NBR ISO 209:2010, em que a denominagéo das ligas é determinada por
suas composicfes quimicas, em percentual de peso, pois adota o0 mesmo padrao da
The Aluminum Association (ABNT, 2010).

3.2. Solubilidade Sélida do Cu e Cr em Al

De acordo com Yan (2013), a densidade e as condicbes de movimentacao
das discordancias presentes em uma liga controlam sua resisténcia mecanica. O
movimento das mesmas pode ser restrito por meio da criacdo de tensdes internas
opostas aos movimentos das discordancias, ou pela colocacdo de obstaculos no
caminho que as facam circular em volta desses obstaculos ou os atravessarem. Os
trés mecanismos de aumento de resisténcia que podem estar presentes em ligas de
aluminio séo: (i) o fortalecimento por reducdo do tamanho de grao cristalino, (ii) por
formacdo de solucbes sélidas e (iii) por formacdo de particulas precipitadas. A
relacdo entre a reducéo de tamanho de grdo e o aumento da resisténcia mecanica &
descrita na relacdo de Hall-Petch (1953), onde a tensdo de escoamento (o,) € uma
funcdo inversamente proporcional ao diametro médio do grdo (d). A relacdo é

descrita na Equacao 3.1:

O = Op + — (31)

Onde o, e k séo constantes determinadas experimentalmente por meio da
plotagem dos dados de o, e d. Ainda segundo Yan (2013), o efeito de fortalecimento

pela reducdo do tamanho de gréo no Al é pequeno, pois a constante k do aluminio &
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muito pequena, de 2,16 MPa.mm??, se comparada a outros metais como titanio,
ferro e cobre, de 12,75 MPa.mm'?, 18,44 MPa.mm? e 3,53 MPa.mm'?,
respectivamente. Segundo o autor, em geral, a formacdo de solucbes solidas por
adicdo de elementos de liga a um metal puro aumenta a resisténcia mecanica do
metal pois os &tomos de soluto dificultam o movimento das discordancias. O mesmo
mecanismo é gerado também pela dispersdo de particulas precipitadas na matriz da
liga.

Hatch (1984) avalia que o cobre € um importante elemento de liga pois tem
boa solubilidade e efeito de aumento da resisténcia mecanica, sendo comum em
ligas comerciais, em concentragdes de 1% a 10%. Segundo Gasik e Mazur (2003),
citados em Encyclopedia of Aluminum and Its Alloys (2019), o cobre na maioria das
vezes € adicionado como elemento de liga, em varias formas, como metal puro,
ligas-mée, tabletes concentrados e injecdo em pd para aumentar a resisténcia
mecanica da liga.

Segundo Murray (1998), pequenas quantidades de Cr sédo adicionadas a ligas
comerciais fundidas de aluminio para prevenir a recristalizacdo e crescimento de
grdo. O nivel de Cr ndo deve exceder o limite de solubilidade na matriz da liga, pois
causa a formacdo do constituinte Al7Cr, fase indesejavel. De acordo com Davis
(2001), particulas primérias grosseiras de AlzCr séo prejudiciais a ductilidade, fadiga
e fratura.

Van Horn (1967) e Mondolfo (1976), apud Polmear e outros (2017) avaliaram
gue solubilidade solida maxima do cobre e do cromo no aluminio é de 5,65% em
massa a 548 °C, e de 0,77% em massa a 661 °C, respectivamente. Para o cromo, a
solubilidade quase néo apresenta variacdo com variacdes na temperatura. Um
comportamento oposto se observa para o cobre, que apresenta variacdo expressiva
na solubilidade com alteracbes na temperatura. A variacdo da solubilidade dos
principais elementos de liga de aluminio em funcdo da temperatura pode ser

visualizada na Figura 3.1.
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Figura 3.1. Solubilidade so6lida (condi¢des de equilibrio termodinamico) como funcéo da temperatura
para os elementos de liga mais frequentemente adicionados ao aluminio [Adaptado de Metals
Handbook Desk Edition, 1998].

Conforme observa-se na Figura 3.1, elementos como o Cr, Mn e Si
apresentam baixa solubilidade no Al sdélido, enquanto Cu, Mg e Zn apresentam
valores significativos em relacdo ao percentual do elemento formando solucéo

sélida.

3.3. Fases Presentes nos Sistemas Al-Cu, Al-Cr e Al-Cu-Cr

Segundo Tiryakioglu e Staley, citados por Totten e Mackenzie (2003),
microconstituintes sdo compostos que se formam por reacdo eutética durante a
solidificag@o. Microconstituintes insoltuveis sdo compostos de ferro combinados com
outros elementos, podendo formar, por exemplo, AlzCuzFe. A fracdo volumétrica de
microconstituintes insolUveis apds o0 pré-aquecimento ndo pode ser modificada
através de dissolucdo por causa da baixa solubilidade das fases constituintes. O
tamanho e distribuicAo de particulas insolUveis, como intermetalicos que n&o
passam por transformacdo de fase, sdo controlados pela taxa de resfriamento,
composicdo quimica e deformacdo plastica durante conformacdo mecéanica do
lingote. O tamanho de particula diminui conforme a taxa de solidificacdo aumenta, a
guantidade de ferro diminui, e a quantidade de deformacdo aumenta. Por causa da
sua lenta difusividade no aluminio, os elementos de liga formam precipitados
peguenos, chamados de dispersoides, com menos de 1 um de tamanho, durante a
solidificacdo ou pré-aquecimento do lingote. Os dispersoides suprimem a

cristalizacao e limitam o movimento de grdos, mas formam conjuntos de poros na
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interface da matriz, tornando importante o seu controle. Dispersoides incoerentes,
como Ali12Mg2Cr e Al2oMn3Cuz, tendem a se localizarem em zonas de contornos de
grao, sendo iniciadores eficazes de falhas devido a cavitacéo sob fluéncia.

Segundo o diagrama de fases Al-Cu de Murray (1985), mostrado na Figura
3.2a com ampliagdo ampliacdo da regido rica em aluminio, onde os teores de Cu
analisados neste trabalho estdo indicados, na Figura 3.2b, as temperaturas Liquidus
e Solidus para Al-(2,5%, 3,5%, 4,5%)Cu séo, respectivamente, de 652,5 °C, 650 °C,
648 °C e 602,5 °C, 575 °C e 558 °C.
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Figura 3.2. (a) Diagrama de fases Al-Cu [Adaptado de Murray, 1985], (b) Ampliacao da regido rica em
aluminio do diagrama de fases Al-Cu [Adaptado de Ringer, Hono, 2000].
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Segundo Hatch (1984), o Cr é adicionado a diversas ligas comerciais de
aluminio, em quantidades menores que 0,35%, promovendo 0 aumento da
temperatura de recristalizacdo. No diagrama de fases Al-Cr, em quantidades acima
de 0,4% de cromo, o constituinte correspondente a formula Al7Cr reage
periteticamente para formar a solu¢éo solida rica em aluminio. O constituinte Al7Cr
deixa de ser primario a cerca de 2,5% de cromo e temperatura de 790 °C, sendo
substituido pelo constituinte com formula Al11Crz2. A Figura 3.3 mostra, de forma
ampliada, a regido rica em aluminio do diagrama de fases em equilibrio
termodinamico do sistema Al-Cr, com indicacdo dos teores de Cr analisados neste
trabalho estdo indicados. As temperaturas Liquidus para Al-0,25% e Al-0,5% séo de

661,5 °C e cerca de 680 °C, respectivamente, e temperatura Solidus de 661,5 °C.
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Figura 3.3. Ampliagéo da regido rica em aluminio do diagrama de fases Al-Cr [Adaptado de
Tiryakioglu e Staley, 2003].

