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Cyclic Nanoindentation and Finite Element Analysis of Ti/TiN 
and CrN Nanocoatings on Zr-Based Metallic

Glasses Mechanical Performance
A. Tekaya, H.A. Ghulman, T. Benameur, and S. Labdi

Cyclic depth-sensing nanoindentation tests are carried out to unravel the effect of monolithic and multilayer thin coatings on load-
bearing capacity and stress distribution in the coating-Zr-based metallic glass systems. Thin films of TiN, CrN, and Ti/TiN multilayer,
having thickness of 300 nm, are deposited on Zr60Ni10 Cu20Al10 and Zr50Cu40Al10 metallic glasses by RF sputtering technique. Strain
softening occurs over several cycles in Zr-based metallic glasses, CrN, and TiN films as evidenced by a disparity between the
unloading and reloading sequences. However, the cyclic nanoindentation of Ti/TiN multilayer coating results in a hysteresis loop in
the load-depth profiles, and this event depends on the number of cycles and the loading rates. AFM and SEM characterization of
remnant imprints revealed microcraks and crack-like shear bands in nanocoatings and Zr-based metallic glasses, respectively. Based
on shear-fracture driven plastic flow of the coatings, a modified cavity model is used to determine the shear stress evolution as a
function of penetration depth. The finite-element simulations predicted the stress distribution beneath the indenter and are well
consistent with the evolving trend of shear stress obtained from experiments.

Keywords cyclic nanoindentation, modeling and simulation,
nanocoatings, Zr-based metallic glasses

1. Introduction

The development of bulk metallic glasses (BMGs) with

remarkable combination of properties, compared with their

crystalline counterparts, such as high strength up to 5 GPa and

large elastic limit that can reach 2%has prompted interests in their

potential as structuralmaterials (Ref 1). They possess a number of

remarkable functional and structural properties. While some

properties, for example, thermal conductivity, expansion, and

specific heat, are not unusual, the corrosion resistance and low

temperature dependence of resistivity are potentially attractive

(Ref 2). However, the plastic deformation of these alloys below

the transition temperature (Tg) is characterized by strain local-

ization in shear bands (Ref 3). The work-softening in the bands

leads to nearly zero ductility in tension, but this can be palliated

by a dispersion of a second phase to disrupt shear band

propagation (Ref 4). Moreover, much current research was

directed at improving their mechanical performance by mechan-

ical treatments, such as cold rolling which induces an important

increase of plasticity. It has been mostly attributed to the

development of an inhomogeneous microstructure consisting of

soft and hard regions. The soft regions are preferred locations on

subsequent loading of new shear bands. The hard regions inhibit

catastrophic propagation and force the branching and multipli-

cation of shear bands (Ref 5, 6). Surface treatment was also

applied such as the introduction of compressive residual stresses

through shot peening (Ref 7, 8) Additionally, thin films deposited

on polycrystalline alloys are widely recognized for their bene-

ficial effects, ranging from protective coatings on mechanical

tools, increased fatigue resistance, to the diffusion barrier in

microelectronic industry (Ref 9, 10). Attention has therefore been

focused on the influence of coatings on the BMG�s mechanical

behavior and functional properties. It was found that copper films

inhibited the rapid propagation of primary shear bands, and

promoted the multiplication of shear bands in Zr41Ti14Cu12.5-
Ni10Be22.5 substrates, which led to larger plastic strain in

compression (Ref 11). Qin et al. (Ref 12, 13) have showed that

Ti coating can improve the corrosion resistance and mainly

hydroxyapatite forming ability of Zr-based bulkmetallic glass for

biomedical applications. Nevertheless, few studies have been

devoted to elucidate the effect of thin coatings on the mechanical

performance of bulk metallic glasses. In previous work, the

results of an optimization in the design of monolithic TiN and Ti/

TiN multilayer-coated Zr-based metallic glasses, as well as

quantitative tribological analyses, have been reported (Ref 14,

15). The importance of an alternation of ductile and hard thin

layers with an optimized nanoscaled thickness on load-bearing

capacity was explored and found that this greatly facilitated the

accommodation of the stress between the layers and significantly

reduces the shear stress at the film/substrate interface. This paper

represents an expansion on our recent findings using cyclic

nanoindentation. It is a variation to the conventional test, where

the sample is reloaded immediately to even higher loads or depths

than the previous loading cycle. It was used to study phase
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shear band formation at interfaces in nanocoatings/Zr-BMG

