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Cyclic nanoindentation studies on TiN and Ti-TiN mutilayer
coatings deposited on Zr-based metallic glasses
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Résumé :

Des essais de nanoindentation cyclique ont étéctafie pour étudier linfluence des revétements
monocouche TiN et multicouche Ti-TiN sur les prét@s mécanigues des verres métalliques a base de
zirconium. Les revétements TiN et Ti-TiN ont étpodés sur verre métallique ¢d¥i;cClpoAlp par
pulvérisation cathodique radiofréquence (RF) a témapure ambiante sous une atmosphere réactive tfazo
et en utilisant une cible de titane. L'épaisseus devétements déposés est de 300 nm. Des essais de
chargement cyclique a différentes vitesses de emaegts ont été effectués sur les substrats de verre
métallique revétus avec TiN et Ti-TiN. Nous avasté mne amélioration de propriétés mécaniques telie

la dureté et le module d'élasticité réduit des étitlmns revétus en comparaison avec le substrat no
revétu. De plus, les essais effectués ont montr&hamgement de comportement en déformation des
échantillons, tel que montré a travers I'analyse deurbes charge-déplacement et les images obtemues
utilisant la microscopie a force atomique. L'effd¢ vitesse de chargement sur le comportement en
déformation a été discuté.

Mots clefs : Nanoindentation cyclique, verre métallique, revéterant nanostructuré, multicouche
Ti-TiN

Abstract :

Cyclic nanoindentation tests were carried out teeistigate the influence of TiN and Ti-TiN multilaye
coatings on the mechanical properties of Zr-basethitic glass. TiN and Ti-TiN multilayer coatingave
been deposited on gNi;(Cu0Al;p metallic glass substrate by RF sputtering. Theod#jon process was
done at room temperature under nitrogen reactive gaing metallic titanium target. The two deposited
coating have a thickness of 300 nm. Several cyeimindentation measurements were conducted on TiN,
and Ti-TiN coatings deposited on Zr-based metgllass samples at various loading rates. We havedou
that the coated metallic samples shows higher méchbproperties such as hardness and reducedielast
modulus compared to the bulk metallic glass substriurthermore, the designed experiments shows a
difference in the deformation behaviour of the sasipas being analysed through the obtained load-
displacement curves with the atomic force microgo@gd-M) pictures of the residual indentation imgsn
The effect of the loading rate on the deformatiehdviours of these samples was also discussedsin th
work.

Key Words : Cyclic nanoindentation, metallic glass, nanostructted coatings, Ti-TiN multilayer

1. Introduction

Bulk metallic glasses (BMGs) are metal alloys withglassy atomic structure that received an increase
interest due to their high physical and mecharpcaperties, compared with crystalline counterpatsh as
high strength up to 5 GPa and large elastic lifmgt tcan reach 2% [1,2]. Furthermore, within theiceg
between the glass transition and crystallizationperatures named the supercooled liquid regiorir the
behaviour under compression solicitation is accangzh by high superplasticity reaching 1500% [3].
However, the lack of ductility limits their engin@®y application. Indeed, in tensile tests at ambie
temperature, BMG fail catastrophically on one daminshear band due to their tendency for shear
localization [2]. The initiated shear bands becaowaeleation sites for the formation of microcracksiadg
loading and contributéowards the catastrophic fracture [4]. Many worles lbeen devoted in order to
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enhance the ductility by acting on the BMG matianposition and varying the chemical compositiondb]
via the reinforcement of the matrix by ductile phalispersion [6]. Other studies have been focused o
surface treatment, either by the introduction ofate compressive residual stresses through tesbsisuch
as shot peening [7] or by using the nanocrystaltioatings deposited on the surface [8]. In factlmioing
different types of multilayer such as hard and sothiance the resistance to contact damage of gedfih

In our approach, we have deposited two types ofiags® TiN monolayer and Ti-TiN multilayer on Zr-
based metallic glass to investigate their effecthlm mechanical properties. In a previous work, hage
used the conventional nanoindentation to compaeafiparent mechanical properties of the two degbsit
coatings [10]. Cyclic nanoindentation is a variatio this conventional test, where the sample lsaded
immediately to even higher loads or depths tharpteeious loading cycle. It was used in various ksdo
study phase transformations under stress [11,h2fadt, the unloading-reloading paths do not neuégs
overlap in crystalline alloys, resulting in hystgeloops (strain hardening) or disparities (stisoftening)
due to sensitive dislocation-microstructure intéaars detectable in the unloading-reloading cuff€g. In
this study, we have conducted nanoindentation tgiismonotone and incremental cyclic modes atousxi
loading rates on TiN and Ti-TiN multilayer coatindeposited on Zr-based BMG in order to study their
deformation behaviour.

