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Exploring the effect of layer thickness on the elastoplastic properties of the
constituent materials of CrN/CrAIN multilayer coatings: a nanoindentation
and finite element-based investigation

a,”

Yamen Ben Ammar

, Khalil Aouadi ", Aurélien Besnard , Alex Montagne °,

Corinne Nouveau ¢, Faker Bouchoucha®

& Laboratoire de recherche LR18ES45 sis a Uinstitut préparatoire aux études d’'Ingénieur de Nabeul, Université de Carthage, Campus Universitaire, 8000, Mrezga, Tunisia
b Applied Mechanics and Systems Research Laboratory (LRO3ES06), Tunisia Polytechnic School, University of Carthage, BP 743, Rue El Khawarizmi, La Marsa, 2078,
Tunisia

¢ Morroccan Foundation for Advanced Science, Innovation and Research (MAScIR), Mohammed VI Polytechnic University (UM6P), Lot 660, Hay Moulay Rachid,
43150, Benguerrir, Morocco

4 Arts et Metiers Institute of Technology, LABOMAP, HESAM Université, UBFC, F-71250, Cluny, France

€ Université Polytechnique Hauts-de-France, LAMIH UMR 8201 CNRS, Mont Houy, 59313, Valenciennes, France

Keywords:

Instrumented-indentation testing
Multilayer coatings

Composite hardness modeling
Elasto-plastic properties

Inverse finite element material modelling

This paper aims to assess the effect of layer thickness on the elastoplastic properties of the constituent materials
of multilayer coating systems, as well as on the stress and strain fields in the vicinity of the coating/substrate
interface. A methodology based on a trust-region reflective optimization algorithm, integrated with finite
element analysis of the nanoindentation process, is employed to extract the elastoplastic properties of the distinct
layers, constituting multilayer coating. This approach is validated on a CrN/CrAIN multilayer coating systems
with varying layer thicknesses from 1 to 0.35 um, by which Young’s modulus (E), yield stress (cy), and work
hardening exponent (n) of each individual coating material layer were obtained. The results revealed a reduction
in the hardness and Young’s modulus of either CrN, or CrAIN coating layer as the layer thickness decreased.
Finite element analysis of the nanoindentation process demonstrated that decreasing the coating layer thickness
leads to an increase in the plastic deformation within the coatings, which reduces the stress concentration in this
area. The simulation results suggest that an optimum thickness of 0.5 pm of CrAIN and CrN monolayer materials

would improve the adhesion properties of CrN/CrAIN multilayer coatings.

1. Introduction

In recent years, the concept of multilayer nitride coatings has been
proposed as a strategy to improve the performance of traditional
monolayer nitride coatings [1-7]. Compared with monolayer nitride
coatings, multilayer nitride coatings offer enhanced properties such as
high hardness, high resistance to crack propagation resistance, and
increased toughness. In general, the better performance of multilayer
nitride coatings against wear damage, scratch and abrasion arises from
the incorporation of alternating multilayer interface systems [1,2,5].
These can deflect cracks and impede their propagation, thus enhancing
durability and protective capability of the coating.

Due to their remarkable capabilities, multilayer nitride coatings have
become an important research topic in the last decade. Among these
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studies, a particular interest is given to optimizing the structure and type
of multilayer nitride coatings to achieve coatings with the desired me-
chanical properties [2,4,7]. Based on the work of Kataria et al. [8], it’s
evident that the performance of multilayer nitride coatings is substan-
tially dependent on the elastoplastic properties of the monolayers that
constitute them. Furthermore, the distribution of residual stress and
deformation at the coating/substrate interface, which control the
tribological and adhesion properties of multilayer nitride coatings [1,9],
is mainly related to the elastoplastic properties of monolayers of
multilayer [10]. Therefore, determination of mechanical properties such
as hardness, elastic modulus, yield stress, work hardening coefficient
and fracture toughness of monolayers is necessary to achieve the design
purposes [10,11]. Hence, it becomes essential to develop a methodology
for extracting the elastoplastic properties of diverse layers within a
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multilayer nitride coating. Furthermore, it is reported that the thickness
and distribution of the metal layer play an important role in the me-
chanical and tribogical properties of the multilayer nitride coating [4,7,
9,12,13]. However, there are insufficient investigations into the corre-
lation between the layer thickness of multilayer nitride coatings and the
elastoplastic properties of monolayers coatings, along with the mecha-
nisms underlying this influence.

According to previous works [10,11,14], the assessment of the me-
chanical properties of multilayer coatings must be performed through
nanoindentation under high indentation loads. This approach arises
from the fact that the indenter must penetrate through the multiple
layers of the coating to separate the contribution of each monolayer
from the others and also from the substrate. In this context, numerous
analytical models have been developed to predict the hardness and
Young’s modulus of monolayer coating systems from experimental
load-penetration depth curves and composite hardness and composite
modulus profiles [10,11,14-17]. However, in the context of multilayer
coating, there has been limited development of comparable models that
enable the simultaneous determination of intrinsic hardness of each
individual layer, as well as the substrate. Among these models are the
modified Jonsson-Hogmark model [11], the modified Puchi Cabrera
model [10] and the modified Korsunsky et al. model [10]. These models
offer reasonably accurate predictions of the intrinsic hardness of indi-
vidual layers and the substrate by taking into account the behavior of
each layer (plastic deformation or fracture) and the substrate effect.
Among these three models, special attention has been directed award
the modified J6nsson-Hogmark model. This model stands out for its
minimal number of fitting parameters (just 2), and its high predictive
performance compared to the other models [10].

