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Resumo

Neste trabalho foram estudadas correlagdes entre estrutura e propriedades de certos
revestimentos baseados em filmes finos ceramicos, mais especificamente carbeto de vanadio,
nitreto de silicio e nitreto de titdnio sobre titdnio. As condi¢des e parametros de deposi¢cdo dos
filmes, tais como composi¢ao e fluxo dos gases reativos, temperatura do substrato e outras,
foram variados para obter filmes com composi¢des, densidades e espessuras convenientes. As
caracteristicas fisico-quimicas dos filmes foram determinadas mediante a utilizagdo de um
grande nimero de ferramentas analiticas, descritas no texto. A avaliagdo do comportamento
mecanico, triboldgico e de resisténcia a corrosao dos filmes também foram determinadas por
um apreciavel nimero de métodos, os quais sdao descritos em detalhes no texto. Os resultados
indicam algumas correlagdes importantes entre dureza, resisténcia ao desgaste e resisténcia a
corrosdo por um lado, e composicdo, densidade real e estrutura cristalina, por outro lado. Da
mesma forma, foi possivel estabelecer fatos novos sobre a adesdo de filmes finos a substratos
de aco e o transporte de diferentes espécies quimicas envolvidas através de estruturas
TiN/Ti/aco nitretado. Perspectivas para a continuidade do trabalho de pesquisa aqui relatado

sdo discutidas no capitulo de Conclusdes.



Abstract

We report here on the investigation of correlations between structure and properties of
certain coatings based on ceramic thin films, more specifically vanadium carbide, silicon
nitride and titanium nitride on titanium. The films deposition conditions and parameters, such
as the reactive gases compositions and flux, the substrate temperature during deposition and
others, were varied in order to obtain films with convenient composition, density and
thickness. The physicochemical characteristics of the films were determined by a large
number of analytical techniques, as described in the text. The evaluation of the mechanical,
tribologic, and corrosion behavior of the thin film coatings was also determined by a
substantial number of techniques, all described in the text. The results indicate some
important correlations between hardness, wear and corrosion resistance on one hand, and
composition, real density, and crystalline structure on the other hand. In the same lines, it was
possible to establish new facts about adhesion of thin film coatings on steel substrates and the
transport of the involved chemical species across TiN/Ti/nitrided steel structures. The

prospects for continuations of this work are discussed in the Conclusdes chapter.
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CAPITULO 1

1. INTRODUCAO

Neste trabalho investigamos caracteristicas fisico-quimicas, mecanicas, tribologicas e
corrosivas de alguns revestimentos protetores de filmes finos de interesse pratico. Os filmes
que fizeram o objeto do presente estudo sdo carbeto de vanadio sobre aco (VC/aco), nitreto de
silicio sobre silicio (Si3N4/Si), nitreto de titdnio sobre aco (TiN/ago nitretado a plasma) e
nitreto de titdnio sobre titdnio sobre aco nitretado a plasma (TiN/Ti/ago nitretado a plasma).
Entre as caracteristicas investigadas mencionamos aqui a composi¢cdo quimica elementar dos
filmes, a distribuicdo em profundidade dos diferentes elementos quimicos, a estrutura
cristalografica, os compostos quimicos formados nos filmes, a densidade real dos filmes,
juntamente com a nanodureza, o modulo de elasticidade a ela associado, a tensao eléstica até

ruptura, o coeficiente de atrito, a taxa de desgaste, a corrosao e a adesao.

O objetivo principal ¢ estabelecer correlacdes entre caracteristicas fisico-quimicas dos
filmes e suas propriedades mecanicas, tribologicas e corrosivas, bem como correlagdes entre

caracteristicas fisico-quimicas da interface filme/substrato e a adesao dos filmes ao substrato.

A literatura cientifica carece de tais correlagdes, especialmente daquelas bem
estabelecidas, pois a grande maioria das publicagdes trata somente dos aspectos fisico-
quimicos, ou somente dos aspectos mecanicos ou triboldgicos, ou de corrosdo, ou adesivos.
Para o aperfeicoamento ou otimizagdo de revestimentos protetores de aplicacao industrial, €
crucial estabelecermos bases cientificas confiaveis para o comportamento destes materiais em

que mais de uma propriedade atua. Esta ¢ a contribui¢cdo que pretende aportar este trabalho.

Para que se tenha um melhor entendimento da razdo de utilizagdo de certos filmes finos

no presente trabalho, algumas consideragdes devem ser feitas. Nos proximos paragrafos sao



descritos alguns revestimentos e técnicas atuais referentes a engenharia de superficies e

revestimentos protetores para a utilizagdo na indistria metal-mecanica.

Nas ultimas décadas, a engenharia de superficies vem se destacando pelas suas
aplicagdes em iniimeras areas, entre elas a metalurgia fina, a microeletronica, os biomateriais,
e outras [1,2]. Dentro da engenharia de superficies, um dos processos amplamente utilizado ¢
o revestimento protetor por filmes finos, o qual a industria metal-mecanica esta utilizando em
grande escala [3,4]. Esses filmes finos podem ser depositados sobre o material comumente
utilizado para a confec¢do de ferramentas e moldes, aumentando a velocidade de avango e a
vida util dos mesmos, evitando assim o gasto nas operagdes de troca e obtendo diversos

ganhos de desempenho.

Entre os revestimentos protetores, o nitreto de titdnio (TiN) vem sendo estudado e
utilizado ha décadas e na industria metal-mecanica ¢ empregado em ferramentas e moldes,
devido a suas Otimas propriedades mecanicas e tribologicas [5,6]. No entanto, este
revestimento possui algumas limitagoes, tais como, degradagao em temperaturas em torno de
800°C, coeficiente de atrito apreciavel e baixa resisténcia a corrosdao. Estas deficiéncias
motivaram a busca de novos revestimentos para a substituicao do TiN [7]. Um dos objetivos
do presente trabalho ¢ o estudo de diferentes revestimentos, tais como, VC e SisNy, para a
possivel substituicdo do TiN em processos e ferramentas para a industria metal-mecanica

[8.,9].

As condicdes de uso as quais sdo submetidos os componentes revestidos,
principalmente as ferramentas, estdo sendo cada vez mais severas em relacdo ao desgaste
abrasivo e solicitagdo mecanica. Devido a isso, os revestimentos devem cumprir alguns
requisitos para a sua utilizagdo pratica [5]. Alguns desses requisitos sdo: propriedades

mecanicas e tribologicas estaveis a temperaturas acima de 800°C, adesdo do filme ao



substrato, resisténcia a corrosao e outras. Os revestimentos utilizados ultimamente cumprem
com pelo menos um dos requisitos citados. Estudos recentes mostram que € possivel obter

revestimentos que possuam varios desses requisitos.

Atualmente, os revestimentos que estdo ganhando maior interesse dos estudos sao
estruturas do tipo multicamada, tais como, TiN/VN, TiN/ZrN, TiAIN/VN [10,11]. Essas
estruturas sdo confeccionadas de maneira que cada monocamada possua espessuras na ordem
de nanometros e repetidas centenas de vezes uma apds a outra, dependendo da espessura final
que se deseja. O objetivo principal da utilizagdo dessas estruturas ¢ o aumento significativo da
dureza, que em alguns casos pode chegar a valores superiores a 50 GPa [12], pois as
multicamadas induzem diversos efeitos nanoestruturais que ainda nao foram completamente

explicados, mas que na pratica observa-se um aumento de dureza e resisténcia ao desgaste.

Revestimentos de acos com filmes finos tais como VC e SizNy tem sido bastante
investigados por apresentarem boas caracteristicas de adesao, dureza-desgaste e resisténcia a

corrosao [8,9].

Outras estruturas que estdo sendo estudadas sdo os nanocompositos de diversos
materiais em matrizes amorfas, por exemplo, TiC/a-C, nc-TiN/a-Si3N4, nc-TiB/a-Si3Ny [13].
A caracteristica que apresenta o maior aumento em seu valor ¢ a dureza, a qual em
determinadas estruturas pode ultrapassar 100 GPa [13]. Nessas estruturas, a principal
caracteristica desejada ¢ o tamanho controlado dos nanocristais, pardmetro que esta sendo
otimizado para conferir essa dureza elevada. Outra propriedade investigada ¢ a estabilidade da
dureza em temperaturas acima de 1000 °C, o que ¢ interessante para os processos de
usinagem a seco que facilmente atingem temperaturas desta ordem. Estes revestimentos estao

comecando a ser estudados, o SizNs sendo um bom exemplo e existe ainda muito trabalho



para ser feito como a selecdo de materiais para as estruturas, otimizagdo do tamanho dos

nanocristais, distribuicdo dos nanocristais na matriz, entre outras.

Para a industria metal-mecanica, esses revestimentos estdo longe de se tornarem
comuns, um dos principais motivos € o alto custo de deposi¢do destas estruturas, além da
necessidade no avango dos estudos para que esses revestimentos possuam uma boa adesio ao
substrato [14]. Com o estudo aprofundado dessas estruturas, as ferramentas na industria
metal-mecanica terdo maior resisténcia ao desgaste abrasivo, uma maior velocidade de avango
€ uma maior resisténcia a corrosdo. Todas essas caracteristicas contribuirdo para um ganho na
vida util da ferramenta, fazendo com que a mesma tenha que ser substituida com menor
frequéncia. No atual momento, a utilizagdo de filmes monocamadas, como os estudados por
este trabalho, sdo a realidade dos revestimentos na industria metal-mecanica e, portanto torna-
se essencial o conhecimentos das relagdes existentes entre as suas caracteristicas para a sua

compreensao cientifica e técnica visando a utilizagao industrial.

No presente trabalho, foram investigados os parametros de deposi¢dao, a composi¢ao
quimica, o perfil de concentracio em profundidade das diferentes espécies quimicas, a
uniformidade, as caracteristicas estruturais e o0 comportamento mecanico (dureza), tribologico
e corrosivo de filmes finos de VC, Si3N4 e TiN. A pressdo parcial dos gases reativos, bem
como a temperatura do substrato foram os parametros variados na preparagao de diferentes

amostras do mesmo filme.

Primeiramente, foram investigados filmes de VC. Determinamos a estrutura cristalina e
a estequiometria média de filmes finos de VC variando a pressdo parcial do gés reativo e a
temperatura do substrato durante a deposi¢do. Este estudo permitiu determinar a influéncia

destes parametros na estrutura cristalina de filmes de VC. Assim também, foi avaliada a



posi¢ao dos atomos de carbono nas estruturas de filmes de VC o que influéncia a estabilidade

da estrutura cristalina dos filmes.

Apos, foram estudadas a taxa de deposicdo e a concentracdo versus profundidade
(perfilometria) do C, a dureza e modulo de elasticidade, o ambiente quimico préoximo da
superficie dos filmes e a taxa de desgaste. Finalmente, estudou-se o comportamento de filmes
de VC frente a corrosdo. Neste ultimo estudo, foi possivel estabelecer correlagdes solidas

entre propriedades fisico-quimicas dos filmes e seu comportamento frente a corrosao.

A seguir, foram estudados os filmes finos de SizNj. Neste estudo foram variadas: i) a
temperatura do substrato durante a deposicao, ii) a pressao parcial do gas reativo (N) e iii) a
espessura dos filmes. Foi determinada a dependéncia da composi¢ao ¢ da taxa de deposi¢ao
frente aos parametros 1) e ii) acima. Em seguida, foi analisada a influéncia que a temperatura
do substrato durante a deposicao exerce na estrutura cristalina destes filmes. Na sequéncia, a
avaliacdo da dureza e moédulo de Young por nanoindentacdo. Finalizando o estudo, foi
realizado tratamento térmico das amostras em atmosfera de oxigénio até¢ 1000 °C, temperatura
tipica que pode ser atingida durante o processo de usinagem a seco. Para o tratamento
térmico, foi utilizado um forno a vacuo com atmosfera controlada que permite a oxidagdo das
amostras a alta temperatura. Nessas amostras foi determinado o perfil de concentragao de
oxigénio e nitrogénio, bem como as ligacdes quimicas presentes. Finalmente, foi feito um

estudo detalhado do coeficiente de atrito em presenca de cargas muito leves.

A estabilidade térmica da dureza dos filmes de SizNs até 1000 °C e o bom
comportamento potencial frente ao atrito e desgaste sdo correlacionados aqui com as

caracteristicas fisico-quimicas descritas.

Finalmente, foram estudados o transporte de dtomos através de interfaces de estruturas

do tipo TiN/ago nitretado e TiN/Ti/aco nitretado utilizando um tragador isotdpico para o



transporte de N. Assim, também foram determinadas as composi¢cdes quimicas destas
interfaces. Neste trabalho foi utilizado um tracador isotopico (’N) para avaliar a migra¢io
desta espécie quimica ao longo do filme e através das interfaces. Foi necessario utilizar esse

isotopo para diferenciar o nitrogénio da nitretacdo a plasma com aquele do filme depositado.

O objetivo deste estudo foi tentar relacionar a adesdo de filmes de TiN sobre agos com
os estudos de transporte atdmico dos diferentes elementos e a composi¢do das interfaces. Da
mesma forma, tentou-se esclarecer a influéncia da camada intermediaria de Ti na adesdo.
Estas correlacdes podem e devem ser estabelecidas porque a adesdo ¢ um fendmeno de

interface.

Este trabalho busca contribuir para estabelecer correlagdes entre estrutura e
propriedades dos materiais envolvidos. As ferramentas analiticas aqui utilizadas, avancadas e
variadas, sdo capazes de fornecer informagdes que ndo podem ser obtidas por outros métodos,
entre as quais mencionamos as reagdes nucleares ressonantes, os tracadores isotopicos € o
espalhamento de ions a baixissimas energias. Estes métodos, juntamente com as
determinagdes de nano-dureza, mddulo de elasticidade, coeficientes de atrito e desgaste e
corrosdao permitiram contribuir para o objetivo geral, ou seja, estabelecer correlagdes entre
caracteristicas fisico-quimicas dos filmes e suas propriedades mecanicas e triboldgicas, bem
como correlagdes entre caracteristicas fisico-quimicas da interface filme/substrato e a adesao

dos filmes ao substrato.



CAPITULO 2

2. Métodos experimentais

2.1. Preparacdo de amostras

A Figura 1 mostra um esquema da sequéncia da preparacdo das amostras para os
diversos estudos. Todas as amostras antes de serem tratadas foram polidas e limpas em banho
com acetona e ultrassom por 30 min. Para as amostras de aco AISI M2 e AISI H12 foram
utilizadas diversas granulometrias de lixas e na sequéncia polidas com pasta de diamante de 1

pum. Uma breve descri¢ao das técnicas de preparacao de amostras foi descrita na introdugao.

Temperatura
25a500°C

Filme fino

Magnetron 7 «VC Press@o parcial
sputtering ¢ Si.N CH,—-N,
reativo ik 0,5-12x10- mbar

Si(001)
monocristalino
* TiN/Ti .

Tempo de

Nitretagao a deposigéo
plasma 5-80 min

Figura 1 — Etapas para a preparacio das amostras utilizadas neste trabalho.

2.2. Método de deposicao

2.2.1. Pulverizagdo catodica (sputtering)

Esse processo de deposicdo de filmes finos foi descrito brevemente na introducao, mas
devido a grande importancia e utilizacdo no presente trabalho serd aprofundado nesta se¢do
para um melhor entendimento do principio fisico-quimico da técnica. A técnica de sputtering
¢ largamente empregada devido a obtenc¢do de algumas vantagens frente a outros processos de

PVD, tais como:



e Alta pureza e densidade;

e Composicao e estequiometria controladas;

e Baixa densidade de defeitos;

e (Grande quantidade de materiais e compostos podem ser depositados;
e Uniformidade em espessura e reprodutibilidade;

e Baixa contaminagdo por particulas.

Durante o processo, inimeros efeitos acontecem, os quais podem ocorrer com maior ou
menor probabilidade dependendo dos parametros escolhidos para a deposi¢ao. Alguns desses
efeitos sdo ilustrados na Figura 2 ¢ o que se busca desse processo € a remog¢ao de atomo do

alvo (sputtering), que representa apenas um dos efeitos que ocorrem.

lons/atomos
refletidos
. Elétrons
Particula Aumento de secundanos
ener%etlca reagdes quimicas ——
Aumento da . energetlca
mobilidade da superficie Atomoss;;:}g:ﬁg;nados Fétons Spatieriing
Espécies \ 0 O atomos (jons)

adsorvidas * & ~— o O \

_Recoil N O \0\‘ (Retroespalhado)
Regido da Defeitos <-Superf|c1e

glao dal |mplantado
superficie 07 da rede \ | "Supemme
Deslocado | “alterada”
= 1 /1

B Implantado ¢ 1 Cascata de
Présimea Aprisionado I ] I colisbes
superficie I

1]
Canalizado

Figura 2 — Efeitos de particulas energéticas em superficies.

O sputtering de materiais ¢ fortemente afetado pela energia da particula incidente, o

qual ¢ ilustrado em detalhe na Figura 3.
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Figura 3 — Sputtering em trés energias diferentes. (a) baixa, (b) e (c) alta energia.

Na Figura 3a ¢ mostrado um atomo do material, representado pelos circulos abertos, que
¢ arrancado pela colisdo de uma particula pouco energética. Nesse caso a energia que a
particula possui pode provocar somente um evento (remog¢ao de um atomo). Ja na Figura 3b e
c a energia ¢ suficiente para gerar uma cascata de colisdes e nota-se a movimentagdo dos
atomos em diferentes diregoes.

Além da energia dos ions incidentes, outros pardmetros sdo importantes para que o
fendmeno ocorra, tais como, massa do projétil, angulo de incidéncia, massa do alvo e textura
do alvo. A maioria destes parametros sdo projetados pelos fabricantes de fontes de sputtering.
Uma grandeza usualmente utilizada para essa técnica ¢ o rendimento (Y ou S) do processo,
que ¢ definido por:

numero de atomos ejetados (sputtering)

YouSs = - - —
numero de atomos incidentes

Essa grandeza ¢ influenciada por diversos parametros ¢ na Figura 4 ¢ mostrada a
influéncia do rendimento com a energia dos ions. A partir dessa figura conclui-se que o
rendimento € proporcional a energia dos ions até sua estabilizacdo e consequentemente a
poténcia a qual o alvo ¢ submetido. Para energias baixas (menores que 10 keV) a relacdo de Y

com a energia ¢ praticamente linear, aumentando a energia ndo ha variagdo significativa e



para altas energias o rendimento cai, devido a energia ser suficientemente alta para implantar

no alvo a particula.

Plato (E =10-100 keV)

S«E (E > 100 eV)

Rendimento do Sputtering (S)

S?=E (E < 100 eV)

L Limiar
Energia do ion (E)
Figura 4 — Influéncia da energia no rendimento no processo de sputtering.

O rendimento para uma faixa de energias de 0,1 a 1 keV pode ser calculado pela

equacao empirica:

0,67
Y(E) = .2 i < 2 ) E1/2
Ugp (Zr2/3 N Z;/3)3/4 Zy + 7,

Onde:

Uy, = energia de ligagdo na superficie;

Zr = nimero atomico do alvo;

Zp = numero atomico da particula;

E = energia inicial da particula incidente.

A partir da equagdo acima observa-se que o rendimento ¢ maximo com projétil e alvo
de massa similar, devida a maxima transferéncia de energia em uma colisdo elastica. Outros
fatores que influenciam no rendimento sdo a formacao de liga ou compostos do projétil com o

alvo, diminuindo o rendimento e a possibilidade de canalizacdo em alvos cristalinos.
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2.3. Técnicas de anélise

2.3.1. Espectrometria de retroespalhamento Rutherford (RBS)

A técnica consiste em incidir sobre a amostra um feixe monoenergético de ions de alta
energia, geralmente He™ com energia entre 1 ¢ 3 MeV, e detectar a energia das particulas
retroespalhadas. A composi¢ao elementar do material analisado ¢ obtida a partir do espectro
em energia das particulas retroespalhadas detectadas, bem como a quantidade de atomos
presentes [15,16,17], da qual pode ser extraida a espessura do filme, a partir do conhecimento
de sua densidade nominal. Na Figura 5 ¢ mostrado um esquema do espectro de RBS de um

filme de composicao genérica AB depositado em um substrato C, leve e de espessura infinita.

E
- C|AB
@
° |
(0]
£
g I~
[
(]
12}
k)
=3
L
=
(]
Q.
()
©
2
()
£
=]
2
KeEo KnEo E, Energia das particulas espalhadas
|
|
Mas’sa B Masksa A Massa dos elementos no alvo

|

!

I

+<—Volume | +—Volume I Profundidade no alvo
Superficie Superficie

Figura 5 — Espectro de retroespalhamento Rutherford esquemaético para um filme fino AB sobre um
substrato leve C.

Uma grandeza importante em RBS ¢ o fator cinematico (K), utilizado na anélise
elementar qualitativa. Esta grandeza depende da energia apds o espalhamento (E) e da energia

inicial (Ep):
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A energia de particulas retroespalhadas a um dado angulo depende de dois processos: a
perda de energia da particula devido a transferéncia de momentum para o atomo alvo durante
o evento de retroespalhamento (descrito por K) e a perda de energia pela particula durante a
passagem através da amostra solida (ambos antes e depois do espalhamento). A Figura 6
mostra os eventos do retroespalhamento que ocorrem na superficie da amostra ¢ em uma
profundidade d na amostra. Para o espalhamento na superficie da amostra a perda de energia

s0 ¢ dada pela transferéncia de momento para o atomo do alvo.

A expressdo do fator K em funcdo dos diversos parametros envolvidos na colisdo é:

2 2 2.3\1/272
M;cos6 + (M2 — M;“sen 0)
M; + M,

Onde:
M, — Massa atomica da particula incidente;
M, — Massa atomica da particula do alvo;

0 — Angulo da trajetoria da particula antes e depois do espalhamento.

Detector

Figura 6 — Esquema de varios processos de perda de energia para retroespalhamento a partir da
superficie da amostra e ao longo da amostra. Energia é perdida por transferéncia de momento entre a
particula do feixe e da amostra e com a particula incidente que atravessa o alvo antes e depois do
espalhamento.
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A quantificagdo do espectro na RBS, embora possa ser feito de forma absoluta,
geralmente ¢ realizada pela comparacao das areas dos picos de um padrdo e da amostra que
esta sendo medida. Usualmente, utiliza-se um padrao de bismuto (Bi) implantado em silicio,
com uma quantidade conhecida de 4&tomos de Bi. Com a quantidade de atomos por centimetro
quadrado e com a densidade do material que estd sendo analisado, consegue-se estimar a
espessura do filme fino depositado [16]. A quantidade de atomos do material que se deseja

conhecer ¢ dada, entdo pela equagdo:

Onde:
Q — Quantidade de 4tomos-cm™ do elemento;
A — Area em baixo do sinal correspondente no espectro medido;
N — Numero total de ions incidentes;

Z — Numero atdmico.

2.3.2. Espalhamento de ions com energia média (MEIS)

Esta técnica comecou sendo desenvolvida como uma especializagdo da RBS,
desenvolvida pelo grupo FOM de Amsterdam. MEIS combina a técnica de RBS com uma
elevada resolugdo em energia, muito maior do que aquela usual em RBS. A resolu¢do em
energia obtida pode ser de até 0,3 nm, enquanto em RBS dificilmente abrange resolucao
menor que 10 nm. Este ganho na profundidade méaxima ¢ dado pela troca de detector em
relacdo a RBS que nesta ¢ um detector de estado so6lido, j4 no MEIS ¢ um analisador toroidal

eletrostatico mostrado na Figura 7 [18].
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Figura 7 — Analisador da técnica de MEIS

A instrumentacdo ¢ semelhante a técnica de RBS, sendo necessario um acelerador de
ion, uma camara de ultra-alto vacuo (UHV) com gonidmetro e um analisador eletrostatico de
energia com detector sensivel a posi¢ao como o descrito anteriormente. Esta técnica permite a
caracterizacdo quantitativa com alta resolucdo em profundidade [19]. Na técnica em questao,
um feixe monoenergético de ions tipicamente de H" com uma energia na ordem de 100 keV é
incidido na amostra e as particulas espalhadas sdo detectadas e analisadas. Esse espectro em
energia detectado também contém informagdes sobre a profundidade dos atomos do alvo,
pelo fato de que um ion incidente perde energia pelas colisdes inelasticas com os elétrons do
alvo, tanto na entrada do mesmo quanto na saida das colisdes. Devido a esta elevada
resolugcdo em energia em relacdo a outras técnicas € possivel detectar diferenca isotopica dos

elementos [20].

A Figura 8 mostra um espectro caracteristico de MEIS, de um filme de SiO, com 5 nm
de espessura, sobre Si. No qual pode ser visto os elementos quimicos separados, bem como os
isotopos de alguns elementos. A analise dos elementos quimicos presentes nesta técnica ¢ de

forma analoga a técnica de [21].
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Figura 8 — Espectro equematico de MEIS.

2.3.3. Espalhamento de ions com energia baixa (LEIS)

A técnica de LEIS, assim como RBS e MEIS, ¢ dada pela incidéncia de ions na amostra
e entdo medida a energia destes retroespalhados. Nesta técnica sdo, geralmente, utilizados
ions de He a uma energia entre 500 eV e 10 keV [22], na qual interagem com a matéria da
amostra e a energia final destes ions retroespalhados ¢ detectada e medida por um analisador
eletrostatico hemisférico, mostrado na Figura 9. Nesta técnica somente a primeira camada
atdmica ¢ analisada, pois ions ai espalhados ndo sofrerem neutralizagdo, enquanto os ions que
chegam na segunda monocamada e suas posteriores sdo neutralizadas e, portanto, ndo sao

analisadas em energia.
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Figura 9 — Geometria de analise de LEIS e do analisador eletrostatico de energia.

Este analisador eletrostatico utilizado seleciona os ions que ndo neutralizaram e sao
analisados em energia e detectados, assim contribuindo para o espectro. Esse ¢ um dos
principais motivos pelo qual os picos do espectro sdo separados, diferenciando do RBS no
qual os picos formam patamares e se sobrepdem devido aos elementos quimicos estarem
distribuidos em profundidade na amostra. Na Figura 10 mostra graficos esquematicos de

LEIS e RBS comparando ambas as técnicas.
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Figura 10 — Espectros de He retroespalhado para as técnicas de LEIS e RBS para uma amostra de Si com
Ag, Si e O na superficie.

2.3.4. Perfilometria de concentracdo utilizando reagdo nuclear ressonante estreita

(NRP)

Esta técnica permite determinar quantitativamente o perfil de concentracdo de
elementos leves, ou seja, a determinacdo da concentracdo em funcdo da profundidade. A
diferenga em relacdo a outras técnicas, por exemplo, RBS e MEIS, ¢ a seletividade em
elementos atomicos. Para determinar o perfil de concentragdo de elementos leves com

nitrogénio, oxigénio, aluminio e silicio em amostras sdo utilizados parametros de andlise

especificos para a detec¢cdo de um iso6topo do elemento desejado [23].

Um feixe de ions, geralmente H', com energia de algumas centenas de keV até alguns
MeV ¢ produzido em um acelerador e bombardeia a amostra. Reagdes nucleares com nucleos
de baixo numero atdmico sao induzidas por este feixe. Os produtos destas reagoes,
tipicamente protons, deutério, particulas a e raios vy, sdo detectadas, produzindo um espectro

de contagens de particulas versus energia [15]. Um exemplo das reacdes é:
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BN+p->2C+a+y

Como o objetivo desta andlise ¢ a determinagdo do perfil de concentragdo de elementos
leves, um feixe de protons com energia de incidéncia correspondente a uma ressonancia
estreita, intensa e isolada da curva de secdo de choque da reacdo nuclear (Figura 11) ¢
utilizado. Na Figura 11 ¢ mostrada a vantagem da utilizagdo da energia de ressonancia para a
reagio *O(p,a0)’N em 151 keV. Utiliza-se esta energia por: i) ser isolada, ou seja, ndo ha
ressonancia perto desta regido, ii) intensa, possui uma se¢do de choque diferencial, ao redor
de 5 ordens de grandeza maior do que proxima a ressonancia, iii) ter uma largura a meia

altura menor possivel, que determina a sua resolucao em profundidade.
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Figura 11 — Secdo de choque diferencial em funcio da energia de incidéncia dos prétons.

Para a obtencdo do perfil de concentracdo, a incidéncia do feixe de ions na energia de
ressonancia fard com que reagdes nucleares acontecam, e a probabilidade destas reagdes
ocorrerem ¢ significativa somente na superficie da amostra, pelo fato de perderem energia
pelas interacdes com o material. Entdo esse resultado das reacdes ¢ detectado e com isso

gerado um espectro, mostrado na Figura 12a. A seguir a energia do feixe ¢ aumentada para
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que a reagdo ocorra nao mais na superficie e sim ao longo da amostra que serd detectada
gerando novamente um espectro, mostrado na Figura 12b. O alargamento do pico ¢ devido ao

aumento na dispersao dos ions conforme eles entram no alvo [24].

Ep = Er
Epr = Er I Ep > Er
A/ ¢
o
l 2
3 L _ > >
Z Az Ep (keV) Profundidade
E(l Eq
(a) (b) ()

Figura 12 — Detecc¢io das reacdes nucleares (a) na superficie do material, (b) ao longo da amostra e (c) na
profundidade da amostra.

Em ambos os espectros citados (Figura 12 (a) e (b)) ¢ calculada a area abaixo da curva
que ¢ proporcional a quantidade total de 4&tomos presentes na fatia analisada. Fazendo esse
processo de passo em passo pode-se mapear a distribuicdo do elemento em fungdo da

profundidade da amostra conforme mostrado na Figura 12 (¢).

