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RESUMO

A deposigio de filmes finos resistentes ao desgaste é uma prética realizada com
bastante freqiiéncia para melhorar o comportamento tribologico (atrito, desgaste,
lubrificagdo) de diferentes pecas € componentes. Afim de se garantir o adequado
funcionamento do sistema (substrato+filme) revestido, € por vezes importante avaliar
o comportamento mecanico do mesmo. Um método bastante simples para avaliagdo
e estudo do comportamento mecénico destes sistemas € o ensaio de indentagdo.

Neste trabalho, foram estudadas as tensdes de contato e a deformagéo plastica
desenvolvidas na indentacfio de sistemas contendo um filme fino resistente ao
desgaste e um substrato com comportamento elasto-plastico (Aluminio 6061). O
trabalho foi em grande parte baseado em uma seqii€ncia de simulagGes utilizando o
método dos elementos finitos (MEF), nas quais variou-se as propriedades mecénicas
do substrato, o diametro do indentador esférico e a carga aplicada. Em alguns casos,
as simulagdes igualmente analisaram o efeito de até cinco indentagSes sucessivas nas
tensdes de contato. Com o intuito de comprovar os resultados numéricos,
experimentos de indentag@io foram realizados em corpos-de-prova com substrato de
aluminio 6061 e filme de nitreto de cromo CrN.

Os resultados numéricos e experimentais foram analisados com base no
acumulo de material na borda das indenta¢Ges (“pile-up”), cuja altura demonstrou ter
uma grande importancia no comportamento das tensdes de contato, responséveis pela
propagacdo de trincas no filme, durante a indentagéio dos sistemas. N&o obstante, ndo
foi possivel estabelecer uma clara relagdo entre a quantidade de deformag@o plastica

equivalente experimentada pelo substrato e a altura do pile-up.



ABSTRACT

The deposition of wear resitant thin films is frequently used to improve the
tribological behavior (friction, wear and lubrication) of different components and
parts. In order to guarantee the adequate performance of the coated system
(film+substrate), it is usually important to evaluate the mechanical behavior of the
coated system. A simple method for the evaluation of this behavior is the indentation
test.

This work presents a study on the contact stresses and plastic deformation
developed during the indentation of systems with a wear resistant thin film and an
elastic-plastic substrate (Aluminum 6061). The work was based in a sequence of
simulations using the finite element method (FEM), in which the main variables were
the mechanical properties of substrate, the indenter diameter and the applied normal
load. In some cases, the simulations analyzed the effect of five repeated indentations
on the contact stresses. With the aim of confirming the simulation results,
experimental indentation tests were conducted on a system with a 6061 aluminum
substrate and a chromium nitride (CrN) thin film.

The simulation and experimental results were analized considerating the pile-
up generated at the indentation edge, which presented a significant effect in the
contact stress behavior, responsible for the propagation of film cracks during the
indentation of these systems. On the other hand, a direct correlation between the

substrate equivalent plastic strain and the pile-up height was not possible.
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INTRODUCAO

Em diversas aplicagdes da engenharia mecénica, tem-se optado pela alteragdo das
caracteristicas superficiais de uma peca, com o objetivo de melhorar o
comportamento tribologico (atrito, desgaste, lubrificag@o) destes componentes.

Entre as diversas possibilidades de tratamento superficial, uma alternativa
freqiiente € a deposicdo de um revestimento resistente ao desgaste, dentre os quais
tem-se os filmes finos, ou seja, filmes com dimensdes da ordem de micrometros.
Esta alternativa de tratamento superficial pode ser particularmente importante
quando o componente ¢ fabricado em materiais dudcteis, pela baixa resisténcia ao
desgaste que estes materiais podem apresentar.

Por outro lado, em sistemas com substrato ductil, quando os esfor¢os
aplicados sfo suficientemente elevados, o sistema revestido tende a se deformar de
maneira significativa e permanente (deformag@o pléstica). Nestas situagdes, a
tendéncia do revestimento € a de acompanhar a deformagfo do substrato, mas as
caracteristicas frageis de muitos filmes impedem que estes acompanhem a
deformagéo sem a ocorréncia de fratura no filme ou na interface.

O método dos elementos finitos tem sido utilizado para estudar o
comportamento mecanico de sistemas revestidos contendo filmes com
comportamento eldstico e substratos com comportamento elasto-plastico. A maioria
das andlises consideram o sistema revestido submetido a esforgos normais e, dentre
os principais resultados tem-se 0 mapeamento das tensdes de contato, o que permite
verificar pontos susceptiveis as falhas e estudar as caracteristicas do revestimento

que minimizam a probabilidade de falha do mesmo ou do sistema como um todo.
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Introducdio

A proposta deste trabalho é aprofundar o entendimento do comportamento
mecénico de sistemas contendo filmes finos resistentes ao desgaste depositados sobre
substratos ducteis e estudar a relagdo entre a deformacfo plastica do substrato € o
comportamento mecanico do conjunto. Para isto, foram realizadas simulag¢Ses
utilizando o método dos elementos finitos (MEF), através do software ABAQUS,
considerando de uma até cinco indenta¢des no mesmo local. No caso de uma Unica
indentagéo, analisou-se o efeito de alguns pardmetros da indentagfo, como didmetro
de indentador e carga normal aplicada. Os resultados foram comparados com
resultados experimentais obtidos na indentagio de um sistema revestido contendo um

filme fino e um substrato com as mesmas caracteristicas adotadas nas simulag6es.

Apés este capitulo introdutério, o capitulo 2 apresenta uma revisdo
bibliografica, onde sdo abordados os conceitos fundamentais no estudo do contato,
assim como uma sintese de estudos relacionados aos filmes finos e a indentacéo de
sistemas revestidos. A seguir, nos capitulos seguintes descreve-se o objetivo geral, e
a metodologia adotada (simulag@o e parte experimental), onde serfio apresentadas as
principais caracteristicas do sistema revestido e as diferentes varidveis analisadas.
Posteriormente, sdo apresentados e discutidos os resultados obtidos nas simulagdes e

na parte experimental, finalizando-se pelas conclusGes deste estudo.



REVISAO BIBLIOGRAFICA

2.1 Indentagiio no estudo do desgaste e das propriedades mecanicas de sistemas

revestidos

Filmes finos t€m sido utilizados em diversas aplicagdes, como, por exemplo, em
processos de manufatura de pegas, como camada protetora de componentes
submetidos ao desgaste ¢ a corrosdio, ou ainda na obtengio de superficies com
determinadas propriedades Opticas ou magnéticas. Em muitos casos, é necessério
fazer-se um estudo das suas propriedades mecénicas, o que é muitas vezes baseado

em ensaios de indentac&o.

2.1.1 Desgaste e sistemas revestidos

A Tribologia, definida segundo Hutchings [1] como o estudo do atrito, do desgaste e
da lubrificagfo, ¢ um assunto de alta importincia para os engenheiros mecanicos e
projetistas de maéquinas. A obtengfo de dados tribolégicos confidveis (desgaste e
atrito) para diferentes combinagdes de materiais, e as condigdes de trabalho de pegas
e equipamentos, permitem determinar a eficicia e confiabilidade de mAaquinas e
sistemas de produgdo. Por este motivo, a tribologia deve antever em termos de
tempo, a durago das pecas e a probabilidade de falha das mesmas [2,3].

Em termos gerais, o desgaste ¢ definido por autores como Rabinowicz [4],
Pugh [5], Subramaniam et al. [6], Wang et al. [7], como a remogdo ou perda
progressiva de material na superficie devido a interacfio mecéanica. Trata-se de um

fendmeno bastante complexo, no qual interagem parimetros como: pressdo normal,
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deslocamento relativo, velocidade, rugosidade, deformagéo superficial, lubrificagfio,
temperatura, encruamento e o revestimento superficial.

O desempenho insatisfatério de um determinado componente pode estar
associado a falha que ocorre na superficie do material, como conseqiiéncia das
multiplas varidveis associadas a interagdo mecanica. Assim, desenvolveu-se, dentro
da engenharia, uma area chamada “engenharia de superficies”, voltada ao estudo dos
fendmenos que ocorrem na superficie dos materiais, e cujo objetivo é promover o
aperfeigoamento das propriedades superficiais.

Strafford et al. [8] definiram o termo “engenharia de superficie” como o
campo que inclui as técnicas e processos necessarios para induzir, modificar e
melhorar o desempenho das superficies com relagéo ao desgaste, corrosfio, e fadiga.
Estas técnicas incluem métodos tradicionais como a galvanizagdo, os tratamentos de
endurecimento superficial e métodos mais recentes, como a deposigéo fisica a vapor
(PVD), deposi¢do quimica a vapor (CVD), aspersdo térmica e o processamento a
laser [6].

Os processos de tratamento superficial, e em especial os processos de
deposicédo, s@io particularmente importantes no tratamento de materiais altamente
ducteis, como o aluminio e as suas ligas, os quais sdo conhecidos pelas baixas
caracteristicas tribolégicas e pela impossibilidade de realizagio de tratamentos
metalurgicos localizados, como a cementago e a nitretagio [9].

Existe uma grande variedade de técnicas de revestimento, cada qual associada
a um numero elevado de pardmetros de deposi¢fio. A Figura 1 [10] apresenta a
classificagdo de alguns dos processos de revestimento em termos de temperatura de

processo e espessura obtida.
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Figura 1. Valores tipicos de espessura de revestimentos e temperatura do processo
(temperatura na superficie do substrato) utilizados na deposigfo de revestimentos

tribologicos [10].

A deposigdo fisica a vapor (Physical Vapor Deposition) e a deposicdo
quimica a vapor (Chemical Vapor Deposition) sio os dois métodos mais comumente
utilizados para a deposi¢éo de filmes finos [11,12]

Em geral, materiais depositados usando processos PVD ¢ CVD s#o nitretos
(TiN, CiN, etc.), carbetos (TiC, CrC, W,C, WC/C.etc.), 6xidos (alumina) ou uma
combinagdo destes; camadas que sdo caracterizadas por uma alta dureza, alta
aderéncia, baixa porosidade e alta estabilidade quimica e térmica.

Especificamente para os processos PVD, diversas técnicas tém sido usadas na
deposi¢éo de filmes, as quais se diferenciam pela maneira como o material metalico
solido € evaporado. Entre os modos de evaporagfio, o processo a arco é o mais
empregado [13], j4 que propicia uma alta taxa de deposi¢8o.

Uma caracteristica a ser considerada nos processos de deposi¢io € a indugio
de tensdes residuais no filme. Neste sentido, sdo considerados trés tipos principais de
tensdes residuais. No principio da deposi¢éio e dependendo da estrutura (pardmetro
de rede) do revestimento e do substrato, tensdes epitaxiais podem ser geradas quando
a estrutura do filme tenta se ajustar a estrutura do substrato. Outro tipo de tensdo
desenvolvida no processo de deposi¢do € a tensdo intrinsica, a qual esta associada

aos defeitos gerados na estrutura do filme quando, durante o seu crescimento, o
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mesmo ¢ bombardeado por atomos e ions de alta energia. Um terceiro tipo de tensio
residual é desenvolvido depois da deposi¢do do filme. Neste caso, tensGes térmicas
sdo geradas durante o resfriamento da peca, devido a diferenca entre os coeficientes
de dilatagdo térmica do filme e do substrato [9]. Para revestimentos da ordem de
micrometros, as tenses epitaxiais normalmente sfio de baixa intensidade e, a
principio, podem ser desprezadas. Por outro lado, dependendo dos pardmetros de
deposic¢éo, a composicdo dos fatores intrinsecos e térmicos podem atingir valores da
ordem de 9 GPa [9 apud 13] nos filmes.

2.1.2 Avaliagdo das propriedades mecénicas de filmes

A caracterizag@io das propriedades mecanicas dos materiais tem se tornado
um requisito essencial na seleciio de materiais para fabricagfo de pegas estruturais.

Alguns métodos tém sido desenvolvidos para determinar as propriedades
mecénicas dos materiais de engenharia. Entre estes métodos, o ensaio de indenta¢do
tem demonstrado ser, por vezes, vantajoso em relacdo a métodos de ensaio
convencionais, tais como o ensaio de tragdo. Isto se d4 devido a rapidez e aos poucos
requisitos existentes para confec¢@io dos corpos-de-prova. Adicionalmente, relagGes
empiricas entre o ensaio de trag@o e o ensaio de indentagfio tém permitido estabelecer
boa correlagdo nos resultados finais [14-18], justificando a utilizagdo desta técnica
para identificar propriedades como modulo de elasticidade e tensdo de escoamento.

A determinacdo das propriedades mecénicas de filmes finos pela técnica de
indentagfio € principalmente realizada pela indentacfio instrumentada [19-24]. Esta
técnica tem se difundido nos ultimos anos e tem a capacidade de aplicar cargas
abaixo de 100 mN, o permite 4reas de indentagdo menores que lpm?’, além de
permitir a determinacfo da aderéncia das camadas superficiais ao substrato [25].

Durante a indentagio de um sistema revestido, com o aumento da carga
aplicada ao indentador, este ultimo é pressionado dentro do filme (Figura 2), o qual é

deformado primeiro de forma eléstica e depois de forma plastica.
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Figura 2. Esquema do ensaio de microindentag8io. Indentador penetrando o filme

aderido a um substrato.

Com a remogédo gradual da carga a deformagfo elastica é recuperada. Uma
analise da curva for¢a-deslocamento (Figura 3) pode fornecer informagdes néio sé da
dureza, mas também das caracteristicas elésticas e plasticas dos filmes finos
[24,26,27]. Sendo assim, em contraste com as medi¢des de dureza tradicionais, as
técnicas de indentagfo instrumentada fornecem um registro continuo da carga € da
profundidade atingida (Figura 3), o que torna desnecessario o estudo da imagem final

da indentagfo [25].

Pm i st s o Sl e s o . o A S S ok e ke S o

Carga (P)

Descarga

hf he h
Deslocamento (h)

Figura 3. Curva tipica de carga em fun¢fo da profundidade de indentagfo.
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O entendimento do comportamento mecénico de materiais é por vezes obtido
através da andlise das tensdes de contato desenvolvidas durante um ensaio de
indentagéio [28]. Neste tipo de andlise tem-se utilizado indentadores com diferentes
geometrias, tais como pirdmides [29,30], cones [26,31] ou esferas [15,19,27,32-35]
(Figura 4).

£ @) ®) ©

Figura 4. Esquema das diferentes geometrias de indentadores (a) Indentador

piramidal; (b) Indentador conico; (¢) Indentador esférico.

A utilizagdo de indentadores esféricos ¢ preferida ante outras geometrias, ja
que o uso destes indentadores est4 associado a redugdio das tensdes no filme [33]. E
importante observar que, apesar de mais de um século ter transcorrido desde o
trabalho de contato de Hertz [36 apud 37], os problemas de contato, principalmente
na utilizag8io de indentadores esféricos no ensaio de indentagdo para a caracterizago

dos sistemas revestidos, ainda sdo de grande interesse [36].

2.1.3 Falhas nos sistemas revestidos

Durante a indentagéo, campos de tensdes com forma relativamente complexa sio
desenvolvidos no filme, o que pode resultar na falha do revestimento [15,33].

A caracterizagdo de alguns modos de falha nos sistemas revestidos esta
relacionada com modelos qualitativos de tensdes presentes na regifio de contato e nas
bordas da indentagdo [31-34]. Sob as tensdes de contato, os sistemas revestidos
podem apresentar falhas devido & baixa adesfio entre o filme e o substrato (falha
chamada adesiva), ou devido & fratura superficial do filme (falha chamada coesiva).

Durante a indentagdo, as falhas de carater coesivo mais comumente

observadas s#o: trincas circulares, as quais resultam da agfio das tensdes radiais, e as
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trincas radiais, as quais propagam sob a influéncia das tensdes tangenciais [29,38,39]

(Figura 5).

\"%' = T e T ST T

BN EaT @ [t i e S __topm

Figura 5. Padréo de trincas obtidas no processo de indentagfo sobre: (a) Substrato
M2 de 929 HV e TiN com 2,6pum; (b) Substrato M2 de 285 HV e TiN com

2,6pm [29]

Usualmente, as trincas circulares s@o o padrio mais comum de propagacio
quando um filme de maior rigidez é depositado sobre um substrato ductil [29,32].

Por outro lado, trincas radiais podem ser favorecidas pelo cariter de
nanoescala do filme, por uma pequena diferenca entre 0 médulo elastico do filme e o
mddulo elastico do substrato, por uma boa adesdo do filme ao substrato [31] e, em
particular, por uma alta tenacidade do sistema filme/substrato [40]. Adicionalmente,
segundo o trabalho de Karimi et al. [40], a partir deste padréio de trinca, pode-se
estabelecer a tenacidade a fratura do revestimento, por meio da equagdo (1). Para
isto, € necessario considerar: o comprimento da trinca radial (c), a maxima carga de
indentagdo (P), o modulo elastico (E), a dureza (H), o raio de contato do indentador

(a) e um fator geométrico para o tipo de indentador ().

- n E 0.5 P
w-o(2) (%) (&) v

A caracterizag8io de alguns modos de falha nos sistemas revestidos foi
estudada por Bhowmick et al. [41], os quais concentraram-se na observagfo de
alguns modos presentes em filmes finos (5 a 10 pm) submetidos a indentagio
Vickers (Figura 4a).
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Segundo as observagdes feitas por Bhowmick et al. [41] uma divisdo dos
tipos de falha coesiva pode ser estabelecida considerando-se os seguintes tipos
(Figura 6):

- Degraus de cisalhamento
- Trincas nas bordas

- Trincas inclinadas

Neste trabalho [41], foi estabelecido que o centro da indentagdo ¢é
caracterizado pela presenga de pequenas linhas descontinuas paralelas as bordas da
indentacdo. Em seguida, se apresentam as trincas nas bordas, as quais se propagam
paralelas umas as outras, mas com maior espagamento € maior abertura. Por ultimo
sdo observadas as trincas inclinadas, as quais sdo encontradas na parte inferior da

regido da indentagfo e se propagam com inclinagfo de 45 a 70° em relagfo ao eixo

de indentagfo.

