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Composite has been widely used in various fields due to its advanced performance. To reveal the relation between the mechanical
properties of the composite and that of each individual component, finite element analysis (FEA) has usually been adopted. In this
study, in order to predict the mechanical properties of hard coating on a soft polymer, the response of this coating system during
nanoindentation was modelled. Various models, such as a viscoelastic model and fitting model, were adopted to analyse the
indentation response of this coating system. By varying the substrate properties (i.e., Young’s modulus, viscoelasticity, and
Poisson’s ratio), Young’s modulus, energy loss, and the viscoelastic model of the coating system were analysed, and how the
mechanical properties of the substrate will affect the indentation response of the coating system was discussed.

1. Introduction

Recently, coating is becoming increasingly important. Vari-
ous functional coatings have been adopted to improve the
surface properties of the substrate, such as oxide coating
which has been applied to polymer substrates and ceramic
coating which has been applied to metal substrates [1–6].
The mechanical properties of these coatings are important
in determining their lifetime. However, conventional tech-
niques are incapable of measuring the mechanical properties
of thin coating layers. Therefore, nanoindentation has been
adopted, which is an efficient technique for determining
mechanical properties of thin coatings. This measurement
has the features of operating at nano- to submicroscale and
recording both indentation force and penetration, from
which mechanical properties of the specimen (such as
Young’s modulus, hardness, and stress relaxation) can be
deconvoluted [7–9].

This test has been extensively studied in recent years;
increasing attention has been transferred from measuring
the mechanical properties of single material to determining

the mechanical properties of a coating/substrate system, as
the latter one is always economically relative. In a coating/-
substrate system, with the increase of the indentation depth,
the substrate deformation starts playing an important role
in the indentation response of the coating [7]. Therefore,
this study investigates how the substrate deformation may
affect the indentation response of the coating during a nano-
indentation test.

2. Methodology

2.1. Finite Element Model. The substrate deformation con-
sists of elastic and plastic deformation, and the deformation
during indentation is much more complicated. Hence, the
finite element analysis has become a major technique to sim-
ulate the response of hard coating on a soft polymer indented
by a spherical tip. This study investigates the influences of the
substrate on the nanoindentation response, by changing the
parameters of the polymer, such as Young’s modulus and
viscoelasticity.
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The classical Hertz contact model has been used to deter-
mine Et=0 or E∞. For nanoindentation with a loading-holding
protocol, the relationship between force and displacement
for a ramping period is given by [10]

P = 4ER1/2

3 1 − v2ð Þ δ
3/2, ð1Þ

where P is the force, δ is the displacement, E is Young’s mod-
ulus, R is the effective radius, and v is Poisson’s ratio.

During the stress relaxation period, the force-displacement
relation is given by [10]

P = 4ER1/2

3 1 − v2ð Þ δ
3/2 1 + k exp −

t
τr

� �� �
, ð2Þ

where t is time, k is the material-related constant, and τr is
the time constant.

ABAQUS 6.10 has been used as the finite element analy-
sis software. Due to the symmetric nature of the indenter and
coating/substrate system, a 2D axisymmetric model was built
up instead of a 3D model. In which case, the elastic-plastic
deformation responses from those two models are identical
[11], while the former model gives more computational effi-
ciency. Figure 1 shows the details of finite element meshes:
(a) an overview of the coating/substrate system and (b)
enlarged detail of coating elements underneath the tip. The
element type is CAX4R, which is a 4-node bilinear axisymmet-
ric quadrilateral with reduced integration. A total of 9822 ele-
ments were adopted to model the coating/substrate system.
Finer elements were arranged underneath the indenter to pro-
vide more accurate simulation results. The interface between
the coating and the substrate can be as complicated as
dynamically bonded, such as biological cells for active mate-
rials [12–14]. In this study, the emphasis is on the mechanical
properties of hard coating on a soft polymer. Thus, it was
assumed to be perfectly bonded here. A completely fixed
boundary condition was applied to the bottom of the com-
posite model. An axisymmetric boundary condition was
applied to the symmetry axis of the indenter and the system.

