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a b s t r a c t

Multilayer systems can offer an efficient way of controlling residual stress, improve adhesion and
enhance toughness of coated systems. This work aims at the development of multilayer coating with
improved adhesion, based on numerical design approach. The numerical model of titanium–titanium
nitride (Ti–TiN) multilayer has been formulated with multi-physics FEM, to find the optimal thickness
of individual layers in a multilayer that can decrease interfacial axial and in-plane shear stress. These
coatings configurations are experimentally produced to quantitatively evaluate the scratch adhesion,
in-plane residual stresses, nanoindentation hardness and elastic-modulus. Analytical modeling with
FilmDoctor� was performed for accurate adhesion evaluation. The multilayer in comparison with bi-layer
shows significant improvement (22%) in adhesion under decreased interfacial stress conditions without
any affect on overall coating stiffness and hardness. The multilayer coating in comparison with different
configurations was also investigated. Result shows an increase in scratch adhesion of 18% and 27% for the
optimal position and thickness of interlayers respectively. Qualitative comparison of in-plane residual
stress shows higher stress in bi-layer and lower stress in multilayer with optimal thickness of interlayer.
The approach in the study could be used to develop stress-optimized coatings for wear resistance
applications.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Hard-coatings such as titanium nitride (TiN) deposited by physi-
cal vapor deposition (PVD) have been widely used as protective coat-
ings due to their excellent mechanical properties. The mechanical
and tribological behavior of brittle coatings on compliant substrate
materials is very much influenced by in-service loading conditions
and residual stresses [1]. To meet the specific functional require-
ments for various uses, titanium–titanium nitride (Ti–TiN) multilay-
ers in comparison with bi-layer, offer much more ease to control
residual stresses, improve adhesion, to increase overall thickness
and producing the toughening response.

Hard-coatings failures on relatively compliant substrate in
many tribological situations are caused by delamination of coating
from the substrate (adhesive failure) and fracture in coating, i.e.
cohesive failure [2,3]. The failures are primarily related with
relatively high compressive residual stress and stress gradient in
coatings. Using a multilayer approach, e.g. by a metal-ceramic
combination, could effectively control the residual stress and
improve adhesion. An increase in thickness of metallic layer
provides a reduction of in-plane stress but could significantly
decrease the performance of the multilayer [4]. Alternatively, mul-
tilayer configuration having equal thickness of ceramic layers
could have different amount of residual stress. In case of compara-
tively thick TiN ceramic layer a large in-plane residual stress
(dense columnar growth at the start is present) near to the sub-
strate, which causes the system’s failure due to crack propagation
[5]. Therefore, a specific thickness of Ti interlayer is required for a
particular TiN coating thickness. The optimum coating layers thick-
ness could further enhance the performance of multilayers in
terms of adhesion and toughness. Nonetheless, most of the studies
were focused on the characterization of residual stress and only a
few on the multilayer coating architecture design [6]. As a result,
further development is imperative in the design of stress-opti-
mized multilayer PVD-coatings.

In principle, the interior of ceramic films has equi-biaxial
in-plane compressive residual stresses which could cause
delamination at edges. In addition, it is well-established that cera-
mic-coated circular disk-shaped metal components mainly fail by
the magnitude of axial stress at or near the radial free edge of
the specimen [7]. The associated failure of de-cohesion at metal/
ceramic interface resulted in progressive delamination and spalla-
tion of coatings. Analytical and finite element models as well as
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experimental studies showed the influence of these stress compo-
nents on coating failures [8–11]. Also, when coating is applied to
engineering components with edges corners and relatively rough
surfaces generate normal and shear stress at interface. The normal
stress across and shear stress along the interface are considered to
cause coating delamination as interface has usually lower strength
than either of the coating or the substrate. In view of all, the pre-
liminary stress optimization in multilayer represents a compulsory
task for practical significance.