%.______ Tensdes de
/ Cisalhamento Tgmaeg

Trincas

ok ine 4
&« m ] Q m\\\\ \\

FILME

SUBSTRATO W SUBSTRATO

Figura 6. Representacéo do tipo de trinca gerada no ensaio de indentagfo e

distribuigéio de esforgos no filme. (a) Esquema das regides onde se apresentam os

principais tipos de falha. (b) Distribui¢do das tensdes radiais [41]

Do trabalho realizado, Bhowmick et al. [41] concluiram que as trincas obtidas

sob indentag@io Vickers nucleiam dentro do revestimento e se propagam na diregdo
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superficial, ou seja, as trincas nucleiam no interior do filme, em baixo do indentador
e a 45-70° em ralag@o ao eixo de indentagéo.

Em muitos casos, a propagacdo de trincas nas bordas do sistema revestido
(Figura 5a.), especialmente trincas de carater circular, estd associada com a
quantidade de deformacgéo do substrato e com o empilhamento do material nas
bordas, durante o processo de indentagfio. Este fendmeno de empilhamento de
material nas bordas é chamado de “pile-up”, e segundo Thomsen et al. [31], é gerado
devido a deformag@o pléstica do substrato.

Hainsworth ¢ Soh [42] fizeram referéncia & influéncia que a relagfo entre o
modulo eléstico (E) e a tenséio de escoamento do material (oy) tem na quantidade de
pile-up. Estes autores sugeriram que um aumento do valor desta relagdo leva ao
aumento do pile-up, o que leva ao maior dobramento nas bordas da indentac?o,
gerando um aumento no valor das tensdes trativas e favorecendo as falhas do
sistema.

De acordo com os trabalhos de Weppelmann e Swain [15], Begley et al. [34]
¢ Souza et al. [38], as trincas circulares observadas nas bordas da indentagio estdo
associadas com o dobramento do filme. Souza [9] demonstrou, utilizando a técnica
de simulagdo por elementos finitos, o efeito do dobramento do filme quanto ao
desenvolvimento de picos de tensdo trativa na superficie do filme e picos de tensdo
compressiva na interface do sistema filme/substrato. Tensdes trativas na superficie
do filme e tensdes compressivas na interface € o comportamento que sugere a
Figura 7, onde ¢ mostrado o filme original (preto) e deformado (branco) depois do

processo de indentagéo.

N ——

Figura 7. Resultados de elementos finitos realizados por Souza [9]. Geometria

original em preto e geometria deformada em branco.
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2.2 Métodos para avaliaciio das tensdes de contato
2.2.1 Anilise analitica

Para o estudo do contato é comum se partir do principio que as superficies em
contato sdo perfeitamente lisas [44]. E importante lembrar que, na prética,
dificilmente uma superficie sera perfeitamente lisa. Por melhor que tenha sido o
processo de acabamento da mesma, ¢ praticamente impossivel evitar a formagio de

algum tipo de heterogeneidade superficial (Figura 8).

Figura 8. Exemplos de heterogeneidade superficial [1]

Desta forma, se duas superficies forem colocadas em contato, a drea efetiva
inicial do mesmo ser4 mais relacionada ao contato (microscopico) entre asperezas,
do que ao contato (macroscépico) ocasionado pelas dimensdes gerais dos corpos.

Por outro lado, caso a for¢a que une os corpos seja aumentada, a deformagcéo
de cada um deles tendera a ser cada vez mais relacionada as dimensdes gerais dos
corpos, e menos & quantidade e distribuigio de asperezas. E também importante
entender que andlises considerando as dimensbes gerais dos corpos em contato
podem também ser adotadas para o contato entre duas asperezas.

Um conceito importante para andlise de contato macroscopico é o de
semi-espago. Um corpo sera sempre considerado um semi-espago quando o contato
do mesmo estiver restrito a uma drea muito menor que suas dimensdes gerais. As
conseqiiéncias desta consideragéo sdo:

6)) As tensdes de contato estarfio concentradas em 4dreas proximas a regifio de

contato.
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(i)  As tensdes na regifio de contato nfio sofrerdo efeito significativo fora da
regido de contato.
A literatura indica que, a primeira analise satisfatoria do contato entre dois corpos foi
apresentada por Hertz no inicio dos anos 1880 [43 apud 44].
De acordo com a teoria de Hertz, o contato entre dois corpos pode ser
representado como no esquema mostrado na Figura 9 [43], onde:

P = Carga normal aplicada

T1= Ponto de aplicagfo da carga no corpo 1

T»= Ponto de aplicag8o da carga no corpo 2

81= Deslocamento no ponto de contato (O) do corpo 1

8= Deslocamento no ponto de contato (O) do corpo 2

u,/= Quantidade de deslocamento do corpo 1 para um ponto da superficie 1
uz7= Quantidade de deslocamento do corpo 2 para um ponto da superficie 2
a = Raio de contato das superficies

17,

53:__

Figura 9. Deformagé&o obtida quando dois corpos convexos sdo postos em contato

devido a aplicagfio de uma for¢a normal P [43].
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Na Figura 9, quando a carga (P) ¢ igual a zero, ambos corpos mantém as suas
dimensdes originais, indicadas pelas linhas tracejadas. Em regides proximas a origem
(0), se as superficies forem arredondadas, as mesmas podem ser representadas pela
equagdo (2)

Z,=A4x*+By +Caxy+... ()
onde i = 1,2 refere-se a cada uma das superficies.

Uma simplifica¢éo adicional pode ser obtida caso o sistema de coordenadas
seja selecionado de forma que o termo em “xy” seja igual a zero. Neste caso, a

equagio (2) pode ser escrita em termos dos raios principais de curvatura (R, ¢ R) de

cada uma das superficies. Desta forma, a equacdo (2) pode ser reescrita como na

equacdo (3).

1
Z-=—,X-2+—,r-2 3
Y 2Riy, 3)

Quando duas superficies convexas (Figura 9), sfo colocadas em contato, mas
ainda sem aplicagfio da carga (P), a separacdo entre as mesmas pode ser definida
como h= Z +Z,, onde Z; e Z, sdo fun¢fo das coordenadas x e y. Substituindo-se as
equagdes referentes a cada uma das superficies, a separagdo (h) pode ser escrita
como na equagdo (4), onde os raios de curvatura relativos R'e R' sdo dados pelas
equagdes (5) e (6), respectivamente. As mesmas equagdes podem ser escritas para o
caso de contato entre uma superficie cdncava e uma convexa (Figura 10 [44]) onde a

separacgdo passa a ser h=Z, - Z,

Figura 10. Deformagéo obtida quando um corpo concavo e um convexo sio postos

em contato devido a aplicagéo de uma for¢a normal P [44].
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1 1
h=Ax2+BZ=——. 2+—.. 2 4
Vi =og % 7 “4)
R 5)
R R R,
L=—1—+L (6)
R R R

Quando a carga (P) € aplicada (Figura 9), os pontos T1 e T2 sofrem
deslocamentos 81 e 82, respectivamente. Definindo-se § = 81 + §2, o deslocamento
(uz) de cada um dos pontos pertencentes a cada uma das superficies pode ser definido
baseado em “5” e na separagdo “h”. Isto é feito na equacdo (7), para a parte interna
do contato (x<a ou y<a) €, na equagio (8), para a parte externa do contato (x>a ou

y>a).

U, +u,=6-h=5-Ax"-By’ (7)

u, +u, <8—Ax" - By’ (8)

A solugdo apresentada por Hertz [43], para o problema de contato entre dois
corpos consistiu em achar uma distribuigio de pressdes P(x), para a qual os
deslocamentos normais das superficies satisfariam as condi¢des impostas pelas
equagdes (7) e (8).

Para chegar a uma solugdo, Hertz necessitou fazer algumas simplificagdes.
Uma delas faz referéncia 4 ndo consideragfio dos termos de maiores expoentes da
equagdo (2). Para que estes termos sejam despreziveis, € necessario que os valores de
“A” e “B” sejam grandes. No caso da separagfo entre duas superficies (equacio (2)),

os valores de “A” e “B” se elevam quando os valores de 1/R e 1/R" sdo grandes.
Esta condigéo € mais facilmente obtida quando as duas superficies sdo convexas, ja
que, neste caso, I/R'=1/R+1/R, e 1/R" = 1/R +1/R, .

Por outro lado, quando se tem uma superficie concava e uma convexa,
1/R=1/R,-1/R e 1/R" =1/R, ~1/R e os valores de 1/R e 1/R’ s6 se elevam se os
raios das duas superficies forem significativamente diferentes, ou seja, as superficies

sdo ditas nfio conformes [43].
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Da mesma forma, caso a deformag8io de uma superficie, ou de ambas, for
elevada, os dois corpos comegam a ter superficies semelhantes (conformes), e nio
podem ser mais consideradas como semi-espacos, ja que a condigfo de semi-espaco
esta restrita a uma 4rea de contato muito menor que as dimensdes gerais. Sendo
assim, a validade das soluc¢Ges de Hertz fica limitada a casos onde a 4rea de contato,
caracterizada pela dimens8o “a” (Figura 9), ¢ muito menor que os raios de curvatura
relativos (a<<R'e a<<R'). As mesmas condigdes sio aplicadas para satisfazer outras
duas condi¢Ses assumidas por Hertz, que sfo a necessidade dos corpos
permanecerem em regime eldstico e a necessidade das deformagbes ndo serem
afetadas pela proximidade de suas bordas. Uma condi¢do adicional também foi
colocada por Hertz para o contato, que ¢ a limitacdo da andlise a casos onde néo ha
atrito entre os corpos.

Casos particulares da teoria de Hertz podem ser obtidos quando pelo menos
uma das superficies apresenta simetria. Quando ambos os corpos sdo sélidos de
revolugdo, R, =R, =R e A=B=1/2(1/R =1/R,). Nestas condigdes, a 4rea de
contato ¢ circular e as coordenadas “x” e “y” podem ser substituidas pela distancia
“r” a partir da origem “O”. Este novo sistema de coordenadas permite que a equagio

(7) seja reescrita na forma da equacdo (9), onde R € o raio de curvatura relativo entre

ambas as superficies, definido na equagdo (10) para o caso de duas superficies

convexas.
1),
Aty =6~ — 9
) (ZR)r )
1 1
1.1 (10)
R R R

Nestas condigdes, a teoria de Hertz prevé que a distribuicio de pressdes
assume a forma mostrada na equagfio (11), a qual estd associada com a carga
aplicada através da equagfio (12). Esta distribuigio de pressdes estd igualmente
associada com deslocamentos dados pela equagfo (13), onde v € o coeficiente de

Poisson.

P=P 1—(1J (11)
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P= Ip(r)2m’dr (12)
0
1-0* 7P [, ,
u,= z —ia—(2a -7 ), r<a (13)

Quando a equagfo (13) é substituida na equagéo (9), os valores de “a”, “6” e
“P,” s#o obtidos em fungdo de “P”, “R”e “ E"”. No ultimo caso, “ E"” representa o

mddulo de elasticidade equivalente, dado pela equagéo (14).

Lz(l—ulz)_l_(l—uzz) (14)
E E, E,

A andlise de Hertz também permite a obtengéo dos deslocamentos em outras

regides do contato como, por exemplo, os deslocamentos axiais (u,) ao longo do
eixo de simetria (r=0) e os deslocamentos radiais (u,) ao longo da superficie de

contato (z=0) e ao longo de eixo de simetria (r=0) [43].
As deformagGes em cada uma das diregdes podem ser obtidas a partir da

derivada dos deslocamentos. Para o sistema de coordenadas (r,z,0), as deformagdes

normais (&,,€, € &,) e de cisalhamento (y,,) sdo dadas pelas equagdes 15, 16, 17, 18

=2 (15)
0=2ﬂ(r-;:4[;)—2ﬂ=z:_r (16)
s =2 (17)

o= ea s a®)

Utilizando-se a lei de Hooke, as equagdes 15, 16, 17, 18 fornecem:

e AstensGes ao longo da superficie de contato (z=0)

o, 1-2v(a P2\ P2\
53 ) Ue) e 1
0

Parar<a
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o 1-2v( a? #2 )V 2\
?'9=—— 3 [—’;—i—jl:l—(l—?J —2v 1—;7 (20)
0

5 \V/2
Ez.z_(l_f_.] 1)
E, a
Parar>a
2
o o, a
r = —_—= 1—2U _ 22
P P ( )3r2 (22)
o
2 =0 23
P (23)

e As tensdes ao longo do eixo de simetria (r=0)

R B elCl e
0 0 a z a

(028 22 o
= —(1 +;7J 25)
0

Devido a simetria (1,2,0) s8o as dire¢des principais ao longo da linha r=0, o

)

que possibilita que a tensdo de cisalhamento méximo ao longo desta linha seja
descrita pela equagéo (26)

=rz 26
r==0 26)

A Figura 11 [9], apresenta a distribui¢o de tensdes prevista pelo modelo de

contato de Hertz. Nas duas situagdes assumiu-se o coeficiente de Poisson v=0,3.
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Figura 11. Distribui¢éo de tensdes obtidas pela teoria de Hertz. a) TensSes ao longo

da superficie de contato; b) Tensdes ao longo do eixo de simetria [9].

Embora seja bastante simplificada, a analise de Hertz € importante para o
entendimento das tensdes de contato desenvolvidas na indentacio de sistemas reais.
Esta analise proporciona uma idéia geral do comportamento das diferentes tensdes
geradas ao longo da superficie de contato e ao longo do eixo de simetria no contato
de sdlidos de revolugdo. Na Figura 1la estdo mostradas as tensdes ao longo da
superficie de contato (z=0), entre um corpo esférico e um corpo plano, enquanto que
a Figura 11b mostra as tensdes ao longo do eixo de simetria (r=0). E interessante
observar como a anélise de Hertz indica valores trativos no comportamento da tensgo
radial na regifio da borda da indentagdio. Neste caso o modelo de contato de Hertz
igualmente prevé que o maximo valor da tensfo de cisalhamento acontece abaixo da

superficie, o que revela o local onde se inicia a deformagdo plastica.

2.2.1.1 Andlise niio hertziana das tensées de contato

As maiores limitagdes da teoria de contato de hertz estio associadas ao elevado
numero de simplificagdes definidas durante a elaboragio do modelo. Estas
simplificagdes nfo se aplicam em muitos casos praticos e os resultados obtidos no
modelo classico podem servir apenas como indicativo da distribuicsio das tensdes de
contato. Por este motivo muitos casos ndo-Hertzianos sdo analisados por métodos

numéricos, com destaque para o método dos elementos finitos. Por estes métodos
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garante-se ndo s6 uma maior precisdo dos resultados, como também uma maior

facilidade na observacgdo dos mesmos.
2.2.1.2 Contato envolvendo deformagio plastica

Uma limitagdo da teoria de Hertz se refere a necessidade dos corpos permanecerem
no regime elastico.

Como indica a Figura 11b, o escoamento dos corpos em contato tende a se
iniciar abaixo da superficie (z~0.47a), ja que este é o ponto onde a tensdo de

cisalhamento ¢ maxima. Fisicamente, quando atinge-se o limite de escoamento (0,)

neste ponto, uma zona pldstica ird aparecer, mas, de inicio, esta regidio serd pequena e
completamente envolta por material que ainda permanece com comportamento
elastico. Com o aumento da carga aplicada, esta zona plastica inicial se expande, até
que atinge a superficie livre do material. Neste ponto, a deformagdo plastica pode
prosseguir pelos lados do indentador, sem as restri¢des impostas pela presenca de
material com comportamento elastico.

Para desenvolver um modelo analitico das tensdes de contato para o caso
onde ha deformagcéo plastica, ¢ necessario que se estabelegam condi¢des de contorno
baseadas no conhecimento do tamanho e da forma dos contornos entre regides com
comportamento elastico e plastico. Um exemplo é o método denominado modelo de
cavidade [43], o qual baseia-se no conhecimento de que a indentagio por uma esfera,
cone ou pirimide leva a formacgfio de contornos com simetria radial onde a
deformag@o € constante.

A Figura 12 [43], apresenta um exemplo das condi¢Ses analisadas pelo

modelo da cavidade considerando-se a indentagfo por um cone.



21

Revisdo Bibliogrdfica

Figura 12. Modelo de cavidade para a indentagfio de material com comportamento

elastico plastico [43].

2.2,2 Método dos elementos finitos para avaliacio de tensées de contato

O método dos elementos finitos tem demonstrado ser uma ferramenta importante no
estudo das tensdes de contato durante o processo de indenta¢fo, auxiliando nas
andlises dos campos de tensdes e deformacdes desenvolvidas neste processo.

Provavelmente, a principal vantagem ¢é a redu¢do do nimero de
simplificagdes feitas durante a formulag@io do modelo, 0 que aumenta a precisio das
andlises. Outro fator importante € que os esforgos, deformagdes, deslocamentos e
variagOes de energia podem ser calculadas automaticamente. Esses céalculos facilitam
a interpretagfio dos resultados, através da elaboragéio de graficos com a distribui¢do
dos valores obtidos para cada variavel estudada [9].

No transcorrer da ultima década, analises do comportamento das tensdes de
contato geradas na indentagfio de sistemas revestidos tém sido apresentadas por
varios pesquisadores [15,19-24,26-28,30-36,38,45-54].

Schwarzer et al. [36] fizeram uma compara¢do do método dos elementos
finitos (MEF) com um modelo analitico para descrever a distribui¢8o de tensdes do
contato ndo Hertziano durante a indentacdo esférica de revestimentos. Dos resultados
obtidos, Schwarzer et al. [36] concluiram que ambos modelos podem ser utilizados
para calcular a distribui¢éio das tensdes principais e os estados de deformagfo para os
problemas de contato, com resultados que podem ser comparados com resultados

experimentais. A grande vantagem da utilizacdo do método dos elementos finitos foi
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a possibilidade de estudo do comportamento plastico tanto nas diregdes horizontal e
vertical do modelo, enquanto que a vantagem do método analitico foi a nfo restri¢do
no niimero de pardmetros a analisar.

No trabalho de Kral et al. [32] foi mostrado que a presenga de uma camada
rigida e dura resulta em altos picos de presséo perto das bordas de contato.

De uma forma geral, € sabido que a distribuicdo das tensées radiais (c;) €
tangenciais (op) na superficie dos filmes dependem de varidveis como espessura,
rigidez e dureza do filme [15,35,52,53]. Estes aspectos foram igualmente estudados
por Kral et al, que mostraram que quando sfo utilizados indentadores pequenos, as
tensdes radiais sdo de carater compressivo dentro da regifio de contato e comegam se
tornar trativas depois de passar pela borda da indentacfo. Neste analise [32],
observou-se que as tensGes radiais trativas sfo aumentadas com um aumento da
rigidez e da dureza do filme, mas sdo diminuidas com o aumento da sua espessura,
como pode ser observado na Figura 13, onde B é um fator associado a rigidez e
definido como a relagdio entre o modulo elastico ¢ a tensdo de escoamento do
substrato. Ja £ é um fator associado a espessura do filme, definido como a relagio
entre a espessura do filme e o raio da esfera.