systems subjected to loading cycles. In fact, the global shape of

the P-h curve differs from one material to the next, and these

variations usually are local perturbations (discontinuities)

characteristic of energy-absorbing or energy-releasing events

occurring beneath the indenter tip (Ref 19). The maximal

normal load was gradually increased from 1000 to 6000 lN

with six steps as illustrated in Fig. 1. The normal load is

unloaded after each step to the pre-set minimal load. The

hardness and reduced elastic modulus were evaluated from the

obtained load-displacement curves at each step using the model

of Oliver and Pharr (Ref 20).

Typical load-displacement plots of Zr60_BMG for incre-

mental cyclic loadings at 500 and 1000 lN/s loading rates are

shown in Fig. 2(a) and (b), respectively. The Insets of Fig. 2

illustrate the AFM images of residual impressions. One can

notice that in the fourth cycle, the path of reloading curve does

not follow completely the unloading curve of previous cycle.

When sections of the curve containing the unloading-reloading

paths are magnified, it becomes clear that they do not overlap

but form an open jaw as seen inset of Fig. 2(a). Note that the

disparity between the unloading and reloading paths increases

with increasing applied load or indentation depth. Increasing

the loading rate, the disparity is detected at the sixth cycle, as

seen inset of Fig. 2(b).The open jaw signifies that the sample

behavior was softer on reloading compared to the previous

unloading path. Furthermore, the loading profiles exhibit a

discrete displacement bursts, corresponding to a sudden

penetration of the indenter in the material without increase of

the applied load. This phenomenon named ‘‘pop-in’’ has been

Table 1 Details of deposition parameters of TiN, CrN

monolayers and Ti/TiN multilayer coatings

Parameter Value

Total pressure (Pa) 0.66

N2 gas pressure (Pa) 0.07 (CrN,TiN)

0 (Ti)

Target-to-substrate distance (mm) 70

Pre-deposition vacuum (Pa) 1.10�6

Temperature of substrate holder (�C) 35

Deposition time (min) 90

Sputtering power density (W/cm2) 0.63

Auto-bias voltage (V) �300

Fig. 1 Typical load vs. time function in cyclic nanoindentation

tests (incremental cyclic loading) using Hysitron nanoindenter

transformations under stress and to probe sensitive dislocation-
microstructure interactions (Ref 16). Indeed, the unloading-
reloading paths do not necessarily overlap in crystalline alloys,
resulting in strain hardening manifested as hysteresis loops in the
load-depth curve or in strain softening (manifested as disparity in
the load-depth curve) due to the dislocations generated beneath
indenter (Ref 17). While metallic glasses are free of linear and
bi-dimensional defects, disparities between unloading and

reloading paths are found, and this event becomes more marked

at higher loads. Moreover, finite element method (FEM) cyclic
nanoindentation experiments are conducted to shed further light
on the effect of the three type of coatings TiN and Ti/TiN
multilayers on Zr-based metallic glass mechanical performance.

Combining numerical nanoindentation simulation and experi-
mental load-displacement data enables the determination of the
variation of shear stress and plastic deformation distribution.