In a previous paper [6], the effect of a titanium buffer layer posi-
tion on the adhesion of TiN based systems has been investigated by
finite element modeling and micro-mechanical testing. It was
demonstrated [6] that having a lower position of the titanium buf-
fer layer can contribute to improve the adhesion to the substrate.
However, a fully automated procedure to find the optimal position
of the buffer layer still has to be developed. In addition, the analy-
sis and optimization of systems with the inter-position of the two
(or more) titanium layers has not been investigated, yet. In the pre-
sent work, finite element modeling of residual stress analysis cou-
pled with the ANSYS optimization algorithm was used to design
stress-optimized Ti–TiN multilayer configuration comprising of
6-layers.

The objective of current study is two-fold; firstly the finite ele-
ment modeling based design of Ti–TiN multilayers to find optimal
thickness of each layer that could decrease axial stress and sec-
ondly, experimental investigation of those multilayer config-
urations for having their influence on in-plane residual stresses
and scratch-adhesion. Finally, the failure modes under scratch
adhesion testing are correlated with analytical modeling data
and experimentally investigated residual stresses.
Table 1
Typical physical and thermal properties of coating, interlayer and substrate materials.

Materials Elastic
modulus
(GPa)

Poisson’s
ratio

Thermal expansion
(10�6 �C�1)

Materials
behavior

Ti 116 0.32 9.0 Ideal elastic
plastic

TiN 600 0.25 9.4 Perfectly
elastic

Substrate 200 0.30 13.0 Plastic
hardening
2. Modeling activities

2.1. Finite element modeling base design of Ti–TiN multilayer PVD-
coatings

Residual stresses in PVD-coatings mainly arise from con-
tribution and interactions of two sources: the thermal stresses
and the intrinsic stresses.

Thermal stresses arise from thermal mismatch between coating
and the substrate during final cooling from deposition to room
temperature. Its effects become exaggerated when multiple layers
of materials have different thickness and big difference in stiffness
[12]. A thermal mismatch-strain eth, arises from a change in tem-
perature, and could result in residual stress given by the following
equation [13]:

rth ¼
Ef

1� mf

� �
� eth ¼

Ef

1� mf

� �
� ðas � afÞ � ðTsubfrg � TsubfDgÞ ð1Þ

where Ef and mf are Young’s modulus and Poisson’s ratio of the film;
Ef

1�mf

� �
= bi-axial elastic modulus of the film; af and as are thermal

expansion coefficients of the film and the substrate, respectively;
Tsub{r}; Tsub{D} are the room and deposition temperature of the sub-
strate, respectively. The quantity rth is the stress that will develop
in the thin film. Here, only differential thermal stress is considered;
however thermal expansion is structure dependent property which
could vary with the layer thickness.

The intrinsic stresses in PVD-coatings arise during deposition
and its magnitude depends on deposition conditions, such as refer-
ence potential on substrate, pressure of working gas and target to
the substrate distance as well as on stoichiometry and thickness of
coating layers [14,15].

Usually, the resulting residual stress field is formed by a simple
superposition of two sources:
rtot ¼ ri þ rth ð2Þ

The delamination failure at interface and cohesive failure
caused by spallation within multilayer is generally controlled by
optimization of this residual stress field. Increase in coating-
substrate interfacial adhesion by minimizing residual stress-
gradient at interface, will improve the sustainability of interface
to the externally imposed shear stress [16].

Possible failure mechanism of progressive coating delamination
is caused by de-cohesion at free edges. For this, the relevant axial
normal stress (interfacial stress) has been evaluated in the present
study; through a sufficiently reliable FEA prediction model and
preliminary optimization by adopting realistic simplification
hypotheses. Model consists of a circular disk-shape, which exactly
reproduced the actual sample shape. The model realized is based
on the following simplified assumptions:

1. The interfaces (coating/substrate, multilayer) are assumed to be
well-bonded. In the finite element terminology, the nodes are
shared at all the interfaces.