Na Figura 13b, € mostrada a distribuigfio das tensdes tangenciais na superficie
em funcéo de B e &. A Figura mostra que as tensdes tangenciais sio compressivas na
regidio da indentacéo, ndo obstante os filmes mais finos exibam tensdes tangenciais
trativas na borda da indentagdio. As tensGes tangenciais trativas nestes filmes sfo
aumentadas com a rigidez e dureza do filme, o que pode sugerir que trincas com

padréio radial podem aparecer no caso de filmes mais rigidos.
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Figura 13. Efeito da espessura e rigidez do filme nas tensGes de contato. Valores de
tensfo normalizados pela tenséo de escoamento (oy) do substrato. Distancia radial (r)
normalizada pelo raio de contato (ay) correspondente a condico de escoamento

inicial. (a) Tens#o radial; (b) Tensdo tangencial [32].

Os resultados mostrados por Gan et al. [33], durante micro indentagfo,
permitem estabelecer que campos de tensdes e deformagBes com geometrias
complexas sdo desenvolvidos localmente no filme. Nesse trabalho [33], mais uma
vez as analises pelo método dos elementos finitos (MEF) demonstraram ser uma
ferramenta efetiva para a determinag¢fo do comportamento das tensdes no filme
durante o processo de indentagdio. Com o aumento da carga normal, a regido das
tensdes trativas foi aumentada e os maiores valores foram observados nas bordas da
indentagdo. No mesmo estudo [33], as tensGes de carater compressivo foram
observadas dentro da 4rea de contato na indentagfo, com valor maximo na superficie.
Assim, € de se supor que as trincas comecam a se propagar devido as altas tensGes

trativas presentes ao redor da 4rea da indentag&o.
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Ainda no mesmo trabalho, a distribui¢do de tensdes nos filmes finos sob
ensaio de indentagdo foi fortemente afetada pela relago do modulo elastico (E) e a
tensdo de escoamento equivalente do material (Gy). A Figura 14a sugere que com
baixos valores da relagdo E/cey 0 nivel de tensdes é aumentado e as areas sob tensdes
trativas séio expandidas, o que resulta em altos valores de tensdo trativa atuando em
maiores areas. J4 para filmes com maiores relagdes E/ogy, tensdes compressivas

foram observadas na regifio do contato com o indentador (Figura 14b).
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Figura 14 Distribui¢do das maximas tensdes principais no filme. (a) E/c¢=23;

(b) E/ce=200 [32].

Assim como Gan, Weppelmann et al. [15] apresentaram uma caracterizagio
mecanica de filmes finos depositados sobre substratos ducteis, utilizando a técnica de
micro indentagdo com indentador esférico. O processo de indenta¢do foi simulado
pelo método dos elementos finitos (MEF) para estabelecer as tensBes responsaveis
pela fratura que ocorre no filme. Adicionalmente, foi estudada a deformagio plastica
desenvolvida no sistema revestido (filme/substrato), a qual foi descrita em trés etapas
ou estagios (Figura 15). A primeira etapa (Figura 15a) é caracteristica do comego do
carregamento no processo de indentagfo, sendo a deformagio totalmente elastica e
reversivel. Na segunda etapa (Figura 15b), as tensdes produzidas no processo de
indentagdo atingem o valor da tensdo de escoamento do substrato e geram
deformagéio plastica irreversivel. Na terceira etapa (Figura 15¢), o nivel de tensdes

acumuladas gera a falha do revestimento.
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frageis depositados sobre substratos com comportamento elasto-plastico. (a) Comego
do processo de indentag@o. (b) Deformagéo plastica no substrato. (¢) Falha do

sistema [15].

A deformagéo plastica ¢ um fator relevante na caracteriza¢gdo mecanica dos
sistemas revestidos. Em seu trabalho, Thomsen et al. [31] afirmam que o
empilhamento (“pile-up”) gerado na superficie do sistema revestido durante a
indentagéo ocorre devido a deformag@o plastica do substrato. Sobre este tépico, Gan
et al. [33] afirmaram que o empilhamento “Pile-up” e o afundamento “Sink-in” sdo
fenbmenos caracteristicos do ensaio de indentacéo e apresentam uma forte correlagfo
com a relagdo (E/cey) entre o modulo elastico (E) e a tensdio de escoamento
equivalente (Cey).

O trabalho de Bolshakov e Pharr [26] apresenta uma simulagdo pelo método

dos elementos finitos (MEF) de indentac¢Ges cOnicas, para estabelecer a influéncia do
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empilhamento “Pile-up” sobre a precisdo na medicéo da dureza e do médulo elastico
usando a técnica de indentagfo instrumentada.

Os resultados mostraram que o “Pile-up” pode ter influéncia sobre a medigdo
da area de contato, a dureza e o0 médulo elastico medidos pelo método de indentagio
instrumentada. O pardmetro hy'hysy (relagdo profundidade medida apds a descarga da
indentagdio e a maxima profundidade de penetracdo), o qual pode ser medido de
forma experimental (Figura 3), foi relacionado com os parametros do material, como
modulo eléstico (E), modulo de Poisson (v), tensdo de escoamento (oy) € o nivel de

encruamento (n) [26].
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Figura 16. Perfis de indentacéo, utilizando indentador com geometria conica.

(a) materiais sem encruamento; (b) materiais com encruamento [26].

Na Figura 16 [26] ¢ mostrado como o pile-up ou o sink-in dependem da
relagdo hyhms € das caracteristicas de encruamento do material. Por esta analise, o
pile-up ¢ um pardmetro significativo no caso onde o material nfio apresenta
encruamento ¢ tende a se formar quando a relag&o hy/hyay € maior que 0,7. Na mesma
linha, o sink-in pode ser observado independente do nivel de encruamento do
material, e é favorecido quando a relacéo h¢hysx € menor que 0,7.

O comportamento plastico para materiais com diferentes relagdes (E/cey),
pode ser observado na Figura 17, onde a diminuicéo desta relagdo corresponde ao
aumento na tensfo de escoamento e & diminui¢fio na relag@io h¢/hys. Quando a zona
plastica apresenta uma extensfio maior que o circulo de contato, hd tendéncia ao

crescimento do tamanho do pile-up, enquanto que, quando a zona pléstica € menor
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que o perimetro de contato, a deformagéo fora do contato € totalmente elastica, o que

favorece a geragéo do sink-in.
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Figura 17. Zona plastica desenvolvida durante indentagdo de materiais com
diferentes relagtes E/c,, Materiais sem encruamento séo representados por linhas

continuas e materiais com encruamento sdo representados por linhas

pontilhadas [26].

No estudo das deformagdes desenvolvidas na superficie, é igualmente
importante considerar o efeito exercido pelo atrito presente entre o indentador ¢ a
superficie em contato. Em muitos casos préticos o coeficiente de atrito ¢ diferente de
zero, o que impde uma restri¢do ao escorregamento dos corpos em contato, na forma
de uma tens#o de cisalhamento [34].

Dependendo do tipo de variavel que se analisa, o efeito do coeficiente de
atrito diferente de zero comega ser significativo. E o caso das deformagdes radiais
mostradas na Figura 18, que foram calculadas para diferentes valores de i, durante a
indentagdo por esfera rigida de um sistema revestido composto por um substrato

elasto-plastico e um filme com caracteristicas elasticas.
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Figura 18. Distribui¢fio da deformagfo radial em funcéo da distincia radial

para varios valores de atrito [34].

Alguns outros autores, como Souza et al. [9,35,38,45], desenvolveram
trabalhos utilizando o método dos elementos finitos apresentando o comportamento
dos filmes finos resistentes ao desgaste depositados sobre substratos ducteis. Os
principais resultados obtidos por Souza [9] enfatizaram as tensdes no filme como
conseqiiéncia do dobramento durante a indenta¢do (Figura 7). Picos de tensdo radial
foram observados na superficie do filme, assim como picos de tensdio compressiva
foram obtidos na interface filme/substrato. Este comportamento foi obtido
independente da espessura do filme. Quanto ao substrato, foi demonstrado que as
tensOes ndo apresentaram grandes mudangas mesmo utilizando filmes com diferentes
espessuras e diferentes valores na rigidez. Em outros estudos [35,38,45], foram feitas
andlises considerando a presen¢a de trincas na superficie do filme e trincas na
interface  filme/substrato. As andlises foram conduzidas observando o
comportamento das trincas presentes na superficie do filme propagando em dire¢iio
perpendicular a interface.

O trabalho realizado por Abdul-baqi et al. [48] visou estudar o trincamento de
filmes com comportamento eldstico depositados sobre substratos com

comportamento elasto-plastico. Para isto foram realizadas simulagdes numéricas do
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processo de indentagéo utilizando um indentador esférico e rigido. As trincas geradas
na superficie do revestimento foram modeladas por meio de zonas coesivas, que sdo
regides ao longo das quais um pequeno deslocamento entre duas superficies é
permitido ante componentes normal e tangencial da forga aplicada no processo de
indentacfio. As trincas foram representadas como zonas coesivas dentro do
revestimento e em diregdo perpendicular a superficie. A nucleagfo e propagagio das
trincas geradas no processo de indentagdo foram registradas e observadas como
pequenos picos na curva carga-deslocamento obtida em indentagfo instrumentada.
Este procedimento permitiu estabelecer que o espagamento entre as trincas estudadas
(circulares) ¢ controlado pela relago entre a espessura do revestimento e o didmetro
de indentador.

Finalmente, como entendimento geral da revisdio bibliografica, é importante
salientar que os sistemas revestidos podem apresentar falhas do tipo coesivo ou
falhas de carater adesivo durante a realizagfio do ensaio de indenta¢do. Segundo a
literatura referenciada, as trincas circulares (tipo falha coesiva) geradas no filme
podem ser atribuidas as altas tensdes trativas presentes na borda do contato, como
conseqiiéncia do dobramento do filme.

Os fatos apresentados na literatura igualmente sugerem uma correlagio entre
os valores de tensdo radial gerados na superficie do filme, a quantidade de pile-up
gerado na indentagéio e a deformagéo plastica experimentada pelo substrato. Por este
motivo, € interessante verificar esta correlagio e seu comportamento em fungfo das
caracteristicas plasticas do substrato, assim como o efeito de varidveis como
didmetro de indentador e carga normal aplicada.

Paralelamente, € interessante analisar o efeito de sucessivas indentagdes no
comportamento mecéanico dos sistemas revestidos, ja que pesquisas nesta linha tém
sido pouco desenvolvidas. Nesta linha, cabe referenciar o trabalho do Kral et al. [32],
os quais analisaram o efeito das sucessivas indenta¢gGes no comportamento da
pressdo de contato e das tensdes geradas na superficie do filme para um sistema
revestido contendo filme com comportamento elasto-plastico. Dos resultados, os
autores estabeleceram que as tensdes superficiais apresentaram minimas diferencas

em relagdo aos resultados obtidos para indentagdo Ginica no caso de materiais com



30

Revisdo Bibliogrdfica

encruamento. J4 para materiais sem encruamento, ndo foram observadas diferencas

nas tensdes superficiais durante o segundo ciclo de indentag#o.
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O Principal objetivo deste trabalho € aprofundar o entendimento do comportamento
mecanico de sistemas revestidos contendo filmes resistentes ao desgaste depositados
sobre substratos dicteis, utilizando a simulagfo pelo método dos elementos finitos
(MEF) como ferramenta de andlise e resultados experimentais como método de
comprovagdo.

Em particular, visou-se analisar algumas caracteristicas dos sistemas revestidos,

0 que esta traduzido nos objetivos especificos listados abaixo.

3.1 Objetivos especificos

e Analisar o efeito do didmetro do indentador e da carga aplicada sobre as tensdes
de contato desenvolvidas durante a indentag&o.

e Analisar a propagacdo das trincas circulares desenvolvidas durante a indentagéo
quando o sistema ¢ submetido a sucessivos ciclos de indentagéo no mesmo local.

e Analisar o efeito da quantidade de pile-up sobre as tensdes de contato € as trincas
circulares desenvolvidas durante indenta¢des Unicas e sucessivas do sistema

revestido.
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SIMULACAO E PROCEDIMENTO
EXPERIMENTAL

As simulagdes e o procedimento experimental apresentados neste capitulo foram
organizados na forma de artigos apresentados no I/ 7" International Congress of
Mechanical Engineering (COBEM) [56,58], ¢ submetidos para publicacdo em
periédicos internacionais como Journal of Metastable and Nanocrystalline Materials
[55] e Thin Solid Films [57, Anexo E]. A integra dos textos mencionados

encontram-se apresentados nos Anexos A, B,C,D e E.
4.1 Simulacéo por elementos finitos

Este item descreve as caracteristicas dos modelos gerados por intermédio do método
dos elementos finitos (MEF), para simulacdo da indentagdo de sistemas revestidos
contendo um filme com comportamento elastico e um substrato com comportamento

elasto-pléstico.
4.1.1 Consideracoes na simulac¢io da indentacéio esférica do sistema revestido

As simula¢des foram realizadas utilizando o software comercial para andlises de
elementos finitos ABAQUS®. A geometria do sistema revestido est4 apresentada na
Figura 19, onde observa-se que o mesmo foi composto por um substrato e um filme
fino. Para os casos em estudo optou-se por um modelo axissimétrico contendo
substrato com dimensdes de 3,48 mm de raio e 1,74 mm de altura e filme fino com
espessuras de 2,1pm [55,57] e de 4,6um [56]. Da mesma forma foi considerado um

indentador rigido e esférico com didmetros de indentador de 1,59; 3,18 € 6,35 mm.
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Figura 19. Esquema do sistema revestido simulado quando submetido ao processo de

indentag@o por uma esfera.

A malha axissimétrica com elementos de quatro nds esta representada na
Figura 20, sendo a mesma similar a usada em andlises anteriores a este trabalho

[35,38,45].
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Figura 20. Malha utilizada nas simulagdes de elementos finitos do sistema revestido

submetido a ensaio de indentagdo [55-57].

A Tabela 1 apresenta as diferentes possibilidades em termos de materiais e

dimensdes dos componentes do sistema revestido.
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Tabela 1. Materiais e caracteristicas geométricas dos componentes do sistema

revestido
Substrato Dimensdes
Aluminio 6061 T6 [53,54]
3,48 mm x 1,74 mm
Aluminio 6061 [56,58]

Dimensdes
Filme 3,48 mm x 0,0021 mm
33,48 mm x 0,0046 mm

Em todas as simulagdes, considerou-se substratos com caracteristicas elasto-
plasticas e filmes com comportamento elastico. As propriedades mecénicas e
térmicas dos componentes estio apresentadas na Tabela 2, onde E é o modulo

elastico, v € o coeficiente de Poisson e a € o coeficiente de expansio térmica.

Tabela 2. Caracteristicas do sistema revestido (filme/substrato)

Filme Substrato (Aluminio AA 6061)
Propriedades Elisticas Propriedades Elasto-Plasticas
E =280 GPa E =68.9 GPa
v=03 v=0.33

- Tensgo de escoamento’ oy = 110 MPa'; 295 MPa?

Propriedades Térmicas Propriedades Térmicas

0=98x10°K" a=23.6x10°K’!

"Propriedades plasticas baseadas em ensaio de tracédo [9]
"Valor da tensdo de escoamento para AA6061 na condigéo de superenvelhecido
*Valor da tensdo de escoamento para AA6061 na condi¢do T6

As propriedades elésticas do substrato (E=68,9 GPa e v=0,33), foram obtidas
diretamente da literatura para uma liga de aluminio 6061. Estes valores foram
utilizados anteriormente por Souza [9].

Os valores da tensdo de escoamento (o,) referem-se a duas condi¢Ges
plasticas do substrato. O aluminio AA 6061 superenvelhecido e na condigio AA

6061-T6. As caracteristicas plasticas em cada um destes casos foram obtidas por
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Souza [9], diretamente a partir de ensaio de tragdo realizado em maquina universal

de ensaios. Os resultados dos ensaios para cada material estdo apresentados na

Figura 21.
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Figura 21. Curva tensfo-deformagio obtida do ensaio de tragio realizado em

aluminio 6061 [9].

Ainda sobre os valores apresentados na Tabela 2, as caracteristicas eldsticas
dos filmes foram arbitrariamente escolhidas, uma vez que ¢ grande a variagdo dos
valores apresentados na literatura para um filme fino. Assim, por exemplo, trabalhos
anteriores indicam valores de (E) variando entre 251 GPa e 640 GPa para o TiN [9].
O valor escolhido (280 GPa) foi considerado adequado, ji que encontra-se dentro da
faixa de valores referenciados acima e é bastante superior ao (E) estabelecido para o
substrato de aluminio (68,9 GPa).

Diferentes passos foram considerados durante o carregamento do sistema.
Inicialmente, foram impostas tensdes biaxiais uniformes no filme, com a finalidade
de considerar as tensdes intrinsecas que resultam do processo de deposigdo. Valores
de tensdo compressivos de 0,74 [56] e 1 GPa [55,57] foram impostos aos elementos
do filme; valores estes que sdo compativeis com as tensGes originadas nos processos

de deposigéo por PVD.
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No segundo passo de carregamento do sistema, foi assumido que a
temperatura atingida durante a deposi¢do foi de 498 K. Tensdes residuais térmicas
foram entfo simuladas quando o sistema foi resfriado até temperatura ambiente
(298 K) [9], devido a diferenca no coeficiente de expansdo térmica do filme e do
substrato.

No terceiro passo, uma carga normal foi gradualmente aplicada ao n6 de
referéncia do indentador (Figura 20). As tensdes geradas durante o processo de
indentacdo foram calculadas a4 méxima carga e depois que o sistema foi
descarregado.

As cargas normais aplicadas durante a indentagdo foram de 50; 196,1; 294,2;
490,3 N e os didmetros dos indentadores esféricos, considerados sempre como
rigidos, foram de 1,59; 3,18 ¢ 6,35 mm. Os coeficientes de atrito considerados entre
o indentador e a superficie do sistema foram de p=0 [56] e 0,3 [55,57].

