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Abstract

In the present work, the development of finite element (FE) models to simulate the nanoin-
dentation processes in various TiB2-based nanostructured coatings was investigated. The de-
veloped nanoindentation FE models were able to simulate the indentation loading-unloading
curves of the coating/substrate system. The model could also be used to extract the intrinsic
values of mechanical properties, e.g. hardness and yield strength. In addition, the models
were used to analyse the plastic deformation behaviour of coating-substrate systems during
indentation process and investigate the effect of penetration depth on nanoindentation.

K e y w o r d s: TiB2-based nanostructured coating, nanoindentation, finite element analysis,
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1. Introduction

Increasing applications have been found for thin,
hard, wear resistant (ceramic) coatings in metal cut-
ting and metal forming tools. The invention of low
temperature (below 500◦C) physical vapour depos-
ition (PVD) processes such as magnetron sputter-
ing has made possible the deposition of various hard
and wear resistant coatings onto commonly used tool
steels. When applied properly, protective coatings on
cutting tools and other tribological components can
extend component lifetime. It is usually desirable to
have coating with high hardness and low internal
stress. Among the many materials of interest, ti-
tanium diboride (TiB2) has notably been chosen. TiB2
possesses many interesting physical, mechanical and
chemical properties, such as high hardness, high melt-
ing point, good chemical stability and good thermal
and electrical conductivity. There have been increas-
ing interests in fabrication of this material in thin film
and coating forms for many potential applications.
Since many technologies have moved to ever smal-
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ler scale, characterization of the intrinsic mechan-
ical properties of materials and thin films has be-
come more difficult and complicated. Among the
techniques to measure the mechanical properties of
nanostructured thin films, nanoindentation techniques
have been widely used to measure thin film mechan-
ical properties, for instance hardness, elastic modu-
lus, scratch resistance, creep, etc. Other reasons for
the popularity of the nanoindentation method are that
the mechanical properties can be measured without re-
moving the film from its substrate as is done in other
types of testing and that it provides the ability to
probe a surface at numerous points, in both lateral
and depth dimensions. In order to obtain the intrinsic
properties of thin film materials, it is essential that the
effect of the underlying substrate is eliminated during
the test and/or through proper modelling and simu-
lation.
Different numerical methods have been developed

and can be used in indentation problems. Bhattachaya
and Nix [1] used the finite element (FE) technique
with a two-dimensional (2-D) model to solve the in-
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dentation problem with an axisymmetric conical in-
denter. This cone shape is constrained to have the
same volume as a pyramid-shaped indenter for a
given depth. Their FE hardness results compared
well with experimental data. They also presented
an elastoplastic analysis of axisymmetric conical in-
denter and showed that the shape of the plastic zone
strongly relies on the indentation angle, Young’s mod-
ulus and yield stress [2]. Sun et al. [3] developed an
axisymmetric FE model to simulate the indentation
of coating-substrate systems using a conical indenter.
The axisymmetric indenter is constrained to have the
same projected area of the Berkovich indenter, as a
function of the indentation depth. Chollacoop et al. [4]
analysed the approach to interpret the instrumented
sharp indentation with usual sharp indenters with dif-
ferent tip angles. The model was developed to improve
the accuracy and sensitivity of the algorithms used to
extract the mechanical properties. Three-dimensional
(3-D) FE models have been developed to investigate
the indentation response in coated systems and bulk
materials by Licinchi et al. [5], Wang and Bangret [6],
and Knapp and Follstaedt [7], whilst Muliana used an
artificial neural network (ANN) technique for nanoin-
dentation processes simulation [8]. The complex de-
formation field is demonstrated by the 3-D model
as well as the load and displacement curves. It was
found that the load and displacement curves extrac-
ted from the 2-D model compare well to results from
the 3-D model, showing that the 2-D model is com-
putationally affordable [5]. Kennedy and Ling [9] used
the FE method to analyse the indentation problem
of a thin elastic-plastic coating deposited on different
substrates. They showed that the indenter size, the
contact pressure, the coating thickness, and the coat-
ing and substrate properties affect the yielding event.
Komvopoulos [10] used elastic-plastic FE analysis to
calculate the stress distribution of an indented ceramic
coating on a metallic substrate. It was shown that the
coating thickness and the mechanical properties of the
coating and the substrate significantly affect the con-
tact pressure profile on the contact surface. Also, it
was found that yielding in the layered medium always
initiates at the coating-substrate interface below the
centre of contact and the plastic zone does not grow
toward the surface of the indented layered medium
but is restricted to the boundary of the hard coating
and the substrate. Similar FE analysis of a rigid in-
denter on an elastoplastic two-layered system has been
conducted by other investigators [11, 12]. The Hertz
theory and FEM have been combined by Djabella and
Arnell [13] to analyse elastic stresses in single, double
and multilayer systems.
In the present paper, attempts have been made to

develop the nanoindentation models which are able to
simulate the indentation loading-unloading curves of
the coating/substrate system. The model of the single-