2.3.5. Espectroscopia de fotoelétrons induzidos por raios X (XPS)

XPS ¢ uma técnica de fotoemissdo, largamente utilizada para examinar o estado
quimico de espécies proximas a superficies solidas e a distribui¢do de composicdo quimica
em funcdo da profundidade [25]. Esta técnica envolve a ionizacdo dos atomos pelo efeito
fotoelétrico, que ¢ a emissdo de elétrons por um material, quando exposto a uma radiagdo
eletromagnética. Ele pode ser observado quando a luz incide numa placa de metal, arrancando

elétrons dessa placa [26].
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O mecanismo de emissao consiste em:

1°) absor¢do de raios X e promog¢do de um elétron do seu estado fundamental até o

estado final acima do nivel de Fermi;

2°) transporte do elétron para a superficie;

3°) escape do elétron para a camara de vacuo, com energia cinética dada pela equacao:

Ex=hv—E,—W
ou
Ey,=hv—E,—-W
Onde:

Ey — energia de ligacao do elétron no solido;
hv — energia do foton incidente;
Ex — energia cinética do elétron

W — fungao trabalho do espectrometro.

A determinagdo da energia de ligagdo traz informacdo sobre o estado quimico do
elemento. Na Tabela I ¢ mostrada a variagcdo da energia de ligagdo para as diferentes ligagdes

quimicas do elemento Ti.

Tabela I — Energia de ligagdo para diferentes ligagdes do Ti

Ligacdo | Energia de ligacido (eV)
TiO; 458.,6
TiO 455,1
Ti-Ti 4540
TiN 455,2

Na Figura 13 pode ser visto um esquema da técnica de XPS.
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Figura 13 — Técnica de XPS: (a) irradiacdo da amostra pelo feixe e (b) féton arrancando elétron do nivel
interno.

Apoés o elétron ser ejetado da superficie do material, ele chega ao analisador e sdo
contados quantos elétrons, com a mesma energia, estdo sendo medidos. Entdo o grafico de
contagens versus energia ¢ obtido [27]. O analisador utilizado nesta técnica ¢ o hemisférico
que consiste em duas cascas hemisféricas concéntricas. Aplicando uma diferenca de potencial
entre elas permite-se a passagem de fotoelétrons com determinada energia os quais serdo

detectados no final da calota.

Ti 2p Mg Ka
Ti metal
TiO,
470 465 460 455 450

Energia de ligagao (eV)

Figura 14 — Espectro de Ti em diferentes estados.
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Na Figura 14 ¢ mostrado um espectro tipico de XPS para o Ti, na qual pode ser visto os
dois picos caracteristicos (2ps3» € 2pi2) deste elemento, devidos as interagdes spin-orbita. O
deslocamento dos picos do espectro nessa figura ¢ devido ao estado oxidado do Ti, ou seja, na
parte de cima ha Ti metdlico e na parte de baixo o Ti estd oxidado. Portanto hd um
deslocamento dos picos no espectro por causa da diferenca na energia de ligacdo dos dois

diferentes estados quimicos presentes.

2.3.6. Difragdo de raios X (XRD)

Esta técnica ¢ utilizada em larga escala em ciéncia dos materiais, pela sua grande
versatilidade e precisdo. Com ela pode-se identificar as fases cristalinas presentes nos
materiais, bem como medir diversas propriedades estruturais, como tamanho de grao, tensdes,

entre outras [28].

A Figura 15 mostra o esquema dos itens que compdem um difratometro, onde pode ser
visto o feixe de raios X incidindo na amostra, o feixe difratado com angulo de 20 que ¢

detectado.

Tubo de
raios X

Detector

Figura 15 — Itens que compdes um equipamento de difracio de raios X.
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A técnica de XRD para materiais cristalinos ¢ baseada na difracdo de raios X, que sao
radiacdes eletromagnéticas com comprimento de onda da ordem de 1 A. Devido ao seu
campo elétrico associado, ha interagdo com particulas carregadas, por exemplo, elétrons em
um soélido. Essa interagdo faz com que os elétrons emitam radiagdo e quando essas radiagdes
interagem uma com a outra de forma construtiva, ocorre difragdo. Para que ocorra interacao
construtiva dois critérios devem ser satisfeitos: 1) satisfazer a lei de Bragg e 1ii)
posicionamento dos atomos na célula unitaria permitir que ocorra interferéncia construtiva

[29].

Para a identificagdo do composto analisado ha padrdes de espectros que sdo comparados
com a amostra analisada. Listas extensas de padrdes sdo encontradas para determinado fim

[30].

Uma variagdo dessa técnica ¢ a difragdo de raios X de baixo angulo (GAXRD), que
consiste em utilizar um baixo angulo de incidéncia dos raios X na amostra. A finalidade ¢
minimizar a contribuicdo do substrato no difratograma. Em muitos casos, nenhum pico do
substrato ¢ medido, devido a baixa penetracdo do feixe de raios X na amostra, com isso ha

somente difra¢do no filme fino.

2.3.7. Reflectometria de raios X (XRR)

E uma técnica ndo destrutiva que fornece informagdes sobre espessura, homogeneidade,
rugosidade e densidade de filmes finos com monocamada ou multicamadas em substratos
planos. Esta técnica pode ser aplicada para o estudo de superficies e interfaces de filmes finos
em resolugdo atomica, sem ser necessario utilizar materiais cristalinos [31]. A configuragao
experimental para uma andlise tipica de XRR estd mostrada na Figura 16. A curva de

refletividade obtida consiste num grafico que relaciona a intensidade dos raios X refletidos
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com o angulo de incidéncia (0). A medida de reflectometria consiste em variar esse angulo de
um valor proximo de zero até alguns graus. Para angulos entre zero e o valor do angulo critico
de reflexdo externa total (Oc), reflexdo total ird ocorrer, como mostra a parte superior da
Figura 16. Acima de Oc, a onda penetra no material, mostrado na parte inferior da Figura 16.
O valor de Oc para um dado material depende de sua densidade eletronica e da radiagdo
incidente. A profundidade até a qual a radia¢do ird penetrar aumenta rapidamente com o
angulo, ocorrendo um aumento na absor¢do e, consequentemente, uma diminui¢do da
intensidade da radiagdo refletida. O resultado ¢ um declive na curva de refletividade. O

angulo critico ¢ medido como o ponto inicial dessa rapida queda na intensidade.

6<6

C

Filme fino

Substrato

Figura 16 — Esquema da técnica de XRR.

Um espectro tipico de uma analise de XRR ¢ mostrado na Figura 17, onde sdo vistos a
interferéncia dos raios X refletidos para diferentes interfaces, camadas e multicamadas em
substratos planos. Podem ocorrer oscilagdes (franjas de Kiessig) ou efeitos de difracao na
intensidade de raios X que depende do angulo de incidéncia. A amplitude das franjas depende

da rugosidade da superficie e interface e da densidade eletronica relativa dos materiais [31].
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Figura 17 — Espectro tipico de XRR.

2.3.8. Nanoindentagao

A técnica de nanoindentagdao ¢ utilizada para determinar propriedades mecanicas de
superficies e filmes finos. Podem-se obter, também, perfis de dureza em profundidade,
preparando as amostras para analise em se¢do transversal. Sua caracteristica fundamental ¢ a
possibilidade de estudar as primeiras camadas atdmicas, sendo que podem ser realizadas

medidas que atinjam de 10 até 1800 nm de profundidade [32].

Nos sistemas de nanoindentagdo, as medidas de dureza ocorrem de forma analoga as
dos testes mecanicos tradicionais (microdureza) onde as propriedades sdo obtidas de medidas
simples de carga mecanica, deslocamento e tempo. Um penetrador, geralmente com ponta de
diamante, ¢ impulsionado em direcdo a superficie da amostra, enquanto a carga aplicada e o
deslocamento do penetrador sdo medidos. Na figura 18 ¢ mostrado um esquema do

dispositivo de analise.
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Figura 18 — Esquema da ponta de penetracdo em um equipamento de nanoindentacio.

Os resultados da carga como uma func¢do do deslocamento nos materiais sdo muito

similares, e contém, aproximadamente, as mesmas informacgdes que sao obtidas utilizando um
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teste de compressdo convencional. Nos testes convencionais, a area de contato permanece
constante durante todo o ensaio. J4 com o indentador, a area se modifica com a penetragao

[32]. Na Figura 19 ¢ mostrado como o grafico de carga e descarga varia com a profundidade.

Carga

Forca

Descarga Profundidade

Figura 19 — Representaciio de carga e descarga do penetrador em funcio da profundidade.

O principal objetivo de medidas de nanoindentagdo ¢ a determinagdo das propriedades
de deformagdo plastica dos materiais, principalmente da dureza (H) e do modulo de
elasticidade (E) de filmes finos ou de camadas superficiais de sélidos. Em uma medida de
nanodureza, uma forca (carga) P ¢ aplicada a um indentador (uma ponta de diamante com
uma determinada forma) em contato com a superficie da amostra. Geralmente isto ¢ feito em
trés etapas. Inicialmente, a carga ¢ aplicada com uma taxa pré-determinada até atingir um
valor méximo P,,,. Feito isto, a forca ¢ mantida constante por um determinado intervalo de
tempo, permitindo assim a acomodagdo do material. Em uma tultima etapa, a carga sob

controle ¢ retirada ficando impressa sua marca na amostra (impressao residual).
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2.3.9. Pino no disco

Pino no disco ¢ um dos varios tipos de ensaio de desgaste, onde duas espécies sdo
requeridas. O primeiro consiste em um pino de raio conhecido que € posicionado
perpendicularmente em relagdo a um disco. Uma esfera rigida de aco ou de um material
ceramico como a alumina ou carbeto de silicio, frequentemente utilizados como pinos.
Usualmente, este pino se mantém estatico enquanto a disco gira de forma rotacional. O plano
do disco pode ser orientado de forma horizontal ou vertical. A Figura 20a mostra a
representacdo esquematica do ensaio de pino no disco e na Figura 20b uma foto do

equipamento utilizado para ensaios deste tipo.

Figura 20 — (a) representacio esquematica de ensaio pino no disco e (b) equipamento de pino-no-disco.

O pino ¢ pressionado contra o disco através de um carregamento especifico por meio de
um braco ou por uma alavanca presa por um peso. Outros carregamentos também sdo usados
como hidraulicos e pneumaticos. Os dados dos testes de desgaste pela perda de volume do
disco e do pino sdo computados separadamente. A quantidade de desgaste ¢ determinada
através de técnicas metrologicas. Em alguns casos o teste de desgaste ¢ medido através do

volume desgastado pela distancia de escorregamento.
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A quantidade desgastada depende de muitos fatores como a forca do carregamento
aplicada, as caracteristicas da maquina, a velocidade de deslizamento e as propriedades do
material. Os testes de pino no disco ndo reproduzem todas as condi¢des que podem ser
experimentadas. Nao ha certeza que a taxa de desgaste se comportara de maneira pré-

determinada sobre diferentes condic¢des [33].

2.3.10.  Coeficiente de atrito

O atrito pode ser definido como a forca que se opde ao movimento relativo entre duas
superficies. Genericamente, a magnitude da forca de atrito ¢ descrita em termos de um
coeficiente de atrito, que € a razao entre a for¢a de atrito e a forca normal que pressiona os
corpos entre si. O coeficiente de atrito com essa descricdo foi proposto originalmente por
Leonardo da Vinci, por volta de 1500 [34]. Na tecnologia moderna, o coeficiente de atrito ¢
considerado como sendo variavel e dependente de parametros operacionais (umidade,
temperatura, velocidade e pressao de contato), de lubrificantes, de propriedades do substrato e
dos filmes superficiais [35]. A dependéncia em geral ¢ maior com as propriedades das
superficies e com o acabamento superficial, do que com as propriedades do substrato; porém,
as propriedades do substrato influenciam tanto na cinética de adsor¢do das espécies quimicas,

como no acabamento originado do processamento deste [35].

Em termos de valores do coeficiente de atrito, a caracteristica do atrito, por ndo ser uma
propriedade intrinseca de um material ¢ nem de uma combinagdo de materiais, traz
complexidade no uso de valores tabelados como fonte de dados para projeto [36]. Os valores
na maioria das vezes sdo obtidos com algumas combinagdes de materiais e em condi¢des

estabelecidas com sistemas laboratoriais que empregam geometrias simples. Obviamente, as
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informacdes tabeladas fornecem orientagdes apenas e uma analise mais criteriosa deve ser

efetuada nos casos mais criticos.

E possivel verificar que o atrito é sensivel aos mesmos parimetros e aos mesmos tipos
gerais de fendmenos envolvidos no desgaste, ou seja, aqueles relacionados com as
modifica¢des das tribossuperficies. E como resultado dessa dependéncia comum, alteragdes
nas tribossuperficies que resultam em mudangas no desgaste frequentemente produzem
modifica¢des também no atrito, e vice-versa. O monitoramento do atrito durante ensaios de
desgaste podem auxiliar na identificacdo dos fendmenos de transicdo do desgaste, embora se
ressalte que as tendéncias observadas no desgaste ndo sdo necessariamente as mesmas do
atrito [37]. O atrito esta relacionado a energia total dissipada pelo sistema, sendo essa energia
constituida de duas partes: energia na forma de calor e energia na forma de desgaste [37]. A
energia na forma de desgaste ¢ normalmente pequena em comparacao a energia na forma de
calor. A razao entre essas duas energias pode variar para diferentes tribossistemas e diferentes

mecanismos de desgaste.

Se duas superficies em contato apresentarem tendéncia a se mover uma em relacao a
outra, surge uma forga "resistente": a for¢a de atrito. No caso de a forca aplicada ndo ser
suficiente para colocar o corpo em movimento, a for¢a de atrito se opde a forca aplicada e ¢
chamada forga de atrito estatico. Esta ndo possui um valor unico e pode variar entre zero a um
certo valor méximo, chamado for¢a de atrito estatico maximo (f. mix). Com boa aproximagao,
este valor e independente da area de contato e € proporcional a for¢a normal que a superficie
exerce sobre o corpo. A constante de proporcionalidade ¢ o "coeficiente de atrito estatico"

(Ke). Assim, podemos escrever:

feméx = Ue " Fy

30



No caso de ocorrer movimento, aparece a chamada forca de atrito cinético (f.) entre as
superficies, que tem sentido contrario ao do movimento. A teoria prevé que ela seja constante,
independente da area de contato e proporcional a forca normal exercida por uma das
superficies sobre a outra. Esta proporcionalidade ¢ expressa através do chamado "coeficiente

de atrito cinético" (L.):

fC:.uc'FN

As constantes de atrito estatico e cinético podem dizer muito sobre as caracteristicas das
superficies em contato. E interessante destacar que o coeficiente de atrito estatico maximo ¢

sempre maior que o coeficiente de atrito cinético [38].
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CAPITULO 3

3. Carbeto de vanadio

Dentre os muitos revestimentos protetores existentes, alguns ja mencionados na
introducado, este capitulo estuda em particular o carbeto de vanadio (VC), que ¢ candidato a
ser utilizado na industria metal-mecanica como revestimento para discos de corte, fresas,
matrizes, entre outras ferramentas. As principais caracteristicas que justificam a utilizacao
para esse fim sdo elevada dureza, resisténcia ao desgaste e resisténcia a corrosao. Outra
caracteristica importante deste carbeto ¢ a estrutura cristalina. A estrutura ¢ do tipo ctbica de

face centrada (fcc), como pode ser observado na Figura 21.

Figura 21 — Estrutura cristalina de VC.

Na Figura 22 ¢ mostrado o diagrama de fases para o sistema V-C [39].
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Figura 22 — Diagrama de fases do sistema V-C.

O primeiro estudo realizado foi com amostras de VC, variando a pressao parcial do gas
reativo, neste caso metano (CH4), e a temperatura do substrato durante a deposi¢do e
determinando a estrutura cristalina e estequiometria desses filmes finos. O substrato utilizado

foi silicio monocristalino e a deposicao foi pela técnica de magnetron sputtering reativo.

Os resultados obtidos pela combinagdo de RBS com reagdo nuclear ressonante
2C(0,0)"*C sdo descritos nas Figuras 3 e 4 do Anexo 1, nas Figuras 1,2,3,4 ¢ 5 do Anexo 2 e
na Figura 1 do Anexo 3. As analises de RBS foram realizadas com ions de He" com energia
de 2 MeV e o detector com angulo de retroespalhamento de 165°. Anélises de reagdo nuclear
ressonante foram realizadas com energia de 4,26 MeV. Embora as condi¢cdes de deposicao
sejam diferentes entre algumas das amostras destas figuras, estes resultados mostram que ¢

possivel depositar filmes estequiométricos ([C]/[V]=1 ou, simplesmente C/V = 1) a pressdes
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bem baixas de metano e que, em geral, a razdao C/V diminui com o aumento da temperatura
do substrato. Os parametros de deposigao para filmes estequiométricos sao pressao parcial de
argdnio 3x10~ mbar, pressdo parcial de metano 0,5 x 10~ mbar e temperatura do substrato
400 °C. Além disto, os perfis de C indicam filmes homogéneos em profundidade. As taxas de

deposicao parecem depender somente da poténcia transferida ao alvo de sputtering.

Quanto a estrutura cristalina dos filmes depositados, os resultados sdo mostrados nas
Figuras 1, 2, 5 e 6 do Anexo 1, na Figura 7 do Anexo 2 e na Figura 8§ do Anexo 3. As analises
de difracdo de raios foram realizadas utilizando radia¢io Cu K, (A = 1.5418 A), tensdo de 40
kV e corrente de 30 mA. Estes resultados mostram uma estrutura ctbica de face-centrada,
com a predominancia dos planos (111) e (200), os quais interceptam sitios de C intersticiais
tetraedrais e octaedrais, respectivamente. Ora, a intensidade dos picos correspondentes deve
crescer com o aumento da densidade de atomos de C em cada um destes planos. Nesse estudo
¢ proposto um mecanismo de difusdo intersticial dos &tomos de carbono na estrutura cristalina
fce de filmes finos de VC, bem como a dependéncia com a temperatura do substrato durante a
deposicdo na ocupacgdo dos sitios intersticiais octraédricos e tetraédricos dos atomos de

carbono.

No presente caso, atomos de C podem ocupar sitios tetraedrais ou octaedrais. A Figura
5 do Anexo 1 mostra que a razdo de intensidades I;;;/Io0 diminui com o aumento da
temperatura do substrato durante a deposi¢do (ou temperatura de deposi¢ao). Esta razao de
intensidades foi simulada [40], com resultados mostrados na Tabela 1 do Anexo 1. O
decréscimo de I;;1/I,00 com o aumento da temperatura, indica que atomos de C em sitios
tetraédricos metaestaveis na estrutura fcc migram para sitios octaédricos mais estaveis. A
Figura 6 do Anexo 1 mostra as duas possiveis situacoes cristalograficas do C. Finalmente, a
Figura 9 do Anexo 3, a qual foi obtida mediante rotagdo no plano da amostra, revela que

existe uma forte orientagdo preferencial nos filmes da VC depositados no presente trabalho.
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As densidades reais dos filmes de VC do presente trabalho foram determinadas por
reflectometria de raios X, utilizando radiagdo Cu K, com passo de 0,002°. A Figura 10 do
Anexo 2 e a Figura 4 do Anexo 3 revelam que as densidades para filmes depositados a 400 °C
e duas pressdes diferentes de CHy, sdo de 6.4 ¢ 5.6 g.cm™, que sdo valores limites aqui
adotados para esta temperatura de deposicdo. A Figura 4 do Anexo 3 mostra ainda que a

densidade real dos filmes cai substancialmente para temperaturas de deposi¢cdo menores.

A composicdo quimica dos filmes nos primeiros 10 nm abaixo da superficie foi
investigada usando XPS nas regides de fotoelétrons 2p do vanaddio e 1s do carbono. As
analises foram realizadas com uma fonte de raios X de MgK, (1256.3 eV), a resolucdo em
energia do espectrometro ¢ 0,9 eV. A regido de fotoelétrons 2p do V mostra a existéncia de
ligagdes V-C e V-0, enquanto a regido dos fotoelétrons 1s do C mostram ligacdes C-V, e

diferentes ligagdes C-C. Os espectros de fotoelétrons sdo mostrados na Figura 9 do Anexo 2.

A dureza, o coeficiente de atrito e a resisténcia ao desgaste ¢ outra caracteristica
relevante de revestimentos protetores, visto que as ferramentas de corte sofrem,
principalmente, desgaste abrasivo na sua utilizagdo durante os processos de usinagem. Uma
das maneiras de avaliar o desgaste ¢ o uso de analises tribologicas como pino no disco, na
qual a amostra (disco) gira enquanto o pino, um material com dureza elevada, ¢ pressionado
com uma forca constante sobre o disco. Apds a analise hd a formacao de uma trilha no disco,
pelo desgaste do pino, com isso ¢ avaliado o quanto o material ¢ desgastado. Ha também um
método de avaliar o desgaste de filmes finos pela razao entre duas propriedades mecanicas, a
dureza e o modulo de elasticidade, na forma H3/E2, conhecido como moédulo de deformacao
até ruptura. Para tanto essas duas propriedades podem ser medidas por nanoindentacdo. Essa
razao avalia a resisténcia a deformacao plastica do filme fino, o que da um indicativo do
desgaste. Com esse método ¢ mais facil obter comparativos entre amostras diferentes, visto

que os parametros de nanoindentagdo sdo mais constantes que o método exposto acima.
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Na sequéncia do estudo, as propriedades mecanicas e tribologicas de filmes de VC
sobre silicio monocristalino depositados pela técnica de magnetron sputtering reativo. O tipo
de substrato nao tem uma influéncia significativa sobre a dureza ¢ modulo de Young, pois
tratam-se de medidas de nano-dureza, nas quais a profundidade de inspe¢do ¢ somente da
ordem de 20% da espessura do filme. Para os ensaios de desgaste do tipo pino-no-disco, foi
usado um substrato de aco AISI H12. Nesse estudo foram estabelecidas correlagdes entre os
parametros de deposicao, tais como pressao parcial do gés reativo e temperatura do substrato
durante a deposi¢do, e as caracteristicas mecanicas e triboldgicas dos filmes finos de VC. Os
resultados estdo mostrados na Figura 11 do Anexo 2 e na Figura 7 do Anexo 3. Foi utilizado
um indentador do tipo Berkovich, com taxa de carga de 0,04 mN.s™' e profundidade maxima
da indentacdo de 40 nm. Para filmes de VC estequiométricos com C/V=1, a dureza, o modulo
de Young e o médulo de deformacio elastica até ruptura, H/E?, aumentam com o aumento de
temperatura. Por outro lado, para uma determinada temperatura de deposico, a razdo H/E?

cresce até uma razao C/V de 1.2 e decresce para valores maiores desta razao.

Os valores da razdo H’/E’ aqui determinados sio considerados altos pela literatura,
fazendo com que filmes de VC sejam fortes candidatos a revestimentos protetores, pois
possuem uma significativa resisténcia ao desgaste. Ensaios de desgaste do tipo pino-no-disco
também foram realizados aqui, mostrando que filmes com espessura em torno de 1 pm nao
sofrem desgaste abrasivo significativo. Um resultado tipico de ensaio de desgaste ¢ mostrado
na Figura 23. Nota-se que para filmes suficientemente espessos, situagdo em que a resisténcia
ao desgaste do filme predomina, o desgaste volumétrico ¢ muito pequeno, talvez mesmo
inexistente. A analise de desgaste foi realizada com um pino de alumina (Al,Os3), carga 20 N e

60 rpm de rotagao.
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Figura 23 — Volume de desgaste versus tempo de deposicio.

3.1. Corrosao

Estudos de corrosdo dos revestimentos protetores sdo, em geral, insatisfatorios. Quando
expostos a um meio corrosivo, observa-se corrosao galvanica local do substrato, uma vez que
eletrolito pode atingir o substrato de ago por transporte através de poros e microfissuras. Um
par galvanico ¢ formado, o revestimento composto sendo em geral o eletrodo mais nobre.
Como consequéncia o substrato de aco devera dissolver anodicamente. Além disto, os filmes
depositados por PVD possuem uma microestrutura colunar e problemas de corrosio em
aplicagdes sdo atribuidos a vazios nestas colunas, a pinholes, e fissuras eventualmente
existentes. Investigamos aqui as propriedades de corrosdo de acos revestidos com filmes de
VC, o que ndo existe na literatura. O aco escolhido para substrato ¢ o AISI H12, o qual ja

tinha sido utilizado em ensaios pino-no-disco.

As medidas eletroquimicas, incluindo impedancia, foram realizadas com um
equipamento  Voltalab 10, modelo PGZ 100  Radiometro  Copenhagen
potenciostato/galvanostato. O meio corrosivo foi uma solugdo aerada 3.5% de NaCl. Uma

célula de vidro com parede dupla foi utilizada para realizar os ensaios de corrosao. O eletrodo
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de trabalho foi um disco de aco AISI H12 montado sobre num tubo de vidro com epoxy

Araldite®.

A corrosao pode ser definida como a deterioragao de um material, geralmente metalico,
que se da na sua superficie por acdo quimica ou eletroquimica do meio ambiente, com ou sem
esfor¢co mecanico [41]. A deterioracao causada pela interagdo fisico-quimica entre o material
e seu meio operacional representa alteragdes prejudiciais indesejaveis, sofridas pelo material,
tais como desgaste, variagdoes de composi¢ao quimica ou modificagdes estruturais, tornando-o
inadequado para o uso. Sendo a corrosdao, em geral, um processo espontdneo, esta
constantemente transformando os materiais metalicos de modo que a durabilidade e
desempenho dos mesmos deixam de satisfazer os fins a que se destinam. Uma das formas de
corrosdao mais comuns € a chamada puntiforme ou por pite, que € a corrosdo que se processa
em pontos ou em pequenas areas localizadas na superficie produzindo pites, que sao
cavidades que apresentam o fundo em forma angulosa e profundidade geralmente maior do
que seu diametro. Neste trabalho a corrosdao de filmes de VC sobre aco foi estudada, com o
objetivo de otimizar os parametros de deposi¢cdo, de maneira a tornar estes filmes resistentes

a corrosdo. Nao encontramos na literatura estudo de corrosao de filmes de VC sobre aco.

A seguir sdo descritos os dois métodos utilizados para avaliar a corrosdo neste trabalho.
Esta descricdo ¢ feita aqui, em separado dos métodos experimentais, pois demanda uma

exposi¢ao mais ampla.

Na Figura 24a ¢ mostrado um arranjo experimental tipico de corrosdo, e na Figura 24b

uma célula eletroquimica tipica.
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Figura 24 — (a) arranjo experimental e (b) célula eletroquimica tipicos de ensaios de corrosio.

3.1.1. Polarizagao ciclica

O teste eletroquimico mais comum para a corrosdo localizada ¢ a voltametria de
polarizacao ciclica. Referindo-nos a Figura 24, este teste envolve a polarizagao anodica do
material a partir do potencial de circuito aberto até uma predeterminada densidade de corrente
(conhecido como vértice de densidade de corrente). Neste ponto o potencial decresce até a
corrente ser revertida [42,43], como mostrado na Figura 25.

A cinética de processos eletrodicos € comumente estudada por polarizagao ciclica,
técnica esta que envolve o monitoramento da corrente quando o potencial do eletrodo de
trabalho ¢ variado com o tempo. A Figura 25a ilustra o voltamograma ciclico, na qual o
potencial ¢ variado linearmente entre E1 e E2 e em seguida entre E2 e E1. A taxa de variagao
do potencial em relacdo ao tempo ¢ conhecida como velocidade de varredura de potencial.

Um voltamograma ciclico fornece indicagdes sobre a reversibilidade das reagdes de
transferéncia de elétrons, precedidas ou seguidas por reagdes quimicas, relativamente lentas e
dos efeitos de adsor¢ao, mostrado na Figura 25b. Aplica-se um potencial a partir do potencial
de circuito aberto (Ecorr), aumentando no sentido positivo (anodico) até haver uma grande

variacdo na corrente. Quando o valor da densidade de corrente programado for atingido, ¢
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revertido o potencial, o qual passa a decrescer na direcdo negativa (catddica). O potencial
onde a densidade de corrente aumenta rapidamente ¢ potencial de pite (Epit). Quando o pite
ocorre, ha um laco de histerese na volta, e o potencial do lago quando ele fecha ¢ o de
protecdo ou repassivacdo (Epro). O potencial final deve ser o Epro, determinado por
experimentos preliminares. Se o potencial de pite e de protecdo forem iguais, hd uma pequena
tendéncia de formagdo de pites. Se o potencial de prote¢do for mais positivo (anoddico) que o
potencial de pite, entdo ndo hé tendéncia de formagao de pites. Se o potencial de protecio for

mais negativo que o de pite, entdo pites ocorrem [44].
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Figura 25 — (a) Varia¢ao do potencial com o tempo e (b) curva resultante da corrente por potencial em um
voltamograma ciclico tipico.

3.1.2. Espectroscopia de impedancia eletroquimica
A espectroscopia de impedancia eletroquimica (Electrochemical Impedance
Spectroscopy — EIS) € uma técnica poderosa para a caracterizagdo de uma grande variedade
de sistemas eletroquimicos e para a determinagdo da contribui¢ao de processos individuais de
eletrodo ou eletrolito nestes sistemas. Pode ser usada para investigar a dindmica de cargas

ligadas ou méveis nas regides de volume ou de interface de qualquer tipo de material liquido

ou solido [42].
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A impedancia de um circuito elétrico representa o nivel de dificuldade que uma corrente
elétrica alternada encontra para percorrer este circuito. Pode ser expressa em termos de
elementos de circuito elétrico: resisténcia, capacitancia e indutancia [45]. O principio desta
técnica consiste em aplicar um sinal alternado de pequena amplitude (5 a 20 mV) a um
eletrodo inserido num eletrolito. Compara-se, entdo, a perturbagdo inicial (aplicada) com a
resposta do eletrodo, pela medida da mudanca de fase dos componentes de corrente e
voltagem e pela medida de suas amplitudes. Isto pode ser feito nos dominios de tempo ou nos
dominios de frequéncia, utilizando-se um analisador de espectro ou um analisador de resposta
de frequéncia, respectivamente [46]. E importante salientar que a perturbagdo inicial é uma
perturbagdo de potencial (DE), do tipo senoidal, que deve ser imposta no estado estacionario
do sistema e a resposta do eletrodo ¢ uma corrente (DI), também senoidal, porém com uma
diferenca de fase f em relagao ao sinal aplicado. Portanto, a impedancia, que se representa por
7., mede a relagdo entre DE e DI.