2. Experimental details

Monolithic TiN and Ti-TiN multilayer nanocoatingsene deposited on &iNii;(Cu0Al 1o bulk metallic glass
substrate by means of RF sputtering techniquetiogen and argon atmosphere at room temperatung asi
99.9% pure titanium target. The typical base pressuthe deposition chamber was about 1.33x28 and
the total working pressure was 0.66 Pa. Typicabdijon rates of about 3 nm.rflifior Ti and 0.9 nm.min
for TiN were obtained. Ti-TiN multilayer coatingseve elaborated with a period thickngss 5 nm. The
samples were previously cleaned with acetone arwhal ultrasonic baths before the deposition praces
The obtained thickness is about 300 nm. Nanointientéests were conducted using the triboscopeesyst
(Hysitron Inc.) coupled with an atomic force miarope. This allows us to visualize the surface leeford
after the mechanical testing and thus for the detetion of the size of the imprints. The hardndsand the
reduced Young’'s modulus were measured using a Berkovich tip with a tataluded angle of 142.3° and
a radius of curvature of approximately 100 nm. fideo to test the reproducibility, each test wasatpd at
least five times.

3. Results and discussion

In previous work, we have conducted conventionaloimadentation tests on TiN monolayer and Ti-TiN
multilayer coatings deposited oned¥i (CloAl1g metallic glass substrate to assess nanomechditinal
properties such as hardness and reduced elastialusochlues [10]. The obtained values of hardiessd
reduced Young’s Modulug, evaluated using the model of Oliver and Pharr Hr&] given in table 1. It is
obvious that Zr-based metallic glass sample coafittd TiN coating show higher values of hardness and
elastic modulus than the uncoated samples and#ted one with Ti-TiN multilayer coating. The difémce
between the obtained values and those found ircéise of the same coatings deposited on the Silicon
substrate is due to the effect of the substrateebler, theH/E ratio parameter could be used to evaluate the
resistance of the film to plastic deformation [1A% shown in table 1H/E ratio was found to reach higher
values in the case of coated systems comparedthdtiincoated bulk metallic glass. The main goat leer

to enhance the apparent mechanical properties atedometallic glass substrate in order to prevhat t
initiation of shear bands from the substrate serfawder applied stress.

TABLE. 1 — Experimental values of hardness andtielasodulus [10]

Samples H (GPa) Er(GPa) H/E
ZreoNi1oCloAl 19 6.87+0.73 104.145.2| 0.06
TiN/Zr goNi10CUAl 19 22.42+1.8 199.4+13 0.11
TiN/Si 23.19+2.1 | 253.58+6.2 0.09
Ti-TiN/Si 32.2+2.5 262.916.4| 0.12
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In order to study the deformation behaviour whdoa#ing-unloading many times the two coated systems
we have conducted incremental cyclic nanoindentatsts. In fact, cyclic hanoindentation tests ddug
very effective to extract sensitive information ebaoated Zr-based BMG such as possible shifts in
nanoindentation curves or in the yield point thatyrarise due to local structural changes. Figuaeshows
load versus time function used in the nanoindemtatirocess. The cyclic nanoindentation tests haen b
conducted at a loading rate of 1000 uN/s.

From the designed cyclic nanoindentation testsopedd on Zr-based metallic glass, the obtained-load
displacement curve shows that the unloading andadahg curves overlap. Furthermore, the onset of
yielding upon each reloading is always noted teetplkace at a higher load than the load reachetien t
previous cycle. This phenomenon called “hardenimdj @ecovery” mechanisms is reported in our previous
work [15]. However, for the coated systems, theading path is displaced relative to the unloagiath of