In the model, a spherical tip with a radius of 150μm was
used. Glass was adopted as the hard coating, in which thick-
ness was fixed to 10μm. This glass has Young’s modulus of
70GPa. The substrate used polymer as its material, in which
Young’s modulus was changed from 0.7GPa to 7GPa. In
order to obtain more accurate results, Poisson’s ratios of both
glass and polymer were fixed to 0.3 at the beginning, after
which v(glass) changed to 0.25 and v(polymer) changed to
0.5 to tell the influences from Poisson’s ratio. For viscoelastic
materials, an inappropriate loading rate will significantly
affect the mechanical response. It may result in underesti-
mated contact stiffness or even negative contact stiffness dur-
ing a loading-unloading nanoindentation test. To minimize
such effect, a holding period at the maximum load was
adopted. As depicted in Figure 2, a maximum penetration
of 5μm was adopted with a ramping-holding procedure
(ramping period is 1 s, holding period is 10s). To minimize
the efforts of friction and boundaries on the simulations, it
was assumed that the contact between the indenter and the
sample surface was assumed to be frictionless, the width
and height of the coating/substrate system were sufficiently
large compared to the indentation depth, and materials were
isotropic and homogeneous.

2.2. Viscoelastic Model. For viscoelastic materials such as
cells, the Hertz contact model cannot be directly adopted,
which may lead to an overestimation of Young’s modulus.
A viscoelastic model is usually used to investigate Young’s
modulus of the material [15, 16]. In the simulations, the
Prony series model was used to describe the viscoelastic
behaviour of the coating/substrate system. The normalized
relaxation modulus (gðtÞ) is given by [10, 17, 18]

g tð Þ = g∞+〠gi exp −
t
τi

� �
,

g∞+〠gi = 1,
ð3Þ

where g∞ is the normalized equilibrium modulus, gi is the
material-related constant, t is time, and τi is the time
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Figure 1: Finite element mesh for a spherical tip indenting hard coating on a soft substrate. (a) The overview of the coating/substrate system. (b)
Enlarged details of coating elements underneath the spherical tip.
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constant. In this study, τi is fixed to 0.1 s, and i is assumed to
be 1. Therefore, Young’s modulus is given by

E = Et=0g∞, ð4Þ

where Et=0 is the instantaneous elastic modulus.
Hence, the force-displacement relations shown in Equa-

tions (1) and (2) can be rearranged based on time. During
the stress relaxation period, t1 ≤ t ≤ t2, Equation (2) can be
rewritten as

P tð Þ = 4
3 1 − v2ð Þ

ffiffiffi
R

p
δ3/2 tð ÞEt=0

�
g∞

+ g1
τ

t1
exp −t

τ

� �
exp t1

τ

� �
− 1

� ��
:

ð5Þ

While during the loading period, when 0 ≤ t ≤ t1, Equa-
tion (1) can be correspondingly rewritten as

P tð Þ = 4
3 1 − v2ð Þ

ffiffiffi
R

p
δ3/2 tð ÞEt=0

�
g∞

+ g1
τ

t
1 − exp −

t
τ

� �� ��
:

ð6Þ

2.3. Fitting Module. After obtaining the data of E(composite)
and the relative radius of contact, x, an equation proposed by
Clifford and Seah was used to fit the relationship between
them, which is given by [19–21]

E∗ − E∗
s

E∗
c − E∗

s
= Pxn

1 + Pxn +Qx
, ð7Þ

where

x =
ffiffiffiffiffiffi
Rδ

p

hthickness
, ð8Þ

E∗ = E
1 − v2

: ð9Þ

Commercial software MATLAB has been adopted to per-
form the curve fitting procedure, by using the least mean
square approach. In fact, it was found that the results from
Equation (7) showed a high level of uncertainty, as Q chan-
ged in a certain range. To avoid this uncertainty, Equation
(7) was modified as

E∗ − E∗
s

E∗
c − E∗

s
= Pxn

1 + Pxn +Qx
+ 1: ð10Þ

Compared to Equation (7), this one gives the advantages
of high stability and meeting the initial boundary condition
(i.e., when x is approaching to 0, ðE∗ − E∗

s Þ/ðE∗
c − E∗

s Þ should
be 0). This reflects the physical insight that, when the inden-
tation depth is sufficiently small, only the elastic modulus of
the coating will be measured.
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Figure 2: Ramping-holding-unloading procedure.
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Figure 3: Ratios of Young’s modulus based on Equation (12) as a
function of RID.
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3. Results

By observing the data from FE modelling, it is clear that the
indentation response will be affected by penetration and
materials’ properties. To investigate the effects from the pen-
etration, Poisson’s ratios of the coating and the substrate
were initially fixed to 0.3. Thereafter, their Poisson’s ratios

were changed to different values to differentiate how Pois-
son’s ratio will affect the indentation response.