O conceito basico envolvido em EIS ¢ que uma interface pode ser vista como uma
combinagdo de elementos de circuito elétricos passivos, i.e., resisténcia, capacitancia e
indutancia. Quando uma corrente alternada ¢ aplicada a estes elementos, a corrente resultante
¢ obtida usando a lei de Ohm.

As principais vantagens desta técnica sdo: a) fornece informagdes sobre a cinética do
processo, pela determinacdo da velocidade de corrosdo; b) técnica é precisa e reprodutiva,
apropriada para ambientes de alta resistividade como ¢ o caso de ceramicos, solo e concreto;
c) fornece dados a respeito do mecanismo de controle eletroquimico, indicando se o processo
corrosivo se da por ativacdo, concentragdo ou difusdo; d) caracteriza o estado do duto e a
morfologia da corrosdo; e) a técnica ¢ ndo-destrutiva e ndo perturbativa, uma vez que sinais
aplicados sdo de pequena amplitude, de forma que o potencial de corrosdo nao ¢ alterado; f)

permite o acompanhamento da evolu¢do do estado passivo ou ativo ao longo do tempo.
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O conceito de resisténcia elétrica pode ser definido pela lei de Ohm, onde resisténcia ¢ a
forma de um circuito resistir a um fluxo de corrente e pode ser matematicamente expresso
por:

R=V/I
Onde:
R — resisténcia (Q);
V —tensao (V);
I — corrente (A).

Entretanto, esta relagdao ¢ limitada a um circuito elementar, o resistor. No mundo real,
alguns sistemas complexos sdo for¢ados a abandonar o simples conceito de resisténcia [47].
Para isto, utiliza-se um conceito mais elaborado chamado de impedancia (Z) cuja fungao ¢
medir a tendéncia de um sistema resistir, ou impedir o fluxo de corrente elétrica alternada
(AC). A expressao matematica equivalente pode ser descrita como:

Z =Vas/lac

Na EIS, uma corrente alternada de frequéncia varidvel ¢ aplicada a amostra, sendo a
frequéncia alta para reagdes rapidas e baixa para reagdes lentas. Isto permite que um espectro
de impedancia acumule uma grande quantidade de informacdes eletroquimicas em um unico
experimento.

A espectroscopia de impedancia eletroquimica pode medir tanto a resisténcia de um
material, quanto sua capacitancia em uma célula eletroquimica. A EIS permite também
monitorar simultaneamente a taxa de corrosdo de um substrato metalico, quando este esta

exposto ao eletrélito ou quando o eletrolito permeia por falhas no recobrimento.

3.1.3. Diagrama de Nyquist
O diagrama de Nyquist consiste de uma série de pontos, cada um representando a

grandeza ¢ a dire¢cdo do vetor de impedancia para uma frequéncia particular. O diagrama ¢ um
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plano complexo de coordenadas cartesianas, onde se tem na abscissa a parte real (termos
resistivos) e na ordenada a parte imaginaria (termos capacitivos ou indutivos). Os dados de
impedancia representados no plano cartesiano sob uma larga variagao, que gera configuragdes
tipicas, de acordo com o mecanismo eletroquimico predominante [48]. A Figura 26 mostra

um diagrama de Nyquist tipico.
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Figura 26 — Diagrama de Nyquist, com o vetor de impedincia para um sistema eletroquimico simples.

3.14. Solucodes e condicdes de trabalho
O eletrodo de trabalho foi obtido de uma placa comercial do aco—ferramenta AISI H12
¢ moldado em um tubo de vidro preso com resina epoxi Araldite”, sem tratamento térmico.
NaCl de pureza analitica da Sigma® foi utilizado sem purificagdo prévia. Para o preparo das
solugdes foi utilizada agua filtrada, destilada e deionizada. Foi utilizada solucdo estoque de
NaCl 3,5% (m/V) para a realizacdo dos ensaios de corrosdo. Para todos os experimentos, 75
mL de solucdo estoque de NaCl 3,5% foram adicionados a célula. Todos os ensaios foram

realizados com a solu¢do ndo desaerada e em temperatura ambiente.

3.1.5. Célula, eletrodos e corpos de prova
Os testes eletroquimicos foram realizados em uma célula para trés eletrodos com parede

dupla de vidro. Como eletrodo de trabalho foi utilizado um disco de aco—ferramenta AISI
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HI12 revestido com carbeto de vanadio (VC) de dimensdes de 8 x 8§ cm. A limpeza da
superficie do eletrodo foi realizada antes de cada ensaio. Para os ensaios brancos (com placas
de ago AISI H12 sem revestimento de VC) o eletrodo de trabalho era polido até brilho
especular com uma lixa d’agua de granulometria 1200, limpo em banho de ultrassom, lavado
com acetona, etanol e agua destilada. Apds a imersdao do eletrodo de trabalho na célula
eletroquimica, foi aplicado um potencial de — 1200 mV (vs. Egcg) para limpar a superficie de
qualquer impureza ou produto de corrosdo que tenha se formado no curto periodo de tempo
entre o polimento e a imersdo do eletrodo na célula. O eletrodo auxiliar foi um bastdo de
grafite, e o eletrodo de referéncia o eletrodo de calomelano saturado (SCE) conectado a célula
por uma ponte salina constituida de KCl saturado com capilar de Luggin-Habber. Todos os
potenciais mencionados no texto sdo medidos em relacdo ao potencial do SCE. Na Figura 27a

¢ mostra a célula utilizada e na Figura 27b os eletrodos utilizados.

: Eletrodo
/ ’ auxiliar

Eletrodo de  Eletrodo de Eletrodo de  Eletrodo
referéncia trabalho trabalho  auxiliar

Eletrodo de
referéncia

Figura 27 — (a) Eletrodos utilizados e (b) célula eletroquimica para ensaios de corrosio.

3.1.6. Instrumentagao
Os ensaios eletroquimicos, incluindo impedancia, foram realizados em um potenciostato
Voltalab 10, modelo PGZ 100 da Radiometer Copenhagen, conectado a um microcomputador

usando o software VoltaMaster 4.0 para aquisi¢do e andlise dos dados. Para a preparacdo das
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solugdes estoque de NaCl 3,5% uma massa adequada do sal foi pesada em uma balanca

analitica Shimadzu Libror AEX 200G.

3.1.7. Procedimentos

As curvas de potencial de circuito aberto (PCA) versus tempo foram obtidas de acordo
com as normas ASTM G5 e curvas de polarizagdo ciclica foram obtidas de acordo com a
norma ASTM G61, que é recomendada para a avaliagdo da tendéncia de materiais sofrerem
corrosdo por pites em solugdes contendo ions cloreto. O potencial de circuito aberto do
eletrodo de trabalho foi medido por 60 minutos antes da realizacdo dos experimentos de
impedancia eletroquimica e de polarizagdo ciclica. A varredura de potenciais para os ensaios
de polarizagdo comegou sempre a partir de valores mais negativos em relagao ao PCA medido
anteriormente, e seguiu na dire¢do de potenciais positivos até atingir uma densidade de
corrente méaxima de 1,5 mA.cm™. Neste ponto, a variacdo potenciodinamica foi invertida para
a direcdo negativa até atingir um valor de potencial de — 0,250 V em relagdao ao PCA.

O potencial de pite (Epit) foi obtido no ponto onde a densidade de corrente aumenta
acentuadamente durante a varredura de potenciais na direcdo positiva. E o potencial de
protecdo (Epro) ou de repassivagdao foi obtido no ponto em que a curva de polarizagdo se
fecha durante a varredura de potenciais na direcdo negativa.

Espectroscopia de impedancia eletroquimica foi realizada em circuito aberto com uma
onda sinusoidal de 10 mV de amplitude, em frequéncias na faixa de 100 kHz a 5 mHz. Os

resultados de impedancia foram representados pelos diagramas de Nyquist.

3.2. Corrosao de filmes de VC
Para avaliar a protecdo contra corrosdo foram realizadas duas analises, polarizacao

ciclica e espectroscopia de impedancia eletroquimica (EIS). Com estas duas analises foi
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possivel determinar quais os melhores parametros de deposi¢do de filmes de VC, por
magnetron sputtering reativo, que tornem estes filmes pouco suscetiveis a corrosdo. Para
tanto, foram variados trés diferentes parametros de deposi¢cdo: a) pressdo parcial de CHy,

levando a filmes de composi¢ao diferentes e b) temperatura do substrato durante a deposigao.

No primeiro experimento a pressao parcial de metano foi variada desde filmes
subestequimétricos até superestequiométricos. Como pode ser visto na Figura 28 os filmes
com maior quantidade de carbono, no caso C/V = 2,5 (33% CHy), obtiveram um melhor
comportamento frente a corrosdo. Na Figura 28a sdo mostradas as curvas obtidas pela analise
de EIS e como pode ser visto hd uma maior resisténcia nas amostras com C/V = 2,5 (33% de
CH,4), o que impede a passagem de elétrons e consequentemente o processo de corrosao
eletroquimica. Na Figura 28b mostra o resultado da analise de voltametria ciclica e como
pode ser visto a corrosdao se da por pite e quanto maior a composi¢ao de carbono maior a
protecao contra corrosdo localizada. Esses resultados demonstram que a quantidade elevada
de carbono passiva o filme e da melhor estabilidade eletroquimica. Com estes resultados os

filmes seguintes de VC foram depositados com C/V =2,5 (33% CHy e 67% Ar).
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Figura 28 — (a) EIS e (b) voltametria ciclica de filmes finos de VC sobre aco, variando a composi¢cdo do
plasma.
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No experimento seguinte foi variada a temperatura do substrato durante a deposi¢ao do
filme de VC. Na Figura 29 sdo mostrados os resultados das analises a diferentes temperaturas,
variando desde a ambiente até a 400 °C. Na Figura 29a pode ser visto que a temperatura de
400 °C ha uma maior resisténcia a passagem de elétrons, comprovando uma melhor
resisténcia a corrosdao. Na Figura 29b foi comprovado que a corrosdo ¢ localizada do tipo pite

e que a melhor resisténcia a corrosao se da nas amostras com o substrato a 400 °C.
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Figura 29 — (a) EIS e (b) voltametria ciclica de filmes finos de VC sobre aco, variando a temperatura do
substrato durante a deposi¢ao.

Uma imagem tipica de um pit de corrosdo, obtida por microscopia eletronica de
varredura, ¢ mostrada aqui na Figura 30. O substrato no fundo do pit pode ser visto, expostos
ao meio corrosivo. A morfologia dos pits ¢ do tipo aberta, como prevista pelos ensaios de
EIS. Quando expostos a um meio agressivo, os substratos de ago sofrem corrosdo galvanica
local. Como os revestimentos protetores duros ndo sao muito densos, o eletrolito pode atingir
o substrato de ago através de pores ou microfissuras. Um par galvanico ¢ formado, o
revestimento sendo eletroquimicamente o mais nobre. Como consequéncia, o substrato de ago
comega a se dissolver anodicamente. Além disto, revestimentos depositados por técnicas de

PVD, como o sputtering, se caracterizam por possuir uma micro-estrutura colunar, sendo os
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problemas de corrosdo em aplicagdes geralmente atribuidos aos vazios entre estas colunas, ou

a pinholes ou aos eventualmente existentes microcraks.

Substrate

AccV  Pobe  Mag WD Det F——— 20um X AccV  Pobe  Mag WD Det F—— 5um
15.0 kV 40  x500 17 SE 150 kV 40 x2000 1 SE

Figura 30 — Microscopia eletronica de varredura de filme fino de VC sobre aco AISI H12, apés corrosio
em solucio de 3,5% de NaCl. As imagens mostram os pites (a) e detalhe dos pites expondo o substrato (b).

Andlises complementares foram realizadas pelo método do espalhamento Raman. Os
resultados sdo apresentados na Figura 31. As andlises foram realizadas a temperatura
ambiente (20 °C) com um laser de estado solido (A =473 nm). Os espectros Raman podem ser
deconvoluidos em dois picos (ou bandas) gaussianos mais um background linear. O pico ao
redor de 1350 cm™ ¢ atribuido a uma banda de desordem (D), em quanto aquele ao redor de
1582 ¢cm’! ¢ atribuido a grafite (G). A razdo de intensidades Ip/Ig representa a densidade de
defeitos no filme contendo carbono, servindo usualmente para determinar a quantidade de
carbono amorfo. Como todos os filmes com C/V > Item a mesma razio Ip/Ig, podemos dizer
que eles tétm a mesma quantidade de carbono amorfo. Por outro lado, filmes com C/V =1 ou

menor, ndo apresentam nenhum indicio de carbono amorfo.
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Figura 31 — Espectro de espalhamento Raman para filmes de VC com diferentes composicdes a 20 °C.

O carbono amorfo acima da estequiometria existente nos filmes de VC consiste
principalmente de aglomerados aromadticos nanoscopicos, além de C em solucdo na matriz
cristalina. Assim sendo, a inibicdo da corrosdo devido a trajetérias rapidas na estrutura
colunar dos revestimentos pode ser devida ao bloqueio pelos nano-aglomerados que ali se
inserem. Alternativamente, nanoclusters de carbono em solugdo so6lida nos filmes VC podem
preencher os pinholes ali existentes ou atuar como barreira ao transporte de espécies

corrosivas.

3.3. Discussdo dos resultados de corrosao
Os ensaios de corrosdao aqui realizados mostram uma protecdo que aumenta com a

concentragao de carbono nos filmes e com a temperatura de deposic¢ao.

No caso da concentracdo de C nos filmes, isto pode ser atribuido ao bloqueio de
caminhos faceis para migracdo de espécies corrosivas pelos nano-aglomerados de carbono

amorfo, entre eles vazios entre colunas, pinholes e micro-fissuras. Porém, como discutido
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abaixo, o aumento da prote¢do com o aumento da concentragao de C merece uma discussao

mais aprofundada.

Quanto a temperatura de deposicao, a Figura 4 do Anexo 3 mostra que o aumento da
mesma de 20 para 400 °C leva a um aumento de 13% na densidade real dos filmes de CV,
aumento este muito significativo. Assim, um primeiro mecanismo de prote¢do ¢ a formagao
de mais e melhores barreiras ao transporte de espécies corrosivas pela simples compactagao

dos filmes depositados a maiores temperaturas.

Outro causa possivel para o aumento da protecdo em temperaturas de deposicdo mais
altas estd baseada no fato de, embora concentracdes maiores de C, como C/V = 2.5,
aumentarem a resisténcia a corrosdo, a quantidade de nanoclusters ¢ aproximadamente a
mesma para todos C/V > 1. Assim, a maior resisténcia a corrosdao dos filmes VC pode ser
devida a migracao de C de sitios intersticiais tetraedrais para sitios intersticiais octaedrais em
temperaturas de deposicdo mais altas, resultando numa maior disponibilidade dos sitios

intersticiais tetraedrais, os quais sao sitios mais reativos do C.

3.4. Conclusdes Parciais
Os filmes de VC aqui estudados apresentaram propriedades mecanicas que encorajam

sua utilizagdo ou, pelo menos, a continuagdo dos estudos aqui apresentados.

A dureza H e o modulo de Young E dos filmes aumentam com a razao C/V até a
unidade, ou seja, até a estequiometria, decrescendo para valores de C/V maiores. Um
comportamento bastante similar foi observado para o moddulo de deformacdo até ruptura,
H*/E?, 0 qual atinge um méaximo de 1 GPa, para C/V = 1.2 A dureza maxima dos filmes ¢ de
26 GPa. Ensaios de desgaste do tipo pino-no-disco confirmam o valor muito baixo do

desgaste previsto pelo critério H/E?.
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O aumento da dureza dos filmes pode ser atribuido a diferentes causas. Inicialmente, a
compactagao dos filmes pelo aumento na temperatura de deposi¢do pode auxiliar no aumento
da dureza. Porém, isto s6 ¢ verdade até certa concentracao de C intersticial, no caso até 1.
Acima de C/V =1, o excesso de C promove a formacao de clusters de C que constituem
caminhos faceis para penetracdo da ponta de indentagdo. Quanto a resisténcia ao desgaste, C
intersticial, bem como certa quantidade de clusters nanoscopicos de C, ainda que pequena,
constituem excelentes candidatos a lubrificantes solidos. O papel do grafite como lubrificante
solido ¢ bem conhecido, mas o papel de nanoclusters de C nao ¢ bem conhecido e o presente
trabalho abre uma janela nesta dire¢ao. Nao pode ser negligenciado aqui o papel de uma

estrutura intersticial octaedrica, mais estavel, capaz de moderar o desgaste abrasivo.

A corrosdo de ago AISI H12 revestido com filmes VC também foi fortemente reduzida.
Porém, diferentemente das propriedades mecanicas e tribologicas, a prote¢do maxima ¢ obtida
para o maior valor de C/V aqui utilizado, ou seja, 2.5. Por outro lado, a protecao ¢ maxima

para o maior valor da temperatura de deposicdo, ou seja, 450 °C.

Os ensaios de corrosao aqui realizados mostram uma protegdo que aumenta com a

temperatura de deposi¢@o e com a concentragdo de carbono nos filmes.

Quanto a temperatura de deposicao, um aumento de 13% na densidade real dos filmes
de CV, pode ser responsavel por mais e melhores barreiras ao transporte de espécies

corrosivas pela simples compactacao dos filmes depositados a maiores temperaturas.

Outro causa possivel para o aumento da protecdo em temperaturas de deposi¢do mais
altas esta baseada no fato de, embora concentragdes maiores de C, como C/V = 2.5,
aumentarem a resisténcia a corrosdo, a quantidade de nanoclusters ¢ aproximadamente a
mesma para todos C/V > 1. Assim, a maior resisténcia a corrosdo dos filmes VC pode ser

devida a migragao de C de sitios intersticiais tetraedrais para sitios intersticiais octaedrais em
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temperaturas de deposicdo mais altas, resultando numa maior disponibilidade dos sitios

intersticiais tetraedrais, os quais sdo sitios mais reativos do C.

Os resultados aqui apresentados indicam a possibilidade de otimizar revestimentos de
VC para melhorar concomitantemente a resisténcia a corrosdo e ao desgaste do ago revestido.
Isto pode ser feito controlando a temperatura do substrato durante deposi¢do e a composi¢ao
dos filmes ou, ainda, pelo uso de multicamadas ou filmes de composicdo que varia
gradualmente para atingir as propriedades desejadas. Pesquisas nesta dire¢cdo estdo atualmente

em andamento.
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CAPITULO 4

4. Nitreto de silicio

Existe atualmente um interesse crescente em materiais e revestimentos que possuam
aprecidveis dureza e tenacidade em altas temperaturas. Tal interesse esta ligado
principalmente a ferramentas para usinagem, corte e perfuracdo a seco, assim como a moldes
para injecdo de metais, além de outras aplicagdes [49,50]. A tecnologia para trabalho a seco ¢
importante econdmica e ecologicamente, uma vez que o uso de lubrificantes liquidos envolve

altos custos e altos danos ao ambiente [51].

As desvantagens dos revestimentos baseados em Ti limitam severamente suas
aplicacdes em altas temperaturas. Isto coloca um desafio, uma vez que a maioria das
ferramentas para altas temperaturas envolvem formacao de uma camada de 6xido protetora
quando interage com o ambiente. Tal camada de 6xido deve ser estavel, densa, aderente, ¢ de
crescimento lento, além de, obviamente, possuir alta dureza, alta resisténcia a corrosao e
oxidagdo e baixos coeficientes de atrito e desgaste em altas temperaturas. Estas condigdes nao
sdo preenchidas por revestimentos a base de Ti acima de 800 °C [52], o que impede seu uso
em temperaturas tdo altas quanto 1000 °C que sdo atingidas pela superficie da ferramenta
durante trabalho. Nestas temperaturas, o 6xido de Ti se degrada, dando origem a formagao de

camadas porosas e ndo protetoras.

A Figura 32 apresenta um grafico da dureza do material em funcdo da temperatura de
tratamento térmico em atmosfera de oxigénio, onde ¢ observado que para os materiais
atualmente utilizados como revestimentos tais como, TiN, CrN, TiAIN e CrAlN, todos eles

quando submetidos a altas temperaturas, apresentam reducao na dureza [49].
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Figura 32 — Variacio da dureza para os revestimentos TiN, CrN, TiAIN e CrAIN (indicados na legenda)
depositados por PVD, apés o tratamento térmico em diferentes temperaturas. Os pontos em 25 °C
referem-se a revestimentos sem tratamento térmico.

O nitreto de silicio (Si3N4) € um candidato promissor como revestimento para uso em
temperaturas, mesmo acima de 1000 °C, porque ele conserva sua razoavelmente alta dureza,
sua estabilidade termodinamica, resisténcia a corrosdo e oxidagdo nas altas temperaturas
desejadas aqui. Assim, como a maioria dos revestimentos perdem dureza acima de uma certa
temperatura (ao redor de 800 °C), é importante verificar o comportamento de revestimentos
de Si3N4 nestas temperaturas e acima delas. Também a velocidade de crescimento e a
composi¢ao de 6xidos ou oxinitretos em altas temperaturas merece ser avaliada [53,54,55]. Na

Figura 33 ¢ mostrado o diagrama de fases para o sistema N-Si [56].
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Figura 33 — Diagrama de fases para o sistema N-Si.

Os substratos de silicio monocristalino (001) e carbono amorfo utilizados neste trabalho
foram previamente limpos em um banho de acetona P.A. durante 30 minutos em uma
lavadora ultrassonica. Apds as amostras de Si foram limpas com uma solugdo 10% de 4cido

fluoridrico.

As deposicdes dos filmes de nitreto de silicio foram realizadas em pela técnica de
magnetron sputtering reativo, no qual foi utilizado um alvo de silicio de alta pureza (>
99,99%) e nitrogénio como gas reativo. Foi utilizada uma fonte de radio frequéncia (13,56

MHz). A densidade de poténcia no alvo foi de 7,7 W.cm™.

A fim de investigar a estabilidade térmica e resisténcia a oxidagdo dos revestimentos de

Si3N4 depositados, as amostras foram colocadas em um forno de quartzo de pressdo estatica
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resistivamente aquecido, o qual foi bombeado a uma pressdo inferior a 2 x 107 mbar, antes de
ser pressurizado com oxigénio enriquecido a 97 % no is6topo de massa 18, posteriormente
denominado tratamento térmico em 1802. O tratamento térmico foi realizado durante 1 hora
com pressao de 100 mbar de 1802, em trés diferentes temperaturas, ou seja, 250 °C, 500 °C e
1000 °C. A utilizagdo do isétopo raro '*O nos permite distingui-lo do oxigénio anteriormente

incorporado nos filmes devido a contaminagdo ou devido a exposi¢do ao ar atmosférico.

A composicio elementar dos filmes foi avaliada por RBS, utilizando ions de He" com
uma energia de 2 MeV e um angulo de deteccdo de retroespalhamento de 165°. A estrutura
cristalina dos filmes foi determinada por XRD, utilizando um angulo de incidéncia constante
de 1° e radiacdo de Cu Ko (A = 1,5418 A). As densidades dos filmes foram obtidas por XRR,

as medicoes utilizaram radiagdo de Cu Ka e um angulo de incidéncia de 0,002°.

A dureza e modulo de -elasticidade reduzido foram obtidos pela técnica de
nanoindentagdo com um penetrador Berkovich, com carga de 0,03 N.s™ e uma profundidade
de indentacdo maxima de 20 nm. Os perfis de '*O ¢ '°N foram determinados por NRP,
utilizando as ressonancias estreitas (I' = 100 eV e 120 eV) nas curvas de secao transversal das
reacdes nucleares do *O(p,a)' "N e "N(p,0,7)'’C em 151 keV e 429 keV, respectivamente.
XPS foi realizada utilizando radiagdo Mg Ka (1253,6 eV) em um angulo de 60° a fim de

avaliar os ambientes quimicos de Si e N.

4.1. Composi¢ao elementar e taxa de deposi¢ao
A composicao elementar de filmes de Si;N4 depositados sobre substratos de carbono, em
funcdo da pressdo parcial de N, no plasma ou em fun¢do da temperatura de deposi¢ao foram
determinados por RBS. A Figura 1 do Anexo 4 mostra os resultados, aonde vemos que filmes

estequiométricos sdo formados, na temperatura de deposigdo de 400 °C, para pressdes parciais
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de N, no plasma maiores do que 1 x 10™ mbar. Deposicdo a temperatura ambiente ndo leva a

filmes estequiométricos em nenhuma pressao parcial de N, no plasma.

4.2. Cristalografia e densidade real
A cristalografia dos filmes foi determinada por GAXRD. Os resultados sdao mostrados
na Figura 2 do Anexo 4, para filmes depositados a 20, 200 e 500 °C. Vé-se que os filmes sdo
essencialmente amorfos, com excegdo daqueles depositados a 500 °C aonde sdo observados

picos atribuidos a fase metaestavel o-SizNj.

A densidade real e a espessura dos filmes foram determinadas por XRR, conforme
mostrado na Figura 3 do Anexo 4. A espessura foi também determinada a partir dos
resultados de RBS, usando a densidade real. A densidade real ¢ de 3.01 g.cm™ e a taxa de
deposicdo da ordem de 1.6 nm.s”. As densidades superficiais de Si e N sdo mostradas na

Figura 4 do Anexo 4, em funcao do tempo de deposicao.

4.3. Propriedades mecanicas e tratamento térmico

A dureza, o modulo de Young e o modulo de deformagao eléstica até ruptura dos filmes
de SisN, (H/E?) sdo mostrados na Figura 5 do Anexo 4. Os valores ao redor de 23 GPa para a
dureza sdao consistentes com a literatura para SisNy amorfo. Porém, a dureza diminui
acentuadamente com a temperatura do substrato. O motivo deste decréscimo esta associado
com o tipo de tensdo interna nos filmes. Embora nao tenhamos feito observacao experimental
das tensoes internas, de acordo com a literatura, nas pressdes de gas do plasma aqui utilizadas,
o stress interno € do tipo compressivo. Entdo, o decréscimo da dureza para temperaturas de

deposi¢do acima de 200 °C pode ser atribuido a relaxagdo da tensdo compressiva interna. O
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mesmo mecanismo pode, de acordo com a literatura, explicar o decréscimo do modulo de

Young, enquanto que o valor de H*/E* permanece constante, ao redor de 0.25 GPa.

Os filmes de SisN4 do presente trabalho foram submetidos a tratamento térmico em
atmosfera de 1802. O objetivo do tratamento térmico em atmosfera de oxigénio ¢ simular
condi¢des de trabalho de ferramentas revestidas. Os resultados de dureza para filmes
depositados em diferentes temperaturas em fun¢do da temperatura de posterior tratamento
térmico (ou annealing) em oxigénio sdo mostrados na Figura 6a do Anexo 4. Em geral,
observa-se um decréscimo da dureza para annealing até 200 °C e, a partir dai, a dureza volta a
aumentar, atingindo o mesmo valor maximo obtido para deposi¢do a 100 °C sem annealing
posterior. A Figura 6b do Anexo 4 mostra os valores de E ¢ de H’/E* em fungdo da
temperatura de deposicdo de amostradas posteriormente tratadas termicamente em oxigénio a
1000 °C. Como o médulo de Young cai continuamente, isto resulta num aumento de H*/E? até

um valor maximo de 0.5 para a maior temperatura de deposi¢do, 500 °C.

O comportamento descrito no paragrafo anterior pode ser discutido a luz de resultados
de GAXRD mostrados na Figura 7 do Anexo 4, obtidos ap6s tratamento térmico em oxigénio
a diferentes temperaturas. Na temperatura de annealing de 1000 °C, observa-se claramente a
cristalizacdo na fase [-SizN4 além da fase o-SisN4 ja observada anteriormente. Podemos
discutir o que foi observado, admitindo uma competi¢do entre a relaxacdo das tensdes
compressivas, que favorecem o decréscimo da dureza, e a cristalizagdo numa fase estavel, que
favorece o aumento da dureza. No caso de annealing em oxigénio a 1000 °C, o efeito da

cristalizacdo vence a competi¢do e a dureza aumenta.
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4.4. Perfis de concentragdao em profundidade de oxigénio e nitrogénio apds annealing em
1802 e composi¢ao dos filmes
Os perfis de concentragdo de oxigé€nio e nitrogénio foram determinados por NRP,
usando as reagdes "O(p,0)°N e N(p,0)'*O préximos as ressondncias a 151 e 429 keV,
respectivamente. As curvas de excitacio da reacdo '*O(p,0)'’N e os perfis de '*O sdo
mostrados na Figura 8 e as curvas de excitacdo e perfis de '°N na Figura 9 do Anexo 4. Os
filmes de Si3Ny4 resistem muito bem a oxidagdo em altas temperaturas, pois mesmo apods
tratamento térmico a 1000 °C por 4 h, a penetragdo maxima de oxigénio no filme de SizNy4
atinge apenas 9 nm. Da mesma forma, vé-se que nitrogénio ¢ parcialmente perdido da mesma

regido proxima a superficie do filme, provavelmente substituido por oxigénio.