2. Experimental Details

Monolithic TiN and Ti-TiN multilayer nanocoatings were
deposited on Zr60Ni10Cu20Al10 BMG substrate (Zr60_BMG), and
CrN monolayer coating was deposited on Zr50Cu40Al10 BMG

(Zr50_BMG) using RF sputtering technique in nitrogen and argon
atmosphere at room temperature. The targets used in the deposition
process were 99.9% pure titanium and 99.9% pure chromium

targets. The typical base pressure in the deposition chamber was
about 1.33 9 10�6 Pa, and the total working pressure was 0.66 Pa. 
The parameters used for the TiN and CrN monolayer and Ti-TiN
multilayer coatings are shown in Table 1. Typical deposition rates
of about 3 nm/min for Ti and 0.9 nm/min for TiN were obtained.
Ti-TiN multilayer coatings were elaborated with a period thickness
K = 5 nm. The samples were cleaned with acetone and alcohol
ultrasonic baths before the deposition process. The obtained
coatings thickness is about 300 nm. The nanoindentation tests were
performed using a Hysitron triboscope apparatus connected to a
digital instrument D3100 atomic force microscopy running in STM
mode. Before indentation measurements, the system was calibrated
by conducting several indents on a fused silica sample under
normal loads. Machine compliance, thermal drift, and area function
were corrected as described in (Ref 18). The load and depth
resolution of the nanoindenter were 1 nN and 0.04 nm, respec-
tively. The hardness H and the reduced Young�s modulus Er were
measured using a Berkovich tip with a total included angle of
142.3� and a radius of curvature of approximately 100 nm. Each
test was repeated at least five times in order to evaluate the
reproducibility of the data and determine the associated error
values. In order to probe the mechanical behavior of the obtained
systems at a micrometric level, indentations were also made using
digital Vickers hardness machine with loads varying from 3 N to
10 N. The visualization of the relevant imprints of microindenta-

tion with scanning electron microscopy (SEM) was performed

using a Zeiss Gemini DSM 982 microscope.

3. Results

3.1 Cyclic Nanoindentation Profiles and Images of a Contact
Zone

Cyclic nanoindentation measurements were designed in
order to clarify the operating deformation mechanisms and
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coated Zr60-based BMG as shown in Fig. 3(a). Magnified

unloading-reloading paths obtained and AFM image of residual

impression after the cyclic tests are given in Fig. 3(a) and (b).

Once again, note that the disparity events increase as the

indentation load of cycling increases.

Unlike for both Zr60-based BMG and TiN/Zr60-based

BMG system, hysteresis loops are produced in the case of Ti/

TiN multilayer coating which signifies that materials� resistance

to deformation becomes greater during reloading path compar-

ing to the unloading path (Fig. 4a). These results are similar for

all the tests performed, this proves that the obtained curves

really reflect the material behavior and are not artifacts of the

test procedure or equipment.

The load-displacement curve obtained using incremental

cyclic nanoindentation performed on CrN-coated Zr50-based

BMG at a loading rate of 500 lN/s is shown in Fig. 5(a). It is

Fig. 2 Cyclic nanoindentation curves performed on Zr60Ni10Cu20Al10 at loading rates of (a) 500 lN/s and (b) 1000 lN/s

Fig. 3 (a) Cyclic nanoindentation curve performed on TiN coated Zr60Ni10Cu20Al10 at loading rate of 500 lN/s (b) AFM image of the obtained

imprint after nanoindentation test

already reported in the literature and associated with a plastic 
flow consequence of the activation of individual shear bands 
underneath the indenter tip (Ref 21).

In fact, instead of dislocation motion, plastic deformation in 
metallic glasses at room temperature begins with the activation 
of shear transformation zones (STZs) in which clusters of atoms 
rearrange under an applied stress (Ref 22, 23) As the stress is 
increased, more STZs become active and connect to form shear 
bands in which the plastic strain is localized (Ref 24). The 
medium-range atomic order in the deformed matter (Ref 25) is  
altered by heavy deformation such as under indentation. As 
heavy deformation leads to creation of free volume (Ref 26) 
and to local heating, temperatures in shear bands have been 
shown to increase by hundreds of degrees (Ref 27). All of these 
effects lead to strain softening. However, a similar disparity 
event is observed at load above 3000 lN on monolithic TiN-
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Quantitative analysis of crack patterns and damage mechanism