A Tabela 3 apresenta um resumo dos pardmetros selecionados durante as
simulagGes utilizando o método dos elementos finitos (MEF).

Nos estudos de indentagdo ciclica o terceiro passo de carregamento foi
repetido até atingir o nimero de cinco indentagSes realizadas no mesmo local.
Particularmente, no caso da simulagio 2 [Anexo B], foram consideradas 15 trincas
distribuidas ao longo do filme com a finalidade de estudar o efeito das sucessivas

indentacdes na propagacdo das mesmas. Para isto, foi considerado um valor de

tenacidade a fratura do filme de Kic = 4,0 MPa Vm [35]. O critério de propagagio

de trincas foi o denominado de méaximas tensdes, de acordo com o qual as trincas
propagam quando um valor critico de tenso € atingido a uma certa disténcia a frente

da ponta da trinca.
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Tabela 3. Pardmetros utilizados nas simula¢des (MEF)

Simulagdo 1 Simulacio 2 Simulacio 3
Parimetros
(Anexo A) (Anexo B) (Anexo D)
Filme
Espessura (um) 2,1 4,6 2,1
TensGes residuais (GPa) 1 0,74 1
Tenacidade a fratura do 40
filme ’
Trincas consideradas - 15 -
Substrato AA 6061-T6 AA 6061-T6 AA 6061
1,59 1,59
Didmetro de Indentador
3,18 1,59 3,18
(mm)
6,35 6,35
196,1 196,1
Carga normal (N) 2942 50 2942
490,3 490,3
Coeficiente de Atrito
0,3 0 0,3
Indentador/sistema
Numero de Indentac¢des 1 1;2;5 1;2;5

"Simulagio das sucessivas indentagdes utilizando didmetro de indentador de
1,59 mm e carga normal de 196,1 N.

4.2 Procedimento Experimental

Na parte experimental foram realizadas indenta¢Ges sobre um sistema revestido
composto por substrato de aluminio AA 6061 com dimensdes de 16,6 x 12 x3 mm’
(Figura 22a) e filme fino de Nitreto de Cromo (CrN) com espessura da ordem de
2,1 um [58].

O corpo-de-prova foi obtido pela deposi¢do de um filme de CrN sobre uma
superficie previamente polida do substrato, usando um processo comercial de
deposicdo PVD a arco a baixa temperatura, na empresa Brasimet Comércio e

Industria S.A.
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A Figura 22b apresenta as caracteristicas superficiais do filme quando
observado no microscopio 6ptico.

A Figura 23 apresenta a qualidade superficial das esferas usadas como
indentadores, as quais tiveram os didmetros de 1,59, 3,18 e 6,35 mm, caracteristicos
dos indentadores Rockwell B, E e M. Similarmente ao apresentado nas simulagdes 1
e 3 da Tabela 3, trés valores de carga foram selecionados, resultando em um total de

nove indentagdes, como apresentado na Tabela 4.

Figura 22. Sistema revestido Nitreto de Cromo (CrN)-Aluminio 6061. a) Dimensdes
do corpo-de-prova; b)Aspecto superficial do revestimento obtido através de processo
PVD a arco [58].
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Figura 23. Aspecto superficial dos indentadores esféricos. a) Esfera de 6,35 mm,
didmetro caracteristico do indentador Rockwell M; b) Esfera de 3,18 mm, didmetro
caracteristico do indentador Rockwell E; ¢) Esfera de 1,59 mm, didmetro

caracteristico do indentador Rockwell B [58].
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Tabela 4. Combinagdes didmetro de indentador — carga normal aplicada

Didmetro do Indentador (mm)
Carga Normal 196,1 — 6,35 196, —3,18 196,1 - 1,59
Aplicada (N) 294,2 - 6,35 2942 -3,18 2942 - 1,59
490,3 - 6,35 490,3 - 3,18 490,3-1,59

As indentagdes foram conduzidas em equipamento para medi¢do de dureza
BUEHLER VMT-7. As marcas geradas pelas nove indentagdes sdo apresentadas na

Figura 24.

Figura 24. Marcas de mdentag¢do no sistema (CrN/Aluminio 6061), obtidas

nas combinacdes de parAmetros da Tabela 4.

A Tabela 5 apresenta um resumo dos pardmetros de indentagfio selecionados
para a realizagfio do trabalho experimental. Para o estudo experimental de sucessivas
indentagdes, foram realizados cinco ciclos de indentagdo usando um didmetro de
indentador de 1,59 mm e uma carga normal de 196,1 N.

Depois de realizadas as diferentes indenta¢Ses sobre o sistema revestido, foi
avaliado o empilhamento (“pile-up”) gerado nas bordas da indentacfo. Esta avaliacio
foi realizada como o equipamento para medicdo de perfilometria e rugosidade
SURFCODER IF 1700c.. O equipamento foi configurado para medicdo da
rugosidade, o que permitiu obter a altura do pile-up, embora impedindo a medigio da

profundidade de cada uma das marcas resultantes.
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Uma descrigdo mais detalhada dos pardmetros utilizados na parte
experimental pode ser obtida nas referéncias [57,58], reproduzidas nos Anexos C e D

deste trabalho.

Tabela 5. Parametros utilizados no trabalho experimental.

Parametros Trabalho Experimental (Anexo C)
Filme CIN
Espessura (um) 2,1
Substrato AA 6061
1,59
Diametro de Indentador (mm) 3,18
6,35
196,1
Carga normal (N) 2942
490,3
Nuamero de Indenta¢Ges 1;2;5°

*Sucessivas indentagdes realizadas no sistema revestido utilizando didmetro de
indentador de 1,59 mm e carga normal de 196,1 N.
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5.1 Resultados das simulag¢des utilizando o método dos elementos finitos (MEF)

Neste capitulo, os resultados serfio apresentados de acordo com a ordem utilizada na
descri¢dio da metodologia. Isto quer dizer que uma secdo inicial estd baseada nos
resultados das simulagdes utilizando o método dos elementos finitos e

posteriormente serdo apresentados os resultados experimentais.

5.1.1 Efeito do didmetro do indentador e da carga aplicada nas tensdes de

contato, altura de pile-up e deformacéo plastica equivalente.

Os resultados apresentados neste item estdo focados: (i) nas tensdes de contato,
principalmente nas tensdes radiais (oy); (ii) no deslocamento na direg¢o axial (u,) dos
nos ao longo da superficie de contato (z=0) e (iii) na deformacgfo plastica equivalente
(gp) dos nos do lado inferior (substrato) da interface. Os pardmetros analisados sZo
aqueles mostrados para as simula¢des 1 e 3 (Tabela 3), que, em termos de didmetro
do indentador e carga, referem-se as combinagdes mostradas na Tabela 4.

A Figura 25 apresenta o resultado da distribui¢@io da tens&o radial ao longo da
superficie do filme, calculada em fun¢fo da distancia (r) a partir do eixo de simetria.

Na figura € possivel observar que, como esperado pela literatura [33], altos
valores de carga normal levam & obtengdo de altos valores de tensdo radial. Além
disso, € observada uma forte dependéncia dos valores obtidos com o didmetro do
indentador. Como esperado, quanto maior o didmetro do indentador utilizado, menor

o valor da tensdo radial.
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Figura 25. Distribuigéo dos valores de tensdo radial. Valores calculados ao longo da

0,25 0,5 0,75 1

Distincia radial, r (mm)

Tensio radial, 6. (GPa) Tensio radial, 6. (GPa)

Tensao radial, o, (GPa)

Carga 196,1 N

0 0,25 0,5 0,75 1
(@ Distancia radial, r (mm)

Carga 2942 N

0 0,25 0,5 0,75 1
(e) Distincia radial, r (mm)

Carga 490,3 N

0 0,25 0,5 0,75 1

® Distincia radial, r (mm)

superficie do filme & maxima carga aplicada. (a,b,c) Sistema Filme/AA 6061-T6;
(d,e.f) Sistema Filme/AA 6061.

A Figura 26 apresenta uma curva tipica do deslocamento dos nés na

superficie do filme, juntamente com um detalhe do pile-up obtido.
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Figura 26. Detalhe da altura de pile-up obtida para as combinagbes de pardmetros de

indentagéo da Tabela 4.

A TFigura 27 apresenta os deslocamentos na diregdo axial (u;) dos nos
localizados ao longo da superficie, calculados em fun¢fo da distincia radial (r). Na
Figura 27, ¢ possivel observar a presenca do pile-up desenvolvido ao longo da borda
da indentacdio em cada um dos sistemas revestidos submetidos a ensaio de
indentagéio (Figuras 27a,b,c sistema revestido filme/AA 6061-T6; Figuras 27d,e,f
sistema revestido filme/AA 6061). Nas Figuras € possivel observar que menores pile-
ups foram obtidos quando o didmetro de indentador foi aumentado. Adicionalmente,
a carga demonstrou ser um fator determinante quanto ao didmetro da cavidade
gerada na indentagfo. Assim, por exemplo, € interessante observar como a carga de
196,1 N (Figura 26a) resultou em cavidades com raio de aproximadamente 0,25 mm,
independente do didmetro do indentador utilizado.

A Figura 28 apresenta o comportamento da deformagéo pléastica equivalente
(gp) na interface filme/substrato quando os sistemas revestidos (filme/AA 6061-T6;
filme/AA6061) foram submetidos ao ensaio de indentagfio. Estes resultados se
referem a nds localizados no substrato e imediatamente abaixo da interface com o
filme. Nesta Figura é possivel observar que menores niveis de deformagio plastica

do substrato foram obtidos quanto maiores foram os didmetros de indentador usados.
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Figura 27. Deslocamentos na diregfo axial (u,). Valores calculados ao longo da

superficie do filme & méxima carga. (a,b,c) Sistema filme/AA 6061-T6; (d,e,f)
Sistema filme/AA 6061.
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Figura 28. Deformac#o plastica equivalente. Valores calculados nos nés localizados

ao longo da interface filme/substrato e calculados & méaxima carga. (a,b,c) Sistema

revestido filme/AA 6061-T6; (d,e,f) Sistema revestido filme/AA 6061.
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5.1.2 Efeito das sucessivas indentacdes na propagac¢io de trincas circulares, as

tensdes de contato e altura do pile-up

Nesta se¢do, apresentam-se os resultados obtidos na Simulagiio 2 (Tabela 3),
referente a analise do efeito das sucessivas indentagGes sobre a propaga¢io de trincas
circulares.

A Figura 29 apresenta os resultados da propagacdo das trincas circulares no
filme quando o sistema revestido (filme/AA 6061-T6) foi submetido a um, dois e
cinco ciclos de indentag&o.

Os resultados indicaram que a propagagfo de trincas na superficie do filme
foi minima e somente duas trincas propagaram durante a primeira indentagio. Na
Figura 29 nota-se, ainda, que o valor do comprimento manteve-se constante ao longo
dos cinco ciclos sucessivos de indentagéo.

A Figura 30 apresenta a distribui¢fio das tensdes de contato (tensdes radiais
(or) e tangenciais (og)) calculadas na superficie do filme e na interface do sistema
filme/substrato, depois do processo de descarga, para sucessivas indentacdes.

A Figura 31 permite observar em detalhe a variagdo na distribui¢do da tenséo
radial na superficie do filme para cada um dos ciclos de indenta¢do. As Figuras 30 e
31 indicam que minimas variagdes nos valores das tensdes radiais foram observadas
entre uma indentacdo € a outra, o que estd de acordo com os resultados da

propagagdo de trincas circulares apresentados na Figura 29.
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Figura 29. Propagagéo das trincas distribuidas na superficie do filme. Carga normal

de 50 N. (a) Uma indentagéo; (b) Duas indentagdes; (¢) Cinco indentag6es.
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Figura 30. Tensdes de contato calculadas depois de liberada a carga de indentagio

depois de cada um das sucessivas indentag¢des. (a) Distribui¢do da tensdo radial na

superficie do filme; (b) Distribui¢do da tensdo tangencial na superficie do filme; (c)

Distribuigfio da tensdo radial na interface do sistema; (d) Distribui¢fio da tenséo

tangencial na interface do sistema.
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20

Superficie do filme

Tensao radial, . (GPa)

0 05 1 15 2 25 3
Distancia radial, r (mm)

o L . .
12 125 13 135 14

Figura 31. Detalhe da distribui¢do da tensfo radial no caso de

sucessivas indentagdes.

Em relagfo aos resultados obtidos com sucessivas indentagdes, a Figura 32
apresenta o deslocamento axial dos nés da superficie de contato depois de uma, duas
e cinco indentagdes sucessivas. A altura do pile-up calculado para cada uma das
indentacGes sucessivas se manteve aproximadamente constante, com valores ao redor
de 8 pm.

A Figura 33 apresenta os resultados da deformacgfio plastica equivalente,
calculada para os nds interfaciais do substrato depois de uma, duas e cinco
indenta¢Ges. Na figura, é possivel observar que a deformacg8o plastica equivalente do
substrato tende a aumentar com o aumento dos ciclos de indentagdo, especialmente
em regides proximas a borda da indentagdo (r=0,27).

Adicionalmente, as simulagbes das sucessivas indentagdes indicaram que,
apesar da diminui¢do do valor das tensGes em fun¢fio do nimero de indentagdes
realizadas, o valor da tensdo radial na borda de contato teve uma variagdo pouco

significativa. Este fendmeno € observado na Figura 34.
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Figura 32. Deslocamentos na direg@o axial (u;) calculados durante as sucessivas
indentagbes no sistema revestido.Valores obtidos & maxima carga para um, dois e
cinco ciclos de indentagfo. (a) Deslocamentos na diregéo axial dos nés ao longo da

superficie do substrato; (b) Detalhe dos pile-up.
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Figura 33. Deformag&o plastica equivalente calculada na interface do sistema

filme/substrato quando submetidos a um, dois e cinco ciclos indentagéo.
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Figura 34. Tens#o radial calculada nos nds ao longo da superficie do filme. (a)
valores ao longo da disténcia radial (r); (b) Detalhe do pico de tensdes na regido da

borda do contato.

5.2 Resultados experimentais

5.2.1 Efeito da carga e do didmetro do indentador na quantidade de trincas

circulares e pile-up desenvolvidos durante indentacdo uinica

Os resultados desta segdo foram obtidos com base na indentag@o do sistema revestido
(CrN/Aluminio 6061), usando diferentes combinag¢des didmetro de indentador/carga
aplicada (Tabela 4).

A Tabela 6 apresenta o nimero de trincas circulares obtidas para cada uma

das combinagdes de pardmetros utilizados.
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Tabela 6. Ntmero de trincas circulares obtidas na indentagio do sistema revestido

Indentador
6,35 mm 3,17 mm 1,59 mm
Carga
196,1 (N) <5 <5 10-15
294,2 (N) <5 10-15 >30
490,3 (N) 10-15 >30 >30

Os dados da Tabela 6 indicam que uma quantidade similar de trincas
circulares (10-15) foi observada no interior das marcas da indentagdo para as
condi¢cGes ao longo da diagonal secundaria da Tabela 6. A caracteristicas destas
trincas podem ser observadas na Figura 35.

Para as combinagdes de pardmetros acima da diagonal secundaria da Tabela 6
foi obtido um ntimero menor de trincas circulares (aproximadamente 5 (Figura 36a)),
enquanto que, para as condi¢des abaixo da diagonal secundéria o nimero de trincas
foi superior a trinta (Figura 36b).

A Figura 37 apresenta as alturas de pile-up obtidas experimentalmente, para
as diferentes combinagdes de didmetro de indentador/carga aplicada.

Dos resultados, € possivel observar que o aumento da carga normal resultou
em aumento da altura do pile-up. Igualmente, os resultados apresentados na
Figura 37 indicam que as alturas dos pile-ups foram semelhantes para as condi¢des

estabelecidas ao longo da diagonal secundaria da matriz mostrada na Tabela 6.
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Figura 35. Trincas circulares observadas po icroscpia eler(")nica de varredura no
interior da regifio da indentac#o. (a) Trincas obtidas usando didmetro de indentador
de 6,3 mm e carga de 490,3 N; (b) Trincas obtidas usando didmetro de indentador de
3,2 mm e carga de 294,2 N; (c) Trincas obtidas usando didmetro de indentador de
1,59 mm e carga de 196,1 N
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Figura 36. Numero de trincas observas dentro da regifio de contato da
indentagdo. (a) Indentacgéo realizada com indentador de 3,17 mm e carga de 196,1 N;

(b) Indentagio realizada com indentador de 3,17 mm e carga de 490,3 N
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Figura 37. Alturas dos pile-ups obtidos em cada uma das combinag¢des de pardmetros
de indentagfo. (a) Didmetro de 6,35 mm e carga de 196,1 N; (b) Didmetro de 6,35
mm e carga de 294,2 N; (c) Didmetro de 6,35 mm e carga de 490,3 N; (d) Didmetro
de 3,17 mm e carga de 196,1; (e) Didmetro de 3,17 mm e carga de 294,2 N; (f)
Diametro de 3,17 mm e carga de 490,3 N; (g) Didmetro de 1,59 mm e carga de
196,1; (h) Didmetro de 1,59 mm e carga de 294,2 N; (i) Didmetro de 1,59 mm e
carga de 490,3 N
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Adicionalmente, a Figura 38 apresenta as alturas dos pile-ups medidos para uma,
duas e cinco indentagdes usando didmetro de indentador de 1,59 mm e carga normal
de 196,1 N, como referenciado na Tabela 5.

Os resultados indicaram que a altura do pile-up (aproximadamente 18 pm),
teve um comportamento similar ao comportamento obtido nas simulagdes
(Figura 32), ja que a altura calculada foi praticamente a mesma, independentemente

do numero de indentagdes realizadas no sistema.
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Figura 38. Altura do pile-up depois de sucessivas indentagdes no sistema revestido.
O eixo X, faz referencia a distncia radial (r) em pm. (a) Uma indentagéo; (b) Duas

indentagdes; (c) Cinco indentagdes.
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No capitulo anterior, foram apresentados resultados de simulagdio e resultados
experimentais, referentes a indentagdes de um sistema revestido composto por um
filme fino resistente ao desgaste e um substrato de comportamento elasto-plastico.
Os resultados foram focados: (i) Na distribuicdo das tensdes de contato na regido da
indenta¢do; (ii) na deformacgédo plastica do substrato na regido da interface com o
filme e (iii) no comportamento do pile-up e sua correlagdo com as tensdes de contato
e a propagacdo de trincas circulares.

