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A B S T R A C T

This paper proposes an identification methodology based on nanoindentation analysis of coating/substrate 
system to extract the elastic-plastic properties of coating materials on elastic-plastic substrate when the indenter 
penetration depth is greater than the film thickness. In order to accurately predict the elastic-plastic properties of 
the coating materials, a trust-region reflective optimization algorithm is integrated with the finite element 
analysis, in cooperation with the Jönsson and Hogmark model. The proposed reverse analysis algorithm modifies 
a predicted load-displacement (P-h) curve by changing the elastic-plastic properties of the coating and the 
substrate until it fits the experimental nanoindentation (P-h) curve. Numerical and instrumental indentations 
tests were carried out on a CrN film/Martensitic stainless steel substrate system to verify the proposed reverse 
method, by which Young’s modulus (E), yield stress (σy), and work hardening exponent of the film were ob
tained. A sensitivity analysis is conducted to study the effect of the elastic-plastic properties of the CrN film/ 
substrate on the (P-h) curve. The results showed a high impact to the loading and unloading part of the (P-h) 
curve due to variations in (E) and (σy) of the steel substrate compared to those of the CrN coating.   

1. Introduction

The main challenge in the coating applications is to create the
exactly predefined mechanical properties that represent their actual 
performance. Difficulties in measuring the mechanical properties of thin 
films by classical methods have led to the use of the indentation method 
in nanoscale. Although nanoindentation technique has attracted 
considerable attention in recent decades, one of the main issues affecting 
the measurement of properties of the thin film by this technique is the 
substrate effect [1-6].Generally, to prevent this problem, a common 
practice is to consider that the modulus of the thin film is not affected by 
the substrate for indentation depths smaller than 1/10 of the film 
thickness [7]. Then, Young’s modulus (E) and hardness (H) of the film 
can be obtained through Oliver & Pharr method [8]. Nevertheless, this 
assumption rule is not valid for all the film/substrate systems because if 
the tested sample exhibits a pile-up rather than a sink-in phenomenon at 

the edge of residual indentation, the accurate contact depth will be 
underestimated and thus the calculated (E) and (H) will be over
estimated [9]. Furthermore, a rough surface of the same order of 
magnitude as contact depth might induce errors at such a small scale. 
Studies have shown that the indentation experiments do not accord well 
with the indentation theory at a shallow depth, which is caused by the 
so-called indentation size effect (ISE). 

An alternative approach to circumvent the above issues is to carry 
out indentation tests on a film/substrate system at a deep depth. Based 
on the analytical approach, many studies presented methods to evaluate 
Young’s modulus of a thin film deposited on a substrate from an 
experimental nanoindentation test [10–12].The above models expressed 
Young’s modulus of the composite as a function of Young’s modulus of 
the film and the substrate. Other studies proposed mix law models to 
evaluate the composite hardness of coating/substrate systems such as 
Bückle [13], Jöhnson and Hogmark [14], Puchi-Cabrera [15], 
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Korsunsky et al. [16] and Rahmoun et al. [17]. 
However, these analytical models do not provide plasticity charac

teristics of the coating from indentation experiments. The most suitable 
tool for this is the Finite Element Method (FEM), which has been widely 
applied to indentation testing with the objective of obtaining informa
tion about the plastic properties of the coating [18–20]. In this case, 
numerous other studies proposed mechanical characterization models 
for the coated systems based on both the Dimensional Analysis Method 
(DAM) and the FEM [1,5,21-25]. 

As mentioned above, all these models can be distinguished according 
to two different criteria: Models based on DAM and FEM. However, most 
of these methods neglect the film thickness and the effect of elastic- 
plastic properties of the substrate which can affect the coating proper
ties [25]. 

The aim of this study is the development of a methodology based on 
FEM-reverse analysis, in cooperation with the Jönsson and Hogmark 
(JH) model to accurately extract the elastic-plastic properties of the 
coating. The (JH) model is used to estimate Young’s modulus and the 
yield stress (σy) of the coating and the substrate which will be integrated 
subsequently into the reverse analysis as input data. This study provides 
a simple methodology to accurately extract the elastic-plastic properties 
of the film by considering the influence of the elastic-plastic substrate 
from one indentation test. The uniqueness issue of the reverse analysis 
results is addressed by narrowing the range of the initial values of the 
material properties based on the literature data and the results given by 
the (JH) model. 

The proposed method was then applied to a CrN film/steel substrate 
system deposited at different substrate bias voltages. The objective is to 
extract Young’s modulus, yield stress, and the work-hardening exponent 
(n) of the CrN coating in each case and to evaluate the effect of the 
substrate bias voltage on the mechanical properties of the coating. 

2. Materials and methods

2.1. Materials and samples preparation 

2.1.1. Substrates 
Chromium nitride (CrN) films were deposited on stainless steel 

(90CrMoV8) samples (20 × 20 mm2 and 5 mm thick) with a surface 
roughness Ra of 0.5 µm and on mirror-polished silicon (100) samples 
(10 × 10 mm2 and 380 µm thick). Before deposition, all the substrates 
were ultrasonically cleaned in acetone and ethanol for 5 min each and 
then dried under compressed air. 