generated in the vicinity of the corner of pyramidal were

detailed by Richter (Ref 28). Indeed, representative SEM

micrographs of residual impressions on TiN-coated Zr60-based

BMG, which illustrate characteristic types of damage are

shown in Fig. 6(a) and (b). It can be seen that under 3 N

applied load, TiN coating presents inner circumferential cracks

with nearly constant spacing from each other (type III). In

Fig. 6d, radial cracks which are not extensions of the inden-

tation diagonal are found in the case of the CrN films (called

‘‘claws’’-type IV).

Unlike for CrN and TiN monolithic coatings, Ti/TiN

multilayer exhibited a reduced intensity of cracks. SEM

micrographs of Fig. 6(b) and (e) illustrate the significant

difference in deformation mechanisms beneath the indenter

between the monolithic and multilayered coating/Zr-based

BMGs systems. Indeed, the mean length and cracks density

Fig. 4 (a) Cyclic nanoindentation curve performed on Ti/TiN coated Zr60Ni10Cu20Al10 at loading rate of 500 lN/s (b) AFM image of the

obtained imprint after nanoindentation test

Fig. 5 (a) Cyclic nanoindentation curve performed on CrN coated Zr50Cu40Al10 at loading rate of 500 lN/s (b) AFM image of the obtained

imprint after nanoindentation test

worth noting that both hysteresis and disparity events are 
clearly illustrated. The hysteresis loop is seen at a load lower 
than 3000 lN. However, the disparity between unloading-
reloading paths (inset in Fig. 5a) appears at higher loads or 
higher depths of penetration. The obtained residual imprint 
observed after the test is shown in Fig. 5(b). Evidence of 
greater localized plasticity of CrN films as indicated by the 
larger remnant indent is found compared to the TiN or Ti/TiN 
coatings. However, in order to probe the deformation modes at 
depths greater than the scale of the coating thickness and 
elucidate the shear band pattern beneath the indenter, Vickers 
indentation tests were performed at a range of loads from 2 to 
10 N for the uncoated and coated Zr-based BMGs with TiN, 
CrN, and Ti/TiN films.

The corresponding deformation features inside the impres-

sions are seen in Fig. 6. A different response of the operative 
deformation mechanisms under the indentation is found.
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are higher in the case of the monolithic coatings. Further,

evidence of shear band patterns is observed inside the

impression of Zr60-based BMG using 3 N indentation load,

as indicated by arrows on the SEM micrographs in Fig. 6(c)

and (f).

3.2 Quantitative Analysis

Following the nanoindentation load-depth data, the H and Er

were determined; these quantities can be derived using the

relations (Ref 19):

H ¼ P

A
ðEq 1Þ

S ¼ dP

dh

�

�

�

�

Pmax

¼ 2
Er

ffiffiffi

A
p
ffiffiffi

p
p ðEq 2Þ

where H is the hardness of the material being tested, P is the

applied load, A is the projected contact area between the

indenter and the specimen, S is the elastic constant stiffness

defined as the slope of the upper portion of the unloading

curve.

The composite modulus, Er is given by

1

Er

¼ 1� m2i

Ei

. . .þ 1� m
2
s

Es

� ��1

ðEq 3Þ

Es and ts are Young�s modulus and Poisson�s ratio for the

sample, and Ei and ti are Young�s modulus and Poisson�s ra-

tio for the indenter.