Neverthless, these analytical models are unable to provide infor-
mation about the elastoplastic properties of monolayers of the multi-
layer coating. In this instance, there are three kinds of approaches
mainly used to characterize the elastoplastic properties of engineering
materials and coating systems, dimensionless methods, machine
learning methods, and finite element supported methods. The goal of the
dimensionless analysis is to identify a constant or regular-change value
among the attributes provided by nanoindentation [18]. DAO et al. [19]
used a reverse analysis algorithm based on the dimensionless function,
which can extract the elastoplastic properties of the pure and alloyed
engineering metal from the indentation data. These dimensionless
functions can help to establish the inverse method for the determination
of elastic-plastic behavior from indentation curves. Xing et al. [20]
performed a reverse analytical dimensionless algorithm to identify the
elestoplastic properties of a ductile film on a hard substrate through
nanoindentation for different ranges of penetration depth. Recently,
Clayton et al. [21] established a dimensionnel analysis of instrumented
dynamic spherical indentation combined with parametric finite element
simulations to provide mechanical, thermal and rate-sensitivity prop-
erties of polycrystalline aluminum alloy Al 6061-T6.

FEM supported methods, especially when integrated with the
experimental nanoindentation data, have been widely used to charac-
terize the true elasticplastic properties of coatings on substrates. This
approach has been employed to determine key parameters such as work
hardening coefficient (n), Young’s modulus (E) and yield stress (cy)
from the measured composite data [22-30]. Furthermore, the finite
element method is considered an essential tool to investigate complex
stress and strain fields within the coating and at the interface during
nanoindentation in monolithic [25,31] and composite systems [3,32,
33]. Understanding the stress and strain fields at the coating/substrate
interface is primordially necessary to explain the crack formation and
delamination phenomenon [3,32,33]. This understanding plays a crit-
ical role in deducing the elastoplastic properties of individual layers
within multilayer coating.

The computation of the finite element analysis is designed to update
the FE model of the indentation test iteratively by adjusting the FE
model parameters until the best fit to the experimental nanoindentation

P-h curve is found. In this context, Kang et al. [27] employed a
non-linear least-squares optimization to extract a unique set of elasto-
plastic material properties, based on a single target load-displacement
indentation curve. Nima and Iman [28] proposed a non-linear global
optimization approach, fully integrated with FE analysis to characterize
the elastoplastic properties of the HA film on Ti-6Al-4 V substrate.
Furthermore, K. Bobzin et al. [29] obtained the plastic flow curves of
CrN, AIN and CrN/AIN-multilayer coatings by combining nano-
indentation and simulation. Recently, Wang et al. [30] developed a
method to provide the anisotropic plastic properties of materials based
on statistical Bayesian inference to address the inverse identification
problem of material properties. Similary, Ammar et al. [23] proposed a
method to address the uniqueness issue of the inverse analysis by esti-
mating the initial guess parameters of the optimization procedure based
on the Johnsson and Hogmark model. This method relies on finite
element (FE) analysis and a trust-region reflective optimization algo-
rithm to extract a unique set of elastoplastic properties of CrN monolayer
coatings.

In recent years, with the advancement of computer technology and
artificial intelligence, numerous research have combined machnine
learning and nanoindentation to accurately assess the elastoplastic
properties of engineering materials and coating systems. Wang et al.
[34] used a hyperparametric tunable artificial neural network model to
provide a relationship between the material elastoplastic properties and
the indentation P-h curve of aluminium alloy Al 2024. For coating sys-
tems, Long et al. [35] established a long short-term memory neural
network to deeply learn the time series of P-h curves to predict accu-
rately the elastoplastic properties of metal-coated materials. Recently,
Long et al. [36] proposed the convolutional neural network (CNN) to
rapidly obtain the elastoplastic properties of coating systems with high
prediction accuracy.

However, as mentioned above, research objects in these papers are
common metal materials and monolayer coatings, and there is a lack of
reported methods for identification of the elastoplastic properties of the
constituent layers of multilayer coatings. Furthermore, most of these
studies neglect the film thickness, the substrate effect, and the inden-
tation size effect in their analysis, which can affect the reliability of the
identified material properties.

The aim of the present work is to evaluate the effect of layer thick-
ness on the elastoplastic properties of the constituant layer of multilayer
thin films. To achieve this goal, a trust-region reflective optimization
algorithm, based on the experimental nanoindentation data, has been
devised for deducing a unique set of elastoplastic properties of each
individual layer of the multilayer coating (Young’s modulus, yield stress
and work hardening coefficient). The uniqueness of this work lies in
several aspects: the extraction of elastoplastic properties of the con-
stituant layers of the multilayer coating, the evaluation of the effect of
layer thickness on the elastoplastic properties of each monolayer and the
knowledge of the stress and strain field at the coating/substrate inter-
face, providing curtial information into the delamination properties of
the multilayer coating system. The proposed methodology has been
applied to a CrN/CrAIN multilayer coating system with various layer
thicknesses. The results obtained from this work serve as a valuable
reference for the structural optimization of multilayer coatings.

2. Experimental details
2.1. CrAIN/CrN multilayer coating deposition

The CrN/CrAIN multilayer coatings were deposited, with various
layer thicknesses, on 90CrMoV8 steel samples (20 x 20 x 5 mm°®) using
DC reactive magnetron sputtering. Before deposition, all substrates un-
derwent ultrasonic cleaning in ethanol and after in acetone for 5 min in
each, and then dried under compressed air. The chamber was heated at
300°C for 7 h, and the residual pressure was lower than 2 x 107> Pa.
During deposition, the working pressure was set at 0.5 Pa, and the flow
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Fig. 1. Schematic illustration of CrN/CrAIN multilayer systems.