2.1.2. Coatings 
The CrN coatings were deposited by Direct Current (DC) reactive 

magnetron sputtering (KENOSISTEC-KS40V). Before deposition, all 
substrates were in situ etched under argon plasma at − 700 V for 10 min 
to ensure a better adhesion of the coatings. The substrate temperature 
during applying substrate bias voltage of − 700 V is about 300 ◦C which 
is below the tempering of the steel substrate. Prior to deposition, the 
residual pressure was lower than 2 × 10− 5 Pa and the chamber was 
heated at 300 ◦C for 7 h. During deposition, the working pressure was set 
at 0.5 Pa. The flow rates of Ar and N2 were 68.8 and 33.3 sccm, 
respectively. A chromium target with apurity of 99.95% and (406.4 ×
127) mm2 dimensions wasused for the deposition process. The Chro
minum (Cr) target power was set at 1500 W (− 375 V). We applied a 
substrate bias voltage of − 200, − 500 and − 700 V to study its effect on 
the mechanical properties of the CrN films. The deposition time was 
fixed to 2 h. Table 1 summarizes the CrN deposition conditions.The 
microstructures of the obtained coatings were observed by Scanning 
Electron Microscope (SEM) field emission (JEOL JSM7610F). The 
operational voltage was kept at 15 kV and its minimum spot size was 
approximately 1 µm. Fig. 1 shows the microstructure of the CrN films as 
a function of the substrate bias voltage. The SEM images showed that 
CrN coatings present a columnar and dense microstructure when 

increasing the substrate bias voltage. The film’s thicknesses vary be
tween 0.87 to 1.14 µm. 

2.2. Nanoindentation tests 

The hardness of CrN coatings has been measured by means of 
nanoindentation tests using an XP instrument (MTS, USA) equipped 
with a Berkovich diamond tip. The maximum load is about 750 mN and 
the indentation depth varies between 1.9 and 2.1 µm. A minimum of 
nine indents has been performed on each sample. The nanoindenter 
worked in strain-rate controlled mode, set at the constant value of 0.05 s 
− 1.To allow a continuous characterization of (H) and (E) of the coating
during the indentation process, tests were performed using the CSM 
(Continuous Stiffness Measurement) mode [26]. To observe the influ
ence of the substrate, the indenter reached a penetration depth higher 
than the thickness of the coatings. Neighboring indents were spaced by 
35 times the maximal penetration depth, to avoid interactions. In this 
case, due to the large indentation depths, the mechanical properties 
depend on the coating and on the substrate effect. In order to take in to 
account the substrate effect on the determination of the mechanical 
properties of the film, it is necessary to determine the film and substrate 
hardness i.e. Young’s modulus separately from the measured composite 
hardness i.e. composite modulus. That is why we used the (JH) model. 
Fig. 2 shows the experimental load-displacement (P-h) curves for the 
three applied substrate bias voltages (− 200, − 500 and − 700 V). 

2.3. Mathematical modeling 

The (JH) model was used to calculate (H) and (E) of the film when 
the indenter penetration is influenced by the substrate. In this model, the 
composite hardness of the coating system is related to the hardness of 
the coating and the substrate by a mixture law. Hence, the volume 
fraction of the coating material, which contributes to the composite 
hardness, af, expressed in terms of indentation depth, h, is given by the 
Eq. (1): 

af = 2
C tf

h
−

C2 tf
2

h2 = 1 −

(

1 −
C tf

h

)2

(1)  

where C is a constant, which depends on the indentation behavior ofthe 
coating material and indenter geometry [17] and tf is the coating 
thickness. If under indentation loading employing a Berkovich indenter 
the coating undergoes fracture, C = 0.0915, whereas if the coating un
dergoes plastic deformation, C = 0.1746. Since the volume fraction of 
the coating material should fulfill the condition that 0 < af < 1, Eq. (1) is 
ill-defined, since if h < C.tf, af does not tend to 1, as it should. Thus, the 
above definition should be complemented by Eq. (2): 
⎧
⎪⎨

⎪⎩

af = 1 if h < C tf

af = 1 −

(

1 −
C tf

h

)2

Otherwise
(2) 

Thus, for a monolayer coating the composite hardness, Hc, would be 
given by Eq. (3): 

Hc = af Hf +
(
1 − af

)
Hs (3) 

Table 1 
Deposition conditions of the CrN coatings.  

Argon flow rate (sccm) 68.8 

Nitrogen flow rate (sccm) 33.3 
Working pressure (Pa) 0.5 
Deposition time (h) 2 
Temperature ( ◦C) 300 
Substrate bias voltage (V) − 200, − 500, − 700 
Power of the Cr target (W) 1500 
Target bias voltage (V) − 375  



where Hf represents the intrinsic hardness of the coating and Hs is the 
substrate hardness. Thus, given the ill-definition of af, from the 
computational viewpoint, to determine simultaneously the values of 
both Hf and Hs, the composite hardness should be defined as follows: 
{

Hc = Hf if h < C tf
Hc = af Hf +

(
1 − af

)
Hs Otherwise (4) 

In this model, the mechanical properties of the coating and substrate 
are considered independent of the penetration depth. However, the 
weight function, af, for the composite hardness (Eq. (3)) is, indeed, 
dependent of the penetration depth (Eq. (2)). Hence, the proposed 
model gives a unique value of (H) for coating and susbtrate. Further
more, additional problem often occurs when studying hardness evolu
tion, i.e. the indentation size effect which traduces the load-dependence 
of the nano and micro-hardness. The nanohardness is generally higher 
than the micro or macrohardnesses due to the indentation size effect. In 
this work, the (JH) model was improved by incorporating the (ISE) ef
fect taking into account a linear relation between hardness and the 
reciprocal indentation depth. The description of the experimental 
hardness data by means of this model gives the absolute hardness i.e. the 
macrohardness independent of the applied load for coating (Hf0) and 
susbtrate (HS0), by assuming that [17]: 

Hf = Hf 0 +
Bf

h
and Hs = Hs0 +

Bs

h
(5)  

where Hf0 and Hs0 represent the intrinsic hardness (disregarding any 
ISE) of the layer and substrate, respectively, whereas Bf and Bs are the 
corresponding (ISE) parameters. 