Grushko (2017) relata que a fase AlI:Cr (fase Ocr) tem uma estrutura
ortorrdmbica enquanto a fase AlCu (fase Bcu) é tetragonal. As fases possuem
parametros de rede cristalina de, respectivamente, a= 2,51, b=0,75e c= 1,09 nm e

a=0,606ec=0,48 nm.
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Os pontos especiais relevantes do sistema Al-Cu e a composicdo das

respectivas fases, segundo Murray (1985), podem ser vistos na Tabela 3.1. Através

do conhecimento das temperaturas onde ocorrem reacfes de transformacdo de

fases, € possivel prever quais fases, e suas respectivas composicoes, estardo

presentes durante todo o processo de solidificagao para cada composicéo de liga.

Tabela 3.1. Pontos especiais do sistema Al-Cu [Adaptado de Murray, 1985].

Reagdo Composicéo das respectivas fases, % massa | Temperatura, Tipo de
Cu °C reacao
L > (a-Al) - 0 - 660 -
nm->n+a 72.08 72.08 74.41 560 Eutetéide
Q2+m> 0 75.36 72.17 75.14 590 Peritetéide
n+6->n 70.03 53.7 70.03 563 Peritet6ide
L (a-Al)+6 32.7 5.65 52.45 548 Eutética
GQ+rm> Q¢ 74.37 72.08 74.37 570 Peritetéide
GL>0p+d 77.79 75.21 77.79 530 Eutetdide
€£2>0+0 76.41 75.66 77.43 560 Eutetéide
L+nmn—>86 52.8 70.03 53.48 591 Peritética
L+e2>m 57.3 74.22 71.68 624 Peritética
ea2>L+e 77.51 72 77.51 848 Tipo-
Eutética

Os pontos especiais relevantes e composicdo das respectivas fases do

diagrama de fases de Al-Cr , segundo Murray (1998), podem ser vistos na Tabela

3.2.
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Tabela 3.2. Pontos especiais do diagrama de fases de Al-Cr [Adaptado de Murray, 1998].

Reagdo Composicédo das respectivas Temperatura, °C Tipo de

fases, % massa Cr reacao

L €= a-Al 0 660 Fuséo
L + AlzCr €~ (a-Al) 0.47 26.37 55.91 661.5 Peritética
L + AluaCrz €-> AlzCr 2.55 29.68 26.37 790 Peritética
L + AlsCr € AluiCr2 14.07 34.84 32.54 940 Peritética
L + BAlsCrs &> AlsCr 28.54 50.47 37.06 1030 Peritética
L + BAIsCrs €-> yAlsCrs | 40.61 56.45 7.44 1170 Peritética
(Cr) € AlsCrs + AlCrz2 | 78.65 63.04 81.72 870 Eutetoide

(Cr) €> AlCr2 - 82.51 - 910 Congruente

O sistema Al-Cu-Cr é considerado um dos mais complexos sistemas de ligas,
pois este sistema inclui muitas fases cristalinas nao-caracterizadas junto com

quasicristais icosaédricos e decagonais (Sugiyama, Saito e Hiraga, 2002).

3.4. Solidificacao de ligas Al-Cu

O fluxo de calor por conducao para o liquido em um metal puro, durante a
solidificacdo, s6 pode ocorrer se o liquido estiver super-resfriado abaixo da
temperatura de fusao, situacdo que pode acontecer durante o inicio da solidificacdo
se a nucleacdo ocorrer em particulas de impureza no liquido. Como determinado,
super-resfriamento € necessario para que a nucleacdo possa ocorrer, as primeiras
particulas solidas irdo crescer no liquido super-resfriado e o calor latente da
solidificagdo ir4 ser conduzido para o liquido. Uma particula soélida originalmente
esférica ird desenvolver bragcos em muitas dire¢cdes, e conforme esses bracos
primarios sado alongados, sua superficie se torna instavel e se parte em bracos
secundarios e terciarios (Porter, Easterling e Sherif, 2009). A representacéo

esquematica da estrutura dendritrica pode ser vista na Figura 3.4.
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Figura 3.4. Representagdo esquematica da dendrita e seus bracos [Adaptado de Porter, Easterling e
Sherif, 2009].

As propriedades mecéanicas de uma liga em seu estado bruto de solidificacdo
dependem das caracteristicas dos espacamentos dendriticos e do arranjo
microestrutural que se define no processo de solidificagdo. Nessas condigdes,
tamanho de gréao, forma, tamanho e distribuicdo de eventual porosidade, produtos
segregados e outras fases irdo determinar o comportamento mecanico da liga
representado por tensfes e/ou deformacdes (Rosa, 2007).

Kaufman e Rooy (2004) afirmaram que as caracteristicas microestruturais que
mais afetam as propriedades mecénicas sao as fases intermetélicas, o espacamento
de bracos dendriticos, o tamanho e formato de grédo cristalino, e a modificacdo
eutética e refinamento de fases primarias. Menores taxas de solidificacdo resultam
em intermetélicos mais grossos e concentracdes de fases secundarias em contornos
de grdo. Em todos os processos comerciais, com a excecdo de semissoélidos, a
solidificacdo acontece por meio da formacdo de dendritas. As ramificacdes contidas
dentro da estrutura dendritica correspondem as dimensdes que separam 0s bracos
primarios e secundarios, e sdo exclusivamente controladas pela taxa de solidificacéo
para uma dada composicdo quimica. Quanto maior o espacamento de bracos
dendriticos, maior serd a grossura dos microconstituintes e seus efeitos nas
propriedades da liga. Grédos equiaxiais finos sao desejados para a melhor
combinacdo de resisténcia mecéanica e ductilidade, pois maximizam a area
superficial dos contornos de grdo e distribuem de melhor forma constituintes de

contornos de gréao. Estrutura de graos mais grossos e com forma colunar, que sao
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formados em gradientes de temperatura elevados em composi¢cbes com baixas
guantidades de elemento de liga, séo prejudiciais para propriedades mecanicas.
Djurdjevic et al. (2013), Costa et al. (2009), Jigajinni et al. (2011) e Farahany
et al. (2013) demonstraram o método de analise térmica de curvas de resfriamento
auxiliada por computador, para investigacao da evolugao da solidificacao durante a
fusdo de metais ou ligas. A técnica consiste no monitoramento do metal durante a
solidificacdo em um molde usando termopares, obtendo a curva temperatura-tempo
de resfriamento. Dessa forma, parametros térmicos de solidificacdo, como
temperaturas de transformacdo de fases, intervalos de solidificagdo e cinética,
liberacdo de calor latente e fracdo sdlida ou liquida podem ser calculados. Uma
alternativa para prever o comportamento de solidificacdo de metais ou ligas € 0 uso
de simulacbes analiticas ou numéricas pela aplicacdo de modelos termodinamicos,
incoporando fend6menos como fluxo de calor, transferéncia de calor, solidificacédo de
ligas e transformacgfes de fase de estado solido. Existem muitos pacotes comerciais
de software, como Thermo-Calc, FactSage, Pandat, Mat-Calc, e outros, conhecidos
como ferramentas CALPHAD, como detalhado por Jung e Van Ende (2020).
Entretanto, a precisdo das simula¢cdes numéricas depende da precisdo de diversos
fatores, como parametros térmicos de solidificacdo e propriedades termofisicas do

sistema molde/metal.

3.5. Influéncia do Cobre e do Cromo como Elementos de Liga

Aranda e outros (2019) analisaram o efeito da adicdo de 1,0, 3,0 e 5,0% em
massa de Cr a uma liga de composi¢cao nominal Al-20%Si-5%Fe e demonstraram
gue o aumento gradual do percentual de cromo na liga tende a aumentar sua
dureza, partindo de 106 £ 7 HV na liga de composi¢cdo nominal, para cerca de 124
HV com 1% de cromo, aproximadamente 150 HV com 3% de cromo, e 220 + 18 HV
na liga Al-20%Si-5%Fe-5%Cr. Conforme a quantidade de cromo na liga aumentou, o
crescimento do intermetalico AlsFeSi2 foi suprimido, e a fase predominante na
microestrutura tornou-se o-CrFe, de dureza elevada em formato de dendritas.