2. In order to select an appropriate mesh for a multilayer system,
numerical model was validated through numerical tests with
different material properties and dimension values of the coat-
ing and the substrate [11]. A change in thermal residual stress
with a change in thickness was also verified through analytical
solution which was achieved by the decrease in bending
induced stress with an increase in layer thickness. Finer mesh
size at interface was maintained by biasing element size toward
coating/substrate interface. While in lower part of the substrate,
an increasingly coarse mesh was used in order to decrease the
computational time. The thickness of each layer was simulated
with sufficient number of elements (number of elements in nor-
mal direction) to have stress distribution within each layer.

3. Residual thermal stresses were computed for simulated cooling
from an assumed deposition temperature (300 �C) as stress free
temperature to room temperature (25 �C) of the substrate.

Residual stress analysis and the optimization algorithm involved
iterative solutions: a 2D axi-symmetric model, that represent six
layers Ti–TiN multilayer on a stainless steel substrate was devel-
oped using ANSYS13 parametric design language (APDL). PLANE
77 element (8-node quadrilateral coupled thermal-structural
axisymmetric) was selected for the analysis. Mechanical and ther-
mal properties of materials (Table 1) were assumed as temperature
independent and plastic hardening behavior of substrate was taken
into account [17]. The bottom left corner of axi-symmetric model
was fixed for bending to occur during cooling that changed the
residual stress with a change in thickness of the coating layer
during the optimization.

In the first step, finite element analysis of residual stress was
performed with two models namely; bi-layer and Ti–TiN multi-
layer system with middle position of interlayers (Fig. 1a).
Subsequently, multilayer configuration was optimized in two
ways: (i) through changing position of Ti interlayers within fixed
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Fig. 1. (a) Schematic description of finite element model realized to evaluate residual stress arising from deposition process, (b) followed optimization frame work, (c)
thickness dependent intrinsic stress reproduced in the TiN layers during multilayer optimization, (d) schematic description of multilayer configurations obtained using single
objective optimization compared with bi-layer and multilayer configuration with middle position of interlayer.
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overall thickness of the three TiN layers, and (ii) with variable
thickness of all the Ti interlayers and TiN layers. To facilitate read-
ing, the four models developed are described as follows (thickness
of layers always starting from top layer):

i. Model type ‘‘BL’’: Bi-layer (single TiN layer of 2.55 lm thick-
ness and Ti interlayer of 0.05 lm thickness on 300 lm steel
substrate);

ii. Model type ‘‘MMPI’’: Multilayer with middle position of Ti
interlayers (three TiN layers each of 0.80 lm thickness and
three interlayer of Ti each of 0.06 lm thickness on 300 lm
steel substrate);

iii. Model type ‘‘MOPI’’: Multilayer with optimal position of Ti
interlayers (three TiN layers of thickness 1.10, 0.73 and
0.57 lm, and three interlayers of Ti have equal and similar
thickness to model type MMPI);

iv. Model type ‘‘MOTI’’: Multilayer with optimal thickness of Ti
interlayers (three TiN layers of 1.10, 0.60 and 0.64 lm thick-
nesses, and three interlayer of Ti have thickness of 0.06, 0.08
and 0.12 lm).

For a model with fixed number of alternating Ti–TiN layers on
the stainless steel substrate, a single-objective constrained (total
thickness was constrained during optimization iteration)
optimization algorithm (sub-problem) was employed to find the
optimal thickness of each coating layer that minimized the axial
stress (perpendicular to interface) at the edges. The goal of
optimization was to find the best solution for a given problem in
design space defined by optimization algorithm. Optimization
algorithm contains three components: Design variable (indepen-
dent variables), constraints (dependent variables) and objective
function (dependent variables) to be minimized. Within specified
lower and upper limits of design variables and constraints,
the optimization algorithm will search in design space for the
minimization of objective function with analysis-evaluation-
modification cycle as shown in Fig. 1b [18].