Therefore, equations (4) through (5) encompass the computational 
procedure that should be followed to determine the change in the 
composite hardness with penetration depth for a monolayer coating, 
according to the model advanced by Iost et al. [17]. Also, by means of 
non-linear least square analysis, it allows the computation of the 
intrinsic hardness of the layers, as well as that of the substrate. 

The same model was used to determine Young’s modulus of the 
coating and of the substrate, considering C as a variable depending on 
the material [2,27]. This constant was lower than the value used for the 
determination of the hardness since the elastic zone extended further 
than the plastic zone. 

Thus, for a monolayer coating the composite modulus, Ec, would be 
given by Eq. (6:) 

Ec = af Ef +
(
1 − af

)
Es (6)  

where, Ef represents Young’s modulus of coating, Es represents Young’s 
modulus of substrate and af represents the volume fraction expressed by 
Eq. (1). In order to determine simultaneously the values of (Ef) and (Es), 
the composite modulus (Ec) should be defined as follows: 
{

Ec = Ef if h < C tf
Ec = af Ef +

(
1 − af

)
Es Otherwise (7)  

2.4. Finite element modeling 

2.4.1. Axisymmetric FEM models 
In this study, the indentation test of the system, using a Berkovich 

indenter, has been numerically simulated using the Abaqus Standart 
2017 FE code. The coating/substrate couple was modeled using over 
8123 four-node axisymmetric elements with reduced integration 
(CAX4R), where the mesh was designed gradually coarse away from the 
contact region of indenter/specimen to the distal end. To simulate the 
semi-infinite substrate, the coating/substrate system dimension was 
fixed to 25 × 70 μm2 with a film thickness of 1 μm (Fig. 3). For the 
Berkovich indenter, an axisymmetric deformable body with reduced 
integration (CAX4R) is used. The region of interest is in the vicinity of 
the perfect (sharp) indenter tip where a high element density with finer 
mesh size (0.2 and 0.3 µm) has been used due to the expected high stress 
gradients immediately beneath the indenter tip, as shown in Fig. 3.A full 
adhesion between the film and the substrate was required by assuming 
that the film and the substrate are perfectly bonded and there is no 
delaminating or slippage at the interface.The friction coefficients at the 
contact surfaces between the indenter and the top surface of the CrN thin 
layer are assumed tobe zero since friction has a negligible effect on the 
indentation process [1]. A “master-slave” contact scheme in the FE 
procedure is applied on the indenter and the specimen surface. All nodes 
at the base of the specimen are constrained to prevent them from moving 
in the x and y directions. A deformable conical indenter with a 70.3◦ face 

Fig. 1. .Cross-sectional SEM images of the CrN coatings as a function of the substrate bias voltage.  

Fig. 2. .Experimental (P-h) curves corresponding to − 200 V,− 500 V and − 700 
V substrate bias voltages. 



angle is used, which gives the same projected area to depth-ratio as a 
Berkovich and Vickers indenters. This way the real and more complex 
3D Berkovich model is reduced to an axisymmetric one allowing to solve 
numerically a 2D problem and thus simplifying the numerical analysis 
and accelerating the process of nanoindentation reverse analysis pro
cedure. Generally, the relationships between the applied indenter 
displacement (h) and the reaction force (P) with axisymmetric and 
Berkovitch 3D models are in good agreement [28]. 

The simulations are carried out in two distinct steps: a loading step 
and an unloading step. In the first step, the total indenter displacement is 
imposed. During the loading step, the deformable indenter moves 
downwards along the axial-direction to penetrate the substrate up to the 
maximum specified depth. During the unloading step, the indenter is 
unloaded and returns to its initial position. The proposed FE simulations 
do not model the indentation size effects and are therefore limited to 
simulating macro indentations. 

2.4.2. Elastic plastic material constitutive model 
In this study, the diamond Berkovich indenter was assumed linear 

elastic and perfectly plastic material with 1024 GPa for Young’s 
modulus, 0.07 for Poisson ratio and 35.7 GPa for yield stress [19]. A 
power law strain hardening curve has been used for the CrN coating and 
the steel substrate to simulate the indentation experiments.In this case, 
the stress-strain (σ-ε) relationship is assumed to be: 

σ =

⎧
⎪⎨

⎪⎩

Eε for ε ≤
σy

E

Kεn for ε >
σy

E

⎫
⎪⎬

⎪⎭
(8)  

where σ represents the true stress, ε represents the total strain, E is the 
Young’s modulus, n is the strain hardening coefficient and σy is the yield 
stress. 

The decomposition of the strain into elastic and plastic parts is given 
by Eq. (9): 

εtotal = εel + εpl (9) 

Since all plastic strains should be input as true strains in ABAQUS, 
the stress equation can be written as: 

σ = K
(σy

E
+ εpl

)n
(10)  

where K is given by Eq. (11): 

K = Enσ1− n
y (11) 

In the ABAQUS input file, a discrete set of points is required to 
represent the uniaxial stress-strain data, rather than specifying the work- 
hardening exponent (n). To specify the plastic stress-strain data in 
ABAQUS, the coefficient K can be calculated by using Eq. (11) and the 
updated stress data related to each plastic strain value can be obtained 
by Eq. (10). 