Ravikumar, Sellamuthu e Saravanan (2016) analisaram o efeito da adi¢cdo de
cromo a ligas Al-Cu em algumas propriedades mecéanicas. De acordo com o estudo,
a adicdo de cromo a ligas de aluminio ndo havia sido estudada por muitos autores

até 2016, e a adicao de cromo a ligas Al-Cu nédo havia sido estudada ainda. O
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estudo comparou uma liga base Al-4,5%Cu com outras trés ligas de contetdo
crescente de cromo em massa, 0,1%Cr, 1%Cr e 2%Cr, através de andlises da
microestrutura, microdureza, desgaste e resisténcia a tracdo. De acordo com o0s
autores, a adicdo de cromo teve um efeito ndo muito significativo na dureza das ligas
fundidas, resultando em valores de cerca de 75 HV, 77 HV, 62 HV e 60 HV, para as
ligas com 0%, 0,1%, 1% e 2% de cromo, respectivamente. A microestrutura fundida
do lingote binario exibiu estruturas dendriticas com formacdo da fase Al2Cu nos
contornos de gréo. A adicédo de Cr resultou na formacéo de fases compostas por Cr,
Mn, Fe e Si com Al, sendo visivel apenas dendritas, sem contornos de gréo
aparentes. A Figura 3.5 mostra a dependéncia da dureza e microestruturas

formadas das ligas com o teor de cromo.
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Figura 3.5. Variacéo da dureza Vickers com tratamento térmico e adi¢cdo de Cr e microestruturas das
ligas fundidas a) Al-4,5%Cu, b) Al-4,5%Cu-0,1%Cr [Adaptado de Ravikumar; Sellamuthu; Saravanan,
2016].

Ribeiro e outros (2020) investigaram o efeito da adicédo de 0,25% e 0,50% (em
massa) de cromo na evolucéo da solidificacdo, formacdo de microestruturas, dureza
e resisténcia a tracdo de ligas Al-3,8%Cu-(Cr). Os autores observaram que as
propriedades termofisicas de ligas AI-Cu-Cr sdo escassas na literatura. Os
experimentos de solidificagdo foram realizados em um forno vertical usando um
molde metdlico resfriado na base, permitindo a obtencdo de lingotes solidificados

sob condicdes de fluxo de calor transiente. As ligas Al-3,8%Cu foram preparadas
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usando aluminio puro (99,8%AI-0,091%Fe-0,046%Si) e cobre eletrolitico de pureza
maior que 99,99%, fundidos a 750 °C durante 30 minutos em um cadinho de carbeto
de silicio utilizando um forno-poco resistivo e vazados em molde metalico de ferro
fundido. As ligas AI-Cu-Cr foram preparadas através da adicdo de cromo puro
(99,7%Cr-0,10%Femax-0,10Si%max-0,10%) em pequenos blocos na liga Al-Cu fundida
a 900 °C. As ligas foram agitadas mecanicamente por trés horas, usando uma barra
de aco inoxidavel revestida com nitreto de boro. A temperatura foi entdo reduzida
para 750 °C e as ligas vazadas em molde cilindrico para analises térmicas. Durante
analise das curvas de resfriamento observou-se que o comeco da solidificacao
ocorria a temperaturas mais elevadas para as ligas que continham cromo, se
comparadas a liga base Al-3,8%Cu, pois a temperatura Liquidus aumentou de 645
°C na liga base para 652 °C e 679 °C nas ligas Al-3,8%Cu-0,25%Cr e Al-3,8%Cu-
0,50%Cr, respectivamente. As velocidades de solidificagdo, ou de crescimento das
pontas das dendritas, e as taxas de resfriamento aumentaram gradualmente
conforme a quantidade de cromo na liga aumentou. Na analise da microestrutura,
observou-se uma microestrutura completamente celular em posicées proximas a
parte inferior do lingote da liga Al-3,8%Cu, e a transicdo celular-dendritica foi
observada ocorrendo a 50 mm da interface metal/molde sob uma taxa de
resfriamento de 0,53 °C/s. Nas ligas contendo cromo, a transicdo celular-dendritica
ocorreu a aproximadamente 30 mm da interface, sob taxas de resfriamento de 0,92
°C/s e 1,18 °C/s para as ligas contendo 0,25%Cr e 0,50%Cr, respectivamente. Ao
analisar os perfis de dureza dos lingotes, os autores observaram aumentos de
dureza de 3,9% e 10% para as ligas com 0,25%Cr e 0,50%Cr, respectivamente, na
posicdo mais proxima da parte inferior resfriada do lingote, quando comparados ao
lingote de liga base. Nas posices mais préximas ao topo dos lingotes, o aumento foi
de 8,2% e 10,2%, respectivamente, tornando evidente a dependéncia da dureza
com a adicdo de cromo. Segundo os autores, ha poucos relatos sobre efeitos da
adicdo de baixas quantidades de cromo na dureza de ligas de aluminio. Foi
concluido que a adi¢céao de 0,25%Cr e 0,50%Cr ao lingote base Al-3,8%Cu permitiu 0
refinamento da microestrutura fundida em termos de espacamento celular por conta
das maiores taxas de resfriamento da solidificacdo, assim como impediu a formacao
de compostos isolados Al-Fe e aumentou a dureza e resisténcia a tenséo, através

do refinamento da microestrutura e formagéo de precipitados. A Figura 3.6 mostra as
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microestruturas das secoes longitudinais ao longo dos comprimentos dos lingotes
analisados.

Figura 3.6. Microestruturas das sec¢fes longitudinais ao longo do comprimento dos lingotes de (a) Al-
3.8%Cu, (b) Al-3,8%Cu-0,25%Cr, (c) Al-3,8%Cu-0,5%Cr [Adaptado de Ribeiro e outros, 2020].

3.6. Analises de DRX de ligas Al-Cu

Mandal e Robi (2018) analisaram através de DRX quatro ligas fundidas de Al-
Cu-Zn-Fe-Ti-Mg, todas contendo de 6,37% a 6,85% em massa de Cu, 0,57% a
0,62% de Fe, 0,66% a 0,76% Zn, 0,01% de Mg, 0,02% a 0,08% de Ti, 0,18% a 0,2%
de Mg e 0 a 0,1% de Ag. Foram identificados picos de intensidade tipicos
correspondentes a reflexdes dos planos (111), (200), (220), (311), e (222) da fase a-
Al e (200), (211), (112), (310) e (222) da fase AlCuz, vistos na Figura 3.7.
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Figura 3.7. Padrdo de DRX de quatro ligas Al-Cu-Zn-Fe-Ti-Mg [Adaptado de Mandal e Robi, 2018].

Ribeiro e outros (2020) realizaram analises de DRX de amostras de liga de
Al-3,8%Cu-(0-0,25%-0,5%)Cr, em massa, com termopares posicionados em 3
posicdes diferentes. Para a liga binaria Al-3,8%Cu, as fases identificadas foram a-Al
(FCC) e 6-AlCu2 (tetragonal), tipicas microestruturas hipoeutéticas de Al-Cu. Picos
fracos intensidade em angulos 26 de 12,5° 22° 24° e 31° foram detectados no
espectro correspondente ao composto intermetalico AlisFes (ortorrdbmbico). Com a
adicdo de 0,25%Cr e 0,5%Cr, os espectrogramas mostraram dois picos de
intensidade a cerca de 40,5° e 42,5° identificados como 0s compostos
intermetélicos AlzCrCuFe (ortorrémbico) e Al2sCuFe (ortorrdbmbico), respectivamente.
Compostos binarios de AICr e AlFe ndo foram detectados, possivelmente pela maior
tendéncia do Cr se combinar com Fe e taxas de resfriamento maiores que
minimizam a redistribuicdo de soluto durante a solidificacdo. Os padrées de DRX e

fases identificadas pelos autores pode ser vistas na Figura 3.8.
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Abstract