3.1. Glass (v = 0:3) on Different Polymers (v = 0:3)

3.1.1. Young’s Modulus of the Composite. In the simulation, 9
polymer combinations between the coating and the substrate
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Figure 4: E(composite) changed with RID when EðsubstrateÞ was (a) 1.4 GPa, (b) 3.5GPa, and (c) 7GPa, respectively.
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were modelled, by fixing E(coating) to 70GPa, while varying
E(substrate) within 0.7/3.5/7GPa and viscoelasticity (i.e., g1)
within 0.1/0.5/0.9. Higher viscoelasticity means more time
for the system to reach the equilibrium, but it will not affect
the final status. As for the substrate’s Young’s modulus, it
has a positive relationship with the equilibrium loading force,
which increases with the increasing penetration.

After the force reaches equilibrium during the stress
relaxation period, Equation (5) can be rewritten as

P∞ = 4
3 1 − v2ð Þ

ffiffiffi
R

p
δ3/2 tð ÞE∞: ð11Þ

In order to simplify the calculation, another polymer bulk
is used as the control group, and then, the relation between
force and equilibrium Young’s modulus can be derived as

P∞ compositeð Þ
P∞ polymerð Þ = E∞ compositeð Þ

E∞ polymerð Þ : ð12Þ

By analysing the force-depth data of different polymer
bulks, the final loading force increases with the increasing
Young’s modulus of polymer bulks and penetration, while
the viscoelasticity does not obviously influence the equilib-
rium status of the coating/substrate system.

The relationships between the force ratio and the relative
indentation depth (RID, i.e., ratio of indentation depth to
coating thickness) are depicted in Figure 3. By extracting
the data from the equilibrium status, it is indicated that the
force ratio (i.e., P∞ðcompositeÞ/P∞ðpolymerÞ) during the
equilibrium status was changed with the indentation depth.
Therefore, by rearranging Equation (12), E(composite) is cal-
culated and depicted in Figure 4. It demonstrates that, for a
fixed RID value, the force ratio decreases with the increase
of E(polymer), while Young’s modulus of the composite will
increase with the increase of E(polymer). This may due to the
fact that the coating layer is relatively thin and that Young’s

modulus of the composite rapidly transfers from coating-
dominated to substrate-dominated, especially when RID
reaches 0.1.

3.1.2. Curve Fitting. In order to distinguish how the substrate
affects the indentation responses, another figure about the
relation between ðE∗ − E∗

s Þ/ðE∗
c − E∗

s Þ and
ffiffiffiffiffiffi
Rδ

p
/hthickness is

needed. As shown in Figure 5, ðE∗ − E∗
s Þ/ðE∗

c − E∗
s Þ decreases

with the increasing
ffiffiffiffiffiffi
Rδ

p
/hthickness and increases with the ris-

ing substrate’s Young’s modulus.
As v(coating) is equal to v(substrate), so Equation (9) can

be derived as

E∗ − E∗
s

E∗
c − E∗

s
= E − Es
Ec − Es

, ð13Þ

where E is Young’s modulus of the composite, Es is Young’s
modulus of the substrate, and Ec is Young’s modulus of the
coating. Then, Equation (10) can be rewritten as

E − Es
Ec − Es

= Pxn

1 + Pxn +Qx
+ 1: ð14Þ
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Figure 5: Effects of varying E(substrate) on the mechanical
response of the coating/substrate system.
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Figure 6: Fit E(composite) by Equation (14), when E(substrate)
varies between 1.4GPa and 7GPa.

Table 1: Results of the fitting parameters for Equation (14) found.

E(substrate) P Q n

7GPa -6.98 -0.17 0.9

3.5GPa -9.25 -0.19 0.9

1.4GPa -14.13 -0.19 0.9
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By fitting those data with Equation (14), curves are
worked out with the fitting parameters of P, Q, and n, which
have been shown in Figure 6 and Table 1, respectively.