2.5. Optimization analysis 

In this work, a non-linear optimization technique is devised within 
the MATLAB R-2019a optimization toolbox [29] which provides an 
excellent interface to FE codes such as ABAQUS. To perform connection 
between the finite element modeling ABAQUS and the mathematical 
analysis MATLAB, a software tool named Abaqus2Matlab [30] is pro
posed. It allows to run ABAQUS directly from MATLAB and to 
post-process the results, providing a link between the two well-known 
packages. Thus, the optimization procedure is used to determine me
chanical properties for a given set of experimental indentation data 
using an iterative procedure based on a MATLAB nonlinear least-squares 
routine to produce the best fit between the given experimental inden
tation data and the optimized indentation data, produced by the pro
posed methods. This non-linear least-squares optimization function 
(called LSQNONLIN) is based on the trust-region reflective algorithm 
[29]. This approach was used to solve bound-constrained nonlinear 
minimization problems. In order to describe this approach, assuming F 
(x) is an objective function to be minimized with x as a vector. The 
vector x has a nonlinear relationship with the material response, which 
makes the problem become multivariable nonlinear. To solve this kind 
of problem, the trust-region approach is the most suitable one because of 
its boundedness. Furthermore, trust-region algorithms are reliable and 
robust and they have very strong convergence properties. The value of x 
can be bounded by upper bound (ub) and lower bound (lb) constrains (i. 
e. lb ≤x ≤ub). In this approach, the optimum values of the parameters
can be ensured by several termination tolerances and the number of 
iterations in the optimization process. The termination tolerances 
include the minimum changes in the values of the variables (i.e. the 
model parameters) and the minimum changes in the value of the 
objective function F(x). In this study, the adopted tolerances for both 

Fig. 3. (a) FEM model with adaptive meshing resulting in 8123 elements. (b) 
Magnified view of a dense mesh area close to the indenter contact. 



variables and functions were 10− 2 to ensure the accuracy of the opti
mized model parameters. Applying the trust-region reflective algorithm, 
the upper and lower bound constraints for the variables (i.e. the 
elastic-plastic properties of coating and substrate) can be set to avoid the 
impractical values and to ensure the accuracy of results. 

The MATLAB code was then used to automatically run the ABAQUS 
input file to iteratively determine the error between experimental and 
optimized load-displacement curves. The goal is to reduce the sum of the 
squared error in the prediction of indentation depth at each load 
increment point (i) until convergenceis reached. The error criterion is 

Fig. 4. Flowchart of the optimization algorithm to determine the mechanical properties of the coating/substrate system.  



based on the use of objective function until a minimum convergence 
value within the range of 10− 2 is achieved. The objective function is 
defined by Eq. (12): 

F(x) =
1
2
∑N

i=1

[
P(x)pre

i − Pexp
i

]2→ min (12)  

x ∈ Rn

LB ≤ x ≤ UB  

where F(x) represents the objective function, x represents the optimi
zation variable set which for this specific case contains the full set of the 

material constants in the model x = [material properties (E, ν, σy, n, .....)]T, 
LB and UB represent the lower and upper boundaries constraints of x 
allowed during the optimization in order to address the non-uniqueness 
issue of the inverse analysis of indentation purely based on experi
mentally and finite element simulated (P-h) curves [28,31,32], 
P(x)pre

i andPexp
i represent the predicted total force and the experimental 

force from target data, respectively, at specific position i, within the 
loops. N is the total number of points used in the measured 
load-displacement loop. 

In order to ensure the accuracy of the results, the estimated values of 
material properties measured by the (JH) model have been chosen as 

Fig. 5. Composite hardness and composite modulus as a function of the penetration depth for the three nanoindentation tests: (a)− 200 V, (b) − 500 V, and (c) − 700 
V. The solid line corresponds to the interpretation of the experimental results by the (JH) model. 



initial values in the optimization process and the proposed trust-region 
algorithm has been used to find the optimized values of material pa
rameters from which the best fit between the experimental and pre
dicted loading-unloading curve can be achieved. The schematic diagram 
of the optimization approach is shown in Fig. 4. 

3. Results and discussion

3.1. (JH) model results 

Fig. 5 illustrates the change in the composite hardness and composite 
modulus as a function of the penetration depth as determined from the 
three nanoindentation tests (− 200 V, − 500 V, and − 700 V). As can be 
seen in Fig. 5(a), for a substrate bias voltage of − 200 V, the composite 
hardness and composite modulus increase with the penetration depth 
and tend to stabilize at large penetration depths. We note here that this 
behavior is like that observed for ductile coatings deposited on hard 
substrates [17,33]. The same trend is observed for a substrate bias 
voltage of − 500 V (Fig. 5(b)). Furthermore, the subsequent increase in 
composite hardness and composite modulus with the penetration depth 
indicates that the steel substrate should exhibit higher intrinsic hardness 
and Young’s modulus than those of CrN coating as should be confirmed 
from the modeling results. Contrariwise, for a substrate bias voltage of 
− 700 V, see Fig. 5(c), the composite hardness and composite modulus 
tend to increase with the penetration depth and reach a maximum of 
10.5 GPa for the composite hardness at approximately 650 nm of 
penetration depth, and of 230 GPa for composite modulus at approxi
mately 400 nm of penetration depth. Thereafter, the composite hardness 
and composite modulus decrease and tend to stabilize at large pene
tration depths. Therefore, it is expected that the decrease in hardness 
from a penetration depth which represents approximately 50% of the 
CrN coating thickness, is related to the high hardness of the CrN coating 
compared with that of the steel substrate. For Young’s modulus, it seems 
that its values for coating and steel are close. 