-layer ceramic coating with a Ti interlayer has been
developed in this work by simulating the real coat-
ing/substrate condition such as coating thickness. In
order to enhance the accuracy of the model, the in-
denter tip radius was modelled using the same geo-
metry as the real tip radius in nanoindentation ex-
periment. The models have the ability to simulate
the loading-unloading curves, to study the influence of
film structure and properties on indentation response,
to simulate the development of plastic deformation
during indentation.

2. Finite element modelling

Since coatings have been designed by having an
interlayer such as Ti, single layer TiB2 coating on
high-speed steel substrate with a Ti interlayer was
developed instead of mere single-layer model. The in-
dentation process under consideration involves a coat-
ing perfectly adherent to an interlayer and a substrate
indented by a rigid indenter under the condition of
frictionless contact. The indenter has a half-angle of
70.3◦, and thus has the same projected area-depth
function as the standard Berkovich indenter. The use
of a conical indenter simplifies the analysis to a two
dimension (2-D) axisymmetric problem. Accordingly,
the indentation process can be modelled with the fi-
nite element mesh shown in Fig. 1. A total of 1892
four-node axisymmetric reduced integration elements
(CAX4R element type [14]) were used to model the
semi-infinite layered medium. A very fine mesh was
used in the coating and the substrate adjacent to the
contact zone. The mesh was continuously coarsened
further away from the contact area. Three element
sets, one corresponding to the coating, one corres-
ponding to the Ti-interlayer and the other to the sub-
strate, were used to define separately the elastic and
plastic properties of the coating, interlayer and the
substrate materials (Fig. 1).
In order to detect the contact between the coat-

ing surface and the rigid indenter, the contact con-
straint was defined by choosing the indenter as the
master surface and the coating surface as the slave
surface, where only the master surface can penet-
rate into the slave surface. The contact or separation
between the master surface and slave surface nodal
points was automatically detected and monitored in
the programme.
The boundary conditions of the present model are

also illustrated in Fig. 1. Roller boundary conditions
were applied to the centreline and bottom surface
nodes, whilst the outer right-hand side nodes were
assumed traction-free. The validity of the described
finite element model and programme has been tested
by comparing the finite element results for the elastic
contact between a half-space and a rigid sphere, with
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Fig. 1. The finite element mesh and boundary conditions
with the details of the mesh in the region near the tip of

the indenter during the loading stage.

Fig. 2. Pressure distribution in the contact zone obtained
by the FE and the analytical solutions of elastic contact
between the HSS half-space and a rigid sphere (a – half-
contact width; r – distance from contact centre) [3].

Ta b l e 1. Mechanical properties of TiB2 used in the FE
model

No. Young’s modulus E Yield strength Y Poisson’s
(GPa) (GPa) ratio

1 250 10 0.25
2 250 12 0.25
3 260 11 0.25
4 260 12 0.25
5 260 13 0.25
6 270 12 0.25
7 270 13 0.25
8 300 10 0.25

the results of the analytical Hertz solution. Figure 2 in-
dicates the normalized pressure distribution along the
radius of the contact zone. It can be seen that very
good agreement has been achieved between the FE

Ta b l e 2. Mechanical properties of Ti, TiB2 and HSS used
in the FE model

Material Young’s modulus Yield strength Poisson’s
E (GPa) Y (GPa) ratio

Ti 200 0.5 0.30
TiB2 250–300 10–13 0.25
HSS 225 4 0.30

and the analytical solutions [3]. The developed model
has the ability to simulate the load-unload stages of
the indentation process of any single-layer coating sys-
tem, to study the plastic deformation behaviour in the
coating on substrate and to extract mechanical prop-
erties from experimental indentation tests.
For the purpose of using the developed model to ex-

tract the intrinsic mechanical properties of the coating
system, several combinations of modulus (ETiB2) and
yield strength (YTiB2 ) of TiB2 coating were used in
the computation, as listed in Table 1, whilst the prop-
erties of Ti and HSS remained constant (Table 2). The
hard coating and interlayer were perfectly adhered to
the substrate and were indented by a rigid conical in-
denter. The set of ETiB2 and YTiB2 that yields the best
fit between the simulation load and unload curves and
those of experiments is regarded as being the intrinsic
properties of the TiB2 coating.
For the experimental results, the Ti/TiB2 coating

was deposited onto the HSS substrate experimentally,
with a thickness of 0.15 µm and 1.25 µm for Ti and
TiB2, respectively, as illustrated in Fig. 3. Nanoin-
dentation test was then performed with a Berkovich
diamond indenter, to a depth of 50 nm.
In the calculation, the elastic deformation occurs

in the beginning of the process. The von Mises’ yield
criterion is applied in the occurrence of the plastic
deformation. The von Mises’ stress equation is given
by the expression