Efetivamente, as andlises por XPS mostradas na Figura 10 do Anexo 4 revelam a
existéncia exclusivamente de ligagdes Si-N para os filmes como depositados, enquanto que os

filmes tratados termicamente em oxigé€nio apresentam também ligacdes Si-O-N.

4.5. Atrito em escala nanoscopica
O comportamento dos filmes de SizN4 em ensaios de nanoatrito também foi estudado
aqui, apds tratamento térmico em oxigénio. Os ensaios de atrito foram realizados no mesmo
equipamento de nanoindentagdo, realizado com moédulo para testes nanotriboldgicos. O

avanco da ponta foi de 1 um.s™ e distdncia total de 300 pm.

Na Figura 3 do Anexo 5 sdo mostrados os coeficientes de atrito em fun¢do da distancia
de deslizamento para diferentes cargas normais. Os filmes foram depositados a 500 °C ¢
posteriormente tratados termicamente em oxigénio a 500 e 1000 °C. Os valores médios dos
coeficientes de atrito também sdo apresentados em cada figura. Para as amostras tratadas

termicamente, existe substancial flutuacdo dos valores dos coeficientes de atrito, o que foi
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confirmado por medidas repetidas. Por outro lado, antes de tratamento térmico, os
coeficientes de atrito podem ser considerados independentes de carga, enquanto que apods

tratamento térmico os coeficientes de atrito variam substancialmente com a carga.

Como o coeficiente de atrito também depende da rugosidade da superficie, isto foi
determinado aqui, com resultados mostrados na Figura 4 do Anexo 5. Nota-se que, assim
como o coeficiente de atrito, a rugosidade dos filmes também aumenta com o aumento da
temperatura de annealing em oxigénio. Assim, provavelmente, o aumento destas duas

grandezas esta associado ao aumento da rugosidade.

Novos resultados que ajudam a entender as observagdes descritas até aqui sdo
apresentados a seguir. A Figura 5 do Anexo 5 mostra medidas de profundidade de indentagao
com ponta Berkovich com 5, 10 e 20 mN em filmes depositados a 500 e tratados
termicamente em oxigénio a 1000 °C. As profundidades de indentagdo sdo 110, 190 e 260
nm, respectivamente. Nestas condi¢cdes de indentacdo, os filmes ndo sofreram descolamento
(spalling) e, consequentemente, os coeficientes de atrito medidos correspondem aqueles de
filmes bem aderidos. A situacdo de indentagdo com uma ponta Berkovich ¢ representada
esquematicamente na Figura 5a do Anexo 5. Calculos trigonométricos dao um comprimento
maximo do lado de contato projetado de 900 nm para uma indentagdo de 260 nm, consistente
com a observacao por MEV mostrada na Figura 5b do Anexo 5, na qual a largura do trilho de
desgaste ¢ de aproximadamente 1000 nm. Considerando uma ponta de Berkovich ideal, a
proporcao da camada de oxinitreto em contato com o indentador ¢ 17.4, 10.3 e 7.5%, para
cargas normais de 5, 10 e 20 mN, respectivamente. Assim, profundidades de penetragao
menores resultam numa propor¢ao maior de 6xido em contato com o indentador e, portanto,

um efeito de lubrificagdo maior.
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Os resultados apresentados acima podem ser discutidos a luz de modelos de quimica dos
cristais. Existe uma relagdo bem estabelecida entre potenciais i0nicos (¢ = Z/r) e coeficiente
de atrito de varios 6xidos [57,58]. Aqui, Z representa a carga catidnica e r o raio catidonico.
Oxidos com potenciais idnicos maiores (cations com carga maior e/ou raio menor) possuem
cations blindados pelos anions ao redor e, portanto, seus coeficientes de atrito sdo menores.
Aqui, n6és estendemos a aproximacdo da quimica de cristais aplicando-a a 6xidos e nitretos,
assim como adotando a densidade de carga, localizada nos centros catidnicos, ao invés do
numero de valéncia usado até agora. De acordo com a literatura [59,60], Z/r vale 2.03 para
Si3N4 e 3.59 para SiO,. Portanto, o coeficiente de atrito a baixa carga de SizN, parcialmente

oxidado deve ser menor do que o de Si3N4, concordando com os resultados apresentados aqui.

4.6. Conclusdes parciais

Os filmes de SizN4 do presente trabalho sdo essencialmente amorfos, com exce¢do
daqlueles depositados a 500 °C. Estes filmes sdo estequiométricos para qualquer temperatura
de deposigdo acima de 100 °C. A dureza e o mdédulo de Young variam com a temperatura do
substrato, o que ¢ atribuido a relaxacdo de stress compressivo interno nos filmes. Os filmes de
Si3Ny4 resistem muito bem a oxidagdo em altas temperaturas, com uma profundidade méxima
de penetragcdo do oxigénio de 7.5 nm apods 1 h de oxidagdo. O comportamento da dureza apos
annealing em oxigénio resulta, possivelmente, da competi¢do entre dois processos: a
relaxagdo de tensdes internas, que tende a diminuir a dureza e a cristalizacao dos filmes, que
tende a aumentar a dureza. Como a cristalizagdo prevalece para annealing a 1000 °C, os

filmes mantém a sua alta dureza nestas temperaturas.

O coeficiente de nano-atrito a baixa carga de filmes apos oxidagdo diminui

substancialmente devido a presenca da fina camada de oxinitretos formada. A quimica dos
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cristais, estendida pelo célculo dos potenciais i6nicos Z/r em SiO; e SizN4y mediante a adogao
da densidade de carga em sitios catidnicos, ao invés do nimero de valéncia até aqui utilizado,
pode explicar este fenomeno. Efetivamente, o potencial ionico do SiO; ¢ quase o dobro
daquele do Si3Ny4 e, portanto, o coeficiente de atrito de uma camada de Si3;Ny4 parcialmente

oxidada ¢ menor do que o coeficiente de atrito de um filme de SizNy.
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CAPITULO 5

5. Nitreto de titanio sobre titanio

Como exposto no Capitulo de Introdugao desta tese, revestimentos protetores de nitreto
de titanio (TiN) sdo largamente utilizados da industria metal-mecanica e os estudos sobre este
revestimento sdo realizados ha varias décadas. O diagrama de fases para o sistema N-Ti ¢
mostrado na Figura 34 [39]. No presente trabalho, estudamos transporte atdomico e
composi¢ao ao longo do filme e interfaces, buscando contribuir para a compreensdo do
fendmeno de adesdo entre o revestimento e o substrato. Para tanto, correlacdes entre a
composi¢ao das interfaces e a adesdao do revestimento ao substrato foram estabelecidas, bem

como foi investigada a camada de adesdo e sua correlagdo com a adesdo do filme ao substrato.
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Figura 34 — Diagrama de fases para o sistema N-Ti.
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Na maioria das aplicagdes industriais, ¢ utilizada uma camada de transicdo entre o
substrato e o revestimento, chamada de camada de adesdo, a qual consiste, normalmente, em
um filme fino de um metal de transi¢ao [61]. No caso de revestimentos de TiN é comumente
utilizado um filme de Ti, portanto a estrutura formada fica sendo [substrato de ago + filme de
Ti + filme de TiN], como mostrado na Figura 35. Esta camada de adesdo produz um aumento
significativo da adesdo dos filmes ao substrato. Porém, os mecanismos responsaveis pelo
aumento da adesdo ndo foram bem esclarecidos ainda, devido a complexidade do fendmeno
de adesdo. Neste ultimo, estdo envolvidos fendmenos de interface em escala atdmica, ou seja,
a maneira pela qual os atomos do filme e substrato estdo distribuidos e ligados, sendo,
portanto necessario técnicas avangadas de analise de superficie.

TiN

Ti
M2 nitretado

M2

Figura 35 — Estrutura de TiN com camada intermediaria de Ti sobre aco nitretado.

O substrato de aco aqui utilizado ¢ o AISI M2, o mesmo que ¢ utilizado para confeccao
de discos de corte, fresas e brocas. Também foi utilizada a nitretacdo a plasma do substrato de
aco, outro processo amplamente empregado no setor industrial. A nitretacdo a plasma ¢ um
processo comumente utilizado em situagdes como esta, ou seja, quando hd deposicdo de
revestimentos protetores em agos. O principal objetivo da nitretagdo neste caso € aumentar a
dureza na regido proxima a superficie do substrato. Com isso, evita-se a diferenca abrupta da
dureza do substrato em relagdo a do filme, visto que em muitas situagdes estas podem chegar

a diferencas de uma ordem de grandeza [62]. Com a utilizagdo destes processos de superficie,
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ou seja, nitretacdo a plasma do substrato, revestimento com filme de TiN (estrutura duplex),
além da camada intermediaria de Ti, ha um ganho significativo principalmente em aumento

da adesdo e resisténcia ao desgaste [63,64,65].

No estudo aqui realizado, os substratos de AISI M2 foram nitretados a plasma em
condigdes semelhantes aquelas que a industria utiliza e, apos nitretados, filmes de TiN ou
TiN/Ti foram depositados pela técnica de magnetron sputtering reativo. A temperatura de
deposi¢do escolhida para o presente estudo, 450 °C, é a mais comumente utilizada em

processos industriais.

O presente estudo investiga a composi¢do quimica e o transporte atdmico dos diferentes
elementos nas regides de interface. Buscamos correlacionar estas caracteristicas fisico-
quimicas com o aumento da adesdo de um filme de TiN ao substrato de ago quando uma
camada intermedidria de Ti € introduzida. Para viabilizar o estudo do transporte atomico do
N, foi utilizado em alguns casos o gés N, isotopicamente enriquecido com seu isotopo '°N. As

estruturas estudadas podem ser vistas na Figura 36.

Estruturas do tipo TiN Estiuturzsdotipo

TiN/Ti
1SN ~ iN o~
Ti'SN~ 10nm | TiN~ 10nm $ THN-5nm L
nitretadocom nitretadocom
nitretadocom nitretadocom

M2 M2

Figura 36 — Estruturas estudadas no presente trabalho.
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5.1. Resultados experimentais
A Figura la do Anexo 6 mostra resultados de RBS para filmes de TiN de 20 nm de
espessura depositados sobre substrato de carbono (grafite). O espectro mostrado confirma a
razao Ti/N de aproximadamente 1 e uma pequena contaminacdo com oxigénio tanto na
superficie quanto na interface do filme de TiN. Este fator ¢ importante para o desempenho do
filme, visto que oxigénio ao longo do filme diminui sua dureza. Afora esta, verificou-se
experimentalmente que nao had nenhuma outra contaminagdo nas amostras € que o oxigénio

estd presente somente na superficie e nas interfaces.

O mesmo perfil de oxigénio ¢ observado por NRP, usando a reagio "*O(p,ar)'*O ao

redor da ressonancia a 151 keV, conforme mostrado na Figura 1b do Anexo 6.

Para amostradas preparadas nas diferentes rotas de deposicdo de filmes mostradas
acima, foram determinadas as curvas de excitagio para a reacio ~N(p,o) "N ao redor da
ressondncia a 429 keV e os perfis de '°N delas extraidos, como mostrados na Figura 2 do
Anexo 6. No caso de acos nitretados em atmosfera de °N e ap6s revestidos com TiN ou com
TiN/Ti por sputtering reativo em plasma contendo N, natural, o '°N do aco nitretado em °N,
propaga-se até atingir a superficie do filme. Nos filmes depositados em plasma contendo "N,
o °N ¢é observado migrando até a regiio do substrato nitretada em N,, sendo que as
concentragdes de "°N sdo maiores em TiN/aco nitretado do que em TiN/Ti/ago nitretado. Este
ultimo fato é confirmado para amostras nitretadas em "°N e, apds, revestidas com filmes de
TiN em atmosfera de N,. Portanto, a camada intermedidria de Ti constitui uma regido de

difusdo rapida, que favorece a migragdo de N.

As andlises de composicdo quimica das nano-estruturas aqui estudadas foram
determinadas por XPS. A Figura 3 do Anexo 6 mostras as regioes de fotoelétrons N 1s, O Is e

Ti 2p. Na estrutura TiN/Ti/aco nitretado, a componente mais intensa da regido N 1s ¢
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associada a N ligado em nitretos metalicos tais como TiN, CrN e FeN, bem como uma
componente menos intensa associada a N em oxinitretos metalicos. Ja para as estruturas
TiN/ago nitretado, a componente mais intensa ¢ associada a N ligado em TiN, além do
oxinitreto de titanio, o qual neste caso ¢ relativamente mais significante do que em TiN/Ti/ago
nitretado. Os fotoelétrons O 1s das estruturas TiN/Ti/ago nitretado t€ém uma componente
dominante associada a O em TiO,, a qual ndo pode ser muito bem distinta de CrOy e FeOx,
além de uma componente menor associada a oxinitretos. Para as estruturas TiN/ago nitretado,
parece que a camada intermediaria de Ti favorece a formacdo de 6xidos e oxinitretos, em
detrimento a formacao de TiN. Os fotoelétrons Ti 2p confirmam estas composi¢des, mas nao

ha evidencia de Ti metalico.

Perfis de Ti foram determinados por MEIS, com uma resolugdo de 0.5 nm. O substrato
usado neste caso particular foi Si, uma vez que os elementos metalicos do ago mascarariam
todo o sinal de Ti. Os resultados sdo mostrados na Figura 4a do Anexo 6. Os filmes foram
depositados a 450 °C e, posteriormente, aquecidos a 550 e 650 °C. O espectro ndo mostra uma
transicao abrupta entre o TiN e o Ti, pois a concentragdo de Ti nestes dois materiais € muito
semelhante. A transi¢ao na interface filme/Si como depositado, no entanto, ¢ abrupta. Para as
temperaturas superiores a 450 °C, observa-se claramente uma migra¢do de Ti para o Si,

indicando que uma migra¢ao de Ti ainda bem maior deve ocorrer do Ti para o aco nitretado.

Finalmente, a composicao elementar da camada atomica mais superficial das amostras
foi analisada por LEIS. Os espectros de retroespalhamento sao mostrados Figura 4b do Anexo
6, para ions de hélio incidentes a 1 keV em amostras TiN/Ti/aco nitretado e para TiN/ago

nitretado.

Como LEIS ¢ uma técnica sensivel somente a superficie, os espectros da Figura 4b

descrevem qualitativamente a composi¢ao das superficies. Vé-se que, na superficie mais
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externa, O substitui N mediante por mecanismo de troca, formando TiO,. O fato mais
chocante, no entanto, ¢ a presenca na superficie dos metais de maior concentracao na liga do
substrato de ago, tais como Fe, Cr, Mo, Si e W. Além disto, vé-se que a concentracao destes
elementos metalicos ¢ muito maior para estruturas TiN/Ti do que para estruturas TiN,

consistentemente com observagdes prévias deste trabalho.

5.2. Conclusoes parciais

Utilizando o tracador isotopico "N e a técnica de NRP, observou-se a migracio de
atomos de nitrogénio ao longo das interfaces e dos filmes de Ti e TiN. Essa migragdo produz
uma regiao de composicao variando gradualmente, ao invés de interfaces abruptas, relaxando
as tensOes de interface e assim propiciando um aumento significativo da forca de adesdo.
Como pode ser observado pelos resultados experimentais, em estruturas que contém a camada
intermediaria de adesdo, ha uma migracao mais pronunciada de atomos de nitrogénio do filme
para o substrato e do substrato para o filme. Ao contrario, para a estrutura TiN/aco nitretado, a

difusdo ¢ bem menor, uma vez que o TiN ¢ bem conhecido por ser uma barreira a difusao.

As ligacdes quimicas presentes nestes filmes, determinadas por XPS, sdo caracteristicas
de nitretos, 6xidos e oxinitretos de titanio. A presenca de Oxidos e oxinitretos na regiao
superficial ¢ devida a oxidacao ao ar, tendo um efeito benéfico, pois 0xidos e oxinitretos sao

lubrificantes s6lidos que contribuem para reduzir o atrito.

A migracdo de atomos de titanio também foi observada aqui e, com o aumento da
temperatura, observou-se uma maior quantidade de atomos de Ti migrando do filme para o
substrato. As medigdes foram realizadas com silicio como substrato, devido ao fato do ago
conter outros elementos pesados que interferem no resultado do método de perfilometria aqui

utilizado, ou seja MEIS. No silicio, a difusividade de todos os elementos ¢ menor do que no
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aco e, portanto, com a constatacdo de que ha migracdo de Ti em silicio, havera migragao

ainda maior de Ti no ago.

Outro resultado importante observado aqui foi a migracao de elementos de liga do ago

nitretado ao longo do filme, chegando até a superficie. Para as estruturas de TiN, como sao

barreiras para a difusdo, essa migragdo se deu em menor intensidade, ja nas estruturas TiN/Ti

a migragao foi bastante pronunciada.

Com este estudo, algumas correlagdes foram obtidas:

1))

2)

3)

Em estruturas do tipo TiN/Ti/aco, ha maior migragdo de atomos através das
interfaces do que em estruturas do tipo TiN, bem como maior migracao de

elementos de liga do substrato para o filme;

Em estruturas sem a camada intermediaria de Ti, o TiN age como barreira a difusdo
dos atomos tanto do filme quanto do substrato. Portanto a camada intermediéria de

Ti promove a interdifusdo de todas as espécies quimicas.

Assim sendo, estruturas do tipo TiN/Ti geram interfaces com variacao mais gradual
de composic¢ao, ao invés de interfaces abruptas. Tal variagao gradual da composicao
resulta em relaxagdo das tensdes de interface que sao as responsaveis pelo ganho de
adesdo. A variacao gradual de composi¢do e a grande mobilidade atomica durante a
formacdo do filme sdo responsaveis pela excelente adesdo dos filmes de TiN em
substratos de aco. Outro resultado observado, foi o fato que os revestimentos de TiN
oxidam quando exposto ao ar, com isso essa camada oxidada atua como lubrificante

solido em operagdes de usinagem.
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6. Conclusoes finais e perspectivas

O presente trabalho atingiu, em alguns casos, sua finalidade maior, contribuir para
estabelecer correlacdes entre estrutura e propriedades de certos revestimentos de filmes finos.

No caso de revestimentos com filmes de VC, foi estabelecida uma correlagdo entre
estequiometria e propriedades mecanicas: a dureza e o médulo de elasticidade aumentam com
o aumento da razdo C/V, atingindo um maximo para C/V = 1, enquanto que o modulo de
elasticidade até ruptura, H*/E, tem seu valor maximo para C/V = 1.2. Além disto, pode-se
prever com base no critério H*/E%, que estes filmes reduzem substancialmente o desgaste do
componente de aco revestido, o que ¢ largamente comprovado por ensaios de desgaste do tipo
pino-no-disco em ago revestido com filmes VC.

O comportamento mecanico e tribologico dos revestimentos com filmes VC pode ser
atribuido a compactagdo dos filmes pelo aumento na temperatura de deposi¢do, porém isto sO
¢ verdade até uma certa concentracdo de C intersticial, no caso até 1. Acima de C/V =1, o
excesso de C promove a formagdo de clusters de C que constituem caminhos faceis para
penetracdo da ponta de indentacdo. Quanto a resisténcia ao desgaste, C intersticial, bem como
uma certa quantidade de clusters nanoscépicos de C, ainda que pequena, constituem excelentes
candidatos a lubrificantes solidos. O papel do grafite como lubrificante solido ¢ bem
conhecido, mas o papel de nanoclusters de C ndo ¢ bem conhecido e o presente trabalho abre
uma janela nesta diregdo. Nao pode ser negligenciado aqui o papel da estrutura intersticial
octaédrica, mais estavel, capaz de moderar o desgaste abrasivo.

A corrosao de aco AISI H12 revestido com filmes VC também foi fortemente reduzida.
Porém, embora o efeito protetor ja se manifeste a concentragdes correspondentes a C/V
ligeiramente maiores do que 1, diferentemente das propriedades mecanicas e triboldgicas, a
protecdo maxima ¢ obtida para o maior valor de C/V aqui utilizado, ou seja 2.5. Por outro

lado, a prote¢do ¢ maxima para o maior valor da temperatura de deposicdo, ou seja, 450 °C.
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Quanto a temperatura de deposi¢do, um aumento de 13% na densidade real dos filmes de
CV, pode ser responsavel por mais ¢ melhores barreiras ao transporte de espécies corrosivas
pela simples compactacao dos filmes depositados a maiores temperaturas.

Outro causa possivel para o aumento da protecao contra a corrosao em temperaturas de
deposicao mais altas estd baseada no fato de, embora concentragcdes maiores de C, como
C/V = 2.5, aumentarem a resisténcia a corrosdo, a quantidade de nanoclusters ¢
aproximadamente a mesma para todos C/V > 1. Assim, a maior resisténcia a corrosao dos
filmes VC pode ser devida a migracdo de C de sitios intersticiais tetraedrais para sitios
intersticiais octaedrais em temperaturas de deposicdo mais altas, resultando numa maior
disponibilidade dos sitios intersticiais tetraedrais, os quais sdo sitios mais reativos do C.

No estudo aqui realizado de revestimentos com filmes Si3N4, lembramos que os filmes
de Si;N4 do presente trabalho sdo essencialmente amorfos, com excegdo daqueles depositados
a 500 °C. Estes filmes sdo estequiométricos para qualquer temperatura de deposigdo acima de
100 °C. A dureza e o mddulo de Young variam com a temperatura do substrato, o que ¢é
atribuido a relaxagdo de stress compressivo interno nos filmes. O comportamento da dureza
apos annealing em oxigénio resulta, possivelmente, da competicdo entre dois processos: a
relaxagdo de tensdes internas, que tende a diminuir a dureza, e a cristaliza¢do dos filmes, que
tende a aumentar a dureza. Como a cristalizagdo prevalece para annealing a 1000 °C, os filmes
mantém a sua alta dureza nestas temperaturas.

O coeficiente de nano-atrito a baixa carga dos filmes apds oxidagdo diminui
substancialmente devido a presenca da fina camada de oxinitretos formada. A quimica dos
cristais, adotando a densidade de carga em sitios catidnicos, ao invés do nimero de valéncia
até aqui utilizado, pode explicar este fenomeno. Efetivamente, o potencial idnico do SiO; ¢
quase o dobro daquele do Si3Ny e, portanto, o coeficiente de atrito de uma camada de SizN4

parcialmente oxidada ¢ menor do que o coeficiente de atrito de um filme de Si3Na.
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No caso de revestimento com estruturas de filmes finos do tipo TiN/Ti, a boa adesao
verificada em aplica¢des industriais de revestimentos protetores de alta dureza sobre acos
nitretados pode ser correlacionada com a distribui¢do das diferentes espécies quimicas ao
redor das interfaces durante o processo de deposi¢ao. Realmente, no caso especifico de filmes
TiN/ago nitretado e TiN/Ti/ago nitretado, ocorre migracdo de N e Ti para o aco nitretado e dos
elementos componentes da camada nitretada do ago para o filme depositado. A mudanca de
composi¢ao gradual nas regides proximas as interfaces e a mobilidade atdmica durante a
formacdo desses filmes, favorecem o relaxamento das tensdes de interface, as quais sdo
originadas em mudangas abruptas da composicdo, defeitos de rede cristalina e ligagdes
incompletas.

As ligagdes quimicas formadas durante a deposi¢do nas regides proximas a interface
também tem um papel importante no aumento da adesdo. Realmente, verificou-se uma
distribuicao de nitretos e oxinitretos metalicos nessas regioes, ao invés de transi¢des abruptas
de aco para metal (Ti) ou de aco para composto (TiN). Os compostos formados também
relaxam tensOes de interface e reforcam as ligagdes quimicas na transi¢cao ago/revestimento,
aumentando assim a adesdo do filme ao substrato.

A presenca de uma camada intermediaria de Ti entre o revestimento protetor de TiN e o
aco nitretado parece ser uma contribui¢do adicional para a adesdo porque aumenta a migragao
de atomos através das interfaces. Assim sendo, a presenca da camada intermediaria de Ti,
embora introduzindo novas interfaces, ndo aumenta as tensdes de interface, pois as transi¢des
de composi¢do sdo suaves e ndo abruptas. Isto ¢ comprovado pelo fato de, durante o processo
de deposicdo, todo Ti da camada intermedidria (nanoscopica) ter sido convertido em
compostos de nitretos e oxinitretos.

Tendo em vista o que foi atingido no presente trabalho, colocam-se algumas

perspectivas para a continuacdo em direcdes que podem fazer avancar o conhecimento das
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correlagdes entre estrutura e propriedades de revestimentos com filmes finos, assim como suas
aplicacoes.

Uma diregdo a ser seguida ¢ a otimizagdo de filmes, como o VC aqui estudado, para
obter condigdes de preparagdo, composi¢cdo € outras caracteristicas fisico-quimicas 6timas na
aplicacdo industrial. Mais especificamente, revestimentos resistentes, a0 mesmo tempo, ao
desgaste, a corrosdo, ¢ a perda de dureza em trabalho a altas temperaturas. Embora lancadas
algumas bases aqui, isto necessita ainda de muito trabalho de pesquisa.

Da mesma forma, revestimentos com filmes SizNj foram mostrados aqui como
preservando sua dureza em altas temperaturas. Porém, quando trabalhando industrialmente,
estes filmes sofrem também corrosdo imida em altas temperaturas e desgaste corrosivo. O
efeito destes processos sobre a dureza apos trabalho em altas temperaturas ainda deve ser
investigado.

Finalmente, devido a sua grande importancia industrial, os estudos de correlagdes entre
adesdo do revestimento ao substrato e as caracteristicas fisico-quimicas dos filmes merecem
ser continuados.

Daqui para frente, o esfor¢o de pesquisa serd dirigido para a investigacdo de dois
sistemas mais avancados de revestimentos protetores:

Revestimentos nano-estruturados do tipo duplex, que consistem em depositar sobre o
aco nitretado a plasma multicamadas de filmes finos de diferentes combinac¢des de dois
materiais, com periodo de repeticdo em espessuras tais que seja atingida a ultradureza;

Revestimentos protetores de filmes finos constituidos de diferentes nanoparticulas
diluidas em diferentes matrizes, tais como, particulas de Pt, MoS,, SiC em matrizes de Si3Ny,

Si0, amorfo, TiO, e outras.
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1. Introduction

Hard coatings are widely used in surface engineering for wear
protection and friction reduction of mechanical components. Numerous
different coatings are currently available for specific applications [1,2].
Among them, vanadium carbide (VC) thin films show high hardness,
high melting point, and good chemical stability [3]. However, the
crystalline structure of VC thin films is still open to investigation. On one
hand, stoichiometric VC is an interstitial compound, where vanadium
forms the principal lattice and carbon occupies the octahedral
interstitial sites [4]. On the other hand, the equilibrium phase diagram
of the V-C system is complex and many phases with different
stoichiometries coexist [5,6]. Furthermore, there is an order-disorder
interplay involving the different VC, phases. The mechanical and
tribological properties were reported to be strongly dependent on
carbon content and occupancy of interstitial sites [7]. Although order-
disorder phase transformations were already observed [8], the migra-
tion of carbon atoms associated with these transformations is still
unclear. So far, only a few works were devoted to the structural
characterization of vanadium carbide films obtained by physical vapor
deposition techniques. In particular the structure of VC, films deposited
by reactive magnetron sputtering has been reported [9], as well as the
deposition characteristics of films by sputtering from a VC target [10].

We report here on the composition and crystalline structure of
vanadium carbide films deposited by DC reactive magnetron sputter-
ing. The relative intensities of Bragg peaks (111) and (200) were
determined for different substrate temperatures during deposition
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and compared with simulations of X-ray diffractograms, aiming at the
investigation of temperature-dependent site occupancy of the carbon
atoms in the interstices of the vanadium carbide fcc-like crystalline
structure.

2. Experimental details

The vanadium carbide films were deposited on Si(100) substrates by
DC reactive magnetron sputtering from a pure V target in Ar/CHy
plasma, always at a total pressure of 3x 10~ ! Pa and a power density of
5.5W cm™ ?in the target. The base pressure in the chamber was 10~ ° Pa.
Two sets of samples were produced. In the first group, the Ar/CH, partial
pressure ratio was varied, hereafter referred as the CH, content in the
reactive plasma or [Pcpg/(Par+ Pcua)] % 100%, keeping the substrates
without any heating. In the second group, the substrate temperature
was varied at constant CH4 content of 15%.

The thickness and C/V average ratios of the vanadium carbide films
were determined by Rutherford backscattering spectrometry (RBS) of
2 MeV He™ ions in channeling geometry [11]. The vanadium carbide
film deposition rate was 0.3 nm s~ ' without any heating. The
crystalline structure of vanadium carbide films was determined by
glancing angle X-ray diffraction (GAXRD) in a Shimadzu XRD-6000
diffractometer, using Cu K, (U=40 kV and I =30 mA) radiation at an
incidence angle of 2°. X-ray diffraction pattern simulations were
performed with the Powder Cell code [12].

3. Results and discussion

Fig. 1 shows the GAXRD patterns of vanadium carbide films for
different CH4 contents in the reactive plasma keeping the substrates
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Fig. 1. Glancing angle X-ray diffractograms from vanadium carbide films for different
CH4 contents in the reactive plasma with substrates kept without any heating.

without any heating. A very broad line is observed in the lower CHy
content range, which is typical of compounds with low crystalline
order. The crystallinity of the vanadium carbide films increases above
13% CH,4 content in the reactive plasma, as revealed by the appearance
of two well-defined Bragg peaks at 20=37.5° and 43.8° assigned,
respectively, to the (111) and (200) planes of a vanadium carbide fcc-
like structure.

Fig. 2 shows the GAXRD patterns of vanadium carbide films for
different substrate temperatures in the interval 100 to 500 °C, at
constant CH, content (15%). It can be seen from Fig. 2 that the
intensity of the (111) peak decreases with respect to that of the (200)
peak as the substrate temperature increases.