A distribui¢do da tensdo radial ao longo da superficie do filme é um
pardmetro importante nas tensdes de contato desenvolvidas durante a indentagdo dos
sistemas revestidos. Os picos de tensdo obtidos nas simula¢des (Figura 25) séo os
responsaveis pela propagacdo de trincas circulares (Figura 28), as quais séo
freqiientemente observadas na indentagdo de filmes finos depositados sobre
substratos ducteis [38,45]. Comumente estes picos de tensdo radial estdo associados
com a curvatura ou dobramento do filme na regido ao redor do contato, dobramento
que resulta em tensGes radiais trativas na superficie do filme e compressivas na
interface do sistema [9,15,38]. Seguindo uma analogia com o dobramento de uma
barra, uma alta amplitude e pequenos raios de curvatura devem resultar em altos
valores de tensdo radial na superficie do filme [9,55].

E de se esperar que um fator representativo da amplitude do dobramento do
filme na borda da indentac@o seja o pile-up, fendmeno que, segundo Thomsen et al.
[31] é devido a deformag@o plastica do substrato. Diferengas nas alturas dos pile-ups
observados na Figura 26 indicam que o didmetro do indentador afeta a altura final do

pile-up, efeito que foi observado em trabalhos anteriores [55,57,58]. E igualmente
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possivel esperar que a amplitude do dobramento do filme esteja relacionada a
tendéncia de fluxo plastico experimentado pelo substrato em direcdo & borda da
indentacdo do sistema revestido.

E interessante observar como os resultados obtidos nas simulagSes da altura
do pile-up (Figura 26) apresentaram uma boa correlagdio com o comportamento da
tensdo radial (Figura 24), o que valida a hipétese da importancia da altura do pile-up
na determina¢io da quantidade de trincas que propagam durante a indentagfo
esférica [58].

Por outro lado, se comparados os resultados da deformacgéo plastica (Figura
27) com os resultados da altura do pile-up (Figura 26) nota-se que a distribuigéo da
deformagfo plastica apresenta uma dependéncia pouco significativa da carga
aplicada, o que nfo ocorre com os pile-ups e com os didmetros das cavidades
(Figura 26). Desta forma, parece ndio existir uma direta correlagdo entre a
deformagdo plastica equivalente na interface e as tensdes radiais na superficie do
filme, geradas pelo dobramento do filme como conseqiiéncia do pile-up.

E importante mencionar que é bastante dificil comparar-se as alturas de pile-
up calculadas na simulago e os valores medidos na analise experimental, ja que as
simula¢bes foram analisadas na condi¢do de maxima carga e as medigles
experimentais foram realizadas ap6s o descarregamento do sistema. Por outro lado,
uma boa correla¢do qualitativa foi obtida, ja que, nos dois casos, a altura do pile-up
aumentou com o aumento da carga aplicada ou com a diminui¢8io do didmetro do
indentador (Figuras 26 e 36). Além disso, semelhangas foram encontradas entre o
comportamento da altura do pile-up e as tensdes de contato. Como indicado na
Tabela 7, para andlise de indentagfio tnica, os resultados MEF indicaram que os
picos de tensdo radial obtidos na borda de contato tiveram direta correlagdo com o
tamanho dos pile-ups. Similarmente, o nimero de trincas circulares observado
experimentalmente (Figuras 34 e 35) teve uma direta correlagdo com a altura dos
pile-ups apresentados na Figura 36.

As andlises por elementos finitos igualmente permitiram analisar o
comportamento de sistemas revestidos contendo substratos com comportamento
plastico diferente. De um lado, a distribui¢éo de tensdes (Figura 25a,b,c), altura do

pile-up (Figura 26a,b,c) e deformagdo plastica equivalente (Figura 27a,b,c) foram
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obtidas para um sistema revestido contendo substrato de aluminio AA 6061 na
condigéo T6, com tensdo de escoamento (cy) de 295 MPa. De outro lado, as F iguras
(25d.e.f), (26d,e,f) e (27d,e,f) apresentaram resultados equivalentes para um
substrato AA 6061 na condi¢io de superenvelhecimento, com oy de 110 MPa. Estes
resultados sugerem que o substrato que apresenta menor tendéncia a formagdo de
pile-up (material com tensio de escoamento ©,=295 MPa) parece ser menos
propenso ao desenvolvimento de altas tensdes radiais presentes nas bordas da
indentagfio e, conseqiientemente, menor predisposicio para a propagagéo de trincas
circulares. Segundo a literatura, [26,33] exemplos de materiais com baixa tendéncia a
formagéo de pile-up sdo aqueles com baixos valores na relagio (E/oy) entre modulo
elastico (E) e tensdo de escoamento (oy). Esta tendéncia foi igualmente verificada no
trabalho intitulado “Numerical and Experimental Analyses on the Indentation of
Coated Systems with Substrates with Different Mechanical Properties”, apresentado
no Anexo E, e atualmente em fase de submiss&o para o periédico Thin Solid Films.
Na verdade, os resultados obtidos no Anexo E revelam que nfio & suficiente
considerar o valor da tensdio de escoamento para avaliacio da tendéncia de um
material para formar pile-up, mas deve-se também observar o valor do coeficiente de
encruamento deste material (n).

As andlises de sucessivas indentagSes também indicaram uma boa correlagio
entre os dois métodos (simulagfo e experimental). Na parte experimental foi avaliado
o numero de trincas circulares obtidas depois de uma, duas e cinco indentages e nio
se observaram grandes diferengas na quantidade final de trincas. Da mesma forma,
nas simulagdes foram calculados os picos de tensfio radial, obtendo-se minimas
diferengas nos valores finais (Figura 33). Os resultados dos dois métodos estiio em
concordéncia com a idéia que o primeiro ciclo de indentagfio é o responsavel pela
propagagéo das trincas (Figura 28) e pela maior quantidade de deformacgio plastica
do sistema. Esta analise € confirmada pelos resultados mostrados na segdo 5.1.2,
onde observa-se que a primeira indentag8io € a responsével pela maxima propagacdo

das trincas circulares.
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Tabela 7. Valores numéricos e experimentais obtidos durante simples indentagio

Carga | Didmetro A.ltura Numero de | Valor dos picos
Analise ™) (mm) Pile-up Trincas de tensio
(1m) circulares radial (GPa)

1,59 6 - 12

196,1 3,18 3,6 - 6,5

6,35 2 - 3,5

1,59 9 - 15
FEM 2942 3,18 4,2 - 9
6,35 2 - 4

1,59 15,7 - 20

490,3 3,18 8 - 12
6,35 2 - 5
1,59 12 10-15 -
196,1 3,18 8 <5 -
6,35 5 <5 -
1,59 22 >30 -
Experimental | 294,2 3,18 12 10-15 -
6,35 6 <5 -
1,59 35 >30 -
490,3 3,18 15 >30 -
6,35 8,5 10 -

Por outro lado, uma tendéncia oposta foi obtida através das simulag¢fes onde
os valores calculados indicaram um leve aumento na altura do pile-up depois dos
cinco ciclos de sucessivas indenta¢des (Figura 31) e uma diminui¢do nos picos de
tensdo radial presentes na borda da indentagfo (Figura 33). Estes resultados nfo eram
esperados e uma hipdtese para tentar explicar este fendmeno poderia ser que os picos
de tensdo radial presentes na borda da indentagdo podem ser o resultado ndo s6 da
altura do pile-up como também pela curvatura do mesmo. Novas pesquisas serfo
necessarias para confirmar esta hipotese.

Um aspecto adicional dos resultados da simulag&io considerando sucessivos
ciclos de indentacfo estd relacionado ao comportamento da deformagdo plastica
equivalente apresentado na Figura 32, a qual teve mudangas nos valores em fungio
do aumento no numero de indentacdes realizadas. Estas mudancas foram
particularmente percebidas entre o primeiro e o segundo ciclo de indentagfo e foram
distribuidas ao longo da cavidade de indentag@io. Este comportamento da deformag&o
plastica era pouco esperado, ja que, segundo a literatura, o pile-up ¢ devido a

deformagéio pléstica. Adicionalmente, segundo a comprovagdo experimental (Figura
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37), a altura do pile-up ndo apresentou grandes diferencas apesar das sucessivas
indentaces. Estes resultados confirmam a pouca correlagdo que a deformagio

pléstica equivalente (gp) apresenta com a altura do pile-up.
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Os resultados obtidos nas simulagdes (MEF) foram comparados com resultados

experimentais, obtendo-se boa correlagdo entre as duas técnicas.

No estudo de indentagfio Unica os resultados obtidos indicaram alta importincia
do fendmeno de empilhamento do material nas bordas (“pile-up”) na tendéncia a

falha do sistema revestido.

Os resultados indicaram uma dependéncia da altura do pile-up com a carga
aplicada e com o didmetro do indentador. Altas cargas e pequenos didmetros de
indentador levaram a obtenco de altos pile-ups e de altos picos de tensfio radial

nas bordas da indentagdo.

Em termos das indentagdes sucessivas, os resultados das técnicas de simulagéo e
experimental indicaram que um baixo numero de ciclos de indentagdo nfo
resultou em diferengas significativas nas tensdes radiais desenvolvidas na
superficie do filme. Os resultados dos dois métodos permitiram estabelecer que a
maior propagacdo de trincas deve ocorrer na primeira indentagio e que o

comportamento durante as indenta¢des seguintes é predominantemente elastico.

Os resultados sugeriram que as caracteristicas plésticas do substrato tém uma
forte influéncia na formac&o do pile-up e no desenvolvimento das tensdes radiais

na superficie do filme. Materiais com baixa tendéncia & formagfo de pile-up sdo
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pouco propensos ao desenvolvimento de altas tensGes radiais na borda da

indentagéo.

As andlises pelo MEF néo permitiram uma correlagfo direta entre a deformagio

plastica equivalente (g,) do substrato na interface e a altura do pile-up.

Foi confirmado que a formagfio do pile-up deve estar associada com as
caracteristicas elasticas e plasticas do substrato, particularmente em termos do
modulo elastico (E), a tensdio de escoamento (cy) € o valor do expoente de

encruamento (n) do material.
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Analise de elementos finitos do efeito do
didmetro do indentador e a carga aplicada
sobre as tensdes de contato desenvolvidas
durante indentacdo de sistemas revestidos
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Finite Element Analysis on the Effect of Indenter Diameter and Load on the
Contact Stresses During Indentation of Coated Systems

Eduardo A. Pérez Rl, Roberto M. Souza!

! Surface Phenomena Laboratory, Department of Mechanical Engineering,
Polytechnic School of the University of S&o Paulo, Av. Prof. Mello Moraes, 2231,
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Abstract A simple method for the analysis of the mechanical behavior of materials is
the indentation test. High stresses and complex stress fields may develop during this
type of test, which also occurs when indentations are conducted in systems coated with
thin films. In this last case, indenters with different geometry may be used, but spherical
indenters may be preferred, since they are associated with a reduction of the stresses in
the film.

In this work, finite element method (FEM) simulations were conducted to study the
stress fields obtained when spheres with diameters from 1.59 to 6.35 mm were used
to apply normal loads from 200 to 500 N on coated systems. The numerical analyses
were conducted using the software ABAQUS, selecting axisymmetric bidimensional
meshes and considering a film with elastic behavior and an elastic-plastic substrate.
Results were associated with the amount of pile-up that each load/indenter diameter
combination generated at the edge of the indentations, which was compared with the
amount of plastic deformation of the substrate in each case.

Introduction

The development of components and parts with high functionality frequently
envolves the selection of options where materials with different mechanical
properties are combined. As an example, the deposition of wear resistant thin films
on different substrate materials is a common practice to improve the tribological
(wear and friction) behavior of components used in mechanical applications [1,2].

A simple and widely used method for the mechanical characterization of materials is
the indentation test [3-13], where indenters with different geometries are used, such
as pyramids, cones or spheres [7-9,14,15]. In coated systems, the selection of
spherical indenters may be preferred over those with pyramidal geometry since the
former is associated with a reduction of the stresses in the film [16].

During the indentation process, complex stress and strain fields are developed within
the system. These high stresses can cause the coated system to fail, through initiation
and propagation of cracks located entirely in the film or along the film/substrate
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interface [4,16]. The contact stresses generated during an indentation have been
simulated using the finite element method (FEM) [4-9,11,16-18].

Fig. 1 presents two possible characteristics of the plastic deformation developed
during an indentation. Depending on the mechanical properties of the material, a
pile-up (Fig. 1a) or sink-in (Fig. 1b) morphology may be observed [6,15,16]. In
many cases, the failure of coated systems has been associated with the amount of
substrate indentation pile-up [9].

Pile-u
4 Sink-in
indenter indenter
+ - —— -+
T substrate i substrate
a) b)

Fig. 1. Plastic deformation of the substrate. a) Pile-up; b) Sink-in

In this work, numerical analyses were conducted using the FEM, in order to study the
stress fields obtained when spherical rigid indenters with diameters from 1.59 to
6.35 mm were used to apply normal loads from 196.1 to 490.3 N on coated systems.
These geometrical aspects of load and indenter diameter were later associated with the
amount of substrate plastic deformation and pile-up and with the stresses developed in
the film.

Model Description

The software ABAQUS was used to run the FEM simulations, selecting meshes similar
to the one presented in Fig. 2 .

A total of 13167 four-noded elements were selected to model the coating/substrate
system. Since only a normal axial load was applied, axisymmetric elements could be
used. In all simulations, the substrate had the characteristics of a 6061 aluminum alloy
with elastic-plastic behavior. The elastic and thermal properties of the aluminum (elastic
modulus E=68.9 GPa, Poisson ratio v=0.33 and coefficient of thermal expansion
a=23.6 x 10° K') were taken from the literature [9]. The yield strength (o ,= 295

MPa) and plastic behavior of the AA 6061 T6 alloy were directly obtained from tensile
test experiments [8].

The film layer of wear resistant material was assumed to be elastic and to present a
thickness of 2.1 pm. The film Poisson ratio was assumed to be 0.3, the elastic modulus
was 280 GPa, and the coefficient of thermal expansion was assumed to be 9.8 x 10° K,
which was previously reported as that value for TiN [9]. The friction coefficient between
the spherical indenters and the thin film surface was set at p=0.3. As indicated by
Begley et al. [19], indentation strains do not vary significantly for pu values above 0.3.
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Different steps were used to load the system. Initially, a uniform biaxial stress was
imposed on the film elements to account for the intrinsic residual stresses that result
from the film processing. A compressive value of 1 GPa was selected, although it is
recognized that larger values were reported for PVD processes. In the second loading
step, it was assumed that the temperature reached during deposition was 498 K. Thermal
residual stresses were then calculated when the system was cooled to room temperature
(298 K). In the third step, a normal load was gradually applied on a reference node on
the indenter. The stresses during indentation were calculated at maximum load.

1 &

g

a

ﬂ-

WRRE N

EERRRANAN —
JTTTTTVYCN S

3.48 mm
¢ P

Fig. 2. Mesh used in the finite-element analyses showing the dimensions of the coated
system and the most refined portion of the mesh.

Diameters of 1.59 mm (1/16 inch), 3.18 mm (1/8 inch) and 6.35 mm (1/4 inch) were
selected for the indenters, which are the diameters of Rockwell B, E and M
indenters, respectively. Three values of normal load (196.1 N, 294.2 N and 490.3 N)
were selected for each indenter diameter, to provide a total of nine FEM analyses.

Results and discussion

Fig. 3 presents the distribution of radial stresses along the film surface, calculated as a
function of the distance (r) from the axis of symmetry. Values were obtained for all
load/indenter diameter combinations. In Fig. 3, it is possible to observe that, as expected,
higher loads lead to higher radial stresses and a strong dependence on indenter diameter
was also observed.
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Fig. 3. Radial stresses calculated during the normal indentation of coated systems.
Values along the film surface calculated at maximum load using three different indenter
diameters: (a) Load of 196.1 N; (b) load of 294.2 N and (c) load of 490.3 N.

Radial stresses along the film surface are important parameters in the contact stresses
developed during the indentation of coated systems, since the peaks observed in each
curve (Fig. 3) are responsible for the propagation of circular cracks frequently observed
in systems with wear resistant thin films deposited onto soft substrates [8,9]. Usually,
these peaks in radial stresses are associated with the curvature of the film (bending)
close to the indentation edge, which results in tensile radial stresses at the film surface
and compressive radial stresses at the film/substrate interface [4,8,9]. Following an
analogy with a bar that is bended, higher amplitudes of curvature and smaller radii of
curvature should result in higher tensile stresses along the film surface.

Fig. 4a, 4c and 4e present the displacement in axial direction (uz) of nodes located along
the film surface, calculated as a function of the radial distance. In these figures, it is
possible to identify the presence of pile-ups (Fig. 1) developed close to the indentation

edge, which can be observed in more detail in Figs. 4b, 4d and 4f.

Fig. 4b, 4d and 4f also allow observing that the load is an important factor regarding the
diameter of the cavity generated during the indentation. Independent of indenter
diameter, all indentations conducted with a load of 196.1 N resulted in cavity radii on

the order of 0.25 mm (Fig. 4b). Larger radii were obtained when
(Figs. 4d and 4f).

the load was increased

The pile-ups observed in Fig. 4 may be representative of the amplitude of film bending
at the indentation edge. Therefore, good correlation was obtained when the heights of
the pile - ups (Fig. 4) were compared with the intensity of the peaks in radial stresses

(Fig. 3).

Differences in pile-ups were observed when different indenter diameters were simulated,
indicating that indenter radius not only affects bending curvature, but also the height of

the pile-up.
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Fig. 4. Displacements in axial direction calculated during the indentation of coated
systems. Values along the film surface calculated at maximum load using three different
indenter diameters: (a,b) Load of 196.1 N; (c,d) load of 294.2 N and (e,f) load of
490.3 N.

It is possible to expect that the amplitude of film bending is related to the tendency of
the substrate to move upwards during the indentation. In this case, one factor that would
be representative of that tendency is the plastic deformation of the substrate. Fig. 5
presents the calculations of equivalent plastic strain for nodes located along the substrate
side of the film/substrate interface. Lower levels of substrate plastic deformation at the
interface were obtained when larger indenter diameters were simulated, similarly to
what was observed in Figs. 3 and 4. However, a direct correlation between interfacial
plastic deformation and surface radial stresses is not possible, since, for each indenter
diameter, similar levels of plastic deformation were observed for the three values of
normal load (Fig. 5) and the intensity of the peak in radial stresses increased as the load
increased (Fig. 3).