The results suggest that, with the increase of E(substrate),
P will be increasing, Q may slightly change, but n will not be
affected. Compared with Figure 6, it shows that P will affect
the vertical location of the curve.

3.1.3. Energy Loss. Energy loss is the proportion of the differ-
ence between the total work and the recovery work to the
total work. A schematic of such a graph is shown in
Figure 7, the area underneath the loading curve is denoted
as the total work, and the area underneath the unloading
curve is denoted as the recovery work. Figure 8 demonstrates
the energy loss of the glass on varying substrate materials
during the nanoindentation.It shows a positive relationship
between the energy loss and the penetration. Besides,
Young’s modulus of the substrate and the viscoelasticity of

the substrate will also affect the energy loss of the coating/-
substrate system during the nanoindentation. The increasing
Young’s modulus of the substrate increases the energy loss;
however, this increase is not obvious when penetration is
not big enough. As for the viscoelasticity of the substrate, it
makes a great contribution to the energy loss, as the energy
loss is less than 3.6% when substrate’s viscoelasticity equalled
0.1 but bigger than 73% when substrate’s viscoelasticity
increased to 0.9.

3.2. Glass (v = 0:25) on Different Polymers (v = 0:5). Then,
v(glass) is changed to 0.25 and v(polymer) is changed to
0.5 to differentiate how Poisson’s ratio will affect the indenta-
tion response.

3.2.1. Young’s Modulus of the Composite. The force-
displacement curves indicated that force decreases rapidly
during the stress relaxation period and reaches the equilibrium
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Figure 7: Schematic of the load-displacement curve for the coating/substrate system during the nanoindentation.
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Figure 8: Energy loss of the coating/substrate system with gi(substrate) equal to (a) 0.1, (b) 0.5, and (c) 0.9.
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in the end. The increase of the viscoelasticity means more time
for the coating/substrate system to reach the equilibrium;
however, the change of viscoelasticity will not affect the final
status (loading force when it reaches the equilibrium). On
the other hand, the final force increases with the rising pene-
tration and E(substrate).

As v(glass) and v(polymer) are not same, the results from
Equation (12) may have some deviation. Hence, another sim-
ulation, which changes v(polymer) from 0.5 to 0.25, should
be done to discuss if Poisson’s ratio will make a big difference.
Here, just take one combination as an example, in which case
E and gi of the substrate equal 1.4GPa and 0.9, respectively.
Figure 9 illustrates the ratios of force (where v(substrate)
equals 0.5) to force (where v(substrate) equals 0.25) as a func-
tion of displacement. Although those ratios will be slightly
affected by the displacement, the change is not obvious with
the values approximately equal to 1, which means Equation
(12) is valid. Then, as shown in Figure 10, the ratios of
Young’s modulus for the coating/substrate system with dif-
ferent Poisson’s ratios are calculated based on Equation
(12). Those ratios decrease with the increasing RID and E
(substrate).

Figure 11 shows E(composite) as a function of RID calcu-
lated from Equation (12). It is indicated that the results are
independent with polymer’s viscoelasticity. Although
Young’s modulus of the glass is relatively high (70GPa),
Young’s modulus of the composite is close to Young’s mod-
ulus of the polymer, and this tendency will be much more
obvious when the penetration becomes deeper. It indicates

that Young’s modulus of the composite is mainly substrate-
dominated rather than coating-dominated, especially when
RID reaches 0.1.

3.2.2. Curve Fitting. In order to investigate the relationship
between E(composite) and penetration, Equation (10) is
used. However, as v(coating) and v(substrate) are not equal,
Equations (13) and (14) are invalid now, and Equation (10)
is rewritten as

E/ 1 − v2
� �� �

− Es/ 1 − vs
2� �� �

Ec/ 1 − vc2ð Þð Þ − Es/ 1 − vs2ð Þð Þ =
Pxn

1 + Pxn +Qx
− 1, ð15Þ

where vs = 0:5 and vc = 0:25.
As Poisson’s ratio of the composite is unknown, it

assumes v(composite) is equal to 0.3/0.38/0.45 firstly. Hence,
the fitting results are shown in Figure 12 and Table 2.