The Eq 1 and 2 may be rearranged to yield:

H

E2
r

¼ 4P

p S2
ðEq 4Þ

The parameter H
E2
r
is independent of the projected area of the

indent and is a measure of the material�s resistance to plastic

penetration. However, the dimensionless H
Er
ratio shows similar

Fig. 6 SEM of imprints obtained after microindentation at an applied load of 3 N (a-b) TiN monolayer (c-d) Ti/TiN multilayers (e-f) shear

bands in Zr60Ni10Cu20Al10.metallic glass
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variation with number of cyclic loadings as the H
E2
r
parameter

and could be used to evaluate the deformation relative to

yielding, as reported in (Ref 29, 30). The variation of H
Er
ratio as

function of number of cycle for different samples and from the

integral of the load-displacement curves, we plotted also the

Wp/Wt ratio of the dissipated energy during nanoindentation,

where Wp is the plastic energy and Wt the total energy

(Wt = Wp + We; We is the elastic energy), as shown in Fig. 7.

Those parameters are an indication of the resistance to plastic

deformation of the indented samples. Evidence of an increase

of elastic recovery is from the plots of the variation of Wp/Wt

ratio with the number of cycle. It is presumed that the decrease

observed in the plastic energy dissipation might be caused by

the fact that indentation induces activation of shear transfor-

mation zones in Zr-BMG (Fig. 7a). As the stress is increased,

more STZs become active and connect to form shear bands in

which heavy deformation leads to free volume creation (Ref

25). The competition between nucleation of shear bands

increases inelastic deformation, and propagation of shear bands

to sample surface induces a reduction of shear bands density

which in turn leads to an increase of the elastic recovery

(1�Wp/Wt ratio) (Ref 31). However, in the case of coatings,

the plastic energy dissipation is significantly different. In fact, it

is clearly illustrated that TiN presents the highest resistance to

plastic deformation (almost no variation of the Wp/Wt ratio with

the number of cycle as seen in Fig. 7b) compared to Ti/TiN

multilayer (Fig. 7c) and the CrN monolithic (Fig. 7d) coatings.

Figure 8(a) shows typical nanoindentation curves of the

tests performed on coated Zr-based metallic glasses with CrN,

TiN monolayer, and Ti/TiN multilayer coatings at a maximum

load of 3000 lN and a loading rate of 1000 lN/s. The

mechanical properties and the elastic recovery parameter

he/hmax with he which is the elastic depth and hmax the

maximum indentation depth determined from load-displace-

ment curves are listed in Table 2. The advantage of using he/

hmax ratio is that it can be directly obtained from the unloading

curve and is very sensitive to any change in the real contact area

caused by the existence of residual stresses (Ref 32). It is worth

noting that the he/hmax ratio of CrN and Ti/TiN is an indication

of compressive residual stresses in the coatings.

In order to achieve accurate predictions of the distribution of

the shear stress as a function of the indentation depth beneath

the indenter, Bhowmick description based on the expanding

cavity model for elasto-plastic flow of the film-substrate system

was used (Ref 33).In this analysis, the load-displacement

response of the system does not reflect deformation by

dislocation movement, but shear-fracture stress dominates the

plastic flow. Similar inter-columnar shear fracture in TiN films

on ductile substrates has been reported by Ma et al. (Ref 34, 35)

from observations of an indented zone made by a Vickers

indenter.

The total indentation load P supported by the coated

metallic glass system is assumed as the sum of the loads

bearing capacity of coatings and substrates P1 and P2,

respectively, with

s ¼ P � P2

2pth tan h
ðEq 5Þ

P2 ¼
2prSððh tan hÞ2 þ 2htÞ

3
1þ Ln

1

3

ES cot h

rS

� �� 	

ðEq 6Þ

t is the total thickness of the deposited coating. The contact

radius between indenter and material is h tan h, where h is

Fig. 7 Evolution of H/Er and Wp/Wt for (a) Zr60-based BMG (b) TiN coated Zr60-based BMG (c) Ti/TiN coated Zr60-based BMG (d) CrN

coated Zr50-based BMG obtained from cyclic nanoindentation tests at loading rates of 500 lN/s
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tional time without compromising the accuracy. In FEM

analysis, the indenter is modeled as an analytical rigid with a

half-angle of 70.3� and thus has the same projected area-depth

function as the standard Berkovich indenter.