In Fig. 5 it is also possible to observe that, different from the radial stresses (Fig. 3) and
the axial displacements (Fig. 4), the distribution of plastic deformation along the
substrate side of the interface is more uniform, as predicted by the theories that describe
the shape of the plastic zones developed during the indentation with spherical indenters
[20]. In some cases, especially when the indenter diameter was set at 1.59 mm, it is
possible to observe the presence of two peaks in the curves. Further investigations are
necessary to clarify the reasons for those two peaks.
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Fig. 5. Equivalent plastic strain calculated during the normal indentation of coated
systems. Values along the substrate side of the film/substrate interface calculated at
maximum load using three different indenter diameters: (a) Load of 196.1 N; (b) load of
294.2 N and (c) load 0of 490.3 N.

Conclusions

In this work, the finite element method was applied to study the effects of load and
indenter diameter on the characteristics of indentations conducted on coated systems.
This study confirmed the development of peaks in the radial stresses calculated along the
film surface, which are responsible for crack patterns usually observed during the
indentation of coated systems with soft substrates.

Results indicated that higher loads and smaller indenter radii lead to higher pile-ups and
higher peaks in radial stresses at the indentation edge, thus leading to a higher tendency
of system failure under indentation. The amount of substrate plastic deformation was
also affected by the indenter diameter, but a direct correlation between substrate plastic
deformation and surface radial stresses was not possible.
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Abstract. High stresses and complex stress fields are usually developed in thin films when they are
submitted to an indentation. Studies on this subject have proved to be important for the understanding
of the mechanical behavior of these films.

This work was developed to study the stress fields obtained when successive indentations
are conducted on coated systems. The finite element method (FEM), through the software
ABAQUS, was used and axisymmetric bidimensional meshes were selected. During the
indentations, a spherical indenter was considered and applied normal loads of 50 N on a system
composed by a film with elastic behavior and a substrate with elastic-plastic behavior. The
analyses have also considered the possibility and the effects of the propagation of circular cracks
initially distributed along the film surface. The results allowed an analysis of the propagation of
the circular cracks as a function of the number of indentations carried out and the resulting stress
fields.

Keywords: Finite Element Method (FEM); Cyclic Indentation; Thin Films.

1. Introduction

The mechanical behavior of thin films deposited onto structural materials plays an important role
in the durability of the coated systems. Frequently, the deposition of a hard thin film provides
improvements in the tribological behavior of these systems. For example, hard ceramic thin films are
used as protective layers in mechanical applications, such as cutting tools. However, such coverings
are brittle and have a high tendency to fracture or to fail along the film/substrate interface (Abdul-Bagqi
et all 2002).

A simple method to evaluate the mechanical properties of a material is the hardness test. This
test, using spherical, conical, or pyramidal indenters, also permits an evaluation of the mechanical
characteristics of a film (Thomsen, 1998; Ma, 1995 e Souza, 2001). During the indentation, contact
stresses are developed, which are an important factor in the tribological behavior of the system. Those
contact stresses may be responsible for film fracture, which, during indentation, usually occurs in the
morphologies of radial and/or circular cracks (Ma, 1995; Karimi, 2002 e Thomsen, 1998).

The finite element method (FEM) has been extensively used for the study and evaluation of the
contact stresses developed during the indentation of systems with thin films (Kral, 1995; Schwarzer,
1995; Gan, 1996; Weppelman, 1996; Huber, 1998; Thomsen, 1998; Bolshakov, 1998; Begley, 1999;
Souza, 1999; Souza, 2001a; Souza, 2001b; Souza, 2001c). Traditionally, analyses are restricted to
contact stress distribution during one single indentation. More recently (Souza, 1999; Souza 2001a;
Souza 2001b), the numerical analyses also considered the presence and propagation of cracks initially
distributed along the film surface.

In this work, the propagation of film cracks was also considered, together with an analysis on the
effects of repeated indentations on the contact stresses and crack propagation during indentation.
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2. Model Description

The ABAQUS software was used to run the element finite method (FEM) simulations, in which
the mesh presented in Fig. (1a) was used. A schematic of the most refined portion of the mesh is
presented in Fig. (1b). The Indenter shown in the figure was assumed to be rigid and to apply normal
loads on the system. The diameter selected was 1.59 mm (1/16 inch), which is the diameter of
Rockwell B, F indenters.
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Figure 1. Schematic of mesh used during the element finite analysis. a) Overview; b) Characteristics
of the most refined portion of the mesh (Souza, 1999).

13545 four-noded elements were selected to model the coated system. In the model, the substrate
had the characteristics of a 6061 aluminum alloy, with elastic-plastic behavior. The elastic and thermal
properties for the aluminum (elastic modulus E= 68.9 GPa, Poisson ratio v=0.33 and coefficient of
thermal expansion & =23.6 x 10 K) were taken from a previous work (Souza et all 2001b). The

yield strength of the AA 6061 alloy (o, = 295 MPa) was directly obtained from tensile test

experiments (Souza et all 2001a). ABAQUS does not require the calculation of the strain-hardening
exponent (n) to define the plastic behavior of the substrate.

The film layer of wear resistant material was assumed to be elastic and to present a thickness of
4.6 um. The film Poisson ratio was assumed to be 0.3, the elastic modulus was 280 GPa, and the
coefficient of thermal expansion was assumed to be equal to 9.8 x 10° K™, which was previously
reported as the value of TiN (Souza et all 2001b). The value selected for the film fracture toughness

(Kic = 4.0 MPa \/E ) was slightly higher than those used in the previous work (Souza et all 2001b),
but remains in the order of magnitude of the fracture toughness of wear resistant thin films.

Different steps were used to load the system. Initially, a uniform biaxial stress was imposed on the
films elements to account for the intrinsic stresses that result from the film processing. A compressive
value of 0.74 GPa was selected, although it is recognized that larger values were reported for PVD
processes. In the second loading step, it was assumed that the temperature reached during deposition
was 498 K. Thermal residual stresses were then calculated when the system was cooled to room
temperature (298 K). In the third step, a normal load was gradually applied on a reference node on the
indenter Fig. (1a). The stresses during indentation were calculated both at maximum load and after the
system was unloaded. The third step was repeated to provide a total of five indentation cycles.
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In terms of defect size (Fig (1b)), the actual initial crack length value depends on the quality of the
film, but for the uniformity of the analyses, an initial crack size ¢,=0.2 pm was considered reasonable
and adopted for the study. During the indentation, the superficial cracks were allowed to propagate in
pure mode I along a predetermined path perpendicular to the interface. The ABAQUS criterion for
crack propagation was the maximum stress, according to which the cracks in the film were allowed to
propagate when a critical stress value was reached at a given position ahead of crack tip. Previous
analysis have shown that the consideration of mode II affects the propagation of circular cracks only
when crack size has exceeded 1/3 of film thickness (Weppelmann, 1996; Souza, 2001c). Therefore,
for the initial crack size, the absence of a mode II criterion does not affect the initial propagation of
the 15 circular cracks shown in Fig. (1b).

Once the FEM analyzes were conducted, calculations provided results such as the amount that

each of the 15 cracks propagated during the indentations, or the stress distribution along the film
surface or along the film/substrate interface.

3. Results and Discussion

Figure 2 presents the amount of propagation of the 15 cohesive cracks for three analyses
conducted in this work (one, two and five indentation cycles).
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Figure 2. Finite element calculation of the length of each of the 15 cracks distributed over the film
surface. Results during cyclic indentations with maximum load of 50 N a) one indentation; b) two
indentations; ¢) five indentations.

The results indicate that for the selected value of film fracture toughness (Kic = 4.0 MPa \/;n— ),

the amount of crack propagation was minimal. Only cracks number 12 and 14 propagated after the
three conditions of cyclic indentation.

Figure 3 shows the stresses calculated at the maximum load (50 N) of the first normal indentation.
Figure (3a) shows the radial (c,) stresses along the film surface. Figure (3b) shows the variation of the

hoop (0, ) stresses along the film surface. Figure (3c) shows the variation of the radial (c,) stresses
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along the film side of the interface, and Figure (3d) presents the variation of the hoop (&, ) stresses
along the film side of the interface.

In all cases the results for the radial distance and stresses were normalized by the values of the
radius of contact (a,=72.7 pum) and the maximum pressure (p,s=4.51 GPa), obtained when a rigid
spherical indenter applies a normal force of 50 N on a bulk elastic aluminum substrate.

Figure 4 shows the stresses presented in Fig. (3), but calculated after the load of the first
indentation was entirely released

a) At Film S urface

08 b) At Film Surface
L 061 pf
W 04 =
g B o2
b 0,2 g'
& ol — - ¢
] g .04
g 02 g -
“ 04
-0,6 -0,6
0 1 2 3 ] 1 2 3
Radial Distance , r/aos Radial Distance , r/aos
c) 4 At the Interface d)08 At the Interface
. 05 . 06
g e -
b b ™
g 0,51 § 01 —
oo £ .02
@ -7
;f‘: 2 041
2 1,51 % g6
2 -0,8
0 1 2 3 0 1 2 3
Radial Distance , r/a Radial Distance , r/a,

Figure 3. Stresses calculated during the first 50 N normal indentation of system. Values calculated at
maximum load. a) radial stresses at the film surface; b) hoop stresses at the film surface; ¢) radial
stresses at the film side of the interface; d) hoop stresses at the film side of the interface
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.Figure 4. Stresses calculated after the load of the first indentation was entirely released. a) radial
stresses at the film surface; b) hoop stresses at the film surface; c¢) radial stresses at the film side of the

interface; d) hoop stresses at the film side of the interface.

The effects of the unloading process (Fig. (4)) have already been discussed by Montmitonnet,
1993 and Souza, 2001a. In those cases, it was verified that unloading results in a movement of ¢, and

O ztowards more tensile values in regions close to the model axis (r=0), which was assumed to be a

result of the plastic deformation of the substrate. During unloading, the plastic (permanent)
deformation of the substrate should result in additional stresses in the elastic film.
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Figure 5. Finite element calculation of the stresses along the film surface. Stresses calculated after the
load was entirely released in indentation cycles. a) Radial stresses in the film surface; b) hoop stresses
in the film surface, c) Radial stresses in the interface; d) hoop stresses in the interface.

Figure (5) presents the same type of stresses after the unloading conditions of indentations
number 1, 2 and 5. Figure (5a) is reproduced in Fig (6), together with a detail of the stresses observed
close to the indentation edge (1/a,, ~ 1.8).

Figures (5) and (6) indicate that only minimal stress variations are observed from the end of one
indentation to the end of the next. This fact is in agreement with the absence of differences in amount

of crack propagation along the indentations (Fig. (2)).
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Figure 6. Variation on the distribution of radial stresses in each indentation cycles.
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Figure 7. Radial and hoop stresses evolution in the surface and interface of central element contact . a)
contact element at surface; b) contact element at the interface.

According to the results in Fig. (6), an slight increase in peak radial stresses at (t/a,~ 1.8) is
observed from one indentation to the next. If the same tendency remains in further indentations, a
large number of indentation cycles would be required to provide further propagation of the cracks.

Figure (7) presents the evolution of radial and hoop stresses at given positions and along each of
the indentations. This figure indicates that, from the beginning of the second indentation, the system
behaves almost entirely elastically during loading and unloading steps. Since minimal variations are
observed from the end of one indentation to the end of the next one (Fig. (5)), there are limited
irreversible phenomena in indentation cycles 2, 3, 4 and 5, which is associated with the plastic
deformation of the substrate.

It would be possible to expect that the presence of a longer crack (from indentation number 1) at
the beginning of indentation number 2 would result in higher stress intensity factors and further
propagation at the second indentation. However, since the analysis is almost entirely elastic during the
second indentation (Fig. (7)), the stresses developed at crack tip are similar to those developed in the
previous indentation, with similar stress intensity factors at crack tip, therefore no further propagation
is observed.

4. Conlusions

In this work, the finite element method was applied to study the effect of cyclic loading on the
contact stresses and film crack propagation during indentation. Results have demonstrated that the
indentation of coated systems may result in a number of circular cracks inside the contact region of
the indentation. The number of cracks propagated after unloading is a function of a peak in radial
stresses close to the indentation edge. The results also indicated that, for the conditions studied,
significant differences in contact stresses (and amount of crack propagation) were only observed
during the first indentation. With the selected conditions, only minimal variations were observed
during the subsequent indentations, indicating that a large number of cycles would be necessary to
further propagate the film cracks. The changes observed from one indentation to the next were
attributed to the plastic deformation of the substrate.
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Effect of load and indenter diameter on the amount of film cracks
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Patricia B. G. de Lamadrid
Department of Mechanical Engineering, Polytechnic School, University of Sdo Paulo. Av. Prof. Mello Moraes
2231, 05508-900, Sdo Paulo, (SP) Brazil. Tel 3091-5379 ext 216 Fax 3814-2424 ext 217

E-mail: patricia.lamadrid@poli.usp.br

Eduardo A. Pérez Ruiz
Department of Mechanical Engineering, Polytechnic School, University of Sdo Paulo. Av. Prof. Mello Moraes
2231, 05508-900, Sgo Paulo, (SP) Brazil. Tel 3091-5379 ext 212 Fax 3814-2424 ext 217

E-mail: epr@usp.br

Roberto M. Souza
Department of Mechanical Engineering, Polytechnic School, University of Sdo Paulo. Av. Prof. Mello Moraes
2231, 05508-900, Sao Paulo, (SP) Brazil. Tel 3091-5379 ext 216 Fax 3814-2424 ext 217

E-mail: roberto.souza@poli.usp.br

Abstract. The deposition of wear resistant thin films represents an usual procedure to improve the tribological
behavior of mechanical components and parts. Depending on the application, the fracture toughness of the film
plays a key role and different methods were developed to evaluate this mechanical property. Recently, the film
fracture toughness was related to the distance between circular cracks generated during the spherical indentation
of coated systems with soft substrates. In this work, analyses were conducted to further understand the
phenomenon of circular crack formation during indentation, including the effect of load and indenter diameter.
Films of chromium nitride (CrN) were deposited onto AA 6061 aluminum substrates through a commercial
physical vapor deposition (PVD) process. Coated specimens were later indented by spheres with diameters from
1.6 to 6.4 mm, which applied normal loads from approximately 50 to 500 N. Similar amounts of circular cracks
were obtained when an increase in indenter diameter was associated with an increase in normal load.

Keywords: thin films, hardness, circular cracks, fracture toughness.
1. Introduction

The deposition of wear resistant thin films on different substrate materials is a common practice
to improve the tribological (wear and friction) behavior of different components and parts. For this
reason, it is necessary and important to evaluate the coated systems mechanically. A simple method
for the characterization of these systems is the indentation test (Weppelmann et all 1996), where
indenters with different geometries are used, such as spheres, cones or pyramids (Ma, 1995; Souza,
2001; Hainsworth, 2003). In coated systems, the selection of spherical indenters is frequently
preferred over those with pyramidal geometry since the former is associated with a reduction of the
stresses in the film. However, the maximum principal stress increases as the diameter of the indenter
increases, indicating that the use of larger indenters may not be an effective option to avoid crack
development during the indentation process (Gan et all 1996).

The indentation test is also used to understand the mechanisms governing failure in coated
systems (Ma, 1995; Weppelmann, 1996; Gan, 1996; Thomsen, 1998; Begley, 1999; Souza, 2001;
Karimi, 2002; Abdul-Baqi, 2002; Hainsworth, 2003; Simunkova, 2003). This type of study analyzes
the development of contact stresses during the process, under which the coated systems can fail due to
a loss of film/substrate adhesion, a failure designated as adhesive, or due to the fracture of the film, a
failure designated as cohesive ( Souza, 2001; Hainsworth, 2003).

In terms of the film fracture toughness, some indentation techniques are based on the propagation
of cracks from the corners of pyramidal indentation marks. However, depending on the film
properties, cracks are not always observed at the low loads necessary to prevent an influence from the
substrate. The fracture toughness has also been evaluated through microindentation methods (Kodali
et all 1997), but the loads applied in such cases usually result in penetration depths that are larger than
the film thickness, such that the result may be a measurement related to the toughness of the coating-
substrate system Alternatively, an instrumented indentation method was proposed, which is based on
steps observed on the curves of depth of penetration as a function of applied load (Li, 1997; Li, 1998 ¢
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Li, 1999). However, the steps in those curves are not always observed during low load indentations
conducted on thin film systems.

As consequence of the indentation, arrangements of circular cohesive cracks may be observed
near the perimeter of the impression Fig. (1). This type of cracks is caused by tensile radial stresses
present near the indentation edge. In some cases, radial cracks occur both inside and outside the
indentation zone (Thomsen, N.B et all 1998) and usually, circular cracks are the preferred cohesive
fracture pattern in systems with hard thin films deposited onto a ductile substrate (Begley, 1999;
Souza, 2001).

P

Figurel. Representation of indentation model and circular cracks generated in the inside of the
indentation zone (Begley et all 1999).

In many cases, the propagation of circular cracks was associated with the amount of substrate
indentation pile-up, which represents the material that moves upward at the indentation corner Fig. (2)

Figure 2. Plastic deformation of the substrate (Pile-up) taking place and extending approximately one
indent diameter away from the edge of the indent (Thomsen et all 1998).

Experimental works have also been conducted to study the circular cracks at the contact edge of
an indentation (Ma, K.J. 1995; Thomsen, N.B. 1998). However, apparently only little attention was
placed on the circular cracks, which may carry important information regarding the characteristics of
the film. In a previous work (Souza et all 2001), it was demonstrated that the number and location of
circular cracks may be related to several factors, which include the geometry, the friction coefficient
between the film and indenter, the substrate-film mismatch in elastic modulus, the level of film
residual stresses and the film fracture toughness.
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In this work, a series of indentations was conducted using indenters with spherical geometry,
which applied normal loads on a system with soft substrate coated with a wear resistant thin film. The
main objective was to further understand the mechanical behavior of the coated system under
indentation.

2. Experimental Procedure

The specimen substrate was a piece of AA 6061 aluminum with dimensions of 16.6 x 12 x 3
mm’ (Schematic on Fig. (3a)), which was polished until mirror finish. A film of chromium nitride
(CrN) with thickness of approximately 4 pm was deposited onto the aluminum substrate at
Brasimet Comércio e Industria S.A, following a commercial physical vapor deposition (PVD)
process at low temperature. Figure (3b) presents the characteristics of the film surface, when
observed in an optical microscope.