Table 1
Coating structures and thicknesses.

Conditions Layers number Layer thickness (um) Total thickness (um)
CrAIN CrN CrAIN CrN

C1 1 1 1 1 2 um

C2 2 2 0.5 0.5

C3 3 3 0.35 0.35

rates of Ar and N, were 68.8 and 33.3 sccm, respectively. A chromium
and aluminum target with a purity of 99.95 % and dimensions of (406.4
x 127 mm?) was used for the deposition process. The chromium (Cr) and
aluminum (Al) target power was set at 1500 W and 1000 W, respec-
tively. The thickness of CrN and CrAIN underlayers was controlled by
the deposition time. A substrate bias voltage of —500 V was applied, and
the deposition time was fixed at 2 h. The substrate holder rotation was
fixed at 1.5 rpm.

Fig. 1 shows the different multilayer coatings deposited in this study.
Three multilayer coatings, denoted as C1, C2 and C3 were developed
with a thickness gradient, choosing the same layer thicknesses used in
the other coatings (1, 0.5, and 0.35 um) and keeping the total thickness
fixed around 2 pm. The thickness of each layer, the number of layers of
each coating, and the total thickness of the coatings are presented in
Table 1.

The microstructure of the CrN/CrAIN multilayer thin films featuring
different layer thicknesses was observed by Scanning Electron Micro-
scope (SEM) field emission (JEOL JSM7610F). The operational voltage
was kept at 15 kV and its minimum spot size was approximately 1um.
Fig. 2 shows the microstructure of the multilayer coatings for C1, C2 and
C3 conditions. All multilayer CrN/CrAIN coatings exhibit ovrall thick-
ness around 2 ym and a columnar microstructure, which tends to
decrease in size when the layer thickness decreases. A fine Cr underlayer
of around 100 nm is deposited in the interface between the CrN/CrAIN
thin films and the substrate in order to improve the adhesion strength of
the structure by minimizing the internal stress.

2.2. Nanoindentation tests

The composite hardness (H) and the composite modulus (E) of CrN/
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CrAIN multilayer coatings were measured using nanoindentation tests
with an XP instrument (MTS, USA) equipped with a Berkovich diamond
tip. The tip radius of the indenter is about 200 nm, and its face angle is
about 136°. For the continuous characterization of the composite
hardness (H) and composite modulus (E) of the coating/substrate sys-
tem, nanoindentation tests were performed using the CSM (Continuous
Stiffness Measurement) mode. Each sample underwent nine indents with
a maximum load of 750 mN. To investigate the impact of the substrate
on the elastoplastic properties of the coating layers, large indentation
depths surpassing the thickness of multilayer thin films (2 um) were
employed with a constant strain rate of 0.05 s. The estimation of the
hardness and Young’s modulus of the constituant layers of multilayer
thin films was performed through the modified (JH) model (Jénsson-
Hogmark model), which allows an evaluation of the monolayers and
substrate hardness i.e. Young’s modulus, separately from the measured
composite hardness, i.e. composite modulus. The principle of the
modified (JH) model will be detailed in the next section.

2.3. Estimation of the mechanical properties of multilayer coatings by the
modified (JH) model

In this study, the modified (JH) model [10] was used to estimate the
intrinsic hardness (H) and Young’s modulus (E) of each monolayer
composing the multilayer coating. In this model, the composite hardness
(Hc) of a multilayer consisting of N layers is determined by a mixture
law that relates the hardness of the i-layer (H?)) and the substrate (Hs):

N i -
H =Y a"H" + a4 H, ()
i=1
Where, af@, represents the volume fraction of the i-layer of the
multilayer coating, which contributes to the composite hardness (He).
This volume fraction can be expressed for the first layer (i = 1) as a
function of indentation depth, h, and the thickness of the first layer, tp),
by:
gV =1 if h<c® g

(@)
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Fig. 2. Cross-sectional SEM images of the CrN/CrAIN multilayer coatings for C1, C2 and C3 conditions.
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Fig. 3. FEM geometric model: magnified view of a dense mesh area close to the
indenter contact: (a) 2 layers model (C1) (b) 4 layers model (C2) (c) 6 layers
model (C3).

Where C, represents a constant depending on the indenter geom-
etry and the indentation behavior of the layer under consideration [10].
In this model, the volume fraction of the coating material should be
between 0 and 1. Consequently, if h is lower than c® tp), the substrate
does not influence the composite hardness, and afV is equal to 1.
Whereas, for the jth layer of the coating, the volume fraction is expressed
as follows:

2

Otherwise

(&)

Eq. (3) indicates that if h>YY_, ¢, the actual volume fraction of
the j-layer contributing to the composite hardness can be calculated by
subtracting the volume fraction of the preceding layer from that of the j-
layer. Therefore, once the volume fraction of each layer has been
determined, the volume fraction corresponding to the substrate material
can be obtained:

N

()]

Due to the indentation size effect (ISE), nanohardness is generally
higher than the micro or macrohardnesses. To address this issue, the
modified (JH) model was enhanced by incorporating the (ISE) effect.
Using this model, the experimental composite hardness data can be
described, and the macrohardness can be determined independently of
the applied load for the i-layer (H%@) and substrate (Hgp), assuming [10]:

3
Hy = Hp " +Bf—() and H, = Hg + 2
h h

Where, Bf and Bg are the corresponding parameters for the (ISE).