Fig. 8 Load-displacement profiles (a) TiN, CrN and Ti/TiN multilayer coated Zr-BMG obtained at 500 lN/s loading rate (b) Correspondant

evolution of shear stress vs penetration depth

Table 2 Coatings properties obtained from conventional

nanoindentation tests

Films/substrate systems H (GPa) E (GPa) he/hmax

TiN/Zr60-based BMG 26.27 244.9 0.19

Ti-TiN/Zr60-based BMG 11.73 134.8 0.34

CrN/Zr50-based BMG 13.18 169.9 0.39

Fig. 9 Finite element models geometry and boundary conditions of

(a) monolithic TiN and CrN (b) Ti/TiN multilayer coatings with de-

tails close to the region of contact

the indentation depth. P2 is the load supported by the sub-
strate, where rS is the yield stress and ES is the Young modu-
lus of the metallic glass substrate.

Substituting ES = 100 GPa, h = 70.3�, rS = 1.9 GPa in 
Eq. 2 above, the shear stress is plotted as a function of the 
indentation depth during nanoindentation tests for monolithic 
TiN, CrN and Ti/TiN multilayer coatings, as observed in 
Fig. 8(b). These curves illustrate the decrease of shear stress 
when using a Ti/TiN multilayer coating comparing with the TiN 
and CrN ones. It is worth noticing the dependence of the shear 
stress on the nature of coatings, i.e., monolithic or multilayer.

The results described above can be explained by the fact that 
shear sliding characterizing the deformation behavior of 
monolayer coatings was reduced with the presence of Ti 
interlayer within a multilayer TiN structure. The application of 
Ti/TiN multilayer structure provided better resistance to plastic 
deformation and transgranular fracture compared to monolithic 
coatings. Those results are comparable with those finding by 
Xie et al. (Ref 36).

All the superior properties make Ti/TiN multilayer to be an 
effective protection coating for the enhanced fatigue strength of 
the bulk metallic glass substrates.

4. Finite Element Modeling

The experimental nanoindentation tests of monolayers CrN, 
TiN, and Ti/TiN multilayer nanocoatings were modeled by the 
finite element method (FEM) using commercial finite element 
code ABAQUS 6.10-1. Due to the axial symmetry of the 
problem, both the specimen and the indenter were modeled in 
two-dimensional axisymmetric in order to reduce computa-
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The contact between the rigid indenter and the specimen is

assumed as frictionless. The finite element model for the

specimen, illustrated in Fig. 9, was 10 lm in length and 8 lm

in width. The thickness for the monolithic and multilayer is

300 nm. The interfaces between different layers were assumed

to be perfectly bonded. The simulations are carried out under

displacement-controlled conditions.

The two models of monolithic and multilayer coatings and

the boundary conditions used for the simulation are schemat-

ically reported in Fig. 9. Roller boundary conditions are applied

along the axis of symmetry, and the fixed boundary conditions

are applied to the substrate base. Fine finite elements� mesh is

used in the vicinity of the contact region for accurate analysis of

the stress fields. The refinements were performed to ensure the

results reported below, and based on the sensitivity analysis, it

can be concluded that the simulation results have converged

with respect to the mesh spacing for the benchmark mesh size

and the model size used. The element mesh consists of four

node bilinear axisymmetric quadrilateral elements with reduced

integration (CAX4R) and three node axisymmetrical triangles

(CAX3). The triangles are used to coarsen the mesh for

increased computational efficiency. The number of elements

used for monolithic and multilayer coatings is 7234 and 43,829

elements, respectively.

Three coatings are of concern, monolithic TiN and CrN, and

multilayer Ti/TiN (consisting of alternating Ti and TiN). The

mechanical properties of Zr-based bulk metallic glasses sub-

strates, and the used coatings are summarized in Table 3 (Ref

37). The mechanical properties of Zr60Ni10Cu20Al10 and

Zr50Cu40Al10 bulk metallic glass substrates were

E = 104 GPa and E = 110 GPa, respectively, with a Poisson

ratio m = 0.36 (Ref 38, 39).