The present work investigates the influence of different Cu-Cr ratios on the solidification path
and microstructure formation in as-cast hypoeutectic Al-(2.5, 3.5, 4.5) Cu alloys with
additions of 0.25 and 0.50 Cr (mass%). The alloys were prepared by melting pure aluminum,
electrolytic copper, and pure chromium. Thermal analyses based on cooling curves were
carried out to determine the solidification intervals and transformation temperatures of each
alloy with low and moderate cooling conditions. Comparisons with data obtained from both
differential thermal analyses (DTA) and simulations using the Thermo-Calc thermodynamics
software were done. Samples were taken from the solidified ingots, subjected to

metallographic investigations (optical - OM and scanning electron - SEM microscopies), X-
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ray diffraction (XRD) analyses and Vickers microhardness (HV) measurements. Thermal
analyses showed that the Liquidus and Solidus temperatures were practically unaffected by
the range of cooling rates investigated in this work. Microstructural analyses revealed that Cr
additions refined the microstructure when compared to the binary Al-Cu alloys. SEM with
semi-quantitative EDS (energy-dispersive X-ray spectroscopy) analyses permitted to identify
the presence of the CuAl. intermetallic compound, AICuCrFe precipitates, and some
dispersed needle-like Al-Fe particles in all samples. The XRD analyses confirmed peaks of
the a-Al (cubic, matrix) and CuAl (tetragonal, interdendritic) phases. Additional peaks were
undetected due to their small contents of the investigated alloys. As the alloy Cu and Cr
contents increased, microhardness values increased.

Keywords Al-Cu-Cr alloys; thermal analysis, solidification path; microstructure.
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1. Introduction

Copper is one of the most important alloying elements for aluminum due to its
appreciable solid solubility and strengthening effect. Numerous commercial aluminum alloys
contain copper, either as the major alloying element or as additional alloying element, in the
range of 1 to 10 (mass%) [1], providing increase in mechanical strength, especially when
coupled with strain hardening and/or with heat treatment processes. Both wrought (2xxx
series) and cast (2xx series) aluminum-copper alloys respond to the precipitation hardening
heat treatment (solutionizing, quenching and aging), with increasing mechanical strength and
hardness and decreasing elongation due to the precipitation of the hard brittle CuAl>
intermetallic compound (IMC) [2-3]. The strengthening is maximum between 4 % and 5 %
Cu, depending upon the influence of other constituents. In the heat-treated condition,
mechanical properties are similar to, and sometimes exceed, those of low-carbon steels.
Wrought Al-Cu alloys are particularly well suitable for structural parts and components

requiring high strength-to-mass ratios, commonly used in the automotive and aeronautic
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industries, including truck suspension parts, aircraft wheels, fuselage and wing skins, and
those parts requiring good strength at temperatures up to 150 °C [2]. Cast Al-Cu alloys are an
attractive option due to low-cost production, reduced manufacturing processes and low-
energy consumption. However, replacing wrought alloys by cast alloys is a challenge to be
overcome, since cast alloys are susceptible to solidification defects and, usually, present lower
mechanical properties as compared to wrought alloys.

In order to improve casting quality, it is necessary to understand and control the
solidification process. Fine equiaxed grains are desired for the best combination of
mechanical strength and ductility for low and moderate temperature applications [4].
However, thermal stability of aluminum alloys is limited to temperatures not exceeding 200
°C. One way to improve thermal stability is alloying with transition elements such as
chromium, nickel, iron, or manganese [1-2]. Cr is added to numerous aluminum alloys in
amounts less than 0.35 mass% [2]. It is included in the group of elements that predominantly
form second phase constituents due to its low equilibrium solid solubility limit in the o-Al
matrix, and typically forms the Al-Cr compound, which displays extremely limited solid-state
solubility and is useful in suppressing grain growth tendency [4]. Since coarse primary
particles are detrimental to ductility, fatigue, and fracture toughness, the upper limit of Cr
depends on the amount and nature of the other alloying elements. Some Cr-second phases
contribute to mechanical strength in non-heat-treatable alloys and control grain size and
recrystallization in heat-treatable alloys [2]. The main disadvantage of Cr in heat-treatable
alloys is the increase in quench sensitivity when the hardening phase tends to precipitate on
the pre-existing Cr-phase particles [5]. Even though the effects of lower Cr and Fe contents on
hardness is rarely reported [6], it has been studied that the addition of Cr to Al-Cu alloys can
increase their hardness [7]. With high Cr content, the Al-Cu-Cr system has been considered as
one of the most complex alloy systems, since this system includes many uncharacterized
phases as icosahedral and decagonal quasicrystals [8].

Despite the benefits of Cr addition to aluminum alloys, the literature has still scarce
information concerning the effect of low Cr contents on the relationship between
solidification condition and microstructure evolution of hypoeutectic Al-Cu-Cr alloys [6-7].
A simple, low-cost, and well-established method to investigate and understand solidification
evolution is the thermal analysis based on the cooling curve acquired during cooling of a
molten metal or alloy (computer-aided cooling curve analysis CC-CCA) [9-12]. The
technique consists of monitoring the metal during solidification in a test cup using a

thermocouple, obtaining a temperature-time cooling curve. Thermal solidification parameters
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as phase transformation temperature, solidification interval and kinetics, latent heat release
and solid or liquid fraction can be calculated. An alternative for predicting solidification
behavior of metals or alloys is the use of analytical or numerical simulations by application of
thermodynamic models, incorporating phenomena as fluid flow, heat transfer, alloy
solidification and solid-state phase transformations [13]. There are many commercial software
packages, such as Thermo-Calc, FactSage, Pandat, Mat-Calc, and others, known as
CALPHAD tools (calculation of phase diagram methodology) [14]. However, the accuracy of
numerical simulations depends on the precision of input parameters, as solidification thermal
parameters and thermophysical properties of the metal/mold system.

In the present study, the aim is to investigate the influence of different Cu and Cr
contents on the solidification path and microstructure formation of Al-(2.5, 3.5, 4.5 mass%)
Cu alloys with additions of 0.25 Cr and 0.50 Cr (mass%) using results obtained by
experimental thermal analyses and simulations performed by the Thermo-Calc software and
the TTALS database (Thermo-Tech Aluminum Database v.5).

2. Experimental Procedure

The experiments have been carried out with binary Al-Cu and ternary Al-Cu-Cr
alloys, with 2.5, 3.5 and 4.5 Cu and 0.25 and 0.50 Cr contents (mass%). Pure aluminum
ingots, electrolytic copper wires and pure chromium small blocks were used to prepare the
alloys. An electric resistance soak furnace and silicon carbide crucibles were used in the
melting process. First, aluminum was melted at 900 °C, followed by the addition of copper to
the liquid metal, and finally Cr were added. In order to ensure the complete dissolution of Cr,
the melt was held for 3 h under mechanical stirring at 15 min intervals. After that, the melt
was poured into an open mold to obtain rectangular alloy ingots (50 x 150 x 25 mm). The
chemical compositions of the alloys were verified by optical emission spectroscopy (OES),
and the average values of six measurements in each alloy are shown in Table 1. Specifications
about the raw materials as Al, Cu and Cr are also presented in Table 1, as well as the quantity
of the produced alloys. As observed, the chemical compositions are closer to the nominal
composition with respect to Cu and Cr contents (with differences lower than 2 % between
nominal and measured values). The Fe content was kept below than 0.09% in all alloys.
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Table 1 Chemical composition of the alloys and raw materials (mass%)

Alloys Cu Cr Fe Others Al Mass (kg)
2.5Cu 2.57 - 0.057 0.072 97.3 2.22
2.5Cu-0.25Cr 2.48 0.264 0.060 0.095 97.1 3.91
2.5Cu-0.50Cr 2.55 0.464 0.070 0.115 96.8 4.20
3.5Cu 3.56 - 0.062 0.177 96.2 3.04
3.5Cu-0.25Cr 3.49 0.255 0.063 0.191 96.0 2.95
3.5Cu-0.50Cr 3.52 0.490 0.084 0.105 95.8 3.03
4.5Cu 4.54 - 0.065 0.094 95.3 2.44
4.5Cu-0.25Cr 4.48 0.247 0.062 0.110 95.1 4.01
4.5Cu-0.50Cr 4.58 0.485 0.074 0.160 94.7 2.83
Raw Materials
Al < 0.0008 < 0.0003 0.057 < 0.002 99.9 -
Cu 99.96 - - <0.035 - -
Cr - 99.0 <0.75 - <0.30 -