Additionally, Young’s modulus of the i-layer (Ef?) and the substrate
(Es), are evaluated using the same model, considering C as a variable
depending on the material [15,37]. Thus, for a multilayer coating, the
composite modulus, E., would be given by Eq. (6):

sy

N ) )
EC = Z (lfu) Ef(l) + af(S)ES ((6))
i=1

where (E?)) represents Young’s modulus of the i-layer, E; represents
Young’s modulus of substrate and af“) represents the volume fraction
expressed by Egs. (2) and (3).

Therefore, the modified (JH) model enables the description of the
change in the composite hardness, i.e., composite modulus with pene-
tration depth, for a multilayer system. Also, by means of non-linear least
squares analysis, it allows the computation of the intrinsic hardness, i.e.,
Young’s modulus of monolayers composing the multilayer, as well as
that of the substrate.

2.4. Finite element modeling

In this study, the commercial finite element software Abaqus
Standart 2017 was used to simulate the indentation process. The com-
posite structure was modeled using over 8806 four-node axisymmetric
elements with reduced integration (CAX4R).To simulate the semi-
infinite substrate, the composite structure dimension was fixed to 25
x 70 pm?. This model used X50CrMoV8-1 as substrate and featured
CrN/CrAlIN multilayer coatings with various layer number (2, 4 and 6
layers) and thicknesses (1, 0.5 and 0.35 um), as illustrated in Fig. 3. The
fine Cr underlayer is excluded from the model as its impact on the me-
chanical response of the composite structure is neglected. The total
thickness of the multilayered structure remained unchanged at 2 pm.
The mesh of the contact area was refined (0.1 um x 0.1 um) to improve
the simulation accuracy. For the Berkovich indenter, an axisymmetric
deformable conical indenter with a 70.3° face angle is used, giving the
same projected area to depth-ratio as a Berkovich and Vickers indenters.
The reduction of the 3D Berkovich model to axisymmetric one aims to
simplify the numerical analysis and to accelerate the process of
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nanoindentation reverse analysis procedure. All the interfaces between 1
L. . N .
materials in the composite structure were assumed to be perfectly FX) = QZi:l [P(X)"™ — Pf"p]z—> min 7
bonded. The friction coefficients at the contact surfaces between the
indenter and the top surface layer are assumed to be zero [23]. All nodes Xc R
at the base of the specimen are constrained to prevent them from moving
in the x and y directions. Indentation was applied in the finite element LB< X< UB
calculation by displacement control with a linear ramp in time and a ) )
final tip displacement equal to the experimental displacement mea- Where X are  the elastoplastic  properties:X —

surement at maximum load.
The presented FE simulations are limited to modeling macro in-
dentations and do not incorporate the indentation size effects.

2.5. Optimization analysis

2.5.1. Optimization algorithm

In this paper, a non-linear optimization algorithm is implemented
using the MATLAB R-2019a optimization toolbox [38]. The connection
between ABAQUS and MATLAB is provided through the software tool
Abaqus2Matlab [39], enabling ABAQUS to be run directly from MAT-
LAB and the simulated results to be post-processed. The proposed
optimization algorithm seeks to identify the optimal elastoplastic
properties of the monolayers in a multilayer coating by reducing the
error between the experimental indentation load-displacement data and
the FE simulated data using an iterative procedure based on a MATLAB
nonlinear least-squares routine (called LSQNONLIN). This routine,
based on the trust-region reflective algorithm [38], proves efficient in
solving bound-constrained nonlinear minimization problems and en-
ables to avoid the impractical values and to ensure the accuracy of re-
sults by setting the upper and lower bound constraints for the material
variables. Thus, the prediction error in indentation depth is evaluated
iteratively at each load increment point (i), summed, and minimized to
produce the best fit between the experimental and the simulated
indentation data. To achieve this goal, a cost function F(X), which de-
scribes the error criteria, is minimized until a minimum convergence
value within the range of 102 is reached. The cost function is expressed
by Eq. (7):

[elastoplastic properties (E,oy,n)], which are starting from an initial guess
parameterX, = [elastoplastic properties (Eo,00,M,)]. N is the total number
of points used in the measured load-displacement loop. LB and UB
represent the lower and upper boundaries constraints of elastoplastic
properties X, and P(x)!"andP;represent the simulated and the experi-
mental total force, respectively, at specific position i, within the loops.

2.5.2. Optimization procedure

In this study, the elastoplastic properties (Young’s modulus, yield
stress and work hardening exponent) of monolayers, forming the
multilayer coating, were parameterized in the ABAQUS input files and
adjusted at each iteration of the optimization to generate new input files.
By using the software tool Abaqus2Matlab for interfacing, ABAQUS will
be executed for calculation from Matlab, and the simulated load-
displacement curves will be extracted from the resulting ABAQUS
output files.

In the simulation, the diamond Berkovich indenter was modeled as
an elastic, perfectly plastic material with a Young’s modulus, E = 1024
GPa, a Poisson ratio, v=0.07, and a yield stress, 6, = 35.7 GPa [40]. For
the monolayer materials and the substrate, a power law work hardening
curve was used to simulate the indentation experiments. The
stress-strain (o-¢) relationship can be described as:

Ee for &< %
o= o (©))]
Ke" for &> fy

where E is Young’s modulus, oy represents the yield stress, n is the work
hardening coefficient and K represents the strength coefficient.