FEM analysis was performed to determine the effect of type

of coating on the shear stress and equivalent plastic deforma-

tion distributions in coating substrate systems during nanoin-

dentation at the same applied displacement (150 nm). The shear

stress evolution along the coating thickness determined from

the finite element simulation shown in Fig. 10 illustrates a

difference in shear stress distribution for all the modeled

coatings. The shear stress is localized in the coating for TiN

Table 3 Mechanical properties of coatings used for finite

element analysis

Materials E (GPa) t re (GPa)

Ti 120 0.3 1

TiN 400 0.25 6

CrN 380 0.22 4

Fig. 10 (a) Shear stress variation along the vertical line for an applied displacement of 150 nm (b) TiN/Zr60-BMG system (c) CrN/Zr50-BMG

system and (d) Ti-TiN /Zr60-BMG system
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films, while the maximum shear stress distribution for CrN is

located in film/substrate interface beneath the indenter. The

lower values of shear stress are recorded for Ti/TiN multilayer

coating. The results are in good agreement with the work of

Voevodin et al. (Ref 40) indicating that the highest shear stress

occurs under the substrate/coating interface, and this region

may plastically deform causing adhesive and cohesive failure.

Indeed, they showed that the normal and shear stresses in the

substrate were reduced when using a multilayer coating. This is

can be explained by the role of ductile Ti interlayer to decrease

the shear stress and provides the highest energy absorption, by

restricting cracks to individual layers and by distributing the

damage throughout the multilayer system. Moreover, Huang

et al. (Ref 41) reported that about 50% of the residual stress in

the TiN film is relieved by the Ti interlayer.

Plastic deformation is considered as a major concern in the

design and performance of engineering components. In fact,

failure of hard coating can be caused by debonding of the

coating from substrate (adhesive failure), or the large plastic

flow in the subsurface (substrate failure), or the fracture of

coating (Ref 38). Accordingly, it is imperative to determine the

distribution of the plastic strain and the beginning of the plastic

zone to have a better understanding of the mechanisms of

surface and subsurface involving localized plastic flow.

Figure 11 shows the distribution of the plastic equivalent

strain (PEEQ) at an applied displacement of 150 nm for the

different studied systems. The PEEQ along the selected vertical

path is significantly reduced to nearly zero at depth around

200 nm in Ti/TiN coating as revealed in Fig. 11(a). It can be

seen that severe plastic strain is located in the coating

immediately below the indenter. The localization of the

equivalent plastic deformation in the deposited Ti/TiN multi-

layer coating can be referred to the role of ductile Ti interlayer

absorbing the applied stress. Several studies show that multi-

layered Ti/TiN coatings display an improved fracture resistance

as compared to TiN monolayer (Ref 42, 43), while for TiN and

CrN monolayer films, the plastic deformation is initiated first in

the surface beneath the indenter and then transmitted to the

substrate at the interface. Furthermore, the value of transmitted

equivalent plastic strain to the substrate in the case of TiN

coating is higher than the corresponding value in CrN coating.

Figure 12 exhibits SEM tilted 34� view images of the cross

section of residual indent for the TiN and Ti/TiN coatings

obtained at an applied load of 10 N. The SEM view of the

regular structure of the thin Ti/TiN multilayer achieved by the

RF deposition technique (Fig. 12a) is compared with the

swelling of the ductile Ti-layers as results of the accommoda-

tion of the plastic strain at the interfaces in the Ti/TiN-Zr BMG

system as demonstrated in Fig. 12(b). The shear bands seen in

the case of TiN monolithic coating beneath the indent show the

load transfers to the substrate (Fig. 12c). These results agree

well with the stress distribution predicted by FEM simulations

Fig. 11 (a) Plastic equivalent strain (PEEQ) variation along the vertical line and Contour plots of PEEQ in (b) TiN/Zr60-BMG system

(c) CrN/Zr50-BMG system and (d) Ti-TiN /Zr60-BMG system
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Unlike for pure gold, hysteresis loops were observed in

calcium-doped gold due to formation of Cottrell atmospheres

on GD after unloading will make their slip more difficult on

reloading. This could be manifested as hardening resulting in

the reloading path having a higher gradient than the unloading

path. In contrast to crystalline solids, in metallic glasses, there

are no dislocations and grain boundaries, and the disparities

observed at higher loads may not due to dislocation motion.