Figure 3. Coated system CrN-Aluminum. a) Specimen dimensions in milimeters b) Superficial aspect
of the CrN coating obtained through a commercial PVD process.

The loads used in the indentation test were 9.8, 49, 98, 196.1, 294.2, 490.3 N. Spheres with
diameters of 6.3, 3.2, 1.59 mm (1/4, 1/8 and 1/16 inch) were used in the indentations, which are
diameters of spheres used in different Rockwell hardness tests. Indentations were conducted in a
BUEHLER VMT-7 hardness tester equipment and Figure (4) presents the superficial quality of the
spheres used.
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50 pm

Figure 4. Superficial aspect of the spherical indenter. a) Sphere of 6.3 mm b) Sphere of 3.2 mm c)
Sphere of 1.59 mm.

After testing, the indentation marks were analyzed through optical and scanning electron
microscopy (SEM). The amount of pile-up in each indentation was evaluated with a roughness
equipment SURFCODER IF 1700c. This equipment was set at a roughness measurement
configuration, wich allows the measurement of indentation pile-up, but does not allow the
measurement of the indentation depth.

3. Results and Discussion

The optical microscopy analysis indicated that, independently of the diameter of the sphere,
no circular cracks were observed with loads of 98 N and lower.

Figure (5) presents the indentation marks obtained with different indenter diameter and with
the loads that resulted in circular crack formation. In each of these cases, the number of circular
cracks was roughly measured, indicating that a similar amount (from 10 to 15) of cracks was
generated for the conditions on the secondary diagonal of Tab. (1).

Figure 5. Indentation marks generated in the coated system during indentation with three spheres
(Diameters of 6.3, 3.2, 1.59 mm) and three load levels (196.1, 294.2, 490.3 N).
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Table 1. Number of cracks obtained as a function of the load and indenter diameter combinations.

Indenter

6.35 mm 3.17 mm 1.59 mm
196.1 <5 <5 10-15
294.2 <5 10-15 >30
490.3 10-15 >30 >30

Figure (6) shows circular cracks obtained inside the contact region for load-indenter
combinations above and below the secondary diagonal of the matrix presented in Tab. (1). For
combinations above the secondary diagonal only few circular cracks (approximately 5 or less)
were observed (Fig. (6a)). More than 30 circular cracks were observed at the conditions below
the secondary diagonal (Fig. (6b)). Figure (7) shows the number of cracks obtained for the load-
diameter combinations on the secondary diagonal of Tab. (1).

Figure 6. Number of cracks observed by scanning electronic microscopy (SEM) in the inside to the
contact area of indentation. a) Indentation doing with indenter of 3.17 mm and load of 196.1N b)
Indentation doing with indenter of 3.17 mm e load of 490.3 N,
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Figure 7. Cracks observed by scanning electronic microscopy (SEM) inside the indentation mark. a)
Indentation with indenter of 6.3 mm and 490.3 N b) Indentation with indenter of 3.2 mm and 294.2 N
¢) Indentation with indenter of 1.59 mm and 196.1 N.

Figure (8) shows the heights of the pile-ups obtained with different load-diameter combinations.
As expected, with the same indenter, an increase in normal load resulted in an increase in the height of
pile-up. Figure (8) also indicates that pile-up heights were similar for the conditions on the secondary
diagonal of Tab. (1). Higher pile-ups were measured below this secondary diagonal and lower pile-ups
were found in the conditions above this diagonal. Figure (9) presents differences in pile-up height for
conditions with different indenter diameter and the same load.

According to the literature (Weppelmann, 1996; Begley, 1999 e Souza, 2001), film circular
cracks observed on the edge of an indentation are associated with the bending of the film. Fig.
(10) presents the results of FEM analyses conducted previously (Souza, 1999), in which film
element are shown in the original (black) and after indentation displacements (white). In Fig. (10)
it is possible to observe that film deformation generates tensile radial stresses at film surface
(point c) and compressive stresses at the interface (point d). Following an analogy with a bar that
is bended, higher tensile stresses should be expected either when the amount of bending is
increased or when the bending curvature is decreased. During an indentation, the amount of
bending is mainly controlled by the height of indentation pile-up, and curvature is also affected
by indenter diameter. An analysis of the conditions along the secondary diagonal Tab. (1), which
had a similar behavior in terms of the amount of circular cracks, indicates that the pile-up height
was similar in the three load-diameter combinations. This fact suggests that, when compared to
normal load and indenter diameter, pile-up height is the predominant factor in determining the
tensile radial stresses and, consequently, the amount of indentation circular cracks.
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Figure 8. Quantification of pile-up generated in each one of the indenter-load combinations. a)
Diameter of 6.35 mm and load of 196.1 N b) Diameter of 6.35 mm and load of 294.2 N ¢) Diameter of
6.35 mm and load of 490.3 N d) Diameter of 3.17 mm and load of 196.1 N ¢) Diameter of 3.17 mm
and load of 294.2 N f) Diameter of 3.17 mm and load of 490.3 N g) Diameter of 1.59 mm and load of
196.1 N h) Diameter of 1.59 mm and load 0f294.2 N i) Diameter of 1.59 mm and load of 490.3 N

b)
Figure 9. Representation of pile-up height. Load of 196.1 N a)Diameter of 6.35 mm b) Diameter of

1.59 mm
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Figure 10 Bending of the film. FEM results obtained during the 50 N normal indentation of a system
with different wear resistant films and an elastic-plastic 6061 aluminum substrate. Original (black)
and displaced (white); (a) Thickness t = 0.6 pm and (b) Thickness t = 4.6 um (Souza, 1999).
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4. Conclusions

This work confirmed that the indentation of coated systems with substrates presenting an elastic-
plastic behavior can result in series of circular cracks inside the contact region of the indentation. The
number of circular cracks was related to different factors, such as the diameter of the indenter and the
applied normal load.

For the load-diameter combinations studied in this work, the height of the indentation pile-up was
the most important factor that determined the amount of circular cracks that propagated in each case.
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Numerical and Experimental Analyses on the Contact Stresses Developed
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Abstract

The mechanical behavior of materials is commonly characterized through the
indentation test, during which complex stress and strain fields are developed. In this
work, the single and sucessive spherical indentation of coated systems was studied
through experimental and finite element method (FEM) analyses, with emphasis on
the causes of the contact stresses at the indentation edge. Considering a system with
an AA 6061 substrate and a chromium nitride (CrN) film, a series of single
indentations was initially simulated varying the normal load and the diameter of the
sphere. These FEM analyses provided values such as the height of indentation pile-
up and the distribution of radial stresses along the film surface. In both cases, FEM
values could be associated with experimental results, by direct measurement of pile-
up heights and by the amount of circular cracks that propagated during single
indentations, respectively. The results indicated that pile-up height plays an
important role on the stresses responsible for the propagation of indentation circular
cracks. However, a direct correlation between the amount of substrate plastic
deformation and pile-up height was not possible. The numerical and experimental
analyses of successive indentations provided further insights on the propagation of

circular cracks and its relation with the stress fields and the height of pile-ups.
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Introduction

Currently, the use of wear resistant coatings is a common practice to improve the
tribological behavior of several mechanical components. Numerous coatings have
been developed and applied onto materials with different mechanical behavior,
providing a wide variety of coated systems [1].

Frequently, the selection of the most adequate coated system (substrate + coating
architecture) for a given application requires the knowledge of the mechanical
characteristics of the system, which may be strongly influenced by the substrate
properties [2,3]. Many procedures have been developed to determine the mechanical
properties of engineering materials and a simple and widely used method is the
indentation test [4-20], where indenters with different geometries are used, such as
pyramids, cones or spheres. As a consequence of the indentation process, complex
stress and strain fields are developed within the tested specimen. In coated systems,
these contact stresses can cause the system to fail through the nucleation and
propagation of cracks located along the film/substrate interface (adhesive cracks) or
entirely in the film (cohesive cracks). Usually, arrangements of indentation cohesive
cracks are observed near the perimeter of the impression [3,12,13,15] and, in many
situations, circular cracks are the preferred cohesive fracture pattern, especially in
systems with hard thin films deposited onto a ductile substrate [9, 12,15].

Other features observed during an indentation refer to the deformation occurring at
the indentation edge, where pile-up or sink-in morphologies may be observed
[6,13,19]. During the indentation of a coated system, it is possible to associate the
amount of indentation pile-up with the amount of film bending occurring at the
indentation edge. Therefore, in some cases, the presence of a series of film circular
cracks has been associated with the amount of substrate indentation pile-up [13, 19].
In recent works [19,21,22], the spherical indentation of a system with an AA 6061
aluminum substrate and a chromium nitride (CrN) film was studied. In those cases,
both numerical [19,22] and experimental [21] studies were able to analyze how film
cohesive cracks or pile-up formation were affected by indentation parameters, such
as load, indenter diameter and number of indentation cycles. In this work, further

numerical and experimental analyses were conducted on the coated system
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mentioned above, in order to undertand the indentation contact stresses in more

detail.

Finite element modeling

The software ABAQUS® was used to run a series of finite element method (FEM)
analyses. Fig. 1 shows a schematic of the geometry considered and presents the
axisymmetric mesh of quadrilateral elements used in these simulations. The
parameters used in the FEM analyses were similar to those used in previous works
[7-9,19,23] and are presented in Table 1. One exception refers to the plastic behavior
of the aluminum substrate. In this work, the AA 6061 aluminum was considered to
be in the overaged condition, which is different from the T6 condition adopted
previously [7-9,19]. Another exception refers to film cracks in the FEM mesh [7-9],
which were not considered in this work, such that no limit was imposed to the
increase of the contact stresses. An additional characteristic of the simulations refer
to the contact between the indenter and the film, which was defined with a friction
coefficient of pu = 0.3 [15].

Different steps were used to load the system. Initially, a uniform biaxial stress was
imposed on the film elements to account for the intrinsic stresses that result from the
film processing. A compressive value of 1 GPa was selected, although it is
recognized that larger values were reported for PVD processes [23,24]. In the second
loading step, it was assumed that the temperature reached during deposition was 498
K. Thermal residual stresses were then calculated when the system was cooled to
room temperature (298 K). In the third step, a normal load was gradually applied on
a reference node on the indenter. Loads of 196.1, 294.2 and 490.3 N were selected,
which, in conjuction with the three indenter diameters (1.59, 3.18 and 6.35 mm)
provided a total of nine single indentation analyses. In the case of load equal to 196.1
N and diameter of indenter equal to 1.59 mm, the third step was repeated for five
times, in order to understand how the contact stresses vary for this number of

indentations at a given location.
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Experimental procedure

Substrates of AA 6061 T6 aluminum with dimensions of 16.6 x 12 x 3 mm were
obtained with one of the surfaces polished until mirror finish. Previous results [23]
have indicated that the coating procedure causes the aluminum to overage, which
was the state used to define the plastic behavior of the substrate in the FEM
analyses. A film layer of chromium nitride (CtN) was deposited onto the polished
surface of the substrate at Brasimet Comércio e Industria S.A, Sfo Paulo, Brazil,
following the company commercial procedure for an arc process at low temperature.
Indentations were conducted in a BUEHLER VMT-7 hardness tester. A total of nine
combinations of load and indenter diameter was used for the single indentation of the
coated system, which are the same as those described for the FEM analyses.
Similarly, five sucessive indentations were conducted at a given location of the film
surface, selecting a normal load of 196.1 N and an indenter diameter of 1.59 mm.

The amount of pile-up after single and successive indentation cycles was evaluated
with a roughness equipment SURFCODER IF 1700a. This equipment was set at a
roughness measurement configuration, which allows the quantification of indentation
pile-ups, but prevents the direct measurement of the indentation depth. An estimation
of the amount of circular cracks that propagated during the indentation tests was

conducted in a scanning electron microscope (SEM).

Results

FEM results of single and successive indentations

Fig. 2 presents the axial displacement (u;) of the nodes located along the film
surface, calculated as a function of the radial distance (r). The values were obtained
at maximum load for all load/indenter diameter combinations. In Figs. 2a, 2b and 2c,
it is possible to identify the presence of pile-ups developed close to the indentation
edge, which are presented in more detail in Figs. 2d, 2e and 2f and in Table 2. Lower
pile-ups were observed when the indenter diameter was increased and, independently
of indenter diameter, all indentations obtained with the same load resulted in cavities
with similar radii.

Fig. 3 shows the equivalent plastic strain [7] calculated along the substrate side of the

film/substrate interface, at maximum indentation load. In this figure, it is possible to
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observe that lower levels of substrate plastic deformation were obtained using larger
indenter diameters. In addition, for each indenter diameter, only minimal differences
were observed in the level of plastic deformation, when the normal load was
increased (Fig. 3a, 3b and 3c¢).

Fig. 4 presents the distribution of radial stresses along the film surface, which
indicates that higher loads lead to higher values of radial stress for the same indenter
diameter. Additionally, it is possible to observe that, for the same level of normal
load, the values of radial stresses had a strong dependence on the indenter diameter.
As expected, the larger the diameter the lower the radial stresses.

Fig. 5 shows the values of u, for the nodes located along the film surface after one,
two and five indentation cycles. The pile-up height calculated for successive
indentations was approximately the same (8 pm) in all situations.

Fig. 6a presents the results of equivalent plastic strain for the sucessive indentations,
calculated along the substrate side of the film/substrate interface. In the figure, it is
possible to observe that as the indentation cycles proceed the substrate equivalent
plastic strain tends to increase, especially at the indentation edge (r ~ 0.27).

The sucessive indentations results in terms of the radial stresses along the film
surface are presented in Figs. 6b and 6¢c. Once again, the values were calculated at
maximum load. Fig 6b indicates that, similarly to the equivalent plastic strain (Fig.
6a), an increase in the number of indentation cycles resulted in a increase radial
stresses at the model axis (r = 0). On the other hand, slightly lower radial stresses

were obtained at the indentation edge, as the number of cycles increased.

Experimental results of single and successive indentations

Fig. 7 shows the height of the pile-ups, measured after the nine load-diameter
combinations of single indentations. Table 2 presents an estimative of the number of
circular cracks that propagated in each of these conditions. Fig. 7 indicates that
similar pile-up heights were measured for the conditions along the secondary
diagonal of the figure (Figs. 7c, 7e and 7g), which also presented a similar amount of
circular cracks, as indicated in Fig 8.

Fig 9 shows the height of the pile-ups measured after one, two and five indentation

cycles using a diameter of 1.59 mm (1/6”) and a normal load of 196.1 N. The results
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indicated that the pile-up height was similar (approximately 18 um), independently
of the number of indentations. The circular cracks followed the same behavior and
no significant increase in the number of cracks was observed as the number of cycles

increased.

Discussion

The previous section provides a series of numerical and experimental results of
single and multiple indentation of a system composed by a wear resistant thin film
and a soft substrate. Initially, it is probably important to mention that it would be
extremely difficult for the two methods to provide the exact pile-up height results
when a given situation was analyzed. One reason is related to the fact that FEM
results were calculated at maximum load and measurements were conducted after the
load was released. Besides, values selected as inputs for the simulations, such as film
thickness, film elastic modulus, or even the plastic behavior of the substrate, would
certainly be able to result in pile-up variations on the order of the pile-up height
(micrometers), in a system that presents overall dimensions on the order of
millimeters. In spite of these limitations, the previous section indicates that good
qualitative agreement was obtained when the results from the two methods were
compared. In both cases, the height of the pile-ups increased as the load increased or
as the indenter diameter decreased (Figs. 2 and 7).

Similarities were also found in terms of the relation between the height of the pile-
ups and the contact stresses. As shown in Table 2, for single indentation analyses,
FEM results indicated that the peak in radial stresses at the indentation edge was
higher in analyses with higher pile-ups. Similarly, the number of circular cracks
observed experimentally (Tab. 2) also had a direct relation with the height of the
pile-ups presented in Tab. 2 and Fig. 7. These results suggest that substrates that
present lower tendency for pile-up formation [6] would be less prone for the
development of high radial stresses at the indentation edge and, consequently, less
prone for the propagation of circular cracks.

The FEM analyses conducted in this work also attempted to explain pile-up
formation based on the plastic deformation of the substrate, which was calculated for

all single indentation analyses (Fig. 3). Surprisingly, an increase in load only resulted
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in minimal differences in terms of the equivalent plastic strain for the nodes located
immediately below the film/substrate interface. Therefore, no direct relation could be
established between the equivalent plastic strain and the pile-up heights (Fig. 2) and,
consequently, with the peak in radial stresses at the indentation edge (Fig. 4). These
results were not expected, especially when one observes that an increase in load
results in an increase in the diameter of the indentation cavity (Fig. 2). Further work
is still necessary to explain these results.

The analysis of successive indentations provided further agreement between FEM
and experimental results. No significant difference in the number of circular cracks
was experimentally measured after the first, second and fifth indentation cycles and
the FEM calculation of the peak radial stress values (r ~ 0.27) did not increase (Figs
6b and 6¢). Both results are in accordance with the idea that the first indentation
cycle is responsible for most of the system plastic deformation and that the behavior
in the following cycles is almost entirely elastic [22]. Once again, since no
significant increase in pile-up height was experimentally observed through the five
indentation cycles, the absence of further crack propagation in these cases supports
the good correlation between pile-up height and the level of radial stresses at the
indentation edge. On the other hand, an opposite trend was obtained during the FEM
analyses, where calculations after the fifth cycle indicated a slight increase in pile-up
height (Fig. 5) and a decrease in the peak of radial stresses at the indentation edge
(Figs. 6b and 6¢).

The limited amount of results of successive indentations prevents a detailed analysis
of this result, but one possible explanation may be obtained following an analogy
with a bar that is bended. In this case, the peak in radial stresses would be a result of
not only bending amplitude, which is determined by the height of the pile-up, but
also by the film curvature. Thus, even presenting a higher amplitude, bending
stresses would be reduced by a decrease in curvature (Fig. 5).

One additional aspect of the FEM calculation considering successive indentations
refers to the results presented in Fig. 6. Variations in the equivalent plastic strain
were observed as the number of indentation cycles increased, which were
particularly perceptible between the first and second indentation cycles and almost

uniformly distributed along the indentation cavity. As indicated in the cases of single
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indentations, this trend was not followed by the radial stresses, which presented
significant differences only for the stresses at the model axis (r = 0) and for those at

the indentation edge (r ~ 0.27).