Fig. 5. Profile of the composite hardness and composite modulus as a function of the penetration depth for the CrN/CrAlIN multilayer coating systems: (a, b) C1; (c, d)
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Table 2
Materials properties obtained by the modified (JH) model.

where K can be expressed by:

— 1-
Conditions Materials H (GPa) 6y (GPa) E (GPa) K= Enay " a1y
c1 CrAIN 9.68 3.22 221.41 Thus, to define the plastic stress-strain data in the ABAQUS input file,
CN 5.92 1.98 121.12 the optimization algorithm calculates firstly the coefficient K through
Substrate 7.72 2.57 218.51 E 11 d upd h d lated h plasti . h
c2 CrAIN 763 954 127.2 g. (11) and updates the stress data related to each plastic strain value
N 4.86 1.65 92.2 through Eq. (10).
Substrate 8.32 2.77 233.23 The principle of the optimization procedure used in this work is
a3 CrAIN 6.45 2.15 118.82 shown in Fig. 4. The proposed optimization approach can be described
CrN 4.05 1350 66.34 - . i
Substrate 8.78 2.92 220.26 in the following steps:

The decomposition of the strain into elastic and plastic parts is given

- Firstly, the modified (JH) model is used to estimate the hardness and
Young’s modulus of monolayers of the multilayer coating and the

by: substrate from the composite hardness and the composite modulus
9 profiles obtained by nanoindentation experiment.
Euotal = €+ &l () - Secondly, the estimated values of hardness were used to estimate the
Then, the stress equation can be written as: yield stress of monolayers and substrate using the Tabor assumption
- n derived for metals [41], H/c, where c is a constant which is normally
c=K (Ey + €p1> ((10)) taken as 3 for ideal plastic materials undergoing sharp indentation.
Table 3
Optimization results.
Systems Materials Optimization parameter Initial guess parameter Bound constraints Optimized parameters Iterations
Cl CrAIN (E) 221.41 [GPa] 50<E[GPa]l<240 192.17 [GPa] 13
(oy) 3.22 [GPa] 1<oy[GPa]<14 3.15 [GPa]
(n) 0.2 0<n<05 0.33
CrN (E) 121.12 [GPa] 50<E[GPa] <240 128.32 [GPa]
(oy) 2 [GPa] 1<oy[GPa]<14 2.42 [GPa]
(n) 0.2 0<n<0.5 0.29
C2 CrAIN (E) 127.2 [GPa] 50<E[GPa] <240 131.1 [GPa] 19
(oy) 2.54 [GPa] 1<oy[GPa]<14 2.97 [GPa]
(n) 0.2 0<n<05 0.23
CrN (E) 92.2 [GPa] 50 < E[GPa] < 240 98.4 [GPa]
(oy) 1.65 [GPa] 1 < oy[GPa] < 14 2.21 [GPa]
(n) 0.2 0<n<05 0.21
C3 CrAIN (E) 118.82 [GPa] 50 < E[GPa] < 240 127.29 [GPa] 22
(oy) 2.15 [GPa] 1 < o,[GPa] < 14 2.63 [GPa]
(n) 0.2 0<n<05 0.37
CrN (E) 66.34 [GPa] 50 < E[GPa] < 240 75.23 [GPa]
(oy) 1.4 [GPa] 1 < o,[GPa] < 14 2.04 [GPa]
(n) 0.2 0<n<05 0.38
Table 4
Literature data on the mechanical properties of CrN coatings.
Values thickness (um) Deposition technique Substrate Model
H (GPa) 26 [47] 0.8 DC-PVD* stainless steel Olivar and Phar (nanoindentation tests)
24 [29] 2 DC-PVD cemented carbide
19 [48] 1.3 RE-PVD** silicon
16 [49] 1 DC-PVD silicon
13 [50] 0.3 RF-PVD metallic glass
12 [51] 0.6 DC-PVD silicon
10 [52] 0.3 RF-PVD metallic glass
8.5 [42] 2 DC-PVD stainless steel Microhardness test
5 [42] 2 DC-PVD stainless steel
3-22 [53] 4-5 DC-PVD stainless steel
E (GPa) 437 [29] 2 DC-PVD cemented carbide Olivar and Phar (nanoindentation tests)
360 [47] 0.8 DC-PVD stainless steel
235 [51] 0.6 DC-PVD silicon
170 [49] 1 DC-PVD silicon
160 [50] 0.3 RF-PVD metallic glass
100 [52] 0.3 RF-PVD metallic glass
102 [23] 1 DC-PVD stainless steel Finite element inverse analysis
185 [26] 1 DC-PVD silicon
Gy (GPa) 12 [26] 1 DC-PVD silicon Finite element inverse analysis
4 [50] 0.3 RF-PVD metallic glass
2 [29] 2 DC-PVD cemented carbide
1.7 [23] 1 DC-PVD stainless steel

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



Table 5
Literature data on the mechanical properties of CrAIN coatings.