To describe the experimental data by means of the (JH) model, we 
consider, for the determination of intrinsic hardness that the CrN coating 
tends to deform plastically. Therefore, by setting C(CrN) = 0.1746, a 
non-linear least-squares optimization function called « fminsearch » is 
programmed in MATLAB to determine the intrinsic hardness of the CrN 
coating, as well as that of the steel substrate by fitting the experimental 
data (see Fig. 5). The same procedure is used to determine their Young’s 
modulus in which the constant C is also optimized (see Eqs. (1) and (7)). 
Fig. 5 illustrates the final description of the experimental hardness and 
Young’s modulus data by means of this model and Table 2 summarizes 
the values of the different parameters involved in the model. 

As can be observed in Fig. 5, the (JH) model is able to provide a 
satisfactory description of the change in the composite hardness and 
composite modulus of the coated system as a function of the penetration 
depth. Accordingly, the model predicts that up to a penetration depth of 
approximately 175 nm, the composite hardness will increase, and its 
value will be determined by the intrinsic hardness of CrN coating, 
respectively 3.42 GPa for − 200 V, 4.2 GPa for − 500 V, and 9.9 GPa for 
− 700 V. The same trend is observed in the case of the composite 
modulus, but up to a penetration depth of approximately 10% of the film 
thickness, with 67 GPa for − 200 V, 121 GPa for − 500 V, and 211 GPa for 
− 700 V. As the penetration depth increases the steel substrate starts to 

contribute to the composite hardness and composite modulus in two 
ways. For substrate bias voltages of − 200 V and − 500 V, an increase in 
the composite hardness and composite modulus is observed, and at large 
penetration depth, these two variables tend to stabilize. Otherwise, for 
substrate bias voltage of − 700 V, the composite hardness and composite 
modulus increase up to a penetration depth of 650 nm and 400 nm, 
respectively. Thus, from these penetration depths, the steel substrate 
will start to contribute to its value, giving rise to a decrease in hardness 
and Young’s modulus, as shown by the predicted curve in Fig. 5(c). This 
behavior is like that observed for hard coatings deposited on soft sub
strates [34]. In addition, at large penetration depth, the model predicted 
values of (H) and (E) will be determined by the intrinsic hardness and 
Young’s modulus of the steel substrate. 

These results prove that when the substrate bias voltage increases 
from − 200 to − 700 V, the hardness and Young’s modulus of CrN coating 
increase too. These results have been proved by many authors [35,36]. 
This is probably due to the grain size effect [37]. In fact, when the grain 
size is small, the density is high and the effect of dislocation blocking 
increases [38]. Likewise, the structure densification process can improve 
hardness [39]. When the microstructure becomes denser, defects in 
coatings are effectively reduced. 

Table 3 gives a literature oreview on the mechanical properties of 
CrN coating. The relatively low hardness and Young’s modulus values 
that have been found for the CrN film coating in the present study 
compared with other works (Table 3) could be due to different reasons. 
It is well known that the hardness and Young’s modulus of CrN films 
depend significantly on the deposition technique and also on the 
deposition conditions [48,50]. Another factor to take into account is the 
method used to measure these properties through the nanoindentation 
or microhardness tests. Indeed, the majority of works neglect the sub
strate effect in the calculation of the hardness and Young’s modulus of 
the CrN coating in which the Oliver-Pharr method is usually used. 
Furthermore, the nanohardness is generally higher than the micro or 
macrohardnesses because of the indentation size effect. Thus, the 
calculated (E) and (H) are generally overestimated. 

3.2. Simulation results 

Three CrN coating/steel substrate systems deposited at − 200 V, 
− 500 V and, − 700 V substrate bias voltages have been characterized 
using the inverse analysis technique proposed in this study. For these 
three analyses, the hypotheses of homogeneous and isotropic material 
were assumed. 

3.2.1. Determination of elastic-plastic properties of the CrN coating 
The assessment of the capability of this method to determine the 

elastic-plastic properties of each of the coating and the substrate 
choosing a set of initial guess material properties is summarized in 
Table 4. 

In this work, a non-linear optimization approach, in cooperation 
with the (JH) model, is used to extract five elastic-plastic parameters of 
the coating/substrate system, using results from a single indentation 
curve. The elastic-plastic parameters to be extracted through the opti
mization are the young’s modulus, yield stress and work hardening 
exponent of CrN coating, and Young’s modulus and the yield stress of 
the steel substrate. However, obtaining a unique set of material 

Table 2 
Parameters involved in the (JH) model.   