σMises =

√
(σ1 − σ2)

2 + (σ2 − σ3)
2 + (σ3 − σ1)

2

2
,

(1)
where σ1, σ2 and σ3 are the three principle stresses.
When the σMises reaches the yield strength (Y ),
the specimen starts to deform plastically. There is
no strain-hardening behaviour of the specimen con-
sidered in the model.

3. Simulation results

3.1. T h e l o a d - d i s p l a c e m e n t c u r v e s
a n d m a t e r i a l s i n k - i n

The typical loading and unloading curve of the
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Fig. 3. The dimension of the Ti/TiB2 coating, which follows the real coating dimension, used in this study.

Fig. 4. Experimental loading and unloading curve of
Ti/TiB2 coating (sample 1 in Ref. [15]).

experimental nanoindentation test (sample 1 in Ref.
[15]) was plotted, as shown in Fig. 4. This experi-
mental load-displacement curve was used to compare
with the simulation results to find out the best fit
between FE and experimental results. Since the best
fit was found, the important coating properties could
be predicted by the FE model such as the yield stress
(Y ) and elastic modulus (E ).
Load-displacement curves calculated by the FE

model with different coating properties were plotted
and compared with the experimental curve (Fig. 5a–
h). The properties of the HSS substrate and Ti in-
terlayer used in the models were fixed as shown in
Table 2, whilst the properties of TiB2 coating were
varied (Table 1). Figure 5e shows the best fit of the
FE curve to the experimental curve. Hence, it can
be assumed that the mechanical properties of this
TiB2 coating are: Young’s modulus E = 260 GPa and
yield strength Y = 13 GPa. From this result, it is
clear that with the FE technique, the properties of
the coating could be derived, in particular the yield
strength, which could not be extracted from experi-
mental nanoindentation.

In order to extract the intrinsic mechanical prop-
erties such as hardness of TiB2 coating by using the
FE model, the model was inputted with the above
mechanical properties i.e. E = 260 GPa and Y = 13
GPa and then the nanoindentation processes were sim-
ulated. Figure 6 shows the indentation profiles simu-
lated for the HSS substrate alone, the coating material
alone and the coating-substrate system at the same in-
dentation depth of 500 nm. It can be seen that indent-
ation of the substrate half-space alone and the coating
half-space results in material sink-in as expected from
the material properties of the hard materials [16]. The
coating-substrate system experiences material sink-in,
which is greater than the HSS substrate half-space.
To further demonstrate the phenomenon of mater-

ial sink-in in the coating-substrate system, Fig. 7 com-
pares the sink-in depth (i.e. the depth of the sink-in
material with reference to the original surface of the
coating) of the coating/substrate system with those of
the corresponding coating half-space.
From Fig. 7 it can be seen that at indentation

depth below 0.2 µm, there is no difference in sink-in
behaviour between the coating half-space and the
coating-substrate system, indicating insignificant sub-
strate effect. The sink-in effect in different penetration
depth is further illustrated in Fig. 8 as obtained by the
FE model. It can be seen that the sink-in depth in-
creases as penetration depth increases.
From such indentation profiles, the true contact

area could be derived by measuring the area where
the indenter tip made contact with the coating (ar-
row in Fig. 8). This is regarded as the true contact
area. The hardness calculated from the true area at
50 nm depth with the calculated maximum load of 2.6
mN is 24.48 GPa, which is in very good agreement
with the experiment (sample 1 in Table 1 of [15]).
Further investigation was conducted to calculate the
true hardness of TiB2 coating at different penetration
depths, i.e. 100 nm, 200 nm, 300 nm, 400 nm and 500
nm. Table 3 summarizes the calculated true hardness
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Fig. 5. Comparison of load-displacement curves between experiments and FE results to find the best fit of both curves.

of TiB2 coating at different depth by FE modelling.
Table 3 shows that the calculated hardness de-

creases with the increase in the penetration depth due
to the substrate effect, which will be discussed later.
The results of FE calculation and experimental meas-
urements are compared in Fig. 9. Good agreement is
evident from the figure.