Values Thickness (um) Deposition technique Substrate Model
H (GPa) 18-24 [54] 0.6 DC-PVD silicon Olivar and Phar (nanoindentation tests)
17 [55] 3.45 RF-PVD silicon
28 [56] 3.3 DC-PVD M2 steel
14 [57] 0.2 MEF-PVD* silicon
22 [58] 2.8 DC-PVD stainless steel
6.5 [59] 1.1 DC-PVD silicon
12-20 [60] 1.5 (DC+HPP)-PVD** High speed steel
18-30 [61] 1.9-3.8 DC-PVD cemented carbide
E (GPa) 225-255 [54] 0.6 DC-PVD silicon Olivar and Phar (nanoindentation tests)
315 [55] 3.45 RF-PVD silicon
235 [56] 3.3 DC-PVD M2 steel
377 [58] 2.8 DC-PVD stainless steel
180 [59] 1.1 DC-PVD silicon
254-317 [60] 1.5 (DC+HPP)-PVD High speed steel
380-530 [61] 1.9-3.8 DC-PVD cemented carbide
6y (Gpa) 5.7 [59] 1.1 DC-PVD silicon Finite element inverse analysis
13 [60] 1.5 (DC+HPP)-PVD High speed steel
1-5 [61] 1.9-3.8 DC-PVD cemented carbide Juliano method [62]

MF-PVD: mid-frequency (MF) plasma assisted PVD.

Thus, the estimated values of Young’s modulus and yield stress of
monolayers are used to define the intial guess parameter vector Xy =
lelastoplastic properties (Eo,00,n9)] in the optimization procedure.
Neverless, the initial value of the work hardening coefficient ny of
monolayers will be set arbitrary.

Thirdly, the intial guess parameters X, of each monolayer were
substituted into the finite element model calculation, and the error
between the simulated and the experimental load-displacemet
curves was calculated through the cost function F(X) (Eq. (7)), and
minimized iteratively by modifying the elastoplastic properties X =
lelastoplastic properties (E,o,n)] of monolayers. Hence, when the
convergence condition reached the specified tolerance (1072), the
optimization process would be completed, and the optimal elasto-
plastic properties of each monolayer would be determined from
which the best fit between the experimental and simulated load-
displacement curves can be achieved.

In this study, there are six unknown elastoplastic properties to
optimize for each multilayer coating system (C1, C2 and C3): ECAIN,
GCrAIN  qCrAIN g CN | CN N The poisson ratio v of CrAIN and CrN is
assumed to be equal and constant of magnitude of 0. 22 [42]. To reduce
the number of unknown parameters in the the model, the elastoplastic
properties of the substrate are fixed in the simulation model, assuming
that Young’s modulus and the yield stress are equal to the estimated
values measured by the modified (JH) model and the Tabor assumption,
respectively. For the substrate, the work hardening coefficient (n) and
the poisson ratio (v) are assumed to be equal to 0.1 and 0.3 [43],
respectively.

Thus, three optimization processes will be performed to determine
the optimal elastoplastic properties (E, oy and n) of CrAIN and CrN
monolayers, constituting the multilayer coating systems: C1, C2 and C3.

2.5.3. The uniqueness of the solution

In this work, the trust region algorithm, in cooperation with the
modified (JH) model, is used to determine a unique set of six elastic-
plastic parameters (ECAIN, gCrAIN CrAIN gCiN - CN - nCrNy - ysing re-
sults from a single indentation curve. Neverless, extracting a unique set
of more than two unknown elastoplastic properties from a single
indentation test has proven to be difficult [22,26,27].

To circumvent the challenges mentioned earlier, some researchers
[26,27] propose to use multiple (P-h) curves obtained from independent
indenter shapes. Other authors [20,22] suggest utilizing (P-h) curves
obtained by different maximum indentation depths. An alternative
approach as proposed by other researchers [23,27,43] involves selecting

" (DC+HPP)-PVD: a hybrid direct current (DC) and high power pulse (HPP) plasma assisted PVD.

initial guess properties that are closer to the target values and narrowing
the range of the initial guess properties using a set of bound constraints
(lower and upper bound) for each variable. This approach aims to limit
the space of possible solutions during the optimization. Furthermore, it
is reported that convergence is faster, and with improved accuracy,
when the initial guess values are chosen closer to the target values [27,
44,45].

In this study, the non-uniqueness issue is addressed through two
strategies; firstly, the initial elastoplastic properties are chosen nearly to
the target values using the estimated elastoplastic properties provided
by the modified (JH) model; Secondly, the space of possible solutions is
limited by using lower and upper boundaries for each variable. The
bound constraints are adjusted based on the literature data. Hence, only
two elastoplastic properties will be set arbitrary: the strain hardening
coefficient of CrAIN and CrN (nCrAlN and n°™N),

3. Results and discussion
3.1. Estimation of the initial guess properties by the modified (JH) model

Fig. 5 shows the variation of the experimental composite hardness
and composite modulus of the three CrN/CrAIN multilayer coating
systems: C1, C2 and C3, as a function of the penetration depth. The
modified (JH) model is used to describe these experimental curves,
assuming for the determination of hardness (H) that the monolayers
CrAIN and CrN tend to deform plastically by setting C to 0.1746 [11].
Hence, the hardness of the monolayers and the substrate is evaluated by
fitting the experimental data through a non-linear least-squares opti-
mization MATLAB function fminsearch (see Fig. 5). The identical pro-
cedure is employed to determine their Young’s modulus in which the
constant C is also optimized. Furthermore, the yield stress (oy) of the
monolayer materials and the substrate is estimated using the estimated
value of hardness through the Tabor assumption (see Section 2.5.2).
Table 2 summarizes the estimation results of materials properties ob-
tained by the modified (JH) model for the three multilayer coating
systems: C1, C2 and C3. As can be observed in Fig. 5, the modified (JH)
model provides a reaisonable description of the variation in the com-
posite hardness and composite modulus of the multilayer coating sys-
tems as a function of the penetration depth. The model results show a
decrease in the mechanical properties of the CrAIN and CrN monolayer
coatings when their thickness decreases.