Conclusions

In this work, numerical and experimental techniques were used to analyze the single
and multiple indentation of a system composed by an AA 6061 substrate and a
chromium nitride thin film. Good agreement was obtained between the results
provided by both methods.

In the case of the single indentation of the coated system, different combinations of
normal load and indenter diameter were tested and results indicated that the height of
indentation pile-up increased when the indenter diameter decreased or the load
increased. Both methods also made possible to associate increases in pile-up heights
with increases in the film radial stresses at the indentation edge. In this particular
group of analysis, FEM results did not allow a direct correlation between the amount
of substrate equivalent plastic strain and the height of the pile-ups.

In terms of the successive indentation of that particular coated system, experimental
and FEM analyses provided further indication that a low (< 10) number of
indentation cycles does not result in significant differences in the contact stresses
developed from the end of one indentation cycle to the end of the next. No
significant difference was also observed in terms of the height of the pile-ups, but a
tendency for the reduction in the peak radial stress values was observed in the FEM

analyses.
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Figure 8
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LIST OF FIGURE CAPTIONS

Figure 1. Schematic of the geometry and the axisymmetric mesh of quadrilateral

elements used in the FEM analyses.

Figure 2. Displacements in axial direction (u;) calculated during single indentation of
the coated system. Values obtained along the film surface, at maximum load and for
three different indenter diameters. (a) Normal load of 196.1 N; (b) Normal load of
294.2 N; (c) Normal load of 490.3 N. (d) Detail of pile-up for normal load of 196.1
N; (e) Detail of pile-up for normal load of 294.2 N; (f) Detail of pile-up for normal
load of 490.3 N.

Figure 3. Equivalent plastic strain calculated during single indentation of the coated
system. Values calculated along the substrate side of the film/substrate interface for
three different indenter diameters. (a) Normal load of 196.1 N; (b) Normal load of
294.2 N; (c) Normal load of 490.3 N

Figure 4. Radial stresses (o;) calculated during single indentation of coated system.
Values calculated along of film surface, at maximum load and for three different
indenter diameters: (a) Normal load of 196.1 N; (b) Normal load 294.2 N; (c¢)
Normal load 490.3 N.

Figure 5. Displacements in axial direction (u;) calculated during successive
indentation of the coated system. Values obtained at maximum load for one, two and
five indentation cycles. (a) Displacement in axial direction of the nodes along the

film surface; (b) Detail of the pile-ups.

Figure 6. Results calculated during successive indentation of the coated system.
Values obtained for one, two and five indentation cycles. (a) Equivalent plastic strain
for the nodes along the substrate side of the interface; (b) Radial stresses for the

nodes along the film surface; (c) Detail of the results presented in (b).



111

Anexo D

Figure 7. Measurement of pile-up height after the single indentation of the coated
system. X-axis refers to radial distance (r) in pm. a) Diameter of 6.35 mm and load
of 196.1 N b) Diameter of 6.35 mm and load of 294.2 N ¢) Diameter of 6.35 mm and
load of 490.3 N d) Diameter of 3.17 mm and load of 196.1 N e) Diameter of 3.17
mm and load of 294.2 N f) Diameter of 3.17 mm and load of 490.3 N g) Diameter of
1.59 mm and load of 196.1 N h) Diameter of 1.59 mm and load of 294.2 N 1)
Diameter of 1.59 mm and load of 490.3 N.

Figure 8. SEM analysis of single indentation of the coated system. Circular cracks
observed inside the indentation cavity. (a) Cracks obtained with indenter diameter of
6.3 mm and 490.3 N; (b) Cracks obtained with indenter diameter of 3.2 mm and
294.2 N; (c) Cracks obtained with indenter diameter of 1.59 mm and 196.1 N

Figure 9. Measurement of pile-up height after the successive indentation of the
coated system. X-axis refers to radial distance (r) in pm. (a) After one indentation;

(b) After two indentations; (c) After five indentations.
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Table 1. Characteristics of the FEM analysis
Film Substrate (Aluminum AA 6061) Indenter
Elastic Elastic-Plastic Rigid

E =280 GPa E =68.9 GPa -
v=20.3 v=0.33 -
- | Yield stress’ 6, = 110 MPa -
Thermal properties Thermal properties -
0=98x10°K" a=23.6x10°K" -

Thickness Overall Dimensions Diameters

2.1 um 3.48 x 1.74 mm 1.59; 3.18; 6.35 mm

“Plastic properties based on tensile test [23]
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Table 2. Numerical and experimental values obtained during single indentation of the
coated system

. Number of Peak of
. Load Diameter Pile-up . radial
Analysis . circular
™) (mm) height (um) stresses
cracks
(GPa)

FEM 196.1 1.59 6 - 12

3.18 3.6 - 6.5

6.35 2 - 3.5

294.2 1.59 9 - 15
3.18 4.2 - 9
6.35 2 - 4

490.3 1.59 15.7 - 20

3.18 8 - 12
6.35 2 - 5
Experimental | 196.1 1.59 12 10-15 -
3.18 8 <5 -
6.35 5 <5 -
294.2 1.59 22 >30 -
3.18 12 10-15 -
6.35 6 <5 -
490.3 1.59 35 >30 -
3.18 15 >30 -
6.35 8.5 10 -
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Abstract

In this work, the indentation of coated systems was studied in terms of the effect of
the mechanical properties of the substrate on the film fracture behavior. Both
experimental and finite element modeling analyses were conducted to study the
phenomena that occurs when an indenter with Rockwell C geometry applies normal
loads of 400 and 1500 N on systems with titanium nitride (TiN) films deposited onto
two different steel substrates: AISI 4140 with a hardness of 240 HV and AISI M2
with hardness of 260 HV and 850 HV. Experimental results indicated the formation
of circular cracks close to the contact edge of specimens with 4140 substrates and
radial cracks close to the contact edge of the other specimens, independently of the
M2 substrate hardness. Both finite element and experimental (including
profilometry) analyses were able to correlate these results with the amount of
substrate pile-up close to the indentation edge, which affects the contact stress

distribution during indentation.

Introduction
Recently, surface engineering became a subject of increasing industrial importance,
since aspects such as tool life are crucial to reduce production time and costs. An

important aspect in surface engineering is the deposition of hard coatings with the
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objective of improving the corrosive and tribological behavior of different
components and parts [1].

Physical vapor deposition (PVD) and chemical vapor deposition (CVD) are the most
used techniques for the deposition of thin films. In cutting tools coated through the
PVD process, three types of layers are traditionally used: titanium nitride (TiN),
titanium carbo nitride (TiCN) and titanium aluminum nitride (TiAIN). These layers
are characterized by high hardness, excellent adherence, low porosity and high
chemical and thermal stability, among other characteristics [2].

The use of advanced coatings in engineering applications needs a clear understanding
of the failure mechanisms during film use and several experimental techniques were
developed towards the characterization of film mechanical properties, including
indentation tests [3].

The indentation of coated systems is usually related with the development of
arrangements of cracks that propagate entirely in the film (cohesive cracks), or along
the substrate-coating interface (adhesive cracks) [3]. In terms of the cohesive cracks,
two different behaviors are usually observed, depending on the characteristics of the
system and the indentation. An arrangement of circular cracks is developed under the
action of radial stresses and, if the tangential (hoop) stresses predominate, radial
cracks will be the preferred pattern.

In some cases, substrate hardness is used as an indicator of which type of cohesive
crack will propagate. Experiments [1, 3, 4] have shown that soft substrates favour the
propagation of circular cracks, while the tendency for the presence of radial cracks
increases as the hardness of the substrate increases (Fig. 1)[3].

In theory, one should expect the type of cohesive cracks to be related with the
amount of pile-up at the edges of the indentation [5,6]. Higher amounts of pile-up
should result in an increase in film bending at the contact edges, which would
increase the radial stresses at film surface, and, consequently, the tendency for the
propagation of circular cracks [1,7]. However, the amount of indentation pile-up is
not a function of the material hardness, but of a combination of the yield stress (cy)
and the work hardening exponent (n) [5].

In this work, thin films of titanium nitride (TiN) were deposited onto two types of

steel substrates, each one with different plastic behavior, identified by differences in
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the stress-strain curves. The steel substrates were AISI 4140 with a hardness of 240
HV and AISI M2 tool steel with hardness of 260 HV and 850 HV. The objective of
this study was to determine the influence of the mechanical properties of the
substrate on the fracture behavior of the thin coating when the system was submitted
to the Rockwell C adhesion test [8]. Moreover, the experimental analyses were
numerically reproduced in finite element method (FEM) simulations, as an attempt to

evaluate the stress fields generated in each case.

Experimental procedure

Prior to deposition, specimens of 4140 steel, in the annealed condition, and M2, in
the annealed and quenched and tempered conditions were characterized in a Buehler
1600-6100 microhardness tester using a Vickers indenter and loads of 1, 2, 3, 5 and
10 N. Results indicated that the 4140 steel substrate presented a hardness of 240 HV
(2.35 GPa), the annealed M2 substrate presented a hardness of 260 HV (2.55 GPa),
and the hardened M2 substrate presented a hardness of 850 HV (8.34 GPa).

The mechanical behavior of the 4140 and the annealed M2 substrates were also
evaluated through tensile tests, which provided the curves presented in Fig. 2. Based
on the results of hardness and tensile test, it is possible to observe that the two low
hardness steel allowed the comparison of systems with substrates of similar hardness,
but with different plastic behavior (Fig. 2). Additionally, the different heat treatments
in the M2 steel allowed the comparison of systems with substrates presenting the
same chemical composition, but different hardness.

Before deposition, specimens of the three substrates, with dimensions of (¢25x7mm),
were polished until ~0.03pm Ra and submitted to ultrasonic cleaning in alchool. A
TEC VAC IPL35L equipment was used to deposit the TiN coatings through a PVD
thermal evaporation process. During the deposition process, the substrate was
initially cleaned by electron bombardment for 30 minutes. Later, the voltage was set
to 1000V and a tungsten filament was heated to provide electrons for a more intense
bombardment of the samples causing the heating of the substrate until the process
temperature (773 °K) was reached. The deposition process was initiated and

maintained in pure argon for 4 minutes to obtain an interlayer film of Ti. Nitrogen
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was then introduced and the deposition was carried out for 20 minutes. The film
thickness obtained in the deposition of the titanium nitride was 2.0 um. (Fig. 3).

As previously mentioned, AISI 4140 and AISI M2 steels were used to evaluate the
influence of the substrate mechanical properties on film fracture under standard
Rockwell C hardness test, which were conducted in a WOLPERT D6700 Hardness
tester.

The measurement of the coating thickness and the morphology of the fracture
obtained through the indentation procedure were conducted through optical and
scanning electron microscopy (SEM Philips XL20 microscope).

The measurement of the amount of pile-up obtained at the contact edges after

indentation was conducted through a profilometry technique.

Finite element modeling

The indentation procedure, described in the previous section, was simulated using the
FEM software ABAQUS. Fig 4 presents the axissymmetric mesh of 13167 four-
noded quadrilateral elements used in the simulations.

The indenter was assumed to be rigid and to apply normal loads on the coated
system. The dimensions of the indenter were those of a standard Rockwell C test.
The indenter was conical with a 120° angle and presented a spherical tip with
diameter of 0.2 mm. Normal loads of 1500 N were considered in the analyses, which
is the load of a Rockwell C test. Additionally, simulations with loads of 400 N were
also conducted, as an attempt to evaluate results at an earlier stage of the indentation.
During modeling, substrates with the characteristics of the 4140 and annealed M2
steel were considered and, in these cases, both were assumed to present an elastic-
plastic behavior, which was defined through the tensile tests presented in Fig. 2. In
the case of the hardened M2 substrate, the behavior was assumed to be elastic. The
elastic properties were assumed to be the same for the three types of substrates (E =
210 GPa, v = 0.33) and were obtained from the literature [9].

The material of the wear resistant film was assumed to be elastic in all cases and
presented E = 675 GPa and v = 0.3. The value of the elastic modulus was selected
based on measurements conducted in a previous work [10]. In the simulations the

total thickness of the coating was 2.1 um.
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Different steps were used to load the system. Initially, a uniform biaxial stress was
imposed on the film elements to account for the intrinsic stresses that result from the
film processing. A compressive value of 1 GPa was selected, although it is
recognized that larger values were reported for PVD processes. In the second loading
step, it was assumed that the nodes in the entire FEM mesh were at the deposition
temperature. Thermal residual stresses were then calculated when the system was
cooled to room temperature (298 K). In the third step, a normal load was gradually
applied on a reference node of the rigid indenter. The stresses during indentation

were calculated both at maximum load and after the system was unloaded.

Results and discussion

Experimental results

Fig. 5 shows the cavities obtained after the Rockwell C indentation of systems with
AISI 4140 and AISI M2 steel substrates.

Figs. 5a and 5b indicate that different crack patterns were obtained for the materials
with similar hardness. A more pronounced circular crack pattern was obtained with
the 4140 substrate, when compared with that of the annealed M2 substrate.
Therefore, hardness may not be the unique parameter to determine the morphology
of cohesive cracks formed during the indentation of coated systems.

Fig. 6 presents the profilometry analyses conducted across the indentation region of
the surfaces of the three coated systems. This technique allowed the observation and
measurement of the pile-ups formed at each indentation edge.

Higher pile-ups (up to 0.27 mm above the surface of the coated system) were
observed in the specimen with AISI 4140 substrate. The annealled M2 substrate
presented a pile-up height of 0.17 mm and the pile-up in the hardened M2 substrate
reached the height of 0.15 mm.

Considering that higher pile-ups should increase film curvature at the indentation
edge [11] and, consequently, the radial stresses at film surface, it is not surprising
that the material with the highest amount of pile-up (AISI 4140) showed a more
pronounced circular crack pattern, while the materials with lower amounts of pile-up

(AISI M2) showed radial cracks patterns.
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According to Gan et all [6], the stress distribution in thin films submitted to

indentation is affected by the ratio (£ / o, ) between the Young's modulus (E) and the

yield stress (oy) of the substrate. A high value of this ratio is characteristic for soft
materials, while low values are characteristic for hard materials [S]. The tendency for
the plastic deformation of the substrate in the form of a pile-up should be favored by
high values of E/cy [5, 6].

It is interesting to observe, that the 4140 substrate presents a yield stress higher than
that of the annealled M2, but with a lower value of the work hardening exponent
(Fig. 2). In this case, and for specimens with similar hardness, the amount of pile-up
is influenced by the plastic deformation of the substrate, characterized not only by

the values of the yield stress (o) but also by the work hardening exponent (n) [5],

which are related to the strain (g) through the Ramberg-Osgood stress-strain law

[12].

The similarity in the hardness of the 4140 and annealled M2 substrates may be
understood based on Tabor’s observations that the Vickers hardness of metals is
proportional to the flow stress at a characteristic strain, usually in the range from 8 to

20% [13]. For materials with large (E/O'y) ratio, such as soft metals, the Tabor

relation (H = Coy_yy, ) Works reasonably well [5].

Result for the finite element analyses

Fig. 7 presents the axial displacement (u,) of the nodes located along the film
surface. Fig 7a presents the results after normal loads of 400 N were applied and
released on substrates with similar hardness, and considering two different values of
the friction coefficient between the indenter and film surface. Similar results are
presented in Fig. 7b, but for loads of 1500 N. Fig. 7b also presents the axial
displacement (u,) for the specimen that presented the hardened M2 substrate at the
condition of maximum (1500 N) load.

Fig. 7 provides two types of information. Higher pile-ups were obtained when the

value of the friction coefficient was set at zero. This result is in agreement with the
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idea that values of p different from zero prevent the sliding of material on the sides
of the indenter thus reducing the amount of pile-up [12]. Additionally, Fig. 7 also
indicates that higher pile-ups were obtained for specimens with 4140 substrate,
which is in agreement with the experimental results presented in this work.

Fig. 8 presents the distribution of the equivalent plastic deformation as a function of
the load and friction coefficient. When the load was set at 400 N, the plastic zone
was more intense in a small region between the model axis and the edge of
indentation. With the increase in load, the distribution in plastic deformation became
more complex. Clearly, in the cases studied, a spherical shape was not obtained for
the plastic zone, as indicated in works found in the literature [14]. Another
interesting point in Figs. 8a and 8b (400 N) is the presence of higher plastic
deformations in regions close to the indentation edge of the analysis with the 4140
substrate. This result may provide further indication of the higher pile-up in
specimen with 4140 substrate.

Fig. 9 shows the behavior of stresses calculated along the contact line at the
condition of maximum indentation load. This figure shows that, without friction, the
levels of radial and tangential stresses were higher at the model axis (r=0), and
diminished in regions close to the edge of the indentation. When a friction coefficient
different from zero was considered, the level of stresses at r=0 decreased, which is in
agreement with literature results [12]. However, no significant difference was
obtained in terms of the stresses calculated for systems presenting the two types of
soft substrates. Therefore, in spite of the higher pile-ups calculated for specimens
with 4140 substrates, the simulations were unable to explain the different crack
behaviors obtained experimentally (Fig. 5). In all cases radial stresses were equal or
higher than the tangential stresses, which was also previously presented in the
literature [12]

Finally, Figs 9c and 9d indicate a different stress distribution for systems with
hardened M2 substrate, which can be explained by the assumption of elastic behavior
undertaken during the definition of the substrates analyzed in these simulations.
Since loads of 1500 N were used, the overall results in this case, even when
calculated at film elements, present little effect of film characteristics and stress

become similar to those in the classical Hertzian contact analysis [14].



122

Anexo E

Conclusions

In this work, experimental results have confirmed the influence of the substrate
mechanical properties on the thin film fracture behavior during an indentation. The
presence of circular cracks was favored by increased amounts of pile-up formed at
the edges of the indentation. By its turn, the formation of pile-up was associated with
the elastic and plastic properties of the substrate particularly in terms of the elastic
modulus (E), the yield stress (oy) and the strain hardening exponent (n).

When two materials have similar elastic modulus and similar values of Vickers
hardness, the material with lower o, will present a higher strain hardening exponent,
since the similar value of Vickers hardness may be explained by similar values of
flow stress at ~ 10% strain. In this case, experimental and numerical results indicated
that the substrate with higher oy will present higher pile-ups.

The finite element analyses were able to reproduce the higher amount of pile-up for
systems with 4140 substrates. On the other hand, the FEM analyses were unable to
explain the formation of different crack morphologies in specimens with the two

types of soft substrates.
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