Thermal analyses were performed to acquire cooling curves during solidification at
low and moderate cooling rates to determine the Liquidus (T.) and Solidus (Ts) temperatures
of each alloy, and, in case of the ternary alloys, the temperature correspondent to the probable
precipitation of the Al-Cr phase (Taizcr). The molten alloys were poured into both a ceramic
and a metallic cylindrical thermal analysis cup (Fig. 1), with K-type thermocouples located in
the center of the cups' cavity. The transformation temperatures were considered based on the
computer aided-cooling curve analysis. The first derivate curve obtained from the cooling
curve was utilized to determine T and Ts. A Savitzki-Golay smoothing filter in Origin,
polynomial order 2 and points of Windows 10 were used to smooth the curves. Differential
thermal analyses at a cooling rate of 10 °C min™, using the Discovery SDT 650 Simultaneous
Thermal Analyzer DTA/DSC/TG (TA Instruments), were also carried out. Approximately 10
mg of alloys were extracted from the ingots by a hand drilling method, placed in alumina
crucibles, analyzed in the range from 40 °C to 750 °C under a N2 atmosphere with a flow rate
of 100 ml min™,

Metallography analyses were performed on samples extracted from the longitudinal
section of the solidified ingots (central part), following the recommendations of ASTM E3
and E407 standard methods [18-19], using optical (OM) and scanning electron (SEM)
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microscopies. A dilute aqueous HF solution (0.5 % concentration) was used to reveal the
microstructures. Energy dispersive X-ray spectroscopy (EDS-SEM) and X-ray diffraction
(XRD) analyses (using Bruker D8 Advance with bulk samples, 26 scanning range: 10°-100°,
step size: 0.015, scan rate: 0.2 s, slit: 0.6 mm, 40 kV, 30 mA, T =18 °C + 5) were carried out
to identify elements and phases in the microstructures. Measurements of Vickers
microhardness (HV 0.025N) were used to determine the hardness of the phases [20]. At least

6 measurements were taken for each identified phase.

____________________________

| OM/SEM Metallography
EDS Mapping
X-ray Diffraction

Disc

Disc

Ingot
Thermocouples Ingot
Ceramic cup
Metalliccup =+ -

10 mm

Fig. 1 Schematic representation of the thermal analysis apparatus and samples extracted for

characterization

3. Results and Discussion

Table 2 summarizes the solidification and transformation temperatures extracted from thermal
analyzes at different cooling rates. The average cooling rates for the ceramic and metallic cup
were determined as around 6 °C s and 10 °C s, respectively. The main differences are that
the cooling rates result in very different Taizcr, from about 30 °C to around 48 °C, possibly
indicating changes in the precipitation of the Al;Cr phase. The temperatures detected at lower
cooling rates are slightly higher as compared to those at higher cooling rates. Few occurrences
of Taizcr were detected by DTA, and at temperatures closer to the ones detected by the ~6 °C
st cooling curves. The Ts of the Al-3.5Cu alloy detected by DTA was significantly higher

than that of the cooling curves.
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Table 2 Solidification and transformation temperatures extracted from thermal analyzes at
different cooling rates

Cooling Curves DTA
~6°Cst ~10°Cs? 10 °C min?
Alloys
TL Talzcr Ts TL Talzcr Ts TL Tarer  Ts(°C)
°C)  (°C) (°C) C)  (©) )  (°©) (°C)
2.5Cu 649.5 - 533.9 646.7 - 528.3 650.1 - -
2.5Cu-0.25Cr 648.3 565.7 536.9 646.8 5976 5354 648.8 - -
2.5Cu-0.50Cr 649.1 571.3 5369 6474 599.2 534.7 647.6 - 539.1
3.5Cu 646.2 - 535.8 646.4 - 534.6 647.2 - 565.1
3.5Cu-0.25Cr 646.5 553.8 536.8 6485 5904 539.4 646.2 - 539.9
3.5Cu-0.50Cr 649.8 5704 5399 651.7 6055 5451 643.1 5751 5411
4.5Cu 644.5 - 539.8 646.6 - 537.1 644.3 - 548.1
4.5Cu- 648.5 553.1 5399 6504 6016 5443 6440 559.1 539.1
0.25Cr

4.5Cu- 646.8 555.3 539.7 651.0 5904 542.7 643.1 5634 539.9
0.50Cr

Fig. 2 shows the cooling and first derivative curves of the alloys with 2.5Cu content
and Cr additions. In order to verify the cooling conditions in each solidification setup, the
average cooling rate immediately after pouring was calculated considering the variation of
temperature with respect to time until the first observed inflection point on the thermal
analysis cooling curve. For the ceramic cup, the average cooling rate indicates a value of
T(ceramicy = 5.9 °C s~* while for the metallic cup a value of Tmerquicy = 12.5 °Cs™*. Under
the conditions of the experiments, cooling rates close to these values were considered as the
low and the moderate cooling conditions, respectively. Increasing in cooling rate may result in
different microstructures in Al-Cu eutectic alloys, such as lamellar and banded structures,
degenerate eutectic morphology and supersaturated solid solution [21]. As observed in Fig.
2a, for the binary 2.5Cu alloy the Liquidus temperature was determined at 649.5 °C with low
cooling condition and 646.7 °C with moderate cooling condition, corresponding to the
solidification of the a-Al primary phase. The Solidus temperature was about 533.9 °C and
528.3 °C with low and moderate cooling conditions, respectively, with the formation of the a-

Al + CuAl; eutectic microconstituent. The Solidus temperature values are slightly different
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from those observed in the equilibrium phase diagram [22], and this may be due to the faster
solidification in the present experimental setup, which limits solute diffusion (Cu) into the a-
Al matrix, and consequently induces solute segregation in the liquid and temperature variation
at the end of solidification. For the 2.5Cu-0.25Cr alloy, experimental values of T of 648.3 °C

and 646.8 °C were found, with average cooling rates of T(Cemmic) =6.6°Cs~!and
T(memmc) = 11.7 °C s~ for ceramic and metallic cups, respectively, indicating the formation

of the a-Al matrix (Fig. 2b). With the decrease in cooling rate during solidification, two
transformation temperatures were observed in the curves, with values of 565.7 °C and 536.9
°C for low cooling condition and 597.6 °C and 535.4 °C for moderate cooling. Probably, these
temperatures (Taizcr) correspond to the precipitation of the AlzCr phase (the intermediate
temperatures) and the end of solidification (the lowest temperatures). With the increase in the
alloy Cr content, the 2.5Cu-0.50Cr alloy (Fig. 2c) showed values of T of 649.1 °C for the
average cooling rate of T(ceramic) = 6.9 °C s™* and 647.4 °C for Tperanicy = 10.6 °Cs ™2
Similarly, during cooling of the 2.5Cu-0.50Cr alloy two transformation temperatures were
also observed to occur at 571.3 °C and 536.9 °C for the low cooling condition, and 599.2 °C
and 534.7 °C for the moderate cooling, respectively, considering the Al;Cr formation at
intermediate temperatures and eutectic microconstituent formation at the lowest temperatures.
It was noted for the 2.5Cu(0.25-0.5)Cr alloys that the influences of increasing Cr content and
cooling rate on the solidification temperatures were not significant for the investigated
conditions, despite the slightly lower values observed for T and Ts for the higher cooling rate
experiment, a behavior also observed for the binary alloy. The values found for T and Ts are
comparable to those found in literature for similar Al-Cu-Cr alloy compositions [6, 15, 27-
28].
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Fig. 2 Cooling and first derivative curves: a) Al-2.5Cu, b) Al-2.5Cu-0.25Cr, c) Al-2.5Cu-
0.50Cr alloys
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The Al-2.5Cu-(0-1) Cr pseudo phase diagram as a function of Cr content, determined
by the Thermo-Calc software using the equilibrium condition module, is shown in Fig. 3a (the
vertical dashed lines in Fig. 3a indicate the nominal Cr compositions of the ternary alloys),
while Fig.s 3b to 3d present results obtained using the Scheil’s module for the non-
equilibrium phase transformations (the crosses represent points of phase transformations).
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Fig. 3 a) Al-2.5Cu-(0-1)Cr partial pseudo-binary phase diagram (Thermo-Calc), and Scheil
solidification simulations: b) Al-2.5Cu, c) Al-2.5Cu-0.25Cr, d) Al-2.5Cu-0.5Cr alloys