the previous cycle. When sections of the curveainirtg the unloading-reloading path are magnifieds
obvious that they do not overlap and show two ckifé phenomena relative to the behaviour of loaded
coated samples. In the case of TiN coated Zr-bassdllic glass, the unloading-reloading paths fam
open jaw as shown in figure 1. The open jaw sigaifihat the coated sample behaviour was softer in
reloading compared to the previous unloading pHtle. disparity between the unloading and reloadath$
increases as the indentation force/depth of cyahingeases. Although, in the case of Ti-TiN coaZedbased
BMG, the magnified unloading-reloading paths ilfatt hysteresis loops produced when performingaycl
loading. The coating resistance to deformation bxogreater during reloading than that presentetthdoy
unloading path. This result can be explained byitheeased ductility of Ti-TiN multilayer structuckie to

the presence of Ti layer. Furthermore, it is cldat the obtained load-displacement curve for N-Ti
multilayer coated metallic glass substrate repredihbe increase of the onset of yielding seendrctise of
uncoated one. This is can be explained by the auatibn of the multilayer types of coating and tHea of

the softer substrate type, when reaches depth tinanel0% of the deposited coating.
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FIG. 1 — (a) Load versus time function used in icyehnoindentation conducted on Zr-BMG and Zr-BMG
coated with monolayer TiN and Ti-TiN multilayer thiilms at loading rate of 1000 uN/s (b) obtainead
displacement curves
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In order to analyse the deformation of the surfafter cyclic nanoindentation tests, the obtainegdrints
were scanned by atomic force microscopy. FigurB®vs section analyses of the permanent imprinés aft
cyclic loading conducted on Zr-BMG uncoated andtedavith TiN monolayer and Ti-TiN multilayer at a
loading rate of 1000 uN/s.

As shown in Figure 2-a, the plastic deformationtlid uncoated Zr-based metallic glass substrate was
illustrated by the pile-up around the indent whigas not the case of TiN coated Zr-BMG. The imprint
obtained in the case of Ti-TiN multilayer coatirigpa/s more ductile behaviour compared with that ioleth

in the case of TiN coating shown by the surfacahef indentation imprint. We can conclude from the
obtained sections the elastic behaviour of TiN edafr-BMG. This is illustrated by the lower valué o
indentation depth and impression size in figure 2-b
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FIG. 2 — AFM images and corresponding height pesfidf the indents formed on (a) Zr-BMG (b) TiN/Zr-
BMG (c) Ti-TiN/Zr-BMG obtained under incrementalatig loading at a loading rate of 1000 puN/s

As reported in our previous work [15], Zr-based al&t glass shows loading rate dependant plastic
deformation behaviour under quasi-static cycliadlng. However, their shown a loading rate independe
behaviour when performing incremental cyclic logdifihis was associated with the shear bands niaeat
and propagation mechanisms feature of the heteeogsndeformation of metallic glasses at temperature
well below the glass transition temperature. Toraett sensitive information about the deformation
behaviour of deposited coatings under differentlilog rates, incremental cyclic loading at variooading

rate was performed at loading rates of 500, 10aD 2800 uN/s. The open jaw or “disparity” between
unloading and reloading path phenomenon, foundiéncase of TiN coated bulk metallic glass shown in
figure 1, increases when increasing the applied &vad decrease with increasing the loading rateerééds,
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TiN coating is characterized by the hardness, whielans that we expect a hardening phenomenon and th
appearance of hysteresis loop when performing €ysiding. However, the least phenomenon is fonnd i
the case of Ti-TiN multilayer coated Zr-based migtajlass showing of hysteresis loops that decreate

the increase of loading rate. This difference camxplained by the effect of the dislocations-nmstmacture
interactions in the coatings beneath the indemdrtiae type of substrate when the indentation degticeed
more than 10% of the coating thickness. In the c&ge-TiN coatings, there is a tendency to haveskastic
recovery due to multilayer structure consistingérnating thin layers of a hard material and faesanore
ductile material. The dependency of hysteresis Wwimth on loading rates has been found also by Bas

et al. for Ti,AlN thin films. This has been explained by the faett the change of the hysteresis loop area
indicates the onset of plastic deformation and dleigends on the substrate [16]. Furthermore, Dhatrah
noticed that the existence of large compressivasstin the film and the continuous plastic deforomaare

the main reasons behind the formation of the hgsiedoop in the repeated loading-unloading teist [In
other work, we have used a numerical simulationcomnpare TiN monolayer and Ti-TiN multilayer
deposited coatings. The obtained simulation shdwsttansfer of charge to the substrate [18]. Thisy m
explain the dependency of the response of the dtedospatings on the type of substrate. It is ingoatr to
mention that the obtained results are similar fbthee tests performed and this proves that shooetes
really reflect the material behaviour and are mtfacts of the test procedure or equipment.
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FIG. 3 — Load-displacement curves of incrementalicyoading for (a) TiN/ZgNi1oCubeAl 10 (b) Ti-
TiN/ZroNi1oClpoAl 10 under different loading rates