Fig. 3(a) shows a typical RBS spectrum for 2 MeV He* incident ions
from a vanadium carbide film on a Si(001) substrate having the <001>
axis of the Si substrate oriented along the direction of incidence of the
ion beam (channeling geometry). This allows to discriminate between
the energy overlapping events corresponding to He " ions scattered by
C atoms in the film from those corresponding to He™ scattered by
Si atoms in deeper regions of the underlying Si substrate. The inset in
Fig. 3(a) shows the C signal in the spectrum after subtraction of the Si
background. Fig. 3(b) shows the thickness of the vanadium carbide
films as a function of substrate temperature as determined by RBS
with 5% accuracy, assuming the nominal bulk density of vanadium
carbide. One can see a slight decrease of the film thickness as the
substrate temperature increases.

Fig. 4 shows the C/V atomic ratio of vanadium carbide films as a
function of substrate temperature, as determined by RBS. The films have
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Fig. 2. Glancing angle X-ray diffractograms from vanadium carbide films as a function of
substrate temperature for 15% CH, content in the reactive plasma.
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Fig. 3. (a) Typical RBS spectrum for 2 MeV He " incident ions from a vanadium carbide
film on a Si(100) substrate having the <001> axis of the Si substrate oriented along the
direction of incidence of the ion beam (channeling geometry). The inset shows the C
signal after subtracting the Si background. (b) Vanadium carbide film thickness, as
determined by RBS, as a function of substrate temperature. The dashed line is only to
guide the eyes.

an excess of carbon at lower substrate temperatures and tend towards
the stoichiometric C/V =1 composition at higher temperatures.

According to the phase diagram of the V-C system, for C/V larger
than 0.9 some C segregation would occur [5]. However, the present
GAXRD patterns for the film deposited at substrate temperature of
100 °C (corresponding to the highest carbon content) did not present
any signal of C segregation or polycrystalline graphite. This fact is
confirmed by Raman spectroscopy (not shown), where in the region
from 1200 to 1800 cm™ ! no signal that could be assigned to disorder
(D) and graphite (G) modes [13,14] in carbon graphitic structures was
detected. Therefore, one can conclude that carbon atoms must remain
in solid solution in the vanadium carbide crystalline structure.

Fig. 5 shows the GAXRD intensity ratio I111/I00 as a function of the
substrate temperature. It can be seen that the intensity ratio I11;/l200
decreases as the substrate temperature increases. The dashed line is a
guide for the eyes. The dotted line at the bottom of the graph indicates
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Fig. 4. C/V atomic ratio as a function of substrate temperature. Carbon and vanadium
content in the films were quantified by RBS analysis. The dashed line is only to guide the
eyes.

the intensity ratio for stoichiometric VC in the most stable state where
carbon atoms occupy the octahedral sites [5].

The intensity of the GAXRD Bragg peaks depends on the
constructive interference of outgoing X-ray radiation after scattering
by the atoms (essentially by the electrons) which constitute each
atomic plane [15]. Therefore, the peak intensity must increase with
increasing atomic concentration in each plane. In a fcc structure the
(111) and (200) planes intersect tetrahedral and octahedral inter-
stitial sites, respectively. Taking into account that carbon atoms
can occupy, at least in principle, both tetrahedral and octahedral
interstitial sites, the experimental observation that the intensity ratio
I111/ 00 varies with substrate temperature could be explained by the
inter-exchange of carbon atoms between both interstitial sites. Fig. 6
represents carbon in tetrahedral (a) and octahedral (b) interstitial
sites (totally occupied). We recall here that the tetrahedral config-
uration leads to a C/V atomic ratio of 2 (VC, stoichometry) while the
octahedral configuration leads to a C/V atomic ratio of 1 (VC
stoichometry). Since the maximum average C/V atomic ratio observed
experimentally by RBS was 1.3, the stoichiometric VC; compound
cannot be the only component of the film for any substrate
temperature. Moreover, previous works [5,9] have reported the VC
compound as the stable phase of the V-C system rather than VC,_ Thus,
the excess C in the lattice with respect to the VC stoichiometry is
discussed as follows.

The intensity ratio Iy11/lx00 Was simulated, using the C/V atomic
ratios determined by RBS, for different site occupancies of carbon
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Fig. 5. GAXRD Iy11/l200 intensity ratio as a function of substrate temperature. The

intensity ratio for stoichiometric VC with fcc structure and carbon in octahedral
interstitial sites is also included (dotted line). The dashed line is only to guide the eyes.

Fig. 6. Carbon atoms (black spheres) in tetrahedral (a) and octahedral (b) interstitial
sites. The principal lattice is formed by vanadium atoms (gray spheres).

atoms in tetrahedral or octahedral sites of a fcc structure of vanadium
carbide [12]. The simulation shows a clear trend whereby the intensity
ratio I111/l00 increases with the increase of the carbon concentration
in tetrahedral sites. Table 1 summarizes the results obtained from
simulations of three different arrangements: carbon in tetrahedral-
only, octahedral-only, or in both types of interstitial sites. Because the
intensity ratio I;11/loo decreases with the increase of the substrate
temperature, carbon atoms could metastably reside in the tetrahedral
interstices of the vanadium fcc structure when the vanadium carbide
film is deposited with the substrate kept at relatively low tempera-
tures. For higher substrate temperatures, the carbon in tetrahedral
sites diffuses to more stable octahedral sites (higher negative energy).
The facts presented here concerning C/V ratios (determined by RBS),
phases (determined by XRD), and structure simulations do not allow
to establish unequivocally whether there are segregated phases of VC
(octahedral) or VC, (tetrahedral). In fact, phase segregation is not
necessary to explain the above mentioned results, since local
configurations of these two phases can exist within a given unit cell
of the material. Thus, we believe that there is a tetrahedral-octahedral
carbon interchange in the principal fcc-like crystalline structure,
which depends on the substrate temperature during deposition. The
film deposited at room substrate temperature was not included in
Fig. 2 because of the strong dependence of C,-dimer concentration on
substrate temperature. Indeed, keeping the substrate close to room
temperature would yield a high C,-dimer density on surface avoiding
carbon incorporation in either tetrahedral or octahedral sites [16].

Since plasma deposition is a non-equilibrium process, where high
energies are involved [17], the energetic carbon atoms from the plasma
can occupy non-equilibrium interstitial positions like the tetrahedral
sites in the vanadium carbide fcc structure. At higher temperatures, the
larger mobility of carbon atoms promotes the population of the most
stable interstitial site for carbon in the octahedral position.

Other possible explanations for the temperature dependence of
the I111/1x00 ratio were also considered. In fact, among other effects
that could change the intensity of the XRD peaks, the most important
one is the preferential orientation of the polycrystalline film. Rotating
the samples during analysis or changing their orientation by 90°while
maintaining the same experimental set up for GAXRD, yielded only a

Table 1
Intensity ratio I111/lx0 for different stoichiometries and site occupancies for carbon in
vanadium carbide interstitials sites simulated with PowerCell [12].

C in interstitials sites VC stoichiometry Intensity ratio I111/l00

All in tetrahedral V0.400Co.600 3.82
All in tetrahedral Vo.500C0.500 333
Both, tetrahedral and octahedral Vo0.500C0.500 2.32
Both, tetrahedral and octahedral Vo.455Co 555 1.87
All in octahedral Vo.500C0.500 0.92
All in octahedral Vo.540C0.460 112
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10% change in the intensity ratios I;11/l00. This deviation is well
within the experimental uncertainty and practically rules out any
possibility that the effect shown in Fig. 5 may be associated to pref-
erential orientation.

The intensity ratios I 111/l calculated by PowderCell simulations
[12] (see Table 1) are significantly smaller than the experimental ones
given in Fig. 5. This can be understood by recalling that the
simulations are based on a model [12] that takes into account only
the number of electrons in each atom, not considering chemical
bonding. However, the delocalization of electron densities might
change the intensities associated with constructive interference at
planes (111) and (200). The high degree of covalent bonding in VC, as
well as the higher electronegativity of carbon as compared to
vanadium contribute to localize a higher electron density near carbon
atoms. Consequently, higher experimental intensity ratios I 11/lxg0
than those foreseen by the simulations are expected to be observed
when more carbon atoms occupy tetrahedral sites.

Furthermore, the interactions of carbon 2p orbitals with vanadium
3dyy, 3dy,, and 3dy, orbitals form covalent bondings in tetrahedral
interstitial sites [19,21]. These chemical bondings provide sufficient
energy for the stabilization of the final structure. Indeed, since an
atom (in our case, carbon) can occupy an interstitial position only if its
size is compatible with the available space in the principal network of
atoms (in our case, vanadium), we used a classical model of lattice
closed-package to calculate the ratio of atomic radii for tetrahedral
and octahedral structures. The result was that for tetrahedral or
octahedral interstitials the radii ratio (carbon radius/vanadium
radius) must be from 0.225 to 0.414 or from 0.414 to 0.732,
respectively [18]. Considering the lattice parameter of stoichiometric
VC, a=0.418 nm [19], the vanadium radius must be 0.148 nm. On the
other hand, the carbon radius is 0.07 nm [20]. So, the radii ratio is
0.474. Strictly speaking, this radii ratio suggests an octahedral position
for carbon atoms. However, in most cases the classical model is
applied for ionic compounds, whereas VC is a hybrid between covalent
and metallic compound, where high hardness and high melting point
(covalent properties) and electrical conductivity (metallic property)
coexist in the same material [19]. Moreover, there is a difference of
only 14% between 0.414. (limiting value for tetrahedral to octahedral
transition) and 0.477. In the case of tetrahedral sites, the overlapping
of carbon 2p orbitals with vanadium 3d,y, 3dy,, and 3d,, orbitals forms
covalent bondings [21]. Thus, the involved energy that results from
covalent bonds can stabilize this difference and carbon can occupy
both tetrahedral and octahedral sites, where the latter configuration
is more stable than the former one. Consequently, carbon atoms do
not create major local stress and deformation of the original lattice
structure.

4. Conclusions

Vanadium carbide thin films were deposited by DC reactive
magnetron sputtering in Ar/CH4 plasma in a high-vacuum chamber.
No evidence of carbon segregation was observed. The C/V atomic ratio
in the films decreases for increasing substrate temperature. Computer
simulations of the observed glancing angle X-ray diffractograms
allowed us to attribute the temperature dependence of the intensity
ratio I111/lx00 to a thermally activated inter-change of carbon atoms
between tetrahedral and octahedral interstitial site occupancies in a
vanadium carbide fcc-like structure. Thus, by increasing the substrate
temperature during deposition, carbon atoms diffuse from less stable
interstitial tetrahedral positions occupied at lower substrate tem-
peratures into more stable interstitial octahedral positions.
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Abstract Vanadium carbide and titanium carbide films
were deposited on Si substrates by direct current reactive
magnetron sputtering, varying the substrate temperature
during deposition and the reactive gas (CHy) pressure. The
physicochemical and structural properties of the films
were characterized for stoichiometric films (V/C = 1 and
Ti/C = 1), which display good performance concerning
wear, friction, and corrosion. The techniques used to char-
acterize the films were Rutherford backscattering spec-
trometry in channeling geometry, '*C(a,x)'*C nuclear
resonant scattering, glancing angle X-ray diffraction, X-ray
reflectometry, and X-ray photoelectron spectroscopy. The
results revealed that the ideal conditions for deposition of
these films are a CH, partial pressure of 0.5 x 10~ mbar
and a substrate temperature of 400 °C. In such conditions,
the deposition rates are 7 nm s~ ' for TiC and 8.5 nm s~ ' for
VC at a target power density of 5.5 W cm 2. The density of
the films, as determined here by X-ray reflectometry, are
slightly higher than those for the bulk materials.

Introduction

Transition metals carbides such as TiC, TaC, VC, and
others are widely used as protective coatings owing to their
high hardness and wear resistance, high thermal and
chemical stability, as well as biocompatibility [1-7].
However, TiC has a poor oxidation resistance at high
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temperatures [8, 9]. These applications may involve very
severe working conditions, like in machining, cutting, and
drilling, in which near-surface temperatures may be as high
as 750 °C.

The excellent performance against wear of TiC and VC
protective coatings can be foreseen from the hardness (H)
to Young modulus (E) ratios, a parameter commonly used
to evaluate the wear resistance of the coatings [10, 11].
This is the so called elastic strain to failure, which has been
proposed and consistently used [12, 13] to evaluate the
resistance to plastic deformation of thin film coatings and
to predict their resistance to wear. Thus, a high H*/E? ratio
indicates a high resistance of the coating to plastic defor-
mation and, presumably, a high wear resistance as well,
besides low stiffness. TiC does indeed display very
attractive H>/E* figures. The frictional properties of these
materials are also superior, owing to the extremely fine
grain dispersion of the thin film coatings [1].

There are many routes to deposit these hard coatings,
like chemical vapor deposition (CVD) [14], pulsed laser
deposition (PLD) [15], and physical vapor deposition
(PVD) [16]. The advantage of PLD and PVD is that with
these techniques we can deposit compound films at lower
substrate temperatures [17, 18]. This is especially conve-
nient in order to preserve the bulk properties of steel
engineering components as obtained by thermal annealing.

Other aspects are also important for the final perfor-
mance of the coatings [7]. One of them is the crystallinity
of the hard coatings, which is directly correlated to the
substrate temperature during deposition [19]: The higher
the substrate temperature, the higher the crystalline order
of the coating. It was also observed that if the content of the
reactive gas changes, the crystallinity changes too [20]. In
the case of vanadium carbide (VC), it was seen that the
partial pressure of the reactive gas (CHy) in the gas mixture
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that supports the plasma has a significant influence on the
crystalline structure [19]. In titanium carbide (TiC) films,
the partial pressure of the reactive gas, either methane or
acetylene, has a strong influence on crystalline phase for-
mation [20, 21] as well as on the hardness of the coatings.
Furthermore, the C excess in TiC films was seen to
decrease the film hardness [20].

In the present work, we investigate the elementary
composition and the physicochemical and structural prop-
erties of TiC and VC films deposited by direct current (DC)
reactive magnetron sputtering. Different contents of CH,
and different substrate temperatures during deposition were
accessed in order to investigate the influence of these
deposition parameters on the physicochemical and struc-
tural characteristics of the films.

Experimental

TiC and VC thin films were deposited on single-crystalline
silicon(001) wafers by DC reactive magnetron sputtering,
using a Ar/CH, gas mixture. Table 1 gives typical depo-
sition parameters that led to the deposition of stoichiome-
tric TiC and VC films, as described below.

The elementary composition of the films was deter-
mined by Rutherford backscattering spectrometry (RBS)
[22] using He" ions incident at 2 MeV. This method
allows also the determination of film thickness, using the
density of the films obtained from XRR measurements. The
areal densities of Ti, V, and C were determined using
standards of Bi-implanted Si and C-implanted Si. Since the
small C signal in the RBS spectra overlaps the intense Si
substrate signal, rendering it difficult to quantify C, the
channeled-RBS technique [23] was used here, where
the <001> axis of the Si substrate was aligned with the
direction of incidence of the He' beam, detecting the
backscattered particles at 165° with the direction of inci-
dence of the beam. Although in channeling geometry the

Table 1 Deposition parameters of thin films deposited by DC reac-
tive magnetron sputtering

TiC and VC
Base pressure (mbar)

8.0 x 1077
Ar partial pressure (mbar)

3x107°

CH,4 partial pressure (mbar)

0.5 x 1077
Source-to-substrate distance (cm)

12

Target power density (W cm™?) 2.7 55

Deposition rate (nm min~ ') 3.3

Si-background contribution to the RBS spectra has been
considerably reduced, the quantification of C in the films
still bares an experimental error significantly larger than
that for Ti and V.

In order to reduce the experimental error in C quantifica-
tion, the '*C(o,00)'*C resonant scattering at4.26 MeV [24-26]
was used, taking advantage of the much higher cross section of
this resonance, which is also narrow enough in energy to allow
for C profiling [24-26] in the films. This method increases the
C signal-to-noise ratio by at least a factor of 10 as compared to
RBS, thus improving significantly the accuracy of the C
quantification. A SiC (0001) single-crystalline wafer was used
here as a standard for C quantification.

Glancing angle X-ray diffraction (GAXRD) and X-ray
reflectometry (XRR) analyses were performed using a
Shimadzu XRD-6000 apparatus, with Cu Ko radiation
(A =154 10\) atan incidence angle of 2°, in order to determine
the crystalline structure of the films and density, respectively.

Chemical analysis was accomplished by X-ray photo-
electron spectroscopy (XPS). An Omicron Multiprobe Sphera
instrument was used, witha Mg Ka (1256.3 eV) X-ray source.
The energy resolution of the spectrometer was 0.9 eV.

Results and discussion
Composition

Typical RBS spectra in channeling geometry for 2 MeV inci-
dent He™ ions from TiC and VC samples are shown in Fig. 1.
The insets show the C signal energy regions, after subtraction of
the Si-background contribution. One can verify from these
spectra that the concentration of impurities in the films, for
example O, Fe, Cr, and others are all below the sensitivity limit
of RBS, namely below 10" at. cm ™ (about 1/10 of a mono-
layer). The presence of impurities would affect significantly the
hardness and the adhesion of the coatings to the substrate.

Figure 2a, b shows typical '*C(x,2)"?C resonant scat-
tering spectra at increasing energies of the incident He™
ions, for a TiC/Si and VC/Si thin film samples, starting at
an energy value below the resonance energy of 4.26 MeV.
At the resonance energy, the C peak in the spectrum is
associated to the C contamination layer at the sample
surface [24-26]. For progressively larger energies than the
resonance energy, the C peak area in the spectrum is
directly proportional to the C concentration at increasingly
larger depths [24-26], such that a C profile can be extracted
from the ensemble of 12C(oc,oc)lZC spectra at variable
incident energy [24-26] like those shown in Fig. 2. One
can see that a homogenous distribution of C is observed,
indicating the formation of uniform films.

Figure 3a, b shows the C to Ti ratios as a function of
methane partial pressure for two different substrate

@ Springer
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Fig. 1 Rutherford backscattering spectra of 2 MeV He* incident
particles from a TiC and b VC films deposited on Si(001)
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Fig. 3 C/Ti ratio versus methane partial pressure at 50 W of target
power for substrates at a room temperature (20 °C) and b 420 °C.
Line is only to guide the eyes

temperatures, 20 and 420 °C, as determined by RBS and
resonant scattering analyses. For both substrate tempera-
tures, stoichiometric film, C/Ti = V/C = 1 are obtained
for a CH, partial pressure of 0.5 x 10~ mbar. Thus, the
present results establish also favorable substrate tempera-
ture and CH4 pressure to deposit TiC/VC multilayers
aiming at superhard coatings.

Figure 4a shows the C to Ti concentration ratio as
a function of substrate temperature during deposition.
Figure 4 shows that at 400 °C, the C/Ti and C/V ratios are
close to one, indicating ideal CH, pressure and substrate
temperature to deposit TiC/VC multilayers. It is worth
recalling here that, since the stoichiometric film presents
high hardness [3, 10], deposition conditions leading to
stoichiometric films is an important issue for any practical
application. However, the same is not necessarily true for
friction and wear characteristics, although the HIE?
parameter points out and the results in the literature men-
tioned above point out in this direction.

Deposition rates

Figure 5a, b show the TiC and VC film thicknesses as a
function of deposition time, at substrate temperature of
400 °C and CH, partial pressure of 0.5 x 10~ mbar, for
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substrate temperature of 400 °C for a TiC and b VC

two different DC powers, namely 50 and 100 W. The film
thicknesses were calculated based on the experimentally
determined Ti, V, and C areal densities and the densities of
TiC and VC obtained by X-ray reflectometry analysis, as
described below. This leads to the following relations:

10" Tiem™ = 0.176 nm, (1)

10" Vem 2 = 0.137 nm. (2)

In Table 1, the figures for the deposition rates of TiC
and VC films are given for 50 and 100 W DC target power,
respectively, as obtained from the linear fit of the data of
Fig. 5.

Crystallographic structure and phases

Figure 6a shows GAXRD from TiC coatings deposited at
different temperatures. One can see that the increase of the
substrate temperature leads to an increase of the intensity
of the fcc TiC (111) and (200) diffraction peaks with
respect to the intensity of the Ti (110) peak. The progres-
sive TiC phase formation with temperature is associated
with the thermally activated surface mobility of the carbon
and titanium atoms.
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Fig. 6 Diffractograms in 6 x 20 geometry from a TiC and b VC

films on Si(001) at different substrate temperatures. The methane
partial pressure is 0.5 x 107> mbar

@ Springer



4998

J Mater Sci (2010) 45:4994-5001

(a) [
0.3
[\
\
\
\
\
0.2 \
9 \
t \
B Y i
0414
RN
-
0.0 T T T T
0 100 200 300 400
Temperature (°C)
(b)

0.15 - {

|
!
|
\
01049
\
\

o
<
S \
\
0.05 \
\
\
R
0.00 - I s - -
0 100 200 300 400

Temperature (°C)

Fig. 7 Metal to compound ratios in thin films at different substrate
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Figure 6b shows GAXRD from VC coatings deposited
at different substrate temperatures. The same picture as in
TiC is observed, namely the intensities of the VC (111) and
(200) diffraction peaks increase with respect to the V (110)
peak as the substrate temperature increases.

Figure 7a, b show the Ti/TiC and V/VC ratios as
obtained by simulations of the experimental diffractograms
with the PowderCell® code [27]. Notice that for substrate
temperatures above 200 °C, the metallic V phase is no
longer observed, while for TiC in Fig. 7a this only happens
above 300 °C.

Chemical bonding

The chemical bonds of Ti, V, and C in the films were
accessed by XPS. Figure 8a shows the Ti 2p photoelectron
regions from TiC films for substrate temperatures of 20 and
400 °C. Three different doublets, corresponding to three
different bond states for Ti are observed, Ti in TiC [28], Ti
in TiO, [29], and Ti in metallic Ti [30]. Since the
inspection depth of XPS is about 10 nm, the presence of
titanium oxide in this near-surface region of the films is
expected, owing to the affinity of titanium for oxygen,
similarly to TiN films after exposure to air [31]. For 400 °C
substrate temperature, the TiC/TiO, spectral area ratio is
much larger than for 20 °C and the intensity of metallic Ti
decreases. This is consistent with the GAXRD results
presented above, where the proportion of the TiC phase
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was seen to increase with the increasing of the substrate
temperature. In Fig. 8b, C /s photoelectron regions for TiC
films are shown. The components C—C; and C-C, at
binding energies (BE) of 284.9 and 284.1 eV are assigned
to amorphous carbons (a-C) phases [32-34]. The Ccon
(289.5 eV) is assigned to hydrocarbons at the sample sur-
face, while the peak at BE 281.5 eV is assigned to TiC.
Here again, the proportion between the spectral area of the
component assigned to C in TiC films with respect to the
other components is larger for 400 °C substrate tempera-
ture than for 20 °C. Thus, the XPS results confirm the facts
observed by GAXRD, namely that the formation of the TiC
stoichiometric compound is favored at the higher substrate
temperatures.

V 2p and C Is photoelectron regions from VC films on
Si [35] are shown in Fig. 9, confirming the general trends
discussed in the last paragraph for TiC, including the
presence of V,0Os in the near-surface region of the films.
The formation of VC and the increase of its proportion with
respect to the other spectral components as the substrate
temperature increases are also observed here.

Film densities and thicknesses

The results of XRR for TiC and VC films on Si, deposited
with the substrates at 400 °C, are shown in Fig. 10.
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Fig. 10 X-ray reflectometry for a TiC and b VC thin films at 50 W
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Simulations of the XRR data [36] allowed the determina-
tion of the film thicknesses and densities, whose figures are
given in Fig. 10. The densities of the films as determined
by XRR are seen to be somehow higher than those for the
bulk materials [37]. This fact was used in the present work
as a correction in the thicknesses determined by RBS and,
consequently, as a correction in the deposition rates.

Correlations with hardness and tribological
performance

The search described above for optimal conditions of
deposition of stoichiometric, crystalline TiC, and VC films
is a critical issue for practical applications, since previous
studies demonstrated that hardness, friction, and wear
behavior of these materials can be strongly influenced by
these physicochemical and structural characteristics [1, 3,
10, 20, 21]. The deposition rate to stoichiometric films is
also an issue of practical interest concerning processing
costs. Thus, C/Ti or C/V ratios of 1, no C segregation in the
films, crystalline structures, and moderate oxide layers in
near-surface regions seem to be essential for good protec-
tive action of the coatings. In the present work, CH, partial
pressures around 0.5 x 1073 mbar, substrate temperatures
around 400 °C, seem to be optimal to reach the composi-
tional and structural targets mentioned in the previous
paragraph. Under these conditions, typical deposition rates
may be 10 nm min~' or more, according to the target
power.

We have measured the hardness and elastic modulus for
VC and TiC films for depositions in 0.5 x 10~ mbar of
CH,, as a function of substrate temperature. The results for
VC films, together with the extracted H3/E? are given in
Fig. 11. A hardness of 35 GPa as determined here for VC
is comparable to the best results found in the literature. The
data for TiC (not shown) indicate a similar behavior. Thus,
the hardness and elastic moduli determined here point out
to a maximum H3/E2, and therefore a good resistance to
wear, for stoichiometric, crystalline carbide films. Some
mechanical properties like hardness, modulus of elasticity,
and H/E* for carbides films from the literature are given in
Table 2. Another criterion has been used to predict the
wear behavior of carbide coatings, namely the combination
of hardness and fracture toughness [38, 39]. Although this
last criterion is also valid, we did not addressed it in the
present work since it is much less used.

Furthermore, the wear resistance of stoichiometric VC
and TiC films deposited on AISI HI12 steel were also
approached, using pin-on-disc tests. A large reduction (of
about a factor of 40) on volumetric wear with respect to the
uncoated steel were observed, confirming the previsions of
the H/E” criterion. On the other hand, the experimentally
determined densities of the films here produced indicate
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Table 2 Mechanical properties of carbides from references [1, 7, 11]

Carbide H (GPa) E (GPa) H*/E* (GPa)
TiC 28-35 300-500 0.1-0.4
vC 20-30 268-430 0.1-0.4
TaC 16-24 241-722 0.05-0.2

values slightly above the bulk values. This fact should
certainly contribute also to hardness and wear resistance.

Conclusions

The dependence of the physiochemical and structural
characteristics of DC reactive sputtered deposited TiC and
VC films on the reactive gas (CH,) partial pressure and on
the substrate temperature were investigated here. Elemen-
tary C/Ti and C/V concentration ratios of 1 were reached
for CH,4 partial pressures around 0.5 x 107> mbar and
substrate temperatures around 400 °C.

The phases composing the films include TiC, Ti, and C
excess, as well as TiO, in near-surface regions of the TiC
films. On the other hand, VC, V, and C, together with V,05
in near-surface regions, are identified in the VC films. The

@ Springer

increase of substrate temperature leads to a decrease of the
concentration of metallic Ti or V, with respect to TiC or
VC compounds. Metallic Ti or V eventually vanishes from
the films by increasing the substrate temperatures during
deposition, whereas C excess disappears for CH, partial
pressures below 0.5 x 107> mbar.

The film densities determined here are slightly higher
than the bulk densities of the corresponding materials,
whereas the deposition rates are compatible with current
requirements for commercial production.

The experimental H>/E* figures indicate a pronounced
wear resistance increase as the films become stoichiometric
and crystalline, while preliminary wear tests of TiC and
VC coatings of tool steel in the conditions described here
confirm this picture. In conclusion, we can say that stoi-
chiometric, crystalline, and very dense films can produce
excellent protective VC and TiC coatings concerning wear
resistance.
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Abstract

The corrosion and nanomechanical characteristics of tool steel coated with vanadium
carbide thin films deposited by direct current reactive magnetron sputtering were investigated.
Cyclic polarization and electrochemical impedance spectroscopy measurements in a 3.5%
sodium chloride solution indicated that corrosion decreases as the C content and the substrate
temperature during deposition increase. The maximum hardness is reached for stoichiometric
VC coatings, decreasing for either higher or lower C contents. Complementary physico-
chemical analyses, made here or elsewhere, are used to clarify the reasons for such behavior.
The present results are discussed in terms of the optimization of the deposition parameters

aiming at concomitantly good corrosion and wear protection.
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1. Introduction

Group IV to VI transition metal nitrides, carbides, and carbonitrides have an unusual
combination of physicochemical properties, among them high melting temperatures, hardness
and high-temperature strength, as well as good electrical and thermal conductivity, ensuring
their use as high-temperature structural materials and/or as wear-resistant hard alloys. These
materials are also commonly used as protective hard coatings due to their mechanical, and
tribologic properties [1,2]. One important feature is the presence of structural defects, since in
these compounds bearing the NaCl-type structure, the octahedral interstitial sites of the
metallic fcc sublattice may be only partially filled with carbon or nitrogen atoms. Under
certain conditions, their presence may give rise to atomic ordering which results from the

redistribution of non-metallic atoms and structural vacancies in the interstitial lattice sites [3].

The corrosion protection of thin film physical vapor deposition (PVD) coatings is
often unsatisfactory. When exposed to an aggressive medium, local galvanic corrosion of the
substrate material is observed. Since hard layers are not very dense, the electrolyte can reach
the steel substrate through pores and microcracks. A galvanic couple is formed, the compound
coating being electrochemically the noblest partner. As a consequence, the steel substrate will
begin to dissolve anodically [4]. In addition, the microstructure of PVD coatings is
characterized by a columnar microstructure and corrosion problems in applications are
generally attributed to the voids between these columns, to pinholes, and to eventually
existing cracks [4]. Furthermore, nitrides and other coatings operating at higher temperatures
are prone to be oxidized, forming TiO,, Al,O3, Cr,03, and mixed oxides. These oxide layers
generally control the kinetics of the oxidation at higher temperatures and may also close the
above mentioned coating defects. More specifically, ceramic coatings, in particular, usually
contain numerous small defects, like pinholes, which may penetrate the whole coating

thickness and lead to rapid galvanic corrosion when subjected to a corrosive atmosphere [5,6].