According to the diagram, the solidification path of the binary Al-2.5Cu alloy is L —
L + a-Al (~TL =650 °C) — a-Al (~Ts = 600 °C) — a-Al + CuAl2 (~460 °C), while for the
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ternary Al-2.5Cu-0.25Cr alloy is L — L + a-Al (~TL = 651 °C) - a-Al (~Ts =600 °C) — a-
Al + AlzCr (=535 °C) — a-Al + Al;Cr + CuAl, (~461 °C), and for the ternary Al-2.5Cu-
0.50Cr alloy is L — L + Al:Cr (~TL =690 °C) — L + Al:Cr + a-Al (~651 °C) — Al:Cr + a-
Al (~Ts =600 °C) — o-Al + AlzCr + CuAlz (~461 °C). Analyzing the equilibrium phase
diagram (Fig. 3a), the Al-2.5Cu alloy shows the formation of the a-Al primary phase at 650
°C, the end of solidification at 600 °C, and the precipitation of CuAl; at 460 °C. The
comparison between theoretical and experimental results showed that the Liquidus
temperature agrees with those values determined by the thermal analyses. However, the
progress and the end of solidification present divergent behaviors as a consequence of the
higher cooling conditions. This is attributed to the segregation of Cu to the liquid phase,
which induces the formation of the eutectic mixture at temperatures close to 548 °C. This
behavior is confirmed in Fig. 3b with simulation using the non-equilibrium condition, where
the point #1 (652 °C) represents the solidification of the a-Al primary phase, the region #2
corresponds to the mushy zone and the point #3 indicates the solidification of the eutectic
mixture (a-Al + CuAly) at 548 °C. Similar behavior was observed to occur for Al-Zn-Mg
alloys [23] solidified under non-equilibrium cooling conditions.

For the ternary alloys, Al-Cr can be formed as the primary phase if the Cr content is
higher than 0.24 %, as demonstrated in Figs. 3c and 3d by point #2. According to the works
reported by Grushko et al. [24, 25], the Al;Cr (6-phase) or AlssCr7 (at%) has an orthorhombic
structure with lattice parameters of a = 2.51, b = 0.75 and ¢ = 1.09 nm. However, despite the
simulations predicting the formation of primary Al;Cr in the alloys with 0.25 and 0.50 %Cr,
the solidification under non-equilibrium cooling conditions associated with small alloy Cr
content could restrict the formation at the beginning of solidification, as revealed by the
cooling curves of Figs. 2b and 2c. When analyzing the end of solidification, it can be seen that
the simulations predicted the formation of the eutectic compound (a-Al + CuAly) at 548 °C
(point #5), as can be observed in the experimental cooling curves.

Fig. 4a shows the results obtained for the Al-3.5Cu alloy, where the Liquidus
temperature was determined at 646.2 °C and the Solidus temperature at 535.8 °C for cooling at
lower rates (approximately 5.7 °C s~ for the ceramic cup), and 646.4 °C and 534.6 °C at
moderate cooling rates (about 11.1 °C s~ for the metallic cup), respectively, similar to other
works [6]. In Fig. 4b, T and Ts were determined at 646.5 °C and 536.8 °C for solidification in
ceramic cups, and at 648.5 °C and 539.4 °C for solidification in metallic cups for the ternary
3.5Cu-0.25Cr alloy, while for the 3.5Cu-0.50Cr alloy (Fig. 4c) the values of T, and Ts were at



649.8 °C and 539.9 °C, respectively, for lower cooling conditions and at 651.7 °C and 545.1

°C, respectively, for moderate cooling. The formation of the Al;Cr phase was observed to
occur at temperatures about 553.8 °C and 590.4 °C for the 3.5Cu-0.25Cr alloy for low and
moderate cooling conditions, respectively, and 570.4 °C and 605.5 °C for the 3.5Cu-0.5Cr

alloy. As the alloy Cr content increased, both T and Ts showed a slight trend to increase.
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Fig. 4 Cooling and first derivative curves: a) Al-3.5Cu, b) Al-3.5Cu-0.25Cr, c) Al-3.5Cu-
0.50Cr alloys

For the Al-3.5Cu-xCr alloys, the calculated equilibrium phase diagram (Fig. 5a)
depicted that the solidification paths can be described for the Al-3.5Cu alloy as: L — L + a-Al
(~TL = 648 °C) —» a-Al (~Ts = 580 °C) — a-Al + CuAl, (~495 °C), for the Al-3.5Cu-0.25Cr
alloy as: L — L + Al;Cr (~T. = 660 °C) — L + Al;Cr + 0-Al (~651 °C) — L + o-Al (~648 °C)
— a-Al (~Ts = 580 °C) — a-Al + Al;Cr (~560 °C) —> a-Al + Al;Cr + CuAl; (~490 °C), and
for the Al-3.5Cu-0.50Cr alloy as: L — L + Al7Cr (~TL = 690 °C) — L + Al:Cr + a-Al (~651
°C) —> Al,Cr + a-Al (~Ts = 580 °C) — a-Al + Al;Cr + CuAl, (~490 °C).
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Fig. 5 a) Al-3.5Cu-(0-1)Cr partial pseudo-binary phase diagram (Thermo-Calc), and Scheil
solidification simulations: b) Al-3.5Cu, ¢) Al-3.5Cu-0.25Cr, d) Al-3.5Cu-0.5Cr alloys

For the Al-3.5Cu alloy, the experimental values agree with those simulated using the

non-equilibrium Scheil’s module (Fig. 5b). With the increase in the alloy Cr content the

primary Al;Cr phase can nucleate first, as observed in Figs. 5¢c and 5d. However, this primary

phase can be reduced or suppressed when the amount of Cr is low, as reported by Liu et al.

[26] for Al-5%Fe alloys with additions of Cr, Mn and Zr, and confirmed by experimental

cooling curves obtained from the thermal analyses (Figs. 4b and 4c). Once more, the end of

solidification indicates the formation of the eutectic mixture a-Al + CuAl; at 548 °C (point

#5).