Substrate bias voltage− 200V Substrate bias voltage− 500V Substrate bias voltage− 700V  

CrN coating Substrate CrN coating Substrate CrN coating Substrate 
H (GPa) 3.42 7.74 4.2 7.21 9.89 8.12 
C.tf (nm) 0.1746 × 1000 (174.6) 0.1746 × 1000 (174.6) 0.1746 × 1000 (174.6) 
E (GPa) 67 221 121 205 211 225 
C.tf (nm) 0.089 × 1000 (89) 0.071 × 1000 (71) 0.105 × 1000 (105)  



properties from a single indentation test has proved to be difficult, 
namely the uniqueness issue. Consequently, some researchers [28] used 
(P-h) curves obtained from more than one indenter geometry in order to 
obtain a unique set of material constants. In this study, the uniqueness 
issue can be addressed by narrowing the range of the guess values of the 
material properties. It is noted that convergence is faster, and with 
improved accuracy, when the initial guess values are chosen closer to 
the target values [28]. Moreover, it is reported that there are good 
agreements between the target and optimized values based on using a 
conical indenter, although the convergence rate and accuracy depend on 
the initial input values [28]. Iracheta et al. [51] reported that the 
non-uniqueness issue of the inverse analysis of indentation purely based 
on experimentally and FE simulated (P-h) curves, can be addressed by 
using a set of bound constraints (the lower and upper boundaries of 
variable xi) in order to limit the space of possible solutions of xi. 

In this study, the (JH) model is used to estimate Young’s modulus 
and the macroscopic hardness of both the coating and the steel sub
strate. The estimated values of Young’s modulus (see Table 2) have been 
chosen as initial values in the proposed optimization algorithm (see 
Table 4). Moreover, the estimated values of macroscopic hardness were 
used to estimate the yield stress of both the coating and the substrate 
through the Tabor assumption derived for metals [52], H/c, where c is a 
constant which is normally taken as 3 for ideal plastic materials (i.e. 
those without work hardening behavior) undergoing sharp indentation 

[53]. Hence, the initial values of yield stress in the proposed optimiza
tion algorithm for the coating and the substrate have been chosen closer 
to the estimated values (see Table 4). Only the initial value of the 
work-hardening exponent of the coating was chosen arbitrarily, be
tween 0.0 and 0.5. 

Furthermore, in order to limit the space of possible solution and to 
ensure the accuracy of the estimation of the mechanical properties, the 
lower and upper boundaries of each variable are adjusted based on the 
literature data (see Table 3). For the steel substrate, the bound con
straints have been defined as follows: for most steels, Young’s modulus 
has a value between 190 and 225 GPa [51,54]. Although, based on (JH) 
model results, Young’s modulus varies between 205 and 225 GPa and 
hence, the space was set to 190–240 GPa. Following Tabor’s relationship 
of hardness and (JH) model results (Table 2), the yield stress at 0% 
plastic strain of steel can reach approximately 2400, 2600 and 2700 
MPa, for substrate bias voltages of − 200 V, − 500 V and − 700 V, 
respectively. Therefore, the respective constraints for the initial yield 
stress σy (εp = 0) were set to 2000–2700 MPa. Furthermore, the strain 
hardening exponent and Poisson’s ratio of martensitic stainless steel 
have been studied extensively in the past and it is typically accepted to 
be constant mechanical properties of magnitude of 0.1 and 0.3 [51], 
respectively. 

For the CrN coating, several studies have evaluated its Young’s 
modulus through an analytical approach (Oliver-Pharr method) or by 

Table 3 
Literature data on the mechanical properties of CrN coating.   

Values thickness (µm) Deposition technique Substrate Model 

H (GPa) 26 [40] 0.8 DC–PVD* stainless steel Olivar and Phar (nanoindentation tests) 
24 [41] 2 DC–PVD** cemented carbide 
19 [42] 1.3 RF–PVD2 silicon 
16 [43] 1 DC–PVD silicon 
13 [44] 0.3 RF–PVD metallic glass 
12 [45] 0.6 DC–PVD silicon 
10 [46] 0.3 RF–PVD metallic glass 
8.5 [47] 2 DC–PVD stainless steel Microhardness test  
5 [47] 2 DC–PVD stainless steel 
3–22 [48] 4–5 DC-PVD stainless steel 

E (GPa) 437 [41] 2 DC-PVD cemented carbide Olivar and Phar (nanoindentation tests) 
360 [40] 0.8 DC-PVD stainless steel 
235 [45] 0.6 DC-PVD silicon 
170 [43] 1 DC-PVD silicon 
160 [44] 0.3 RF-PVD metallic glass 
100 [46] 0.3 RF-PVD metallic glass 
185 [49] 1 DC-PVD silicon Finite element analysis 

σy (GPa) 12.78 [49] 1 DC-PVD silicon Finite element analysis 
4 [44] 0.3 RF-PVD metallic glass 
2.3 [41] 2 DC-PVD cemented carbide 

* DC-PVD: direct current (DC) plasma assisted PVD.
** RF-PVD: radio-frequency (RF) plasma assisted PVD. 

Table 4 
Set up and results for optimization.  

Substrate bias voltage (V) Materials Optimization parameter Initial guess parameter Bound constraints Optimized parameters Iteration 

− 200 CrN coating (E) 67 [GPa] 50<E[GPa]<240 62.5 [GPa] 46 
(σy) 2 [GPa] 1<σy[GPa]<14 1.9 [GPa] 
(n) 0.2 0<n<0.5 0.14 

Steel substrate (E) 221 [GPa] 190<E[GPa]<240 225 [GPa] 
(σy) 2.2 [GPa] 2<σy[GPa]<2.7 2.31 [GPa] 

− 500 CrN coating (E) 121 [GPa] 50<E[GPa]<240 102 [GPa] 27 
(σy) 2 [GPa] 1<σy[GPa]<14 1.7 [GPa] 
(n) 0.2 0<n<0.5 0.05 

Steel substrate (E) 205 [GPa] 190<E[GPa]<240 194 [GPa] 
(σy) 2.2 [GPa] 2<σy[GPa]<2.7 2.05 [GPa] 