For the steel substrate, the mean value of Young’s modulus calcu-
lated from the three estimated values in Table 3 is equal to 225 GPa
which is coherent with the literature data (E between 190 GPa and 215
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Fig. 6. Comparison of experimental (P-h) curves and the simulated ones using
the optimal elastoplastic properties of CrAIN and CrN monolayers of the
multilayer coating systems: (a) C1; (b) C2; (b) C3.

GPa). Moreover, the mean value of hardness of the steel substrate
calculated from the values predicted by the modified (JH) model (see
Table 3 in the paper) is equal to 8 GPa, which is coherent with the value
reported in literature data H = 7 GPa [46] (measured by the mico-
rhardness test).

3.2. Optimization results

In this study, the proposed optimization procedure is validated on a
CrN/CrAIN multilayer coating system with various layer thicknesses.
Through this process, the optimal elastoplastic properties (E, 6y and n) of
CrAIN and CrN monolayers are extracted. The optimization results are
shown in Table 3. The initial guess parameters of the optimization
procedure are determined using the outcomes from the modified (JH)
model results (see Table 2). The initial value of the work hardening
coefficient (n) of monolayers was arbitrary chosen, between 0.0 and 0.5.
Additionally, the material parameters of the substrate remain fixed in
the simulation. The yield stress (cy) and Young’s modulus (E) are
assumed to be equal to the values estimated by the modified (JH) model
(as shown in Table 2). Moreover, to ensure the accuracy of the results,
the lower and upper boundaries of each variable are adjusted based on
the literature data (Tables 4 and 5). Assuming that the mechanical
properties of CrAIN and CrN monolayers are close, the same lower and
upper boundaries of their properties are used.

Fig. 6 illustrates the comparison between the experimental (P-h)
curves and the simulation (P-h) curves using the optimal solution of
elastoplastic properties of each monolayer of the multilayer coating
systems C1, C2 and C3. The simulation curves correspond closely to the
experimental ones, proving the high reliability of the proposed optimi-
zation procedure. Furthermore, upon comparing the optimal solution of
(E) and (oy) for the CrAIN and CrN monolayers with their initial values
(Table 3), we can conclude that the variation was generally less than 20
% with a high convergence rate of approximately less than 20 iterations,
indicating the accuracy of the proposed methodology.

3.3. Effect of layer thickness on the elastoplastic properties of CrAIN and
CrN monolayer materials

The optimization process determined the elastoplastic properties of
CrAIN and CrN monolayers for various layer thicknesses (1, 0.5 and 0.35
pm). Fig. 7 shows the variation of (E) and (oy) of CrAIN and CrN
monolayers as a function of layer thickness. As can be seen in Fig. 7,
regardless of the layer thickness, the mechanical properties of the CrAIN
monolayer are higher than those of the CrN monolayer. This is due to the
incorporation of Al in the cubic lattice of CrN system, which improves
mechanical properties [4]. The mechanical properties of CrN mono-
layers that have been found in this work are in good agreement with
those found in the last work [23]. The uniqueness of this identification
procedure is to consider the substrate effect in the calculation of me-
chanical properties of films. Indeed, previous studies overlook this factor
and use the Oliver-Pharr method [63] in the evaluation of the me-
chanical properties of CrAIN and CrN monolayers (Tables 4 and 5).This
method measures the mechanical properties of the coating using nano-
indentation (P-h) curves, assuming that the proper value corresponds to
penetration depth less than 10 % of the coating thickness. However, this
measurement is strongly affected by many factors, such as the coating
surface roughness and the phenomena called skin-in and pile-up, which
can result in an underestimation of the contact area and consequently an
overestimation of the hardness and Young’s modulus of the coatings
(Tables 4 and 5) [55,64,65]. Thus, it’s necessary for the determination of
the true mechanical properties of a given coating to separate the
contribution of the coatings from the substrate [10]. Furthermore,
another factor can affect the evaluation of the mechanical properties of
the coatings, which is the indentation size effect (ISE). Indeed, this
phenomenon involves an increase in hardness and Young’s modulus
when the indentation size (layer thickness) decreases [65]. For the
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Table 6
(H/E) and (H3/E?) ratio results as a function of CrAIN and CrN layer thickness.
Monolayers Thickness layer (um) H/E H3/E?
CrAIN 1 0.050 0.024
0.5 0.058 0.025
0.35 0.050 0.016
CrN 1 0.046 0.012
0.5 0.049 0.012
0.35 0.053 0.011

multilayered systems, the evaluation of the mechanical properties is
usually conducted through the Oliver-Pharr method. Neverless, the
measurement results will be dominated by the mechanical properties of
the top layer coating and by its thickness. Under these conditions, this
method is not capable of providing a reasonable evaluation of the me-
chanical properties of the entire multilayer coatings [66]. Hence, it’s
recommended to evaluate the mechanical properties of monolayers
rather than the whole multilayer coating.

In this study, results show a decrease in Young’s modulus (E) and
yield stress (cy) of CrAIN and CrN monolayer materials when their layer
thickness decreases. Indeed, Young’s modulus of CrAIN and CrN
monolayers drops from 192.17 GPa and 128.32 GPa for a layer thickness
of 1 um to 127. 29 GPa and 75.23 GPa for a layer thickness of 0.35 um,
respectively.The same trends are observed for their yield stress which
decreases from 3.15 GPa to 2.63 GPa for the CrAIN monolayer and from
2.42 GPa to 2.04 GPa for the CrN monolayer. Comparable results for the
multilayered system CrN/CrAlN are reported in [67], which indicate a
decrease in the hardness and Young’s modulus of the CrN/CrAIN com-
posite systems when decreasing the layer thickness and the number of
monolayer materials.