The results obtained for the binary Al-4.5Cu alloy are shown in Fig. 6a. The Liquidus

and Solidus temperatures were determined to occur at 644.5 °C and 539.8 °C, respectively, at
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low cooling rate, and 646.6 °C and 537.1 °C at moderate cooling rate. These values agree with
those found by Quaresma et al. [27] and Talamantes-Silva et al. [28] during solidification of
Al-4.5 %Cu alloys under unsteady-state heat extraction condition, and by Poras et al. [15] for
a directionally solidified Al-4%Cu alloy. In Fig. 6b, T, and Ts were determined to be 648.5
°C and 539.9 °C for the lower cooling condition, and at 650.4 °C and 544.3 °C for moderate
cooling for the ternary 4.5Cu-0.25Cr alloy, while for the 4.5Cu-0.50Cr alloy (Fig. 6¢) the
values of T and Ts were 646.8 °C and 539.7 °C for the lower cooling rate and 651.0 °C and
542.7 °C for moderate cooling. It can be noted that high cooling rates did not significantly
affect the T, and Tsvalues over the range of cooling rates from 6.3°C s~ t0 12.0°C s~1
investigated in this work. The increase in the alloy Cr content induces a slight tendency to

increase the solidification temperatures.
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Fig. 6 Cooling and first derivative curves: a) Al-4.5Cu, b) Al-4.5Cu-0.25Cr, c¢) Al-4.5Cu-
0.50Cr alloys

Comparing the equilibrium phase diagram of the Al-4.5Cu-xCr alloys (Fig. 7a) with
that of the Al-3.5Cu-xCr alloys (Fig. 5a), it is observed that the Liquidus temperature is
almost unaffected by the increase in the alloy Cr content, while the Solidus temperatures
showed a tendency to decrease with the increase in the Cr alloying. Moreover, the
temperature of CuAl, formation also increased (from 460 °C to 520 °C) as the alloy Cu
content increased, independently of the alloy Cr content. For the binary 4.5Cu alloy, the
experimental (Fig. 6a) and simulated (Fig. 7a) results under non-equilibrium conditions
showed a good agreement, for both Liquidus and Solidus temperatures. For the ternary alloys,
despite the simulations (Figs. 7c and 7d) indicate that the Al-Cr is the first to solidify (points
#2), this was not observed to occur in the experimental cooling curves (Figs. 6b and 6c¢).
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Fig. 7 a) Al-4.5Cu-(0-1)Cr partial pseudo-binary phase diagram (Thermo-Calc), and Scheil
solidification simulations: b) Al-4.5Cu, ¢) Al-4.5Cu-0.25Cr, d) Al-4.5Cu-0.5Cr alloys

The differential thermal analysis curves of samples extracted from each alloy are
shown in Fig. 8. The changes in heat flow help to determine the Solidus and Liquidus
temperatures, enabling comparisons with the ones found in the cooling and first derivative
curves. The exceptions are the Al-2.5Cu-(0-0.25)Cr samples, for which the Solidus
temperature could not be pointed, possibly due to the low amount of alloying elements. The
values found for the Solidus and Liquidus temperatures are very similar to those in the cooling

and first derivative curves and those of previous works [15, 27-28].
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Fig. 8 DTA curves: a) Al-2.5Cu-xCr, b) Al-3.5Cu-xCr, ¢) Al-4.5Cu-xCr

Figs. 9 to 11 show the as-cast microstructures of the Al-(2.5-3.5-4.5) Cu-(0-0.25-0.50)

Cr alloys samples obtained by optical microscopy. The morphology is composed by an a-Al

rich matrix containing the irregular eutectic microconstituent (a-Al + CuAlz). This

microstructure is typical of hypoeutectic Al-Cu alloys, as can be seen in previous works [6,

15, 28]. The low cooling rates in the ceramic cup resulted in larger grain size throughout the

microstructure as compared to that of the metallic cup. The increase in the alloy Cu content

slightly altered the microstructure. The addition of Cr resulted in a more refined

microstructure in the metallic cup samples. Ribeiro et al. [6] also observed the Cr refining
effect in Al-3.8%-Cu alloys with Cr additions of 0.25 and 0.50 (mass%).
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Fig. 9 Microstructures: al-a2) Al-2.5Cu alloy, bl-b2) Al-2.5Cu-0.25Cr alloy, c1-c2) Al-

2.5Cu-0.5Cr alloy. Left column: ceramic cup, Right column: metallic cup

Fig. 10 Microstructures: al-a2) Al-3.5Cu alloy, b1-b2) Al-3.5Cu-0.25Cr alloy, c1-c2) Al-
3.5Cu-0.5Cr alloy. Left column: ceramic cup, Right column: metallic cup
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Fig. 11 Microstructures: al-a2) Al-4.5Cu alloy, b1-b2) Al-4.5Cu-0.25Cr alloy, cl-c2) Al-
4.5Cu-0.5Cr alloy. Left column: ceramic cup, Right column: metallic cup

Fig. 12 presents the average values of six measurements of Vickers microhardness
(HV0.025 N) on the matrix of the samples. For the binary alloy samples, the obtained values
were about 43 HV = 10, 50 HV + 11 and 51 HV = 4 for the 2.5Cu, 3.5Cu and 4.5Cu alloys,
respectively. The effect of the alloy Cu content on hardness was observed to occur when the
alloy Cu content was raised from 2.5 to 3.5 %. For the (2.5-3.5-4.5) Cu-0.25 Cr alloy samples,
values of about 43 HV + 7, 48 HV + 5 and 69 HV % 7, respectively, demonstrate the
hardening effect of the 0.25 Cr addition. For the (2.5-3.5-4.5) Cu-0.5 Cr alloy samples,
hardness values of about 44 HV % 2, 64 HV £ 12 and 68 HV =+ 6, respectively, indicate a
significant relation with the increase in Cr content. Similar values were found by Ravikumar,
Sellamuthu and Saravanan [7] for as-cast Al-4.5 Cu alloys with additions of 0.1, 1 and 2 Cr
(mass%). According to the authors, in the as-cast condition there was not a very significant
effect of Cr on hardness of the alloys, resulting in values of around 75 HV, 77 HV, 60 HV and
62 HV, for 0, 0.1, 1 and 2 (mass%) Cr added, respectively. Ribeiro et al. [6] found an average
value of 53 HV + 7 for the a-Al matrix in Al-3.8 Cu-(0-0.25-0.5) Cr alloys, with the base
alloy ingot showing a lower hardness profile along its length when compared to those of the
Cr-containing alloys ingots. The highest hardness was achieved in the Al-3.8Cu—0.50Cr alloy
ingot. According to the authors, the hardness dependence on Cr addition was evident. These
results seem to indicate that the hardness profile of the alloys is higher when the Cr content is
between 0.1 and 1 (mass%).
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Microhardness measurements (HV 0.01 N) performed on a-Al + CuAl. phases showed
no noticeable trend between addition of either Cu and/or Cr in the microhardness, with
averages of 222 HV + 46, 151 HV * 29 and 198 HV = 48 for the Al-(2.5-3.5-4.5) Cu alloy
samples, respectively. For the 2.5Cu, 3.5Cu and 4.5Cu alloys containing 0.25Cr, the average
microhardness of a-Al + CuAl; phases were 132 HV + 37, 136 HV % 36, 160 HV + 34,
respectively. The average microhardness values of the a-Al + CuAl, phases in the Al-(2.5-
3.5-4.5) Cu-0.5Cr alloys were 158 HV £ 21, 177 HV + 30 and 228 HV =+ 88, respectively.
These values are in agreement with those obtained by Ribeiro et al. [6], for a eutectic mixture
of a-Al + CuAl; of an Al-3.8Cu-(0-0.25-0.5) Cr alloy, with an average of about 165 HV + 31.

Fig. 13 shows the SEM and EDS analysis of the Al-2.5Cu and Al-2.5Cu-0.5Cr alloy
sample. The Al;Cr phase was not detected, and according to Ribeiro et al. [6] this is so
possibly because of the non-equilibrium solidification conditions and consequent restriction
of Cr diffusion into the Al matrix. A dispersed precipitate (point #1), confirmed as AICuCrFe,
can be seen inside the boundaries of the irregular a-Al + CuAlz eutectic microconstituent
(point #2), which is surrounded by the dark gray a-Al rich matrix (point #3). This behavior,
according to Liu et al. [26], can be attributed to a higher solubility of Cr in the Al-Fe
intermetallics as compared to its solubility in the a-Al matrix. Similar behavior was reported
by Aranda et al. [30] for Al-20Si-5Fe-(1-3-5) Cr alloys, in which the addition of Cr was
shown to suppress the growth of the AlzFeSi» intermetallics, causing the formation of a harder
dendritic shaped o-CrFe compound while the AISiFeCr intermetallics were introduced. The
general morphology of the sample is very similar to those found in the literature for Al-Cu
alloys [28-29, 31].
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Fig. 14 shows SEM images and EDS analysis of Al-Cu-Cr alloys. The Al-4.5Cu-
0.25Cr alloy sample (Fig. 14a) shows a needle-like AlFe intermetallic particle (point #35),
present in small amounts throughout all analyzed samples, identified by Talamantes-Silva et
al. [28] as Al7FeCu. These particles can reduce mechanical and corrosion resistances, even
though Fe content is lower than 0.1 mass%. [6]. For the Al-2.5Cu-0.5Cr alloy sample (Fig.
14b), the analysis confirmed the presence of Cr (EDS mapping spectrum) inside the
boundaries of the a-Al + CuAl; eutectic microconstituent. The increase in Cr content altered

the morphology of the samples.
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Fig. 15 presents the XRD patterns of the nine samples. The identification of the peaks
was done based on previous works [6, 32] and databases [33]. The detected phases were the
same in all samples: a-Al (points #1), with stronger peaks at 26 values of around 38°, 45°, 65°,
78°, 82° and CuAl> (points #2), around 21°, 43° and 48°. The increase in Cu and Cr content did
not result in the detection of additional phases, such as Al-Cr. In the study by Ribeiro et al.
[6], binary AICr and AlFe compounds were not detected possibly due to the higher Cr content
which tends to combine with Fe and to the higher cooling rates that minimize solute

redistribution during solidification.