4. Conclusion

Incremental cyclic nanoindentation tests were edron TiN and Ti-TiN multilayer coatings depositeal
Zr-based metallic glass. An enhancement of mechhproperties was noted compared to the uncoated Zr
BMG. The cyclic incremental nanoindentation testsfgrmed under different loading rates have shomon t
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different phenomena for TiN and Ti-TiN multilayeoated systems; open jaw and hysteresis, respsctivel
Despite the lack of quantitative characterizatibthe origin of the so called hysteresis loop arspakity, it
is presumed that those phenomena are due to serdiglocation-microstructure interactions.

References

[1] A. Inoue, B.L. Shen, H. Koshiba, H. Kato, A.Ravari, Cobalt-based bulk glassy alloy with ultigthi
strength and soft magnetic properties, Nature Nater2, 661-663, 2003

[2] W.L. Johnson, Bulk Glass-Forming Metallic Allpy Science and Technology, Mat. Res. Bull., 24(10)
42-56, 1999

[3] A. Inoue, Bulk amorphous alloys, Trans. TechbRations, Zurich, 1998

[4] H. Kimura, T. Masumoto, Amorphous Metallic Als, Acta Metall., 31, 231, 1983

[5] J.J. Lewandowski, W.H. Wang, A.L. Greer, Phildtag. Lett., 85, 77, 2005

[6] C.C. Hays, C.P. Kim, W.L. Johnson, Improved mmadcal behaviour of bulk metallic glasses contajni
in situ formed ductile phase dendrite dispersiteter. Sci. Eng.., A304-306, 650-655, 2001

[7] R. Raghavan, R. Ayer, H.W. Jin, C.N. Marzinskly,Ramamurty, Scripta Materialia, 59,167, 2008

[8] S.-B. Qiu, K.-F. Yao, Novel application of tieéetrodeposition on bulk metallic glasses, AppkfS8ci.,
255,3454-3458, 2008

[9] A. Leyland, A. Matthews, Thick Ti/TiN multilayed coatings for abrasive and erosive wear resistan
Surf. Coat. Technol., 70, 19-25, 1994

[10] A. Tekaya, S. Labdi, T. Benameur, Fourth Intgional Congress Design and Modelling of Mechnical
Systems, Sousse March 21-23th 2011

[11] S.N. Dub, Y.V. Milman, D.V. Lotsko, A.N. BelauJ. Mater. Sci. Lett., 20, 1043, 2001

[12] T. Saraswati, T. Sritharan, S. Mhaisalkar, (BBeach, F. Wulff, Cyclic loading as an extended
nanoindentation technique, Mater. Sci. Eng., A 42318, 2006

[13] W.C. Oliver, G.M. Pharr, J. Mater. Res., 7(8964, 1992

[14] J. Musil, F. Kunc, H. Zeman, H. Polakova, Rielaships between hardness, Young's modulus and
elastic recovery in hard nanocomposite coatingg, Soat. Technol., 154, 304-313, 2002

[15] A. Tekaya, S. Labdi, T. Benameur, A. JelladigQ-static cyclic loadings induced inelastic defation
in a Zr-based bulk metallic glass under nanoindemal. Mater. Sci., 44, 4930-4938, 2009

[16] B. Bhushan, X. Li, Nanomechanical charactdiiwaof solide surfaces and thin films, Int. MatRev.,
48(3), 125-164, 2003

[17] T. D. Raju, K. Nakasa, M. Kato, Relation betmadelamination of thin films and backward deviatod
load-displacement curves under repeating nanoiatient Acta Mater., 5,1457-467, 2003

[18] A. Tekaya, T. Benameur, S. Labdi, P.AuberfeEf of Ti/TiN multilayer protective nhanocoatings @r-
based metallic glasses mechanical performance,Sdlid Films doi: 10.1016/j.tsf.2013.05.049