− 700 CrN coating (E) 211 [GPa] 50<E[GPa]<240 205 [GPa] 23 
(σy) 4 [GPa] 1<σy[GPa]<14 4.5 [GPa] 
(n) 0.2 0<n<0.5 0.35 

Steel substrate (E) 225 [GPa] 190<E[GPa]<240 236 [GPa] 
(σy) 2.2 [GPa] 2<σy[GPa]<2.7 2.43 [GPa]  



finite element modeling and found values between 100 and 437 GPa 
(Table 3). Based on (JH) model results (Table 2), Young’s modulus of the 
CrN coating varies between 67 and 205 GPa and hence, the bound 
constraints have been defined between 50 and 240 GPa. For the yield 
stress, we can find in the literature values, identified from a finite 
element inverse analysis, in the range of 2–12 GPa (Table 3). Hence, the 
bound constraints have been defined between 1 and 15 GPa. For the 
strain hardening exponent, the bound constraints have been defined 
between 0 and 0.5. Finally, Poisson’s ratio has been studied extensively 
in the past and it is typically accepted to be a constant mechanical 
property of magnitude of 0.22 [41]. The initial guess parameters were 
set to start within the bound constraints. Hence, a total of 5 parameters 
will be optimized, three for the CrN coating (E, σy and n) and two for the 
steel substrate (E and σy). 

The capability of the inverse analysis proposed in this study to fit 
three different experimental indentation (P-h) curves of Fig. 2 is evi
denced in Fig. 6. By comparing the optimized values of (E) and (σy) for 
both the coating and the substrate with their initial values, we can 
conducted that the variation was generally less than 10% which improve 
the accuracy of the methodology adopted in this work. Convergence of 
all optimized parameters has been achieved rapidly in less than 50 it
erations whatever the substrate bias voltage. After convergence has been 
reached, the inverse analysis approach proposed in this study proved to 
be a highly reliable method for predicting the key material properties to 
generate a full elastic-plastic stress-strain curve of a given coating as 
detailed below. 

3.2.2. Sensitivity analysis 
The sensitivity of the predicted (P-h) curves, with respect to an FE 

simulation using a set of reference material properties (E, σy, n) to the 
individual variation of up to ±20 %in the values of these properties is 
conducted. The indentation depth ratio: (h/hmax-Op) (maximum opti
mized indentation depth to the calculated indentation depth), and the 
indentation load ratio: (P/Pmax-Op) (maximum optimized indentation 
load to the calculated indentation load) are used to study the effect of 
the variation of these properties on the predicted (P-h) curves. In this 
section, only the predicted (P-h) curve for the CrN coating obtained at a 
substrate bias voltage of − 700 V is used for the sensitivity analysis and it 
will be considered as a reference for the other conditions. 

3.2.2.1. Effect of CrN coating’s properties. The sensitivity of the pre
dicted (P-h) curves to the individual variation of up to±20 %in the 
values of the CrN properties (E, σy, n) is presented in Fig. 7. As can be 
seen in Fig. 7(a), yield strength has a low influence on the shape of the 
loading part of the predicted (P-h) curve. The predicted indentation 
depth and indentation load seem to be unaffected by the individual 
variation of this parameter. The same trend is observed for Young’s 
modulus (Fig. 7(b)) and the strain hardening exponent (Fig. 7(c)). 
Furthermore, the shape of the unloading curve appears to remain un
altered particulary with the individual variation of Young’s modulus. As 
a matter of fact, the shape of the loading and the unloading curve is 
mainly influenced by the elastoplastic properties and Young’s modulus, 
respectively [51]. These results confirm that the substrate will have the 
main effect in comparison to that of the CrN coating as can be seen in the 
following section. 

3.2.2.2. Effect of steel substrate properties. Fig. 8 presents the sensitivity 
of the predicted (P-h) curves to the individual variation of up to±20 %in 
the values of the steel properties (E, σy). As can be seen in Fig. 8(a), yield 
strength largely influences the indentation load and the indentation 
depth of the (P-h) curve. This dependency between the yield strength 
and the indentation load is related to the fact that to produce yielding 
and consequently plastic flow a larger load is required. Furthermore, the 
shape of the unloading curve appears to remain unchanged with respect 
tothe individual variation of the yield strength. Otherwise, the 

Fig. 6. Comparison of (P-h) curves obtained from experimental data and FE 
model using the optimized parameters for a substrate bias voltage of: (a) − 200 
V, (b) − 500 V and (c) − 700 V. 



individual variation of Young’s modulus appears to modify not only the 
indentation load, and consequently the indentation depth, but also the 
unloading shape (Fig. 8(b)). This change is attributed to the contact 
stiffness (S) which depends on Young’s modulus. These results confirm 
that the loading portion of the curve is mainly influenced by the yield 
strength whereas the unloading portion is more sensitive to Young’s 
modulus. Furthermore, Fig. 8 shows that the substrate begins to interact 
and thus modifies the shape of the loading curve from a penetration 
depth of about 200 nm. This agrees with the results of the (JH) model 
(see Section 3.1). 

As described above, from approximately 200 nm of penetration 
depth, the coating/substrate indentation responses are influenced by the 
substrate effects, which are reflected in the shape factors of (P-h) curves. 
It is noteworthy that only few differences can be detected from the (P-h) 
curves when varying the elastic-plastic properties of the CrN coating. 
Hence, the explicit values of (E), (σy), and (n) are not a critical issue in 
determining the indentation responses of the coating/substrate system. 
In the case of a hard film on a soft substrate, especially when the initial 
yield stress of both is very different, plastic deformation is restricted 
within the substrate while the film remains elastic. In addition, Young’s 
modulus of the substrate is higher than that of the film, hence, the 
unloading curve will be more sensitive to Young’s modulus of the 
substrate. 