Furthermore, ceramic coatings may crack in service owing to substrate plastic deformation
when subjected to high intensity loading or impact loading, which will cause rapid crevice
corrosion Therefore, local corrosion may cause an accelerated degradation of the metallic

substrate [7,8].

In vanadium carbide (VC) films, the carbon content has a strong influence on the
cristallinity and on the mechanical properties, especially on hardness [9]. The substrate
temperature during deposition (herein called deposition temperature) also has an important
influence on these properties. The tribologic properties, like wear and friction coefficient of
VC are also superior, a fact that has been attributed to the extremely fine grain dispersion of

thin film coatings [10].

VC coatings [11,12] show some other distinguishing properties in cutting tool
applications. For example, V,0Os as a solid lubricant forming on the coating surface in the
machining process, improves the wear resistance of cutters [13,14]. It was reported by Ferro
et al. [11] that the electron beam deposited cubic VC coating from a carbide target reaches a
high hardness of 25 GPa. In the research of Aouni et al. [15], a series of VC coatings with
different carbon contents were prepared by reactive dc diode magnetron sputtering from a
vanadium target in an Ar—CHy4 mixture. It was found that varying the partial pressure of CHy
(3% ~ 15.7% of the mixture), monophase or multiphase coatings like vanadium solid solution,
V,C, VC and VC + C were obtained due to different carbon contents. Unfortunately, the
corresponding mechanical and tribological properties were not reported in their paper [16].

In order to make VC films more widely used as protective coatings, investigation of
the corrosion, mechanical, and tribologic properties should be performed. There are in the
literature some studies on VC coatings which provide substantial information about
mechanical and physicochemical properties. However, we could not find reports on the

corrosion behavior, although this is an important feature to design a new protective coating,



especially in applications that involve contact with gases or liquids from the productive
process, such as machining or die.

Considering that we could not find in the literature corrosion investigations of VC
coatings of steel, the present work is undertaken in order to determine, in samples prepared in
identical conditions, the corrosion behavior and the nanomechanical properties of AIST H12
tool steel coated with VC films deposited by direct current (DC) reactive magnetron
sputtering. Different gas compositions and deposition temperatures were accessed in order to
investigate the influence of these deposition parameters on the above mentioned properties.
Complementary physico-chemical analyses, made here or elsewhere, were used to better
clarify the observed facts. The results are discussed concerning the optimization of the

deposition parameters aiming at concomitant protection against corrosion and wear.
2. Experimental

VC thin films, 200 nm thick, were deposited on AISI H12 tool steel, single-crystalline
silicon (001) wafers, and amorphous carbon by DC reactive magnetron sputtering from a pure
V target, using an Ar-CH, gas mixture. The samples deposited on AISI H12 steel (0.3 C, 0.2
Mn, 0.8 Si, 4.75 Cr, 0.3 Ni, 1.25Mo, 1.0 W, 0.5 V, 0.25 Cu) were used for corrosion tests,
whereas deposition on C substrate was used for Rutherford backscattering spectrometry
(RBS) [17] analysis. Deposition on Si(001) substrate was used for all other analysis and tests.
Prior to deposition, substrates were cleaned by ultrasonic acetone bath and immediately
loaded in the sputtering vacuum chamber. The total gas pressure during deposition ranged
from 0.3 to 0.6 Pa with a power density of 5.5 W cm™ in the target. The deposition

temperature was varied from 20 to 500 °C.

The elementary composition of the films was determined by RBS of He" ions incident
at 2 MeV, backscattering detection angle of 165°, bearing a sensitivity of 10" atoms cm™

(about 1/10 of a monolayer) with 5% accuracy for V and over 10% accuracy for C [18]. The
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method also allows the determination of film thickness, assuming the nominal bulk density of
the materials composing the films, namely 5.77 g cm™ for VC. The areal densities of V and C

were determined using a standard of Bi-implanted Si.

The poor accuracy in C quantification by RBS comes from the overlap of substrate-C
and film-C [24]. In order to reduce the experimental error in C quantification, the 12C(oz,oc)uC
resonant scattering at 4.26 MeV [19,20,21] was used, taking advantage of its selectivity for C,
as well as the relatively high cross section of this resonance, which is also narrow enough in
energy to allow for C profiling [19,20,21] in the films. This method increases the C signal-to-
noise ratio by at least a factor of ten as compared to RBS, thus improving significantly the
accuracy of the C quantification. A SiC(0001) single crystalline wafer was used here as a
standard for C quantification. Summarizing, V quantification was performed with RBS and C
quantification with resonant nuclear reaction analysis (NRA).

Glancing angle X-ray diffraction (GAXRD) analyses were performed using a
Shimadzu XRD-6000 apparatus, with Cu Ka radiation (A = 1.5418 A) at an incidence angle of
2°, in order to determine the crystalline structure of the films. The film densities were
determined by X-ray reflectometry (XRR) using Cu Ka radiation and scanning in 0.002°
steps. XRR data were simulated using the Parratt formalism for reflectivity [22]. The XRR
analyses were also used to correct the calculus of thickness of the deposited films.

The hardness and reduced elastic modulus were accessed by the nanoindentation
technique using a model 600 — Micromaterials Nanotest with a Berkovich diamond indenter, a

load rate of 0.04 mN s and a maximum indentation depth of 40 nm.

Raman spectroscopy was performed in air at room temperature with a ND-MDT

Ntegra-Spectra System equipped with a solid state laser (A=473 nm).

The electrochemical measurements, including impedance, were carried out with a

Voltalab 10, model PGZ 100 Radiometer Copenhagen potentiostat/galvanostat interfaced with
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a microcomputer using the VoltaMaster 4.0 software for data acquisition and analysis. The
corrosive medium was in aerated 3.5% NaCl solution. A double-walled glass three-electrode
cell was used to carry out the corrosion tests. The working electrode was a 0.55 cm?
(geometrical surface area) AISI H12 tool steel disc mounted in a glass tube with Araldite®
epoxy. Prior to the corrosion tests, the electrode surface was degreased with acetone, rinsed
with deionized water, and gently dried with nitrogen. The auxiliary electrode was a graphite
rod and the reference electrode was a saturated calomel electrode (SCE) connected to the cell
by a bridge and a Luggin—Haber capillary. All potentials are quoted versus this reference
electrode. Cyclic potentiodynamic polarization curves were recorded according to the ASTM
G61 standard [23], which is recommended for evaluating the pitting corrosion tendency of
materials in chloride-containing media. In this pitting experiment, the open circuit potential
(Eocp) was initially measured over 30 min. The potential scan was then started from the Eocp-
value in the positive direction until a threshold current density around of 5.0 mA cm™ was
reached. At this point, the potentiodynamic scan was reversed to the negative direction, and
continued down to the Eocp. The pitting potential (Epi;) was taken as the value at which the
current sharply increased during the positive scan. The potential where the loop closed on the
reverse scan was taken as the protection potential (E,,) at a scan rate of 1 mV/s. The values
reported here correspond to averages of three measurements, and exhibit standard deviations
of 2-15 mV. Electrochemical impedance spectroscopy (EIS) was carried out at the open-
circuit potential in the frequency range 100 kHz — 100 mHz with a 10 mV amplitude sine
wave. Scanning Electron Microscopy (SEM) analyses were performed using a Shimadzu

SSX-550 for evaluating the surface after the corrosion test.

3. Results and discussion

3.1. Composition



Figure 1 shows the composition ([C]/[V]) of the films (herein called C/V) for different
partial pressures of methane during deposition. The figure also shows the methane content of
the gas mixture (Ar-CHy) introduced in the chamber during the deposition process. The C
content in the films increased linearly with the increasing of methane partial pressure. As
shown in Reference [24], the film thickness depends linearly on time, at fixed deposition
temperature and CH,4 concentration. On the other hand, the thickness is essentially constant in
the whole deposition temperature interval used here, at fixed deposition time and CHy4
concentration. This is shown in Reference [9] for 15% CH4 and confirmed here for 24 and
33% (not shown). The present analyses revealed that the thickness is also essentially constant
in the whole CH4 concentration range used here, at fixed time and deposition temperature.
With these data on hands, deposition time was always adjusted to provide samples with a

constant thickness of 200 nm.

3.2. Corrosion behavior

In order to investigate the influence of film composition on the pitting corrosion, cyclic
polarization experiments were carried out with AISI H12 uncoated and coated with VC films
with different C/V ratios. Some representative results are shown in Fig. 2a. The Eocp-, Epi-
and E,,,-values were determined as described in the Experimental section, being collected in
Table I. The Epcp-value is strongly influenced [25] by the morphology and nature of the
film/solution interface, as well as by the structure, thickness and chemical composition of the
protective films. The Eocp-values measured after 30 min of exposure to a 3.5% NaCl solution
shifted toward more positive values as the C/V ratio increased in VC films deposited at 20 °C.
This indicates that the VC films with higher C/V ratios provide higher corrosion protection to
AISI H12 steel in 3.5% NaCl solution. In addition, the cyclic polarization curves shown in

Fig. 2a are typical of materials in the passive state with critical E;;. The Epj-values increased
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for increasing C/V ratios, meaning that the pitting formation tendency is reduced for
increasing C/V ratios. Furthermore, the loop in the E versus j closed in the reverse scan, i.e.,
the E,y, is more negative than E,;, indicating that repassivation occurs. Finally, the size of the

pitting loop decreased as the C/V ratio increased.

Surface properties, electrode kinetics and corrosion mechanisms can also be obtained
from EIS experiments. Fig. 2b shows the Nyquist plot obtained at open-circuit potential for
samples with the same composition as in Fig. 2a. For the uncoated AISI H12 steel electrode, a
depressed charge transfer semicircle is observed at high frequencies, which is attributed to the
constant time of the charge transfer and double-layer capacitance [26,27]. The intersection of
this semicircle with the real axis at high frequencies gives the ohmic resistance of the solution
enclosed between the working electrode and the tip of the salt bridge containing the reference
electrode. At low frequencies, a charge transfer resistance of 0.75 k) cm? was found from the
difference in impedances at lower and higher frequencies. For the coated electrodes with
different C/V ratios, the impedance diagrams are analogous to that observed for the uncoated
electrode, indicating that the corrosion is mainly controlled by a charge transfer process.
Deviations from a perfect circular shape indicate frequency dispersion of interfacial
impedance arising from a lack of homogeneity of the electrode surface due to film roughness.
It is worth noting that the impedance increases with the C/V ratio, up to 3.27 kQ cm? for
C/V=2.5. Thus, we are probably in the presence of a first corrosion protection mechanism,
whereby a higher concentration of carbon inhibits the flow of charge through the coating. This

mechanism will be detailed in the rest of this section.

Similar results were obtained when the deposition temperature was varied as shown in
Fig. 3, at constant C/V ratio of 2.5. In other words, the corrosion process decreased as the
deposition temperature increased. These results are in agreement with the data previously

reported for the corrosion behavior of pulsed plasma-nitrided AISI H13 tool steel in 0.9%



NaCl solution [25] and for sintered-plasma nitrided steels containing different alloying
elements in 1.25 mol L' KNOs supporting electrolyte [28]. The increase of the corrosion
resistance for higher deposition temperatures could be also associated with the increase of the
coating densities. In order to investigate this aspect, the film densities were determined by
XRR. Typical curves are given in Fig. 4 and the results indicate a 13% increase in density for
films deposited at 400 °C as compared to those deposited at 20 °C. Both factors, more
compact (higher density) coatings and higher carbon concentration above stoichiometry, may

constitute diffusion barriers for the flow of charge through the coating.

The efficiency of the corrosion protection (P) for C/V=2.5 was estimated using the

formula [29]:
P=1-(i/j2) x 100 (1)

where j; is the corrosion current density of the substrate and j; is the corrosion current density
of the substrate + coating. The result was an efficiency of 80% for the best case of the present

work.

In Figure 5a it is shown a SEM image of a sample deposited with C/V=2.5 after
corrosion. Figure 5b shows typical pits, where we can see the substrate in the bottom of the
pits exposed by the corrosion process. According to the shape of the EIS curves, one can
foresee open or closed pits [30]. The present EIS results indicate that the morphology of the
pits is of the open kind. Indeed, the morphology of the here observed pits is consistent with

this corrosion mechanism.
3.3. Mechanical properties

Typical nanoidentation curves are shown in Figure 6, for C/V = 2.5 and deposition
temperatures of 100, 300, and 500 C. Each calculated hardness is an average over twenty
different nanoidentation curves of the same sample, being extracted according to the Oliver-
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Pharr method [31]. Figure 7a shows the influence of composition on hardness (H) and Young
modulus (E). The hardness increases abruptly as C/V approaches unity and then it decreases
more slowly for C/V > 1. This is in perfect agreement with the literature [16,3]. The Young
modulus was calculated with a Poisson ratio of 0.25 [32]. We recall here that the indentation
depth in these measurements was limited to 40 nm, such that only the film hardness and

Young modulus were accessed.

Figure 7b shows the influence of temperature on H and E in films with C/V=2.5. We
observed that the films have a slight increase of hardness and Young modulus with deposition
temperature, probably because of increasing density, as discussed above. The measured
Young modulus is significantly lower than previous results for comparable hardness

[16,32,33].

The wear resistance of the present coatings can be estimated using the elastic strain to
failure (H/E) criterion, which has been proposed and consistently used to evaluate the
resistance to plastic deformation of thin film coatings and to predict their resistance to wear
[34]. Indeed, a higher H’/E® ratio indicates a high resistance of the coating to plastic
deformation and, presumably, a high wear resistance as well, besides of low stiffness [35,36].
Figure 7c shows the variation of the H*/E* ratio with the C/V ratio. The highest value of the
H/E® ratio falls around C/V = 1.2. The H’/E® ratios for VC films obtained here are

comparable to Ti-B-N and SiC films [37,38,39].
3.4. Amorphous carbon in the films

Figure 8 shows Raman scattering spectra for a stoichiometric VC film deposited on
Si(001) and for films with C/V larger than one. These Raman spectra can be deconvoluted
into two Gaussian peaks (bands) plus a linear background. The peak around 1350 cm™ s
assigned to a disorder-induced band (D-band), whereas that around 1582 cm™ is assigned to

graphite band (G-band) [40]. The intensity ratio Ip/Ig represents the amount of defects inside
10



the carbon material and the atomic bonding structure. Here, all films with C/V larger than one
have the same (Ip/Ig) ratio, which means that an increase in Ip (disorder), owing to an
increase in the proportion of overstoichiometric C, is accompanied by a proportional increase
in Ig (graphitic or amorphous carbon). In other words, one can say that all the increase of
disorder in the films comes from the increase of amorphous carbon. In the whole infrared
spectrum there are no peaks that could be associated with crystalline VC. The film with

C/V=1 did not show any evidence of having amorphous carbon.

Furthermore, the overstoichiometric carbon existing in the VC coatings consist of
amorphous carbon mostly in small aromatic clusters, a few nanometer in size [41] and of
carbon in solution in the VC matrix. Thus, corrosion due to pathways in the columnar
structure of the VC network can be due to blocking by the nanoclusters inserted therein [16].
Alternatively, carbon nanoclusters in solid solution in the VC network can fulfill the pinholes

or act as diffusion barriers for the transport of corrosive species.

Finally, according to previous and the present results, the hardness and Young modulus
measured in films with C/V > 1 are lower than that for stoichiometric films due to the
amorphous carbon clusters present in the VC network since amorphous carbon clusters can
only create regions of lower hardness in the VC matrix. On the other hand hardness and
Young modulus measured in films with C/V < 1 are lower than for C/V=1 due to the excess

of V.

3.5. Crystallographic structure

Stoychiometric VC is an interstitial compound, where vanadium forms the principal
lattice and carbon occupies the octahedral interstitial sites [42], although many other different
phases coexist. In particular, the crystalline structure of VCy thin films has been reported [15].
Furthermore, it was shown that during deposition, C can also occupy metastable, interstitial

tetrahedral sites, from where it may migrate to the stable octahedral sites [9,24].
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Figure 9a shows the grazing-angle diffractograms for two different compositions of
VC thin films, C/V=1 and C/V=2.5 deposited at 20 °C. The (111) and (200) planes of VC
with an fcc-like structure intersect tetrahedral and octahedral interstitial sites, respectively. In
previous work [9] we observed that the intensity ratio I;;,/I09 decreases with the increase of
the C/V ratio in the films. Thus, the improved corrosion protection of the VC films here may
be also due to carbon migration from tetrahedral to octahedral interstitial sites at higher
temperatures, which decreases the availability of the more reactive carbon in tetrahedral

interstitial positions [9].

Figure 9b shows that VC films with C/V=2.5 deposited at 400 °C have a similar
carbon interstitial distribution as that shown in Fig. 9a for C/V=1 at 20 °C (see Fig.9a). It is
important to remark that the low intensity of the diffraction peaks for planes (111) and (200)
appearing in Fig. 9b for deposition at 400 °C is due to the presence of carbon nanoclusters.
The sample diffractogram for deposition at 20 °C in Fig. 9b is similar to the corresponding
one in Fig. 9a. Moreover, deposition at lower temperatures and segregated carbon
nanoclusters can induce VC films with preferential orientation. In fact, carbon nanoclusters in
diamond-like coatings introduce compressive residual stress in the film [41]. Although such
carbon nanoclusters in the VC network seem to produce preferential orientation, by increasing
deposition temperature up to 400 °C one can relax the compressive stress of VC films with
C/V=2.5. A final evidence for preferential orientation is given in Fig. 9c, where the sample of
Fig. 9b (20 °C and C/V=2.5) was rotated by 90° in GAXRD analyses, leading to the
disappearing of the (200) peak and therefore clearly indicating the preferential orientation of

the films.

4. Conclusions

In summary, we investigated the corrosion behavior, the structure, and the

nanomechanical and tribolologic properties of VC thin film coatings bearing different C/V
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ratios, deposited on AISI HI12 steel by DC reactive sputtering at different substrate

temperatures during deposition.

The corrosion protection efficiency of the coated steel increased with the increase of
the C/V ratio, reaching 80% as compared to the uncoated steel. The pitting formation
tendency is also reduced as C/V increases. This is probably due to the higher concentration of
amorphous carbon nanoclusters occupying voids in the columnar microstructure and thus
reducing the flow of charge through the coating. In addition, corrosion may also be inhibited
by carbon migration from tetrahedral to octahedral interstitial sites at higher temperatures,
decreasing the availability of the more reactive carbon in tetrahedral interstitial positions The
cyclic polarization curves indicate the occurrence of repassivation in the corrosion tests.
Electrochemical impedance spectroscopy shows that corrosion here is mainly controlled by a
charge transfer process. The shapes of the electrochemical impedance spectroscopy curves
point out to open pits, which correspond to the morphology observed by scanning electron

microscopy.

The influence of the deposition temperature was also studied. The best results for
corrosion protection were found at 400 °C, probably due to more dense coatings than at lower

temperatures.

The hardness of the coatings increased abruptly as C/V approaches unity and then
decrease more slowly for C/V > 1. The Young modulus, on the other hand, increases slowly
as the C/V ratio increases, reaching a maximum around C/V = 1.5. The H/E? ratio, that
serves here to foresee the wear behavior of the coated steel, also increased with the increase of

the C/V ratio, reaching a maximum at C/V = 1.2.

The present results point out to the possibility of optimizing VC coatings in order to
improve concomitantly the corrosion and the wear resistance of the coated steel. This can be

done by controlling the film density, through the control of the deposition temperature, the
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composition of the coatings or, alternatively, by using multilayered or graded composition
coatings to obtain the desired VC coating properties for a particular application. Further

research is in progress in these directions.
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Table captions

Table I — Relevant corrosion potentials for AISI H12 steel samples coated with VC

films of different compositions in 3.5% NaCl solution.

Eocp Epit Epro
Sample . v/SCR) (mV/pSCE) (mV/pSCE)
AISTHI2 — 628 — 496 — 663
C/V=0.7 —621 487 — 673
C/V=1.0 589 _ 444 — 688
C/V=1.6 ~ 570 — 417 — 662
C/V=2.5 ~531 — 414 — 649
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Figure captions

Figure 1 — C/V ratios for the films deposited at 400 °C at different methane partial
pressures.

Figure 2 — (a) Cyclic polarization curves and (b) Nyquist plots for AISI H12 tool steel
samples coated with VC films at 20 °C with different C/V ratios in 3.5% NaCl solution.

Figure 3 — (a) Cyclic polarization curves and (b) Nyquist plots for AISI H12 tool steel
samples coated with VC films of constant C/V ratio of 2.5, deposited at different
substrate temperatures in 3.5% NaCl solution.

Figure 4 — X-ray reflectometry data (solid circles) from CV films deposited on Si at 20
°C and 400 °C and the corresponding simulation (solid line). The density (in g cm™) of
the films obtained from the simulations is presented near each curve.

Figure 5 — Scanning electron microscopy of a AISI H12 tool steel sample coated with a
200 nm thick VC film, after corrosion in 3.5% NaCl solution. The images show the pits
(a) and the details of one pit with the exposed substrate in the bottom (b).

Figure 6 — Indentation curves of VC thin film with C/V = 2.5, deposited at different
temperatures.

Figure 7 — Hardness and Young modulus of (a) VC thin films with different
compositions, deposited at 400 °C, (b) VC thin films with different deposition
temperatures, and (c) H*/E? ratios for different C/V at 400 °C deposition temperature.
The lines are only to guide the eyes.

Figure 8 — Raman scattering spectra for VC films with different compositions deposited
at 20 °C.

Figure 9 — Glancing angle X-ray diffractograms from VC films for (a) two different
compositions, deposited at 20 °C, (b) two different deposition temperatures of substrate
and same film composition (C/V=2.5), and (c) for the film C/V=2.5 from (a) and for the
same film rotated by 90°.
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Figure 3
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Figure 4

3 400 °C
Density = 5.6 gcm™
5
&
= -
g, ] 20°C °
o Density = 4.9 g cm®
=
3 + Experimental
—— Simulated
T T
0.2 0.4 0.6

Incident angle (deg)

21

0.8



Figure 5
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Figure 8
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The physicochemical, structural, and mechanical properties of silicon nitride films deposited by
radio frequency reactive magnetron sputtering were investigated before and after thermal annealing
in 1802. As-deposited films were essentially amorphous, stoichiometric, and free from contaminants
for a wide range of deposition parameters, with hardness figures ranging from 16.5-22 GPa,
depending mainly on the deposition temperature. After 1802 annealing at 1000 °C, films hardness
converged to 21 GPa, independently of the deposition temperature, which is explained based on the
crystallization of the films at this annealing temperature. Moreover, oxygen is incorporated only in
7.5 nm of the SisN,, forming silicon oxynitride at the top surface of the film, indicating a good
oxidation resistance at high temperature. Finally, the elastic strain to failure (H?/E?), which mimics
the wear resistance of the film, doubles after the 1000 °C annealing. These observations show the
great potential of silicon nitride as a hard coating for high temperature applications.

© 2010 American Institute of Physics. [doi:10.1063/1.3359655]

I. INTRODUCTION

There is currently a crescent search for materials and
surface coatings bearing high hardness and sufficient tough-
ness at high temperatures. This is mostly concerned with
tools for dry machining, cutting, and drilling, as well as dies
for molten metal injection, and other applications.lf3 Dry
machining technology is ecologically and economically im-
portant, since the use, maintenance, and disposal of coolant
lubricants entail enormous costs. Indeed, investigations show
that in some cases the costs for using a coolant lubricant are
many times higher than, for example, the tool costs.* Thus,
coatings for cutting tools retaining combined hard and lubri-
cating properties at high temperatures seem to be very inter-
esting alternatives to reduce the enormous amounts of cool-
ing emulsion and to work with minimal or no lubricant in a
number of applications.z"5 Moreover, energy generation re-
lated issues also demand coating for high temperatures ap-
plications, especially with high oxidation and corrosion re-
sistance. For instance, to accomplish the next generation of
coal power plants combustion engines in integrated gasifica-
tion combined-cycle with 50% efficiency and zero emis-
sions, they must operate at temperatures as high as
1400 °C.° In this way, the hot section of the turbine will
require coatings to fulfill these new demands. New nuclear
fission and fusion technologies will also require coatings
with oxidation and corrosion resistance properties in extreme
operation conditions.

The drawbacks of the well known Ti-based coatings
have strongly limited their applications at high temperatures.
This results in a challenge, since most high temperature coat-
ings rely on the formation of a protective oxide scale by
interaction with the environment. This scale must fulfill sev-
eral requirements, like being stable, dense, and adherent,
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growing slowly, besides of bearing high temperature hard-
ness, low friction coefficient, and wear and corrosion resis-
tance. These conditions are in general not fulfilled by Ti-
based coatings above 800 °C. However, in dry machining
the cutting tool edge may reach well above 800 °C,” a tem-
perature at which most of the Ti-based coatings degrade due
to oxidation, corrosion, and formation of a porous, nonpro-
tective oxide scale. New coatings are being developed for
high temperature applications, such as AICtN, WC/C, as well
as several multilayered coatings.l_‘g’g‘9

Silicon nitride is a promising coating candidate for high
temperature tools, die coatings, and other engineering com-
ponents owing to its reasonably high hardness, combined
with thermodynamical stability, corrosion resistance, and
oxidation resistance at the high temperatures addressed.'*"?
Since most of the hard coatings investigated so far loose
substantially their hardness when submitted to high tempera-
tures, either at work or in laboratory furnace heating, it is
very useful to know whether the hardness and elastic modu-
lus of silicon nitride coatings would be retained up to tem-
peratures of practical interest, such as 1000 °C. Another as-
pect of major interest for practical purposes would be the
thickness, composition, and adherence of any eventual oxide
or oxynitride layer formed due to high temperature process-
ing that can act as a protective and lubricant layer near the
silicon nitride film surface. Previous studies of silicon oxyni-
tride films showed that hardness and Young modulus in-
creased with increasing nitrogen content'* from Si0, to
SizN,. Furthermore, the existence of Si—N bonds embedded
in Si—O matrix tended to enhance these magnitudes, ap-
proaching the values of silicon nitride.' ™'

Many deposition techniques have been used to deposit
Si3N, films, such as chemical vapor deposition (CVD),
plasma enhanced CVD, and magnetron sputtering.I7 Among
them, deposition by magnetron sputtering can lead to several

© 2010 American Institute of Physics
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TABLE I. Deposition parameters for SisN, films.

Base pressure (mbar) 5% 1077
Ar partial pressure (mbar) 3%x1073
N, partial pressure (mbar) 0.7-12%x 1073

RF power density (W cm™2) 7.7

Substrate temperature (°C) 23-500
Deposition time (s) 15-3000
Target to substrate distance (mm) 60

advantages, such as: (a) low substrate temperature during
deposition, since in the CVD process deposition tempera-
tures can be as high as 800 °C, (b) wide acceptance by the
industrial sector, making it easy to scale up the process, (c)
elimination of hydrogen in the films, since hydrogenated sili-
con nitride films present inferior thermal stability,'® and (d)
elimination of toxic gases in the deposition process, such as
NH; and SiH,.

Mechanical properties of Si3Ny thin films at high tem-
perature have not been found in the literature by the present
authors. However, thermal stability has been addressed,11
showing that even for temperatures far above 1000 °C and
rather long annealing times, the amorphous as-deposited
films are transformed in a mixture of the stable 8-SizN, and
the metastable a-Si;N, phases.

Finally, the hardness to Young modulus (H/E) ratio, so
called elastic strain to failure, has been proposed and consis-
tently used to evaluate the resistance to plastic deformation
of thin film coatings.w*22 More specifically, the H/E? ratio
is considered to be a good indicator of the coating resistance
to wear. Thus, a high H?/E? indicates a high resistance of the
coating to plastic deformation and, presumably, a high wear
resistance as well, besides of low stiffness.”>>* Therefore, the
temperature dependence of H3/E? is also determined here for
the SizN, films.

In the present work we investigated the physicochemi-
cal, mechanical, and structural properties of the Si;N, films
deposited on Si by radio frequency (rf) reactive magnetron
sputtering, before and after annealing in oxygen.

Il. EXPERIMENTAL

Silicon nitride (Si3;N,) films were deposited on Si(001)
and on amorphous carbon substrates by rf reactive magne-
tron sputtering. Prior to deposition, substrates were cleaned
by ultrasonic acetone bath and immediately loaded in the
sputtering vacuum chamber, which was pumped down to a
base pressure of 5X 1077 mbar. Silicon substrates were sub-
mitted to an additional cleaning step in 10% hydrofluoridric
acid solution, after the ultrasonic acetone bath. A 2 in. high
purity (>99.99%) silicon target was used, located 60 mm
away from the substrate of interest, and SisN, film deposi-
tions were performed using a mixture of argon and nitrogen
gases, with a constant argon partial pressure of 3
X 10~* mbar and a variable N, partial pressure. An input rf
power density of 7.7 W cm™2 was employed with a reflected
power density lower than 0.05 W cm™2. The substrate tem-
perature was varied from room temperature (23 °C) to
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500 °C. No substrate bias was applied and no delamination
of the films was observed in all cases. Table I summarizes
the deposition parameters.