Notwithstanding the small and confined volume of matter and

for a given indentation load, the total number of shear bands

formed to produce plastic flow most likely depends on random

factors such as surface structure and orientation, statistical

distribution, and orientation of STZs and the free volume

forming the glass. Upon reloading, the stress-induced heat

release of the deformed volume containing arrested bands may

act as crack-like shear bands promoting the softening behavior,

as illustrated in Fig. 6(c) and (d). Note that the disparity

observed in P-h curves of the TiN films is not related to the

extent of reversible slip but to formation of micro-cracks.

Indeed, in situ SEM nanoindentation experiments clearly

showed nucleation of radial cracks in TiN coating during

loading and for higher loads adhesive and cohesive failure (Ref

44). Moreover, extensive investigation (Ref 33, 34) has shown

that the columnar structure of TiN may not undergo plastic

deformation under the indenter pressure but behaves like an

Fig. 12 SEM images of (a) Ti/TiN multilayer structure as deposited on Si substrate (b) Cross section of imprint obtained after Vickers indenta-

tion at a load of 10 N on Ti/TiN multilayer coated Zr60-based BMG (c) Tilted view 34� of the cross-section of residual indent after Vickers

indentation at a load of 10 N on TiN coated Zr60-based BMG

(see Fig. 11), where the plastic strain distribution is localized in
the multilayer thickness and transmitted to the substrate in the
case of TiN and CrN monolithic coatings.

5. Discussion

In studying cyclic nanoindentation, our main concern is with
unraveling the underlying physics of deformation mechanisms

in TiN, CrN, Ti/TiN nanocoatings/Zr-BMG systems, and shear
bands formation at interfaces. Do disparity and hysteresis loop
details observed in the P-h curves are signal of discrete physical
events beneath the indenter tip? Saraswati et al. (Ref 17)
reported in calcium-doped gold, even in ppm levels such
anomalous behaviors, which were related to dislocation activ-
ity. Indeed, when an indentation is produced, geometrically

necessary dislocations (GD) were generated to form the

permanent surface depression and play a key role in micro-

plasticity. Increasing the depth of indentation increases the
density of GD. However, during unloading, GD may reverse
their slip partly, giving rise to a recovery microstrain that gets
added to the elastic strain. The extent of reversible slip may

appear as a softened behavior with a lower gradient to the
reloading path than the unloading path of the previous cycle.
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• Disparity event is found in load-displacement curves for

Zr-based BMG and TiN-coated Zr60-based BMG and de-

pends on the depth of penetration and loading rates. The

disparity is attributed for Zr-based BMG and TiN film to

crack-like shear bands and nucleation of micro-cracks,

respectively.
• Hysteresis event is observed in Ti/TiN coating which is due

to the enhancement of crack deflection along weak inter-

layer interfaces and work hardening of Ti ductile layers.
• Bhowmick model is employed to deduce the variation of

shear stress with penetration depth. The shear stress values

within the TiN and CrN monolithic coatings are higher

than that found for the Ti/TiN multilayer coating.
• CrN and TiN films undergo a limited plastic deformation

under the indenter pressure, behave like an elastic med-

ium, and transfers the load to Zr-based BMG substrates.
• The FEM simulation and cyclic loading experiments dem-

onstrate that the Ti/TiN coatings with soft Ti interlayer

provide the highest energy absorption, by restricting

cracks to individual layers and by reducing the stress field

at film/substrate interface and which in turn can decrease

the probability of shear band initiation on the metallic

glass surface.
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