3.2.3. Predicted elastic-plastic stress-strain curve of CrN coating 
Numerous experimental methods have been used to measure the 

elastic-plastic parameters of thin films, including the bulge [55] and 
micro-tensile [56]. However, both of these methods can only be carried 
out on freestanding films, requiring great efforts to strip the substrate 
from the film in whole or in part. Hence, difficulties in measuring the 
elastic-plastic properties of thin films by classical methods, through 
experimental stress-strain curve, have led to the use of the indentation 
method in nanoscale. The stress-strain curve of the thin film can be 
deducted from an optimization approach combined with a finite element 
modeling of the nanoindentation test. 

The stress-strain elastic-plastic curve generated from nano
indentation finite element simulation for the CrN coatings performed 
with a substrate bias voltages of − 200 V, − 500 V and − 700 V are shown 
in Fig. 9. It is obvious that CrN coating synthesized at a substrate bias 
voltage of − 700 V exhibits the higher Young’s modulus, Yield stress, and 
strain hardening exponent. These results confirm that the increase of the 
substrate bias voltage tends to enhance the mechanical properties of the 
film. In fact, when the substrate bias voltage increases, the structure of 
the CrN coating becomes denser and the vacant sites are reduced [36]. 

To verify the methodology, it was decided to compare the results of 
the optimization (Table 4) with the corresponding literature data for the 
CrN coating and the steel substrate (Table 3). For thin films, the 
measured material properties would depend on even more parameters 
as e.g. deposition technique, film quality, residual stresses between the 
substrate and thin film, film thickness, deposition conditions, method
ology to extract the elasto-plastic properties, substrate effect, etc. Based 
on the literature data, it can be noticed that Young’s modulus of the CrN 
coatings is comparable. Furthermore, the optimized values of the yield 
stress of the coating (Table 4) are higher than the estimated values 
through the Tabor assumption using the hardness values of coating 
given by the (JH) model (Table 2). These results indicate that H/3 is 
indeed inappropriate for CrN coating. The degree to which the yield 
stress here exceeds H/3 is consistent with the conical indentation FE 
results of Cheng and Li [57], as well as Dao et al. [58], taking into ac
count obvious differences in the simulations (thick monolayer on a 
substrate versus bulk), in which the simulated hardness, (H), was equal 
to nearly twice H/3. 

For the steel substrate, the mean value of Young’s modulus calcu
lated from the three optimiszd values in Table 4 is equal to 215 GPa 
which is coherent with the literature data (E between 190 GPa and 215 
GPa). Moreover, the mean value of hardness of the steel substrate 

Fig. 7. Effects of the: (a) yield strength, (b)Young’s modulus and (c) Strain 
hardening exponent of CrN coating on the predicted empirical parameters of 
loading and unloading. 



calculated from the values predicted by the (JH) model (see Table 2) is 
equal to 7.5 GPa which is coherent with the value reported in literature 
data (H = 7 GPa) [59]. Furthermore, the mean value of yield stress of the 
steel substrate calculated from the three optimized values in Table 4 is 
equal to 2.24 GPa, which is very close to the estimated values given 
through the Tabor assumption, H/3 (σy = 7/3 = 2.3 GPa). 

4. Conclusions

In this work, a trust-region optimization algorithm is established to
accurately predict a unique set of elastic-plastic properties of CrN 
coating (E, σy and n) through numerical and instrumental indentation 
when the indenter penetration depth is higher than the coating thick
ness. In the proposed methodology the accuracy of the predicted ma
terial properties from experimental load-displacement curves is 
addressed by narrowing the range of the initial values of the material 
properties based in the (JH) model and the literature data. 

For the initial stage of the methodology, three CrN coated steel ob
tained with different substrate bias voltages were prepared and tested in 
nanoindentation. The (JH) model is used to estimate Young’s modulus 
and the yield stress of the CrN coating and the substrate in order to 
integrate them subsequently into the reverse analysis as initial input 
parameters. Afterward, the elastic-plastic properties of the coating (E, σy 
and n) were obtained by fitting the numerical material response to the 
experimental data as well as by varying the elastic-plastic properties of 
the coating and the substrate. As a result, the stress-strains CrN coating 
characteristics were generated. 

The sensitivity analyses were done in the numerical model by 
varying the preselected plasticity parameters of the CrN coating (E, σy 
and n) and of the substrate (E and σy). The results highlighted that the 
elasto-plastic parameters of the substrate (E and σy) has the most sig
nificant influence on both load-displacement in comparison with those 
of the CrN coating. The results showed a high impact on the loading 
curvature and consequently the value of a maximum depth (hmax) due 
to variations in (E) and (σy) of the steel substrate, respectively. Addi
tionally, the sensitivity analyses provided evidence of the effect of 
Young’s modulus on the value of contact stiffness (S) of the material 
during unloading, which controls the slope of the unloading section in a 
typical (P-h) curve. 

The capability of the inverse analysis proposed in this study to pre
dict a unique set of material properties that define the elastic-plastic 
stress-strain relationship of the coating is supported and validated by 
its capability of fitting the experimental (P-h) curves when the inden
tation depth is higher than the film thickness. This methodology can be 
applied in the case of multilayer coating system in which a high number 
of properties parameter must be optimized. 
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