In order to investigate the thermal stability and oxidation
resistance of the as-deposited Si3N, coatings, samples were
loaded in a static pressure resistively heated quartz furnace,
which was pumped down to 2X 1077 mbar, before being
pressurized with oxygen enriched to 97% in the isotope of
mass 18, hereafter called 1802 annealing. Annealing was per-
formed in 100 mbar of 1802 for 1 h, at three different tem-
peratures, namely, 250, 500, and 1000 °C. The use of the
180 rare isotope allows us to distinguish it from oxygen pre-
vious incorporated in the films due to contamination or due
to atmospheric air exposure.

The elementary composition of the films was evaluated
by Rutherford backscattering spectrometry (RBS) using a 2
MeV He* beam and a backscattering detection angle of 165°,
bearing a sensitivity of 10'* atm cm™ (about 1/10 of a
monolayer) and 10% accuracy.25 The crystalline structure of
the films was determined by grazing incidence angle x-ray
diffraction (GAXRD) using a constant incident angle of 1°
and Cu K, radiation (\=1.5418 A). Film densities were ob-
tained from x-ray reflectometry (XRR) measurements using
Cu K, radiation and scanning in 0.002° steps. XRR data
were simulated using the Parratt formalism for reﬂectivity.26
The hardness and reduced elastic modulus were accessed by
the nanoindentation technique with a Berkovich indenter, a
load rate of 0.03 mN s~! and a maximum indentation depth
of 20 nm. 80 and N profiles were determined by narrow
nuclear resonant reaction proﬁling27 (NRP) using the narrow
resonances (I'=100 and 120 eV) in the cross section curves
of the 80(p,a)'>N and ""N(p,ay)'>C nuclear reactions at
151 keV and 429 keV, respectively. Simulations of the
nuclear reaction excitation curves were carried out using the
FLATUS code.”® Although N is the most abundant nitrogen
isotope (99.6%), the NRP technique is sensitive enough to
profile the N isotope present in the Si;N, films, with a
natural abundance of 0.4%. X-ray photoelectron spectros-
copy (XPS) was performed using Mg K, radiation (1253.6
eV) at a take-off angle of 60° in order to evaluate the Si and
N chemical environments.

lll. COMPOSITION, STRUCTURE, AND MECHANICAL
PROPERTIES OF THE AS-DEPOSITED SI3;N,
FILMS

Figure 1(a) shows a typical RBS spectrum of a SizN,
film, in this case deposited on carbon, at a substrate tempera-
ture of 200 °C for 300 s (solid circles). Carbon is used as
substrate in the RBS measurements in order to eliminate the
high background signal from the more commonly used Si
substrate. In this figure one can see the N and Si signals from
the silicon nitride film, as well as some Ar incorporated dur-
ing the sputtering process. The element areal densities are
proportional to the areas under the corresponding peaks. This
spectrum also shows that the films are free from contami-
nants such as O and Fe, within the RBS sensitivity, which
could modify several of their properties, such as hardness
and adhesion.””" In Fig. 1(b), the Si to N ratio is presented
as a function of N, partial pressure during deposition for two
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FIG. 1. (a) Rutherford backscattering spectroscopy spectrum from a Si;Ny
film deposited on carbon at 200 °C (solid circles). The different elements
present in the sample are indicated as well as the position for the Iron (*°Fe)
signal. Inset: experimental setup for the RBS analyses. (b) Silicon to nitro-
gen ratio in Si3N, films deposited at 400 °C (solid triangles and solid line)
and room temperature (solid squares and dot line) as a function of the N,
partial pressure during deposition. The dashed line represents the optimal
Si/N ratio. (c) Silicon to nitrogen ratio for Si;N, films (open circles) depos-
ited with a N, partial pressure of 3 1073 mbar as a function of the depo-
sition temperature. Lines are only to guide the eyes.

substrate temperatures, room temperature (solid squares and
dashed line) and 400 °C (solid triangles and solid line),
while keeping a constant Ar partial pressure of 3
X 1073 mbar. The total pressure during deposition can be
calculated adding the Ar partial pressure to the N, partial
pressure. The straight dashed line shows the Si to N atomic
ratio for stoichiometric SisNy, namely 0.75. For depositions
at room temperature, no stoichiometric silicon nitride is ob-
served for any N, partial pressure used, indicating an N ex-
cess in the films. At 400 °C, we observe a Si excess for
depositions at N, partial pressures below 1X 1073 mbar,
while an N excess is observed for N, partial pressure above
7% 1073 mbar. Between 1 and 7X 1073 mbar, stoichio-
metric silicon nitride is formed at 400 °C. Further deposi-
tions were carried out using a N, partial pressure of 3
X 1073 mbar, in order to keep the total pressure during depo-
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FIG. 2. Grazing angle x-ray diffraction of Si;N, films deposited at 23 °C
(solid squares), 200 °C (open circles), and 500 °C (solid triangles). The
positions of the main diffraction peaks from a-SizN, (solid lozenge) and
B-SizN, (open squares) are indicated. (a.u.=arbitrary units).

sition (6 X 107> mbar in this case) as low as possible, maxi-
mizing the mean free path in the deposition chamber. Using
this Ar and N, constant partial pressures, we investigated the
stoichiometry of the films as a function of the substrate tem-
perature during deposition, showed in Fig. 1(c). We observed
that only for room temperature deposition, the silicon nitride
film is not stoichiometric, while for all other temperatures
used, Si3Ny is observed. This result indicates that some acti-
vation energy, higher than the energy provided at room tem-
perature, is necessary to obtain stoichiometric silicon nitride.
It is important to remember that several properties of silicon
nitride depend on stoichiometry, such as refraction index and
hardness.'*"' Moreover, the possibility to obtain SizN, films
at substrate temperatures as low as 100 °C, allows the depo-
sition of silicon nitride in different kinds of substrates.

GAXRD results are shown in Fig. 2 for Si;N, films de-
posited on Si at substrate temperatures of 23 °C (solid
squares), 200 °C (open circles), and 500 °C (solid tri-
angles). The positions of the main diffraction peaks of the
a-SizN, (open squares) and B-SizN, (solid lozenges) phases
are also indicated. It can be seen that the films are essentially
amorphous after deposition, except for the deposition at
500 °C where some diffraction peaks attributed to the
a-SizN, phase are observed, which is considered a meta-
stable phase. We must stress that the crystalline structure of
the coatings plays an important role in mechanical proper-
ties, since the crystalline phases of silicon nitride are harder
than the amorphous phase.‘n’33 This point will be discussed
below, following the annealing results.

In order to convert the N areal densities obtained from
RBS to film thickness, it is important to determine the den-
sity of the films. Moreover, a correlation between the me-
chanical properties of silicon nitride films and its density has
been proposed.34 In this way, the SizN, density was deter-
mined using the XRR technique, from which it is also pos-
sible to evaluate the abruptness of the interface between the
film and the substrate. Figure 3 shows the XRR data from a
Si3N, film deposited at 200 °C for 30 s (solid squares) and
the simulation (line). The results from the simulation are
shown in the inset, where a density of 3.01 g cm™ and a
thickness of 55 nm were obtained. The density figure is in

. . 34,35
good agreement with previous results for amorphous
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FIG. 3. XRR data (solid squares) of SisN, films deposited on Si at 200 °C
for 30 s and the respective simulation (solid line). The density (in g cm™)
and the thickness (in nanometer) of the film obtained from the simulation
are presented in the inset. CPS stands for counts per second.

Si3Ny films. Considering the density from the XRR simula-
tion, a relation between the total N amount and the film
thickness was calculated,

10" Nem™2=0.18 nm. (1)

The simulation also shows that the roughness of the in-
terface between SizN, and Si is about 1 nm.

Figure 4(a) shows the N and Si areal densities in SizNy,
films deposited at 200 °C as a function of deposition time.
The vertical scale is logarithmic for better visualization. The
N and Si total amounts show a linear increase with deposi-
tion time, as well a 0.75 Si to N ratio for all deposition times
employed. Using relation (1) we convert the total N amount
to Si;N, film thickness, showed in Fig. 4(b). A linear relation
between film thickness and deposition time was obtained,
with a deposition rate of 1.6 nm/s (~0.5 wm/h). This is a
necessary relationship for any practical application, since the
thickness of the coating plays an important role. In this way,
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FIG. 4. (a) Silicon and nitrogen total amounts in SizN, films deposited at
200 °C as a function of deposition time. (b) Thickness of SisN, films as a
function of deposition time. The deposition rate (k) obtained from linear fit
of the data is presented.
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FIG. 5. (a) Hardness (open circles) of the Si;N, films as a function of
deposition temperature. (b) Left-hand side: reduced elastic modulus (solid
circles) as a function of deposition temperature. Right-hand side: H3/ Ef
(open squares) as a function of deposition temperature. Lines are only to
guide the eyes.

to determine the mechanical properties of the films, a depo-
sition time of 120 s was used, yielding a film thickness of
192 nm. Since in the nanoindentation measurements a maxi-
mum depth of 20 nm was used, only 10% of the film thick-
ness is probed, eliminating the substrate contribution.
Figure 5(a) shows the hardness (open circles) of the
SisNy films deposited on Si as a function of substrate tem-
perature during deposition. Each point is obtained from an
average of 20 measurements in different spots on the sample
surface. A small increase in hardness is observed when the
substrate temperature is increased from 23 to 200 °C. This
hardness figures (19.5-22 GPa) are consistent with those for
amorphous silicon nitride reported in the literature, '+
However, when the substrate temperature is increased from
200 to 500 °C, a reduction in hardness is observed from 22
to 16.5 GPa. Before discussing the observed behavior of
SizNy film hardness with temperature, we must make some
considerations regarding the internal stress of the films. Pre-
vious results in metal nitride films deposited by sputtering,
like AIN and MoN,, show that the gas pressure during depo-
sition determines the type of intrinsic residual stress in the
films.””** For deposition pressures below 13X 107> mbar,
the internal stress is essentially compressive, while above
this pressure the stress becomes tensile. Since our deposi-
tions were performed at 6 X 1073 mbar, we assume that the
internal stress of the present films is compressive. Moreover,
the origin of the residual stress can be attributed to the ther-
mal residual stress (extrinsic) and to the intrinsic stress due
to the film growth process. However, the coefficient of ther-
mal expansion of the silicon substrate (~3.5-4 X 107%/K)
(Ref. 39) and that of SisN,(~3-3.7X107%/K) (Ref. 40) are
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rather similar, making the residual thermal stress contribu-
tion negligible. In this way, the increase in hardness observed
in the 23 and 200° C substrate temperature range is attributed
to an increase in the compressive internal stress of the film.
Indeed, correlations between hardness increase and compres-
sive internal stress increase, in some cases linear correla-
tions, have been reported‘“"43 for TiN, ZrN, and TiC.N,_,
films deposited on different types of substrates, corroborating
our assumption. The decrease in hardness observed for tem-
peratures above 200 °C is attributed to the relaxation of the
compressive internal stress, since the beginning of the crys-
tallization of the SizN, film, observed for sample deposited
at 500 °C, helps the relaxation of the internal stress, thus
reducing the hardness. Although the internal stress of the
films were not measured here, this behavior has been ob-
served previously44 in the deposition of SiC films on Si.
Figure 5(b) shows the reduced elastic modulus (solid circles,
left-hand side) obtained from the load-displacement curves
and the elastic strain to failure H3/E? (open squares, right-
hand side). The reduced elastic modulus behavior is similar
to the hardness behavior, a slight increase in the 23—-200 °C
substrate temperature range and a decrease in the
200-500 °C range. This can be explained with the same
argument presented above of increase in the internal stress,
and further relaxation for higher substrate temperatures. Cor-
relation between the compressive internal stress and the elas-
tic modulus has also been reported.42 Although the modula-
tions in the internal stress help to explain the observed
variations in hardness, other mechanisms cannot be disre-
garded, such as grain size changes and point defects in the
films. Moreover, the complicated interplay between the dif-
ferent factors affecting films hardness still remains as a point
of discussion, especially in superlattice structures. The
H3/E?, commonly used to foresee the wear resistance of
coatings, remains constant (0.25 GPa) for all substrate tem-
perature used in this work. This happens since the increase/
decrease in hardness is followed by the same increase/
decrease in the reduced elastic modulus when the substrate
temperature is varied.

IV. MECHANICAL AND STRUCTURAL PROPERTIES
OF SI;N, FILMS AFTER 80, ANNEALING

The hardness of Si3;N, films deposited at different sub-
strate temperatures, namely 100 °C (solid squares and
dashed line), 200 °C (open circles and solid line), and
500 °C (solid triangles and dotted line), as a function of
annealing temperature in '30, are shown in Fig. 6(a). In the
three samples, a reduction in hardness is observed annealing
at 250 °C, while for annealing at 500 °C, the sample depos-
ited at 200 °C presents a progressive decrease in hardness,
but samples deposited at 100 and 500 °C show some in-
crease. This is once again attributed to changes in the inter-
nal stress of the films. Since the sample deposited at a sub-
strate temperature of 200 °C presents the highest hardness
after deposition, it should present the highest internal stress.
Following this reasoning, the annealing at 250 and 500 °C
induces a relaxation of this stress, reducing the hardness of
the film. The pictures changes for the sample deposited at
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FIG. 6. Hardness of SisN, films deposited at 100 °C (solid squares),
200 °C (open circles), and 500 °C (solid triangles) as a function of '*0,
annealing temperature. (b) Left-hand side: reduced elastic modulus (solid
squares) as a function of deposition temperature after '0, annealing at
1000 °C. Right-hand side: H/ Ef (open triangles) as a function of deposi-
tion temperature after %0, annealing at 1000 °C. Lines are only to guide
the eyes.

500 °C, since it has a lower hardness, it should also present
a lower internal stress. In this way, the annealing at 250 °C
may induce some relaxation of the remaining internal stress,
but the effect is less pronounced than for the 200 °C sample.
When the annealing is performed at 500 °C, an increase in
hardness is observed, which should be related to a different
process, rather than increase/decrease of the internal stress.
The sample deposited at 100 °C presents a similar, although
less pronounced, behavior as compared to the sample depos-
ited at 500 °C. Finally, when the annealing is performed at
1000 °C, all investigated samples present an increase in
hardness, approaching the same value (within the experimen-
tal error), namely 21 GPa. This effect will be discussed be-
low in conjunction with the structural properties of the an-
nealed films. Since the samples annealed at 1000 °C present
an increase in hardness, which is a highly desirable effect for
hard coatings in high temperature applications, we investi-
gated other mechanical properties of the films deposited at
different substrate temperatures after the 1000 °C annealing.
Figure 6(b) shows the reduced elastic modulus (solid
squares, left-hand side) obtained from the load-displacement
curves and the elastic strain to failure H?/E? (open triangles,
right-hand side) for Si;N, films after the 1000 °C annealing,
as a function of substrate temperature during deposition.
Here we used the reduced elastic modulus to estimate the
elastic strain to failure (H?/E?). A progressive reduction in
the reduced elastic modulus after 1000 °C annealing is ob-
served when the substrate temperature is increased, except
for the sample deposited at 500 °C. This sample presents the
same E, before and after annealing, as shown in Figs. 5(b)
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FIG. 7. Grazing angle x-ray diffraction of Si3;N, films deposited at 200 °C
(solid circles) and after 'O, annealing at 500 °C (open circles) and
1000 °C (solid triangles). The positions of the main diffraction peaks from
a-SizN, (solid lozenge) and B-Si3N, (open squares) are indicated.

and 6(b). This indicates that the properties of the SisN, films
after deposition (before annealing) play some role on the
mechanical properties after annealing. Composition differ-
ences cannot account for this, since all films are stoichio-
metric and free from contaminants. However, their structures
present some differences, as presented in Fig. 2 where the
sample deposited at 500 °C has some crystalline order, while
for all (not shown) other temperatures investigated, the films
are amorphous. In this way, the decrease in the reduced elas-
tic modulus for samples deposited at 100, 200, and 300 °C
after annealing at 1000 °C, may be related to some structural
changes in the films and/or to changes in the internal stress.
The elastic strain to failure H?/E? presented in the right-hand
side of Fig. 6(b) also present some changes after the
1000 °C annealing. Here we observe a considerable increase
in the H3/E? for all samples after annealing from 0.25 to
0.4—-0.48 GPa, which his close to a factor of 2. This is an-
other highly desirable effect for high temperatures applica-
tions.

Figure 7 shows the GAXRD of SisN, films as-deposited
at a substrate temperature of 200 °C (solid circles) and after
180, annealing at 500 °C (open circles) and 1000 °C (solid
triangles). According to Fig. 2, the as-deposited sample is
essentially amorphous. However, annealing at 500 °C in-
duces partial crystallization in the form of a-Si;N,. The crys-
tallization becomes more pronounced when the annealing is
performed at 1000 °C, although other diffraction peaks from
the @-Si3N, phase were not observed, possibly due to pref-
erential orientation. Si;Ny crystallization induced by anneal-
ing has been reported,11 where the authors showed that the
B-Si3N, phase is observed only at higher annealing tempera-
tures and times, namely 1600 °C and 8 h, respectively. We
attribute the increase in hardness and the decrease of the
reduced elastic modulus after annealing at 1000 °C observed
in Fig. 6(a) to this crystallization process, since the crystal-
line phase of SisNj is harder than the amorphous phase. In-
deed, the behavior observed in Fig. 6(a) is attributed to a
competitive process between internal stress relaxation (de-
creasing hardness) and crystallization (increasing hardness).
In the sample deposited at 200 °C and annealed at 250 and
500 °C, internal stress relaxation is favored, since the an-
nealing temperature is not high enough to induce significant

J. Appl. Phys. 107, 073521 (2010)

18, .
0, annealing % (a)
S LA
s &
kel i 2
2 : i
> : 3 —— 250°C
2 e ' - O - 500°C
<% ’ A, . A- 1000°C
: A
L ]
T oo A
A ﬂiﬁi'd &C&&Og: A". A A
151 152 153
Proton Beam energy (keV)
(b)
60
9
404
O
E)
20
> 5y
S
~
~ % L4 "
0 — — ;
0 2 4 6 8

Depth (nm)

FIG. 8. Experimental excitation curves (symbols) of the *O(p,a)"’N
nuclear reaction around the resonance energy E =151 keV and the corre-
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(solid triangles and dotted line). (b) '*O profiles obtained from the simula-
tion of the excitation curves presented in (a). Line types are the same as in
(a). "®0O concentration is normalized to oxygen in stoichiometric SiO,.

crystallization. When the annealing is performed at 1000 °C,
the crystallization is favored and the hardness is increased.
This competitive process also happens to a certain extent in
samples deposited at 100 and 500 °C. Moreover, we cannot
disregard that during the '30, annealing, oxidation of the
SizN, may take place, as well as the fact that silicon oxide
(Si0,) and silicon oxynitrides (SiOyN,) present lower hard-
ness ﬁguresl“ than st01ch10metr1c SizNy, either in amor-
phous or crystalline forms. In this way, the formation of
some oxide or oxynitride layer may contribute to a reduction
in hardness, but this reduction can be compensated by the
crystallization process. The next section will show results in
oxygen and nitrogen atomic transport during annealing that
shed some light into this issue.

V. OXYGEN AND NITROGEN ATOMIC TRANSPORT IN
SI;N, DURING '®0, ANNEALING

Figure 8(a) shows the experimental excitation curves
(symbols) for the *O(p,a)'">N nuclear reaction around the
resonance energy E =151 keV and the corresponding simu-
lations (lines) for SizN, deposited at 200 °C for 120 s and
annealed in 130, at 250 °C (solid squares and solid line),
500 °C (open circles and dashed line), and 1000 °C (solid
triangles and dotted line). From the simulations is possible to
obtain the '8O profiles presented in Fig. 8(b), where the
y-axis stand for 80 concentration normalized for oxygen in
stoichiometric SiO,. Sample annealed at 250 °C (solid line)
presents small '®0 incorporation, only 1.2% and 2 nm in
depth. When the annealing temperature is increased to
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FIG. 9. Experimental excitation curves (symbols) of the *N(p,ay)'’C
nuclear reaction around the resonance energy E =429 keV and the corre-
sponding simulations (lines) for the as-deposited sample (open triangles and
dashed-dotted line) as well as for samples annealed in '*0, at 250 °C (solid
squares and solid line), 500 °C (open circles and dashed line), and 1000 °C
(solid triangles and dotted line). (b) 5N profiles obtained from the simula-
tion of the excitation curves presented in (a). Line types are the same as in
(). >N concentration of 0.4% corresponds to stoichiometric SisN,.

500 °C, 1809 incorporation increases to 18% close to the film
surface, but again in a narrow region of the film surface, only
3.5 nm. Annealing at 1000 °C leads to 75% incorporation
near the surface, but located only 7 nm away from the film
top surface. Moreover, the shape of the profiles at 500 and
1000 °C annealing resembles a diffusion limited process,
close to an complementary error function (ercf)-like profile.
It must be pointed out that SisN, is commonly used as a
diffusion barrier in the microelectronic industry. This results
show the great oxidation resistance of the Si;N, submitted to
thermal annealing, since even after annealing at 1000 °C for
a 1 h, oxygen is incorporated only in 7 nm in depth. The
oxygen atoms incorporated therein may react with the Si;Ny
network forming silicon oxynitride or silicon oxide. Indeed,
tribological properties (friction and wear rate) of monolithic
Si3Ny containing different crystalline phases were reported45
showing that the friction coefficient and wear rate were re-
duced when surface layers, such as SiO,, and SiOxNy, were
formed during tribological tests at 1000 °C. However, when
the tests were performed at 400 °C, no reduction in the wear
rate and friction coefficient was observed, since at this tem-
perature no significant layer of silicon oxynitride or silicon
oxide is formed, as shown in this work.

Figure 9(a) shows the experimental excitation curves
(symbols) for the ">N(p, @y)'>C nuclear reaction around the
resonance energy E =429 keV and the corresponding simu-
lations (lines) for Si;N, deposited at 200 °C for 120 s (open
triangles and dashed-dotted line) and annealed in 1802 at
250 °C (solid squares and solid line), 500 °C (open circles

J. Appl. Phys. 107, 073521 (2010)

Si2p
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Si-N

1000°C

Intensity (a.u.)

as deposited

106 '_ 16_4 102 100 400 308 396
Binding energy (eV) Binding Energy (eV)

FIG. 10. (a) Si2p and (b) N ls x-ray photoelectron spectra (a.u.
=arbitrary units) at take-off angle of 45° for SisN, films deposited at 200 °C
(solid circles and solid line) and after 'O, annealing at 1000 °C (solid
triangles and solid line). Energy positions for Si-N and Si—-O-N environ-
ments are indicated. Lines stand for fittings.

and dashed line) and 1000 °C (solid triangles and dotted
line). From the simulation it is possible to obtain the N
profiles presented in Fig. 9(b). The 0.4% "N concentration
in y-axis of Fig. 9(b) stands for N concentration in stoichio-
metric silicon nitride, since this is the isotopic natural abun-
dance of '>N. Nitrogen profile of the as-deposited sample
(open triangles and dashed-dotted line) is a horizontal
straight line at 0.4% in N concentration, indicating the depo-
sition of a homogeneous and stoichiometric silicon nitride.
After annealing at 250 °C (solid square and solid line), we
observe a small variation in N distribution, only 1 nm in
depth from the film surface. However, when the sample is
annealed at 500 °C, nitrogen is partially removed from the
film in a 5 nm thick region, whereas annealing at 1000 °C
removes nitrogen from an 8 nm thick region. Comparing the
regions where nitrogen was removed from the films during
annealing to where '®0 was incorporated [Fig. 8(b)], it is
possible to conclude that both processes occur more or less
in the same regions of the Si;N, films. This indicates that
during the 'O annealing, oxygen is incorporated in the same
region where nitrogen is removed, in a solid-gas reaction,
thus probably forming silicon oxynitride (between 1 and 8
nm thick) of variable composition near the SisN, surface.
This great oxidation resistance and some possible solid-gas
reactions between Si;N, and O, has been reported46 in
B-Si3N4—Y,Si,05 ceramics annealed in air for different an-
nealing times at 1000 and 1200 °C. Nevertheless, the
gradual interface between the silicon oxynitride layer formed
during annealing and the silicon nitride film should lead to a
good adhesion between them. This should improve the solid
lubricant effect of the silicon oxynitride layer in tribological
applications at high temperatures, as reported for bulk
Si;N,.*

To confirm the hypothesis of silicon oxynitride forma-
tion during annealing, XPS measurements were performed to
evaluate the N and Si chemical ambient in the annealed and
as-deposited films. Figure 10(a) shows the photoelectron re-
gion for Si2p for a SizN, deposited at 200 °C for 120 s
(solid circles, about 192 nm thick) and after '*0, annealing
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at 1000 °C (solid triangles). In the as-deposited sample we
identify one single component attributed to Si bonded to N in
the form of stoichiometric silicon nitride,‘w’48 confirming our
RBS results. After 1802 annealing at 1000 °C, a shift of this
single component to higher binding energies is observed.
This is a clear evidence of reaction between oxygen from the
gas phase and the silicon nitride film, forming SiONy,
which confirms our assumption. Figure 10(b) shows the pho-
toelectron region for N 1s for the same sample, SizN, as-
deposited (solid circles) and after '*0, annealing at 1000 °C
(solid triangles). The as-deposited sample also presents a
single N chemical state attributed to N bonded to Si in stoi-
chiometric silicon nitride. When the sample is submitted to
180, annealing at 1000 °C two conclusion can be made, (i)
reduction of the N content near the film surface, since the
photoelectron intensity of the annealed sample is lower than
the as-deposited sample and (ii) shift of the single compo-
nent to a higher binding energy, indicating the formation of
silicon oxynitride.

VI. CONCLUSION

In summary, we investigated the physicochemical, struc-
tural, and mechanical properties of SisN, films before and
after '®0, annealing. Films were stoichiometric for a sub-
strate temperature range of 100-500 °C and essentially
amorphous, except for the sample deposited at 500 °C,
where some diffraction peaks from the «@-Si;N, phase are
observed. Hardness and reduced elastic modulus variations
with substrate temperature were also observed, which are
attributed to changes in the internal stress of the films. A
maximum hardness of 22 GPa was observed for the sample
deposited at a substrate temperature of 200 °C, which leads
to an elastic strain to failure of 0.25 GPa. After '*0, anneal-
ing at 1000 °C, the hardness of SizN, films deposited at
different substrate temperature where seen to increase, con-
verging to 21 GPa, which is a very interesting effect for high
temperature applications, since most of the coatings suffer
significant hardness reduction at this temperature. Moreover,
oxygen is observed to incorporate only in 7.5 nm from the
film surface, even after annealing for 1 h, indicating a high
oxidation resistance of the SizN, coating. The hardness
modulation after annealing was explained based on two com-
petitive processes, the crystallization of the films, which led
to an increase in hardness and to oxidation of the film and
relaxation of the internal stress, leading to a decrease in hard-
ness. These competitive processes keep the hardness figures
close to 21 GPa for all investigated films after 1000 °C an-
nealing, since at this temperature the crystallization of the
film is favored. Finally, the H3/E? figures almost doubles
after the high temperature annealing which is one more de-
sirable affect for high temperatures applications. The present
results may also help to understand the superhardness of
SizN4/TiN multilayers, since it is important to know the
properties of each individual layer in order to completely
explain the still open issue of multilayer superhardness. Nev-
ertheless, the promising mechanical properties of the SizNy
as a coating for high temperature applications were demon-
strated. Tribological characterization (nanowear and friction

J. Appl. Phys. 107, 073521 (2010)

coefficient) of the films, before and after annealing, is in
progress in our laboratory in order to demonstrate the full
potentiality of SisN, as a hard coating for high temperature
applications.
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The nanoscale friction of partially oxidized silicon nitride thin films deposited by reactive magnetron
sputtering was investigated. Post deposition thermal annealing in O,, trying to simulate the oxidation by
atmospheric oxygen in working conditions, formed a partially oxidized layer at the surface with maximum
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discussed on the lights of our extension of the crystal chemistry model, which establishes a relationship
between ionic potential and friction coefficient.
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1. Introduction

There is currently a trend to avoid the use of liquid lubricants in
cutting and machining of metallic and ceramic parts, due to environ-
mental issues and production costs [1]. However, friction in dry
conditions increases the temperature of both contacting surfaces up to
more than 1100 °C, leading to oxidation and to changes in the
mechanical properties of the original material, as well as to modifica-
tions in the tribological behavior of the system [2,3]. In order to control
these phenomena, the tribology of the system must be understood in
detail. Recently, several physicochemical concepts and models have
been used to explain the relationships between the nature or products of
tribochemical reactions and friction [4-8]. For example, deuterium
chemisorbed on diamond or silicon surfaces leads to nanoscale friction
coefficients lower than hydrogen chemisorbed on the same surfaces [5].
This was attributed to the lower natural frequency of the carbon
(silicon)-deuterium bond as compared to the carbon(silicon)-hydro-
gen bond, which implies a reduction in the rate at which the kinetic
energy of the tip is dissipated. Other advances were reached based on a
model, to be discussed below, that connects the ionic potential (¢) and
the average friction coefficient of various oxides [7,8].

Silicon nitride (Si3Ny4) is a ceramic material with a relatively high
hardness, thermodynamic stability, and oxidation resistance at high
temperatures [9,10]. Most of the cutting-edge coating materials used in
dry machining operations which have been developed by plasma
deposition technologies, contain Si3sN4 as a main component in several
nanocomposite systems [11,12]. Although the hardness of SizN4 can
achieve a new maximum (~22 GPa) at 1000 °C due to a well established

* Corresponding author.
E-mail address: cafiguer@ucs.br (C.A. Figueroa).

0257-8972/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.surfcoat.2011.03.111

phase transition (amorphous to alpha) [13], the role of SizN, in
maintaining the hardness and wear resistance of composites at high
temperatures is still not fully understood.

The aim of the present study is to investigate both the nanoscale
friction and mechanical properties of partially oxidized Si3N,4 thin
films, in an attempt to contribute to clarifying the low friction and
hardness stability at high temperatures of this material.