3.4. Effect of layer thickness on the adhesion properties of CrAIN and CrN
monolayer coatings

Many factors impact the adhesion properties of the coating,
including substrate surface roughness, deposition conditions, and
coating thickness [68-70]. The evaluation of the adhesion properties of
the coating is usually performed using the ratio of hardness and Young’s

modulus (H/E), which represents the resistance to elastic deformation,
and also the ratio (H3/E2) which represents the resistance to plastic
deformation. The last one is reported as the suitable criteria to evaluate
the adhesion properties and the wear resistance of the coating [69]. To
assess the effect of layer thickness on the adhesion properties of CrAIN
and CrN monolayers, the ratios (H/E) and (H3/E?) are computed for
each monolayer using the data from Tables 2 and 3. The corresponding
results are reported in Table 6. It’s clear that the ratio results (H/E) and
(H3/E?) calculated for the GrAIN monolayer are higher than those of CrN
monolayer, independently from the layer thickness. These results
revealed the higher adhesion properties of CrAIN monolayer compared
with the CrN monolayer. Furthermore, the results indicate that the
(H3/E?) ratio increases as the coating thickness decreases from 1 um to
0.5 pm and then begins to decline up to 0.35 pm for both CrAIN and CrN
monolayer films. These results suggest that there is a critical layer
thickness of 0.5 um at which the adhesion properties of the CrAIN and
CrN monolayer coatings are improved. Hence, the multilayer coating
system C2 with a monolayers thickness of 0.5 um exhibits the best
adhesion properties. Comparable results are found in the last work [4],
which indicates an increase in the adhesion properties of the CrN/CrAIN
multilayer coating when decreasing the layer thickness and the layer
number.

3.5. Analysis of the stress and strain distribution at the coating/substrate
interface

In this study, FEM combined with the experimental nanoindentation
data was employed to analyze the stress and deformation distribution
within the coating/substrate system. These methods have been used
successfully in the past to investigate the local stress and the deforma-
tion process during nanoindentation in monolayer and multilayer
coatings [71-72]. Also, it’s used to evaluate the failure in the coated
system by characterizing the crack initiation and propagation, using as a
criteria either critical stress or energy [70-71]. According to Bahri et al.
[72], the crack initiation and propagation within the coating can be
correlated to the stress distribution under the loading phase of nano-
indentation process.

In this work, the effect of CrAIN and CrN layer thickness on the stress
and strain distribution within the multilayer coating systems C1, C2 and
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Fig. 8. Distribution of von Mises stress after loading and equivalent plastic strain after unloading within the CrN/CrAIN multilayer coating systems: (a) and (b) C1,
(c) and (d) C2, (e) and (f) C3.




C3 was investigated by visualizing the distributions of von Mises stresses
after the loading stage and equivalent plastic strains after the unloading
stage.

Fig. 8 depicts the distribution of von Mises stress at a maximum
indentation depth of 2 um and equivalent plastic strain after unloading
within the CrN/CrAIN multilayer coating systems: C1, C2 and C3.

As illustrated in Fig. 8(a), (c) and (e), the stress field was located
inside the monolayer coatings. The highest value of stress is observed in
the multilayer coating system C1 while the multilayer coating system C2
presents the lowest one. These results indicate that decreasing mono-
layer layer thickness reduces the stress concentration within the multi-
layer coating. Furthermore, as shown in Fig. 8(b), (d) and (f), the
maximum equivalent plastic strain within the multilayer coating in-
creases when the layer thickness of monolayers decreases. This indicates
that the plastic deformation reduces the stress level within the multi-
layer coatings. Moreover, the results confirm that the multilayer coating
system C2 with a monolayer thickness of 0.5 um exhibits the lowest
stress concentration and the highest plastic deformation value, which
reveals the best adhesion properties of this system. This finding aligns
with the results found in the previous section, suggesting that the per-
formance of multilayer coatings is mainly dependent on the elastoplastic
properties of the monolayers that constitute them.

In this work, the elastoplastic properties of CrAIN and CrN mono-
layers were evaluated for different layer thicknesses. In the further
study, the focus will be to characterize the damage behavior of these
monolayers using scratch test results. The correlation between finite
element modeling results and the experimental results of the scratch test
would be used to analyze the effect of layer thickness and the number of
inerface layers on the damage behavior of the multilayer coatings.

4. Conclusions

In this study, CrN/CrAIN multilayer coatings with various layer
thicknesses were prepared using PVD technology. The influence of layer
thickness on the elastoplastic properties of the constituent materials of
the multilayer coating was investigated through nanoindentation using
a trust-region optimization algorithm integrated with numerical
indentation models. The efficiency of the proposed optimization pro-
cedure to determine a unique set of elastoplastique properties of the
constituent materials of multilayer coating is supported and validated by
its efficiency to fitting the experimental nanoindentation (P-h) curves.
The optimization results show that the hardness and Young’s modulus of
CrAIN and CrN monolayers decrease when decreasing the layer thick-
ness. By using the relation (H3/E2) as criteria, the best adhesion prop-
erties for CrAIN and CrN monolayers were found for a layer thickness of
0.5 pm. The simulation results of CrN/CrAIN multilayer coating nano-
indentation model show an increase in the plastic deformation within
the coating when the layer thickness decreases, which reduces the stress
concentration in this area and improves the adhesion properties of CrN/
CrAIN multilayer.
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