As shown in Table 2, when Poisson’s ratio of the compos-
ite is equal to 0.3/0.38/0.45, with the increase of E(substrate),
n is similar to 1, Q is rising slightly, and P will decrease. On
the other hand, when E(substrate) is fixed, with the rise of
the composite’s Poisson’s ratio, n is almost not affected. But
the numbers of P and Q are quite similar, respectively,
though they will increase in a slight rate.

3.2.3. Energy Loss. By calculating the total work and recovery
work from each coating/substrate system, the energy loss of
each system is computed and demonstrated in Figure 13.
These curves shown in Figure 13 are almost identical to those
curves shown in Figure 8, which indicates Poisson’s ratio of
the composite may not influence the energy loss.

4. Discussion

4.1. Young’s Modulus of the Composite.As shown in Figures 3
and 4, fixed RID, when Young’s modulus of the substrate
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increases from 1.4GPa to 7GPa, Young’s modulus ratio will
rapidly decrease to 1 and Young’s modulus of the composite
will be close to Young’s modulus of the substrate when pen-
etration rises from 0.5mm to 5mm.

On the other hand, compared the data shown in Figures 4
and 11, Young’s modulus of the composite decreases when
Poisson’s ratio of the composite increase from 0.3 to 0.38.

With the increase of the penetration, E(substrate) or v
(composite), effects from the polymer are increasingly con-
tributing to the indentation response.

4.2. Fitting Parameters. For the coating(v = 0:3)/sub-
strate(v = 0:3) system, only P increases with the increasing
Young’s modulus of the substrate, and Q and n are almost
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Figure 11: E(composite) changed with RID when E(substrate) is equal to (a) 1.4GPa, (b) 3.5GPa, and (c) 7GPa.
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not affected. Hence, it seems that P is determined by E(sub-
strate), when v(coating) is equal to v(substrate).

For the coating (v = 0:25)/substrate (v = 0:5) system, P
and Q are influenced by both E(substrate) and v(compos-
ite). To be exact, P decreases with the increasing Young’s

modulus of the substrate. And n is just affected by E(sub-
strate), regardless the change of v(composite).

4.3. Energy Loss. Comparing Figures 8 and 13, data from
those different systems are almost the same. One possible
explanation is that the composite’s Poisson’s ratio will not
affect the energy loss of the system. Moreover, energy loss is
mainly determined by gi(substrate), though it is also influ-
enced by the penetration and substrate’s Young’s modulus.
The energy loss will be higher than 95% when gi = 0:9 but
less than 5% when gi = 0:1. On the other side, the change of
the energy loss also indicates the trend and magnitude of
the residual stress.

5. Summary

In this study, indentation responses of hard coating (v = 0:3)
on 9 different substrates (v = 0:3) have been simulated and
analysed firstly, and most of the work now focuses on the
stress relaxation period. By calculating the ratio of Young’s
modulus, Young’s modulus of the composite on each

Table 2: Results of the fitting parameters.

v(composite) E(substrate) P Q n

0.3

7GPa -16.77 -0.27 0.95

3.5GPa -11.06 -0.34 1

1.4GPa -8.27 -0.43 1.04

0.38

7GPa -15.8 -0.25 0.94

3.5GPa -10.53 -0.3 1

1.4GPa -7.99 -0.36 1.04

0.45

7GPa -14.81 -0.22 0.94

3.5GPa -9.94 -0.25 0.99

1.4GPa -7.66 -0.27 1.03
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Figure 12: Fitting curves when v(composite) equals (a) 0.3, (b) 0.38, and (c) 0.45.
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penetration depth has been obtained. Then, the relationships
between E(composite) and penetration on different sub-
strates have been computed by fitting the curves.

Furthermore, data about energy loss have been dem-
onstrated to investigate how it is affected by the substrate.
By changing v(coating) and v(substrate) to 0.25 and 0.5,
respectively, the effects from Poisson’s ratio have also been
researched.

Till now, the effects from E(substrate), gi(substrate),
penetration, and Poisson’s ratio have been discussed in the
holding period, which can be used to predict the indentation
response of the composite with different substrates. However,
Poisson’s ratio of the composite has not been worked out
yet. Therefore, as a future work, more investigation will be
needed on v(composite) and the nanoindentation response
in the ramping period.
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