2. Materials and experimental procedure

SisNy films were deposited on Si(001) substrates by radio frequency
(RF) reactive magnetron sputtering. Prior to deposition, substrates were
cleaned in ultrasonic acetone bath, followed by a second cleaning step in
10% hydrofluoridric acid solution and immediately loaded in the
sputtering vacuum chamber, which was pumped down to a base
pressure of 5x 10~ > Pa. A 2 inch diameter, high purity (>99.99%) silicon
target was used, located 60 mm away from the substrate, and SizN, film
depositions were performed using a mixture of argon and nitrogen
gasses, with a constant partial pressure of 3x 10~ ! Pa in both cases.
Such partial pressures guarantee a Si:N stoichiometry of 3:4, for sample
temperatures during deposition (hereafter called DT) higher than
100 °C, as determined by Rutherford backscattering spectroscopy (RBS).
An input RF power density of 74 W-cm™2 was employed with a
reflected power density lower than 0.05 W-cm™2. DT was varied from
room temperature (23 °C) to 500 °C. The deposition time was fixed in
300 s in order to achieve a final thickness of 500 nm in all samples. No
delamination of the films was observed.

In order to simulate high temperature oxidation of the as-
deposited Si3N,4 coatings in machining or cutting conditions, samples
were loaded in a static pressure, resistively heated quartz furnace,
which was pumped down to 2x 10~ > Pa, before being pressurized
with oxygen enriched to 97% in the isotope of mass 18. Oxidation
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annealing (hereafter called OA) was performed here in 10* Pa of 120,
for 4 h at two different temperatures, namely 500 °C or 1000 °C. The
use of the 80 rare isotope allows us to distinguish it from the oxygen
previously incorporated in the films due to contamination during
deposition or to atmospheric air exposure.

The elementary compositions of the films were quantitatively
determined by RBS with a sensitivity of 10'* atomsx cm™2 (about 1/
10 of a monolayer) and 10% accuracy [14]. The hardness and friction
measurements were accessed by nanoindentation and nanoscale
sliding wear tests, respectively, using a NanoTest-600 equipment
manufactured by Micro Materials Ltd, equipped with a three-sided
pyramidal diamond tip (Berkovich indenter). The unloading portion
of load-depth curves was analyzed, allowing estimating values for
film hardness [15]. Nanoindentation tests were performed at a load
rate of 0.1 mN-s~ ! and a maximum indentation depth of 50 nm. The
substrate effect on hardness measurements appears when the
indentation depth reaches between 10% and 20% of the total
thickness. In order to avoid the substrate effect, we chose the lower
limit (10%) to perform our measurements. Normal loads of 5, 10, and
20 mN were applied to the Berkovich indenter (used as the counter-
face) and the samples were then displaced once at a rate of 1 um-s™!
to a total distance of 300 um. The tangential force was measured by a
load cell and its average steady-state value was related to the friction
force of the layer formed at the surface of the SizN, films before and
after OA. The '80 profiles were determined by narrow nuclear
resonant reaction profiling [16] (NRP) using the narrow resonances
(T=100eV) in the cross section curves of the '80(p,a)' N nuclear
reactions at 151 keV. Simulations of the nuclear reaction excitation
curves were carried out using the FLATUS code [17]. The wear tracks
were analyzed using a Shimadzu SSX-550 scanning electron micro-
scope (SEM) in secondary electron mode. The characterization of the
SisNy, films, before and after annealing in oxygen was performed by
the authors and published elsewhere [13].

3. Results and discussion

Fig. 1 shows the oxygen content (%) as a function of depth in the
SisN4 thin films deposited at different DT and submitted to OA at
500 °C or 1000 °C, as obtained from the NRP measurements. Here,
100% corresponds to the concentration of '30 in a film made of Si'20,,
used as a standard. One can see that very thin partially oxidized layers,
only a few nanometers thick were obtained. The oxygen profiles in
SisN, are erfc-like, indicating a diffusion-limited process. In addition,
for 4 h of OA the thickness of the oxidized layers was similar to those
obtained in a previous work [13] for OA during 1 h.

Fig. 2 shows the hardness versus DT of Si3N, thin films before and
after OA, indicating that the hardness increased slightly with DT,
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Fig. 1. Oxygen content (%), obtained from the narrow resonant nuclear profiling, as a
function of depth in SisNy4 thin films deposited at different substrate temperatures and
annealed in oxygen at 500 °C or 1000 °C.
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Fig. 2. Hardness profiles versus substrate temperature during deposition of SisN,4 thin
films before and after oxygen annealing.

reaching maxima of 20-22 GPa. The hardness, on the other hand, did
not change significantly after OA. Such mechanical stability in a wide
range of temperatures allows the use of SisN4 films in cutting and
machining applications where high temperatures are developed.

Fig. 3 shows the friction coefficients as a function of the sliding
distance at different normal loads for SisN4 thin films, DT =500 °C,
before and after OA at 500 °C or 1000 °C, respectively. The average
steady-state friction coefficient values (AFC) are also shown for each
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Fig. 3. a-c. Friction coefficient versus sliding distance at different normal loads for Si3N,4
thin films deposited at 500 °C, before and after annealing in oxygen at 500 °C or
1000 °C, respectively. The average friction coefficients for each curve are also shown.
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Fig. 4. Average friction coefficients versus surface roughness for SisN4 thin films
deposited at 500 °C, before and after annealing in oxygen at 500 °C or 1000 °C.

condition. The as-deposited samples displayed friction coefficients
with low dispersion among curves, such that the average steady-state
friction coefficient values did not change more than 0.01 for different
normal loads (see Fig. 3a). The friction coefficients determined in the
present work for the films before OA (0.04 +0.01) can be considered
load independent. For the samples after OA, the friction coefficients
vary substantially with load. Repeated measurements in the same
sliding conditions confirmed the above reported results. Furthermore,
a similar behavior was observed here in Si3Ny4 thin films deposited at
lower substrate temperatures before and after OA. The friction
coefficient depends on several parameters in the macro, micro, and
nano-scales as, for instance, surface roughness. The surface roughness
of the samples was measured simultaneously with the friction
coefficient measurements. Fig. 4 shows that surface roughness
increases with the increase of the OA temperature. Consequently,
the increase in friction coefficient after OA can be attributed to the
increase of surface roughness. Furthermore, the number of asperity
contacts and interlocking asperities of rubbing surfaces also increases
with the increase of the normal load to 10 mN and 20 mN, which is
another cause for the increase of the friction coefficient. Finally, higher
normal loads can lead to plastic deformation of the soft substrate
material, the Si3N4 film and the oxide layer. This contact mechanism
may result in a higher friction coefficient.

Fig. 5 shows two relevant facts that may contribute to explain such
experimental results. Considering SisN4 films deposited at
DT=500 °C and OA at 1000 °C, followed by runs with normal loads

g >

—t Depth: 260 nm

(a) Width: 900 nm
200

DT 500°C; OA 1000°C
T 200} - 20 mN
£ e
= 10 mN
& 100f

5mN
% 5 10 15 20
Load (mN)

of 5, 10, and 20 mN, one notices that the indenter tip penetrated the
films up to depths of 110, 190, and 260 nm, respectively. In those
sliding conditions, the films did not suffer spalling and, consequently,
the measured friction coefficients correspond to those of well adhered
SisN, films on silicon (100) obtained at different DT before OA
(Fig. 3a) and to those partially oxidized layers (Fig. 1) formed after OA
(Fig. 3b and c). Fig. 5a shows a drawing of the Berkovich indenter
toward the inside of the film at a peak load of 20 mN. Trigonometric
calculations give a maximum length of the projected contact side of
900 nm at 260 nm indentation depths, in agreement with the SEM
image where the width of the wear track is roughly 1000 nm wide
(Fig. 5b). Considering the area function of an ideal Berkovich tip, the
proportion of oxynitride in contact to the indenter is 17.4%, 10.3%, and
7.5% for normal loads of 5 mN, 10 mN, and 20 mN, respectively. Thus,
a lower penetration depth yields a higher oxide proportion in contact
with the indenter.

The results shown above can be discussed on the lights of crystal
chemistry models. There is an established relationship between ionic
potentials (¢ =7Z/r) and average friction coefficient of various oxides
[7,8]. Here, Z stands for the cationic charges and r for the cation radii.
Oxides with higher ionic potentials (cations with higher charge and/
or smaller radius) show screened cations by surrounding anions and
hence their friction coefficients are lower. From a strictly electrostatic
point of view, compounds that have higher Z/r, i. e. a higher cation
screening, show a higher near surface electronic density allowing
better electrostatic repulsion of the tribologic counterpart. These
compounds are considered as lubricious oxides in the tribology
literature. Here, we extend the crystal chemistry approach by
applying the model to oxide and nitride systems and also by adopting
the charge density, located at cationic centers, instead of the so far
used valence number for Z. According to data in the literature [18-20],
Z/r is 2.03 for SisN4 and 3.59 for SiO, and therefore the low-load
friction coefficient of partially oxidized SisN4 films should be lower
than that of non-oxidized ones, in good agreement with the present
experimental results. The ionic potentials calculated here are lower
than previous ones [7], owing to the absolute values of the used
density charges being lower than the valence numbers. Besides
chemical interactions, surface roughness can also be responsible for
the friction behavior (see Fig. 4). However, the influence of increasing
surface roughness with oxidation annealing in friction coefficient is
negligible at the lowest normal load (5 mN), due to the reduced
contact area as the result of the small number of asperity contacts.
After OA, the formation of the oxynitride layer SiOxN, with low shear
strength on the top of the SisN, thin film may result in a low friction

Width:
1000 nm

MV Pube Mg WO De ] Wm
WY 30 kM0 1) %

Fig. 5. a and b. Scheme of the indenter tip penetrating the oxygen annealed SisN4 thin film and indentation curves at normal loads of 5, 10, and 20 mN (a). SEM image of a wear track
on a well adhered Si3N, thin film deposited at 500 °C and annealed in oxygen at 1000 °C (b).
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coefficient. Thus, the friction behavior at 5 mN for both the untreated
and OA treated samples can be explained by the crystal chemical
model.

4. Conclusions

In summary, SisN,4 thin films were deposited on Si at different
substrate temperatures. Nanoindentation and low-load sliding ex-
periments were performed in order to study the hardness and friction
behavior before and after oxygen annealing in O,, trying to simulate
high temperature oxidation by atmospheric oxygen in working
conditions. SisN4 has a high oxidation resistance, such that a very
thin oxide layer, approximately 10 nm thick, is obtained at 1000 °C
and 4 h of OA. The presence of such partially oxidized layer decreases
the friction coefficient at low loads even when a higher surface
roughness is observed. The crystal chemistry approach was expanded
here to calculate the ionic potentials (Z/r ratio) in oxides and nitrides
(SiO, and Si3Ng4), adopting the charge density, located at cationic
centers, instead of the so far used valence number for Z. The higher
ionic potential of SiO, as compared to that of SisN,4 indicated that,
according to the present approach, the friction coefficient of partially
oxidized Si3N4 films should decrease after oxidation, in agreement
with the experimental results shown above. In dry cutting or
machining conditions, SisNy4 films retain their hardness. Furthermore,
at the high surface temperatures developed during dry machining, the
atmospheric oxygen renews the oxidation of the surface of the SizN,
coating, decreasing the friction coefficient of the tribosystem and,
finally, preventing further mechanical damage. Finally, we recall here
the very low values for the friction coefficient at a normal load of
5 mN, which were obtained after thermal annealing in O,.
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Abstract Transport of N, O, and Ti during dc magnetron
sputtering deposition of nanoscopic TiN/Ti and TiN struc-
tures on plasma nitrided M2 tool steel, as well as transport
of metallic species composing the plasma nitrided steel sub-
strates were investigated. N and O depth distributions were
determined with subnanometric resolution using narrow res-
onant nuclear reaction profiling, whereas Ti was profiled,
also with subnanometric depth resolution, by medium en-
ergy ion scattering. The surface elementary compositions
of the TiN/Ti/nitrided steel and TiN/nitrided steel structures
were determined by low energy ion scattering. The chemi-
cal compounds formed during deposition were accessed by
X-ray photoelectron spectroscopy, indicating the presence
of TiN, TiO,, Ti oxynitrides, as well as other metallic ni-
trides and oxynitrides, but no metallic Ti was observed. Ow-
ing to the observed intensive atom mobility, the composi-
tions of the deposited films on plasma nitrided steel struc-
tures varied continuously on a nanoscopic scale, from the
core of the steel substrate to the bulk of the stoichiomet-
ric TiN films. The Ti interlayer assists interdiffusion of all
species, in contrast to the TiN film layer, which is known to
be a diffusion barrier. The improved adhesion of TiN hard
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coatings to plasma nitrided steel under working conditions
is discussed in terms of the gradual compositional change
around the interfaces and the atomic mobility during their
formation.

PACS 68-35.Fx - 68.35-p - 65.55-a

1 Introduction

Steels to manufacture cutting tools, dies, and moulds repre-
sent a significant part of fabrication processing cost in metal
die-casting, stamping, forging, and forming, as well as in
glass or plastic molding. Therefore, surface engineering by
either nitriding or nitrocarburasing of the tool steel and de-
position of protective coatings are preferred alternatives to a
complete replacement of the tool, die, or mould [1, 2]. The
engineered surfaces must satisfy a range of specific mechan-
ical characteristics, such as high hardness, wear and corro-
sion resistance and many others [3]. Further requirements
are established by the characteristics of the process, such as
non-wettability (chemical inertness) with the processed ma-
terial, stresses accommodation during processing, and ad-
herence and compatibility with the steel matrix in working
conditions [2, 4]. In particular, adhesion to steel substrates
constitutes a critical requirement for the practical use of thin
film protective coating technology [5, 6].

The synergism between plasma nitriding of steel and de-
position of hard coatings like Ti, Cr, V, (Ti,Al), (Cr,Al)
nitrides or carbides, so-called duplex processing, has been
widely used in the last ten years to extend the service life of
components and tools [7—11]. Indeed, bright plasma nitrid-
ing (no compound layer) of steel produces a hard diffusion
zone which provides a more gradual transition in hardness
and residual stresses between the hard coating and the sub-
strate. Besides increasing load support, plasma nitriding pro-
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duces a more chemically suitable substrate for coating depo-
sition [12], having a markedly positive influence on coating
adhesion. Furthermore, an “adhesion layer”, a thin film of Ti
or Cr, is commonly deposited on the nitrided steel surface to
enhance the adhesion of the coating to the substrate [13].

Although well known and commonly used in industry,
there are very few atomic scale investigations of the under-
lying physico—chemical reasons for the adhesion improve-
ment provided by the above mentioned duplex process or
intermediate metallic layer, as well as on the joint effects of
these two major surface engineering “architecture” improve-
ments.

Aiming at a better understanding of the determinant fac-
tors of hard coating adhesion to nitrided steel, we report here
on atomic transport and chemical reaction investigations in
nanoscopic TiN film structures deposited in usual indus-
trial conditions, with or without an intermediate Ti layer, on
bright plasma nitrided high-speed AISI M2 steel. Since the
near-interface structure, composition, and interactions con-
stitute the intrinsic origin of adhesion, the present investiga-
tion can help to establish correlations between the determin-
ing factors, leading to optimization of materials and process-
ing routes for steel surface engineering.

2 Experimental

The samples of the present work were either TiN-Ti bilay-
ered films with a total thickness of 10 nm (nominally 5 nm
TiN and 5 nm Ti) or TiN films with the same total thick-
ness, deposited on bright plasma nitrided AISI M2 steel. DC
bright plasma nitridation was carried out in 300 Pa of a 95/5
H»,/N» gas mixture, keeping the steel substrate at 450°C, pre-
viously cleaned by sputter-etch in Hy/Ar plasma. The films
were deposited by dc magnetron sputtering from a pure Ti
target either in Ar or in Ar/N, plasma, always at a total
pressure of 3 x 10~! Pa. The base pressure in the cham-
ber was in the ultra-high vacuum region (10~ Pa). Nitro-
gen gas used for both plasma nitriding and film deposition
was either pure, natural N> or Nj enriched to 99% in the
5N isotope (1°N3). The substrate temperature during de-
position was 450°C. Three sets of samples were then pro-
duced, following different routes: (i) plasma nitriding of the
steel substrates in '9N,, followed by film depositions in nat-
ural N»; (ii) plasma nitriding of the steel substrates in natural
N,, followed by film depositions in ' Nj; (iii) plasma nitrid-
ing of the steel substrate in natural N», followed by 10 keV
ISN* implantation into the nitrided substrate to a dose of
2 x 1016 cm_z, annealing at 450°C for 60 min, and film de-
positions in natural N». The TiN and Ti films used here were
made intentionally much thinner than those of practical use,
in order to allow for investigation of the depth distribution
of atomic species and of chemical compounds around the in-
terfaces [13]. Nitrogen and oxygen profiles were determined
with subnanometric depth resolution by narrow resonant nu-

@ Springer

clear reaction profiling (NRP) [14, 15]. Titanium profiling
was accomplished, also with subnanometric depth resolu-
tion, by medium energy ion scattering (MEIS) [16]. Low
energy ion scattering (LEIS) [17], was used to access the
elementary composition of the outermost surfaces. Chemi-
cal analysis was accomplished by X-ray photoelectron spec-
troscopy (XPS). An Al K, (1486.6 eV) X-ray source was
used.

3 Results and discussions

In order to control the mechanical and tribological character-
istics of the present films, 2 um thick TiN coatings deposited
in identical conditions of those used in the present work on
plasma nitrided AISI M2 steel, having a 0.1 um thick Ti in-
terlayer coatings were produced. Nanohardness and Young
modulus were determined and the results confirmed those of
many previous reports, namely nanohardness (H) of around
24 GPa and a Young modulus (E) of around 220 GPa. This
gives a H/E ratio of 0.11. The hardness to Young modu-
lus (H/E) ratio, so called elastic strain to failure, has been
proposed and consistently used [18—-20] to evaluate the resis-
tance to plastic deformation of thin film coatings and to pre-
dict their resistance to wear. Thus, a high H/FE ratio value
indicates a high resistance of the coating to plastic deforma-
tion and, presumably, a high wear resistance as well, besides
of low stiffness [18-20]. The figure of H/E = 0.11 obtained
here indicates good wear resistance for the present coatings.

Although specific adhesion determination was not ac-
complished in this work, very recently several authors ad-
dressed the adhesion of thick reactive sputtered-deposited
TiN coatings of plasma nitrided tool steel, with or without a
Ti interlayer. The role of a Ti intermediate layer in increas-
ing the adhesion was investigated [20-23], revealing that
not only the presence of the Ti interlayer itself is important,
but also the gradual variation of its composition, from the
TiN/Ti interface to the Ti/nitrided steel interface. In the same
lines, the role of the plasma nitrided layer of the steel was
determined [5, 24], indicating that an increased load support
and gradual composition changes around the interfaces con-
tribute significantly to increase the adhesion of the coating
in working conditions.

Figure 1(a) shows the Rutherford backscattering spec-
trum (RBS) obtained for a 20 nm thick TiN film deposited
in the above described conditions on pure-C (graphite) sub-
strate, avoiding thus the overlap with backscattering signals
from heavier metallic elements. The spectrum in Fig. 1(a)
confirms the TiN average stoichiometry, showing also a
small signal at a backscattering energy corresponding to
oxygen in the film (<1 x 10" O cm~2), showing two peaks
which can be associated with near surface and near interface
regions of the film, with a clear O depletion in the bulk. Oxy-
gen profiling was also accomplished here using NRP. Fig-
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Fig. 1 (a) Rutherford backscattering spectrum of 2 MeV He™* incident
particles at 60° tilt in a 20 nm TiN film on a pure C (graphite) sub-
strate. The inset shows the oxygen region of the backscattering spec-
trum. (b) Excitation curve of the '30(p, «)!*N nuclear reaction around
the resonance at 151 keV for the same sample. The solid line represents
the simulation of the experimental spectrum (solid squares) assuming
the O profile shown in the inset

ure 1(b) shows the excitation curve of the '30(p, o) >N nu-
clear reaction around the narrow (I"'g ~ 100 eV) resonance
at 151 keV. The oxygen profile assumed to simulate the exci-
tation curve [14, 15], after correcting for the natural isotopic
abundances of 1°0 and 180, is shown in the inset. The much
better depth resolution of this method (0.7 nm as compared
to 10 nm for RBS) confirms the surface and interface peak
concentrations of O and the much smaller concentration of
oxygen in the bulk of the film.

The excitation curves of the N(p, ay)!?C nuclear reac-
tion around the narrow (I'g &~ 120 eV) resonance at 429 keV
for the TiN/Ti/nitrided steel and TiN/nitrided steel structures
prepared in the three routes described above are shown in
Fig. 2. The PN concentration profiles assumed for the sim-
ulation [14, 15] of the excitation curves are also shown, re-
vealing significant migration of N during deposition. The
ISN profiles for route (i) evidence that the propagating >N
fronts from the nitrided steel substrates into the films reach

the outermost surfaces. For route (ii), nitrogen from the
deposited films migrates into the nitrided steel substrate
during deposition, the SN concentrations being larger in
TiN/nitrided steel than in TiN/Ti/nitrided steel. The exci-
tation curves and >N profiles determined for samples pre-
pared in route (iii) confirm entirely the qualitative picture
revealed for route (i), showing in addition larger concentra-
tions of N in the deposited films for the TiN/Ti structures
than for the TiN one. Thus, the Ti interlayer constitutes a
fast diffusion region that assists the migration of N into the
film structure. In the case of route (i), this effect is over-
come by the infinite source of ’N constituted by the >N-
nitrided steel layer (=20 pm), leading to saturation of the
I5N content in the films. Thus, isotopic substitution makes
evident high nitrogen interdiffusion during TiN/Ti and TiN
thin film deposition [25] on nitrided steels at the substrate
temperature of 450°C, which is standard in production for
good coating adhesion. The range of N migration from the
films into the nitrided steel is approximately 20 to 30 nm,
whereas N from the nitrided substrate has a minimum mi-
grating range comparable to the film thickness.

Typical N 1s and O s photoelectron regions for TiN/Ti
and TiN films on nitrided steel are shown in Fig. 3. In the
TiN/Ti/nitrided steel nanostructure (Fig. 3(a), solid line),
the most intense photoelectron components of the N 1s
signal are assigned to N bonded in metallic nitrides such
as TiN, CrN, and FeN,, [26], with a less intense compo-
nent assigned to N in metallic oxynitrides (TiNO, CrNO,
and FeNO) [27]. For the TiN/nitrided steel nanostructure
(Fig. 3(a), dashed line), on the other hand, TiN is the most
important component among the metallic nitrides, whereas
the spectral area assigned to titanium oxynitride is rela-
tively more significant than for the TiN/Ti nanostructure.
The O 1s signal from the TiN/Ti/nitrided steel nanostructure
(Fig. 3(b), solid line) has a dominant component assigned to
O in TiO,, which cannot in fact be distinguished from CrO,
and FeO,, as well as a smaller component assigned to O in
titanium oxynitrides. For the TiN/nitrided steel nanostruc-
ture (Fig. 3(b), dashed line), on the other hand, the (O in
oxide)/(O in oxynitride) intensity ratio decreases substan-
tially. It seems then that the Ti interlayer favors the forma-
tion of metallic oxides (TiO,, CrO,, and FeO,) and oxyni-
trides (TiNO, CrNO, and FeNO), in detriment to TiN. The
Ti 2 p regions shown in Fig. 3(c) present photoelectron com-
ponents corresponding to TiN, TiON, and TiO, compounds
[28], but no evidence of metallic Ti is observed.

The Ti distribution in depth was determined, with a typi-
cal 0.5 nm depth resolution, by MEIS using 100 keV H™ in-
cident ions. For the MEIS analysis, single crystalline Si(001)
substrates (C—Si) were used to deposit the films, since Fe,
Cr. Mo, W from the steel substrate would shadow almost
entirely the Ti signal in the spectra. On the other hand, the
diffusivity of Ti in C-Si at 450°C is much smaller than in
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Fig. 2 Excitation curves of the N(p,ay)'>C nuclear reac-
tion around the resonance at 429 keV and "N profiles for the
TiN(5 nm)/Ti(5 nm) (solid squares, dashed lines) and TiN(10 nm)
(empty circles, dotted lines) nanostructures on: (a) and (b) plasma
nitrided M2 steel in '"Ny: (¢) and (d) Ti’>N(5 nm)/Ti(5 nm) and
Ti">N(10 nm) films on plasma nitrided tool steel; (e) and (f) plasma
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Fig. 3 X-ray photoelectron spectra of TiN(5 nm)/Ti(5 nm) (solid
lines) and TiN(10 nm) (dashed lines) films on plasma nitrided M2 steel:
(a) N 1s photoelectrons, (b) O 1s photoelectrons, and (¢) Ti 2p photo-
electrons. The dashed vertical lines represent the approximate binding
energies for individual compound components

M2 steel [10, 29, 30] and therefore any effect observed here
is just a lower limit for the real migration of Ti from the
films into M2 steel. Figure 4(a) shows the MEIS spectra for
the as-deposited TiN/Ti/Si nanostructure with the substrates
at 450°C (solid triangles) and for the same structure after
annealing at 550 and 650°C (solid line and empty circles,
respectively). There is no noticeable transition in the spectra
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Fig. 4 (a) Medium energy ion scattering spectra of 100 keV incident
H™ ions on TiN(5 nm)/Ti(5 nm) and TiN(10 nm) films on Si at 450°C
substrate temperature (solid triangles) and after annealing at 550 and
650°C (solid line and empty circles, respectively). (b) Low energy ion
scattering spectra of 1 keV incident He™ ions on TiN(5 nm)/Ti(5 nm)
and TiN(10 nm) films on plasma nitrided M2 steel (empty circles and
solid lines, respectively)

between the TiN and Ti regions because the atomic concen-
trations of Ti in both materials are very similar. The simula-
tion of these spectra reveals a rather sharp interface between
the as-deposited structure and the Si substrate. However, by
heating at 550 and 650°C, one notices a clear migration of
Ti into the substrate. Considering that: (i) temperatures be-
tween 550 and 650°C are commonly reached at work by the
surface of the coated engineering components in most ap-
plications and (ii) the results here presented are just a lower
limit for Ti migration into the substrate, one can say that
there is an effective transport of Ti from the TiN/Ti struc-
tures into the nitrided steel, although probably smaller than
N transport. In the temperature range used here for heating
the TiN/Ti/Si samples, titanium silicide formation at the in-
terface cannot be disregarded, although there are no bumps
or plateaux in the MEIS spectra that would indicate any sep-
arate phase layer. Finally, Fig. 4(b) shows the LEIS spectra
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for 1 keV incident He™ ions on TiN/Ti/nitrided steel (empty
circles) and TiN/nitrided steel (solid line) nanostructures.
LEIS is a surface selective technique and therefore the spec-
tra in Fig. 4(b) describe the elementary composition of the
outermost surface of the samples. The presence of O and
Ti and the absence of N in both spectra reveal that, at the
surface of the TiN films, N was completely exchanged for
O during exposure to air. The most striking feature, how-
ever, was the presence at the film surface of Fe, Cr, Mo, Si,
and W which are the elements with higher concentration in
the M2 tool steel substrate. Moreover, one notices that the
surface concentration of these elements is much larger for
the TiN/Ti than for the TiN nanostructure. One could pos-
sibly attribute the presence of these elements in the spectra
to non-homogeneous films presenting voids or holes that ex-
pose the steel substrate directly to the He™ beam. This was
ruled-out by atomic force microscopy and X-ray reflectom-
etry (results not shown here) that revealed that the films did
cover homogeneously the steel surface.

4 Conclusions

In this work we found that during TiN film deposition on
plasma nitrided tool steel in usual industrial conditions, with
or without an intermediate Ti interlayer, there is a pro-
nounced transport of N and Ti atoms from the film into the
steel substrate, as well as transport of N and metallic species
from the substrate into the growing nanoscopic film struc-
ture.

The interfacial regions of these hard coating/nitrided steel
structures are thus formed under intensive atomic mobility,
having consequently a complex composition. In fact, in a
nanoscopic scale, the composition varies continuously from
the core of the steel substrate to the bulk of the stoichiomet-
ric TiN hard coating. Interface stress originated in abrupt
changes in composition is thus relaxed by the gradual com-
positional change and by the strong atomic mobility dur-
ing interface formation. This can respond for the excellent
adhesion of TiN hard coatings to plasma nitrided steel un-
der working conditions. Furthermore, gradual compositional
change and strong atomic mobility during deposition reduce
also lattice mismatches and incomplete chemical bonding in
the near interface region, thus contributing also to improve
the adhesion of the films to the substrates.

Plasma nitriding of steel before TiN/Ti film deposition
promotes the formation of Ti (and probably Fe, Cr, and Si as
well) nitrides around the film/substrate interface, which also
contribute to the increasing of adhesion owing to stronger
chemical bond between coating and substrate. The Ti in-
terlayer assists interdiffusion of all species, in contrast to
the TiN film layer, which is known to be a diffusion bar-
rier. On the other hand, the Ti interlayer favors the forma-
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tion of metallic oxides (TiO;, CrO,, and FeO, ), and oxyni-
trides (TiNO, CrNO, and FeNO) in detriment to TiN and
therefore its thickness must be limited, which is the case in
all practical applications. The whole (nanoscopic) Ti inter-
layer is seen to be converted into Ti oxide and oxynitrides,
as no metallic Ti is observed, whereas the near surface re-
gion of the TiN coating is seen to be oxidized when exposed
to air. This oxide layer at the surface has a lubricating ef-
fect at work and it is continuously renewed as wear removes
the oxidized layer, exposing fresh TiN to air at high surface
temperatures.
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