Figure 10 shows the propagation of the plastic de-
formation zone in the TiB2 coating (with Ti inter-
layer) and the HSS substrate during the nanoindenta-
tion process. At small indentation depths, plastic de-
formation occurs in the coating only, which propag-
ates both vertically and laterally (Fig. 10a,b). At lar-
ger depths, the plastic zone in the coating reaches
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Fig. 6. Surface profiles of the indented coating/substrate
system (TiB2 coating) and the corresponding substrate
and coating half-space, showing sink-in in the coat-

ing/substrate system.

Fig. 7. Comparison of sink-in depth in the coating/sub-
strate system and in the corresponding coating half-space,
showing enhanced sink-in in the coating/substrate system

after certain critical penetration depth.

Fig. 8. The sink-in effect in different penetration depth in
the interval 50–500 nm.

the coating/substrate interface, and then is con-
strained vertically, such that the zone only propag-
ates along the lateral direction (Fig. 10c,d). Fur-
ther increase in depth results in the further lat-

Fig. 9. Comparison between FE calculation and experi-
mental results at different penetration depth.

Ta b l e 3. Calculated true hardness of TiB2 coating at
different depth

Penetration depth (nm) Calculated hardness (GPa)

50 24.48
100 24.16
200 23.48
300 22.20
400 19.15
500 17.50

eral propagation of the plastic zone in the coating,
until a certain critical depth, at which plastic de-
formation in the substrate at the interface is initi-
ated and then propagated (Fig. 10e). The plastic de-
formation occurred in the substrate will affect the
measurement of the coating properties. The propaga-
tion of the plastic deformation zone in the Ti in-
terlayer could not be shown in Fig. 10 because
the Ti interlayer can be deformed easily due to its
low yield strength. Once the indentation penetrated
into the coating (at 50 nm), the plastic deformation
zone in the Ti interlayer started immediately. This
means that the plastic deformation zone in the Ti
interlayer only propagates along the lateral direc-
tion.
Figure 10a–d shows that the HSS substrate is free

from plastic deformation (yield strength of the HSS
substrate is 4 GPa). However, a plastic zone started
to form in the substrate when the indentation depth
reached 365 nm (arrow in Fig. 10e). Therefore, it is
necessary to avoid indenting above this depth in or-
der to prevent the substrate from undergoing plastic
deformation.
However, this result of critical indentation depth

of 365 nm was over-calculated due to the influence of
the soft Ti interlayer, which helps to accommodate
the stress before it goes through the substrate [17].
This also proves the benefit of the thin interlayer to
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Fig. 10. Stress distribution in the TiB2 coating with Ti interlayer on HSS substrate at different indentation depth: (a)
50 nm, (b) 100 nm, (c) 200 nm, (d) 300 nm, (e) 400 nm, (f) 500 nm.

the stress accommodation, which results in enhanced
coating properties. The critical depth due to the effect
of substrate will be studied later.

3.2. T h e c r i t i c a l d e p t h t o c o a t i n g
t h i c k n e s s a t w h i c h t h e c o n t r i b u t i o n
o f t h e s u b s t r a t e i s n e g l i g i b l e

It is a well known fact that in order to measure
the hardness of a coating on a substrate by indenta-
tion, the penetration depth must be less than a critical
value, which is a small fraction of the thickness of the
coating. The frequently used one-tenth rule suggests
that if a coating has a thickness of ten times the in-

dentation depth, then the measured hardness is very
close to the true hardness of the coating [18]. There-
fore, a large penetration depth is not desirable as it
will introduce substrate effect into coating property
measurement. Indeed, the penetration depth genu-
inely does affect the measured hardness as shown in
Fig. 9.
Therefore, the half-space method was developed

in order to find out the critical penetration depth
above which the substrate starts to affect the load-
-displacement behaviour of the coating. Figure 11
shows the load-displacement curves of the coating-
-substrate system and the coating half-space. It can be
seen that there is no substrate effect when the penet-
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Fig. 11. Load-displacement curves of coating-substrate systems and the corresponding coating half-spaces at different
indentation depths: (a) 50 nm, (b) 100 nm, (c) 200 nm, (d) 300 nm, (e) 400 nm, (f) 500 nm.

ration depth is 50 nm, since the loading-displacement
curve of the coating-substrate system coincides well
with that of the coating half-space. But the load-
-displacement curves of coating half-space start to de-
viate from the curves of coating-substrate system at
increasing penetration depth. The penetration depth
at which the deviation starts to take place (arrow) can
be considered as the critical depth for the substrate to
take effect. From Fig. 11, the critical depth is found to
be around 92 nm, which agrees with the results shown
in Fig. 9. It should be noted that the TiB2 coating
thickness is 1.4 µm. The critical depth of 92 nm cor-
responds to a depth-to-coating thickness ratio of 0.07,

i.e. in order to avoid substrate effect in TiB2 coating
hardness measurement the indentation depth should
not exceed about 7 % of the coating thickness. This
is in agreement with Sun et al.’s work [19] and is in
an approximation with the well known “one-tenth”
rule.