1 1 1-o-Al - o-Al
2-Cudl, - CuAl,
_ 1
= o
g = . 1
& 2
Bl 2 bra 1 1 2 P2 !
E 2 2 A lﬁc-a-n S0Cr g 2 1 | A2 500 50Gr
2] _13 Lol CHERV T IV T
2|12 1 ; J 1] 1 1 1| w2 5cu0.25c:
2 7 1l 2 1 2 ) ]2 |
T MECY A2 5Cy
10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100
28(°) 28(%)
(@) (b)
1 1-o-Al
2-CuAl,
5
)
g 2 ) 11
- 2 3 1 IN-JSOH:-S-OCr
= i 212] } 211
| T A4 SCu0.25Cr
2212 2 1 21
Al-d 5Cu

10 20 30 40 50 60 70 80 90 100
268(%)
(c)

Fig. 15 X-ray diffraction pattern of the alloys: a) Al-2.5Cu-xCr, b) Al-3.5Cu-xCr, c) Al-
4.5Cu-xCr
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4. Conclusions

The following main conclusions can be drawn based on the experimental results
obtained in this study:
- The additions of 0.25 and 0.5Cr to the Al-(2.5-3.5-4.5) Cu alloys induced the refining of the
microstructure. The higher and lower solidification cooling rates which are associated with
the metallic and ceramic cups, respectively, did not significantly alter the thermal profiles or
Liquidus and Solidus temperatures of the alloys.
- The Vickers microhardness of the alloy samples was shown to be significantly altered by the
increase in Cu and Cr contents.
- The SEM and EDS analysis identified the presence of the CuAl, compound, AICuCrFe
precipitates and needle-like Al-Fe-Cu particles.
- The Al7Cr phase, although present in the solidification path of the samples, per pseudo-
binary phase diagrams, was undetected, possibly due to the higher Cr content which tends to
combine with Fe and to the higher cooling rates that minimize solute redistribution during

solidification.
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5. CONCLUSAO

A partir dos resultados experimentais obtidos, as principais conclusées podem

ser feitas:

- As adicbes de 0,25% e 0,5%Cr (em massa) as ligas de Al-(2,5%-3,5%-
4,5%)Cu induziram o refinamento da microestrutura.

- As baixas e altas taxas de resfriamento da solidificacéo, que sado associadas
aos moldes ceramicos e metalicos, respectivamente, nao alteraram
significativamente o perfil térmico ou as temperaturas Liquidus e Solidus das ligas.

- A microdureza Vickers das amostras de ligas mostrou-se significativamente
alterada pelo aumento da quantidade de Cu e Cr.

- As analises de MEV e EDS identificaram a presenca do composto Al2Cu, de
precipitados de AICuCrFe e de particulas em forma de agulha Al-Fe-Cu.

- A fase Al:Cr, apesar de estar presente no caminho de solidificacdo das
amostras, segundo os diagramas de fase pseudo-binarios, ndo foi detectada,
possivelmente por causa da maior quantidade de Cr que tende a combinar-se com
Fe, e por causa das maiores taxas de resfriamento que minimizam a redistribuicédo

de soluto durante a solidificacao.
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6. PROPOSTAS PARA TRABALHOS FUTUROS

Pode-se citar as seguintes propostas a partir deste trabalho:

- Realizac&o de ensaios mecanicos como dureza, tensédo, tracao e ao
eletroquimica das ligas Al-(2,5%-3,5%-4,5%)Cu-(0,25%-0,5%)Cr, antes e apos
tratamentos térmicos.

- Caracterizagdo dos lingotes solidificados em relacdo a macroestrutura.

- Analise dos espacamentos dendriticos primarios e secundarios dos lingotes.

- Utilizacdo de solidificacdo unidirecional para obtencdo de curvas de
resfriamento durante solidificacdo em posi¢cdes ao longo da altura dos lingotes, com
determinacdo dos parametros térmicos de solidificacdo como velocidades de
solidificacdo, gradiente térmicos no liquido, e taxas de resfriamento. Posteriormente,
estabelecer as relacbes entre os parametros térmicos e a formacao estrutural das

amostras.
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ANEXOS

ANEXO A - FORNO POCO RESISTIVO, CADINHO E MOLDES

Um cadinho de carbeto de silicio (ponto #1), revestido com nitreto de boro, foi
utilizado para carregamento das cargas de Al-Cu-Cr, que foram fundidas no forno
poco resistivo (#2) a 900 °C, seguido pela adicdo de cobre e cromo ao metal liquido.
Para garantir a completa dissolucédo do cromo, a temperatura foi mantida por 3h e o
metal liquido sob agitacdo mecanica em intervalos de 15 minutos A fundicdo foi
realizada com superaquecimento de cerca de 10% acima da temperatura Liquidus.
Em seguida, as cargas foram colocadas em moldes para lingotes (#3) e em moldes
ceramico (#4) e metalico (#5) para analise térmica através dos termopares tipo K

(#6) conectados a um sistema de aquisi¢cao de dados.
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ANEXO B - SISTEMA DE AQUISICAO DE DADOS

O sistema de aquisicdo de dados utilizado foi o NI SCXI-1000, da National
Instruments, com modelo NI SCXI-1303 de 8 canais, taxa de aquisicdo 10 Hz e
termopares tipo K de ponta nua.
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ANEXO C - LINGOTES SOLIDIFICADOS DAS LIGAS

Para a obtencdo das ligas Al-x%Cu-x%Cr, foram utilizados aluminio (99,9%
de pureza), cobre (99,99% de pureza) e cromo (99,0% de pureza), em forma de

lingotes, fios eletroliticos e pequenos blocos, respectivamente. Apds a solidificacao,

os lingotes foram separados conforme sua composi¢éo nominal.
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ANEXO D - AMOSTRAS PARA MICRODUREZA E MICROSCOPIA

Pequenas amostras foram retiradas da secao longitudinal dos lingotes para
realizacdo de ensaios de microdureza Vickers e, ap6s desmolde, da obtencdo de

micrografias por microscopia oOptica e eletrdnica. Foi utilizada uma solugdo aquosa

HF 5% para revelacdo das microestruturas.
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ANEXO E — REALIZACAO DE ENSAIO DE MICRODUREZA

Foi utilizado um microdurémetro Vickers HMV-G da Shimadzu para realizacao
de testes de microdureza Vickers. Os testes foram realizados de acordo com ASTM
E 10 Standard Test Method (2018), com carga dependente da composi¢cao nominal

da amostra, diametro de esfera 5 mm e tempo de permanéncia de 10 s.
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ANEXO F - MICROSCOPIOS OPTICO E ELETRONICO DE
VARREDURA

As andlises e obtencdo de imagens por microscopia Optica e MEV foram
realizadas no Laboratorio de Materiais (LAMAT) e Laboratério Central de
Microscopia e Microanélise (LabCEMM) da PUCRS.
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