4. Discussion

4.1. S i n k - i n e f f e c t s

From Fig. 11 it can be seen that the existence of
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a hard coating on a soft substrate promotes sink-in
of the coating material around the indenter during
nanoindentation. This observed sink-in is expected for
materials with a low value of E/Y (e.g., some glasses
and ceramics). The plastic zone is typically contained
within the boundary of the circle of contact and the
elastic deformations that accommodate the volume of
the indentation are spread at a greater distance from
the indenter [20]. It can also be seen that the sink-in
height increases when the penetration depth increases.
But the sink-in height of coating/substrate system is
less than those from coating half-space when the pen-
etration depth is above 0.2 µm due to the substrate
effect.

4.2. P r o p e r t i e s e x t r a c t i o n

FE analysis of contact in which sink-in takes place
has shown that the true contact area can be signi-
ficantly smaller than that calculated from the con-
ventional O&P method [21] (measured penetration
depth and the assumed elastic unloading response).
It is noted that the true properties such as true hard-
ness and modulus can be extracted by using the true
contact area obtained from the FE analysis. Since
the true contact area calculated from FE analysis
is smaller than the measured one, the hardness cal-
culated from the true contact area should be lar-
ger than the value obtained from experiment. This
is the reason why the hardness values calculated by
FE calculation (true hardness) are slightly higher than
the experimental ones (Fig. 9) at various penetration
depths.
On the other hand, if pile-up occurs, the true con-

tact area can be significantly greater than that calcu-
lated using the conventional method, resulting in the
lower hardness values from the true hardness calcu-
lation. In addition, the effect of sink-in and pile-up
on the contact area can cause the errors in contact
area of up to 60 % [22]. Thus, sink-in and pile-up
can have detrimental effect on the determination of
the area function of the indenter if the specimen used
for the examination of the area function behaves dif-
ferently [20]. With the use of the FE technique, the
determination of the true mechanical properties can
be obtained.

4.3. P l a s t i c z o n e d e f o r m a t i o n

From Fig. 10 it can be seen that substrate effect
starts when the plastic zone in the coating reaches
the interface and thus it is actually initiated be-
fore substrate deformation. The vertical constraint
of the plastic zone at the interface is accommod-
ated by the lateral development of the zone, which
results in further material sink-in around the in-
denter.

4.4. C r i t i c a l d e p t h

From the present model, the critical indentation
depth-to-coating thickness ratio at which the contri-
bution of the substrate is negligible could be found.
This is beneficial to extract the intrinsic mechanical
properties of the coating without the effect from the
substrate. From Fig. 11, the critical depth is found to
be around 92 nm. It should be noted that the TiB2
coating thickness in the model is 1.4 µm. The crit-
ical depth of 92 nm corresponds to a depth-to-coating
thickness ratio of 0.07, i.e. in order to avoid substrate
effect in TiB2 coating hardness measurement, the in-
dentation depth should not exceed about 7 % of the
coating thickness. This is in agreement with Sun et
al.’s work [19]. In addition, it should be pointed out
that the frequently used one-tenth “rule of thumb”
does not apply for TiB2 coating property measure-
ment (ultra-hard coating). For the wide range of coat-
ings investigated, the coating hardness can be safely
measured if the indentation depth is less than 7 % of
the coating thickness.

5. Conclusions

Since finite element models have been developed
to simulate the nanoindentation response of the coat-
ing systems, the following conclusions can be drawn
regarding the FE analysis:
1. The models have the ability to simulate the

loading and unloading stages, the plastic deformation
behaviour of the coating and the substrate, extract
the mechanical properties of the coating, and simulate
the complicated coating behaviour during indentation
such as sink-in effect.
2. The developed models have been successfully

used together with the nanoindentation experiments
to extract intrinsic yield strength value for selected
TiB2-based coatings.
3. In order to avoid substrate effect in TiB2 coating

hardness measurement, the indentation depth should
not exceed about 7 % of the coating thickness.
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