Coating layers were used as design variables within constraints
of total thickness (2.6 lm). The axial stress at sample edge (normal
to surface) was used as objective function. The optimization algo-
rithm will search for minimum objective function within specified
upper and lower limits of design and state variables. Thickness of
the Ti interlayer varied from 60 to 150 nm. Each TiN layer has
initial thickness of 0.8 lm and varied from 500 nm to 1.5 lm.

During optimization, a realistic bi-axial thickness dependent
intrinsic stress (ion-peeing stress) in each TiN layer was repro-
duced as an initial stress using the INISTATE command. It was
adopted from growth-stress model for columnar structure [19].
The in-plane intrinsic stress (Fig. 1c) was applied on structural ele-
ments of each material and as a check the stress in each solution
was written out to a file by issuing the ‘‘inis, list’’ command. In
addition, with a change in thickness of TiN during optimization-
cycle, the corresponding value of intrinsic stress for that thickness
was reproduced on the structural elements and as a monitoring
check it was also written out to a file in each previous solution.
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All the modeling activities in the present study were carried out on
an Intel-Xeon 3 GHz processor machine with 8 GB of random
access memory, running a Windows 64-bit operating system and
time taken for an optimization was �20 min.

Schematic description of the multilayer configurations obtained
using single objective optimization (Fig. 1d) in comparison with bi-
layer and multilayer configuration with middle position of
interlayer.
2.2. Criterion for practical adhesion evaluation and scratch-
dimensioning

For practical adhesion evaluation, scratch test is generally used
technique in which critical load acting normal to surface at inci-
dent of failure is usually related to adhesion between coating and
substrate. However, it is strongly affected by various parameters
such as scratch indenter tip radius, film thickness, friction effects,
hardness and elastic modulus of coatings and substrate material.
In hard-coatings cohesive failures are due to an extensive deforma-
tion in the compliant substrate by high indenter tip radius during
the scratch test. Indenter tip radius significantly controls the depth
of deformation zone. The plastic deformation mainly starts in the
substrate and does not initiate in coatings until large plastic zone
has developed at coating-substrate interface [20]. With relative
increase in indenter tip radius, the critical scratch load and defor-
mation depth within substrate is increased. As a result, sufficiently
high tensile bending stresses developed in the coating and being
sensitive to tensile stress cohesive failure occurs. In general, high
compressive shear stress at interface and tensile stress at contact
edge cause delamination at interface and crack formation in brittle
ceramic layer close to surface [21]. Therefore, the pre-requisite for
producing adhesive failures and suppressing cohesive failures in
the thin hard coatings on relatively compliant substrate is to
choose proper scratch indenter tip radius.

Analytical calculations were performed with analytical model-
ing software package (FilmDoctor�) to control the position of
maximum von-Mises stress (criterion related to the plastic flow
of the material due to shear stress) close to interface [22,23].
Maximum von-Mises stress should be increase sufficiently above
the critical yield strength of metallic layer at interface to ensure
adhesive failure. The state of stress was simulated with tangential
frictional force of 10% of the applied normal load (apparent
friction coefficient), which roughly model the interaction between
indenter and coating. The critical load was determined by scratch
test, which is defined as load where delamination or crack failure
appears, was used as input to analytical modeling. The interaction
was modeled with two hemi-spherical tip conical indenters of tip
radii (100 and 200 lm), in order to characterize most likely
occurring cohesive and adhesive failures. The position of von-
Mises stress with respect to coating-substrate interface and normal
stress on the surface at trailing edge of scratch indenter was
qualitatively compared. The elastic modulus input data used for
analytical modeling were measured with nanoindentation and
interaction was modeled without an influence of the coating
intrinsic stresses.
3. Experimental details

Starting from results of simulations, three multilayer coating
configurations in comparison with bi-layer of Ti–TiN were pro-
duced using balanced-magnetron sputtering plant, with DC pow-
ered Ti target and RF powered sample holder capable of inducing
bias to the substrate. Nitrogen was put into the chamber to pro-
duce TiN by reactive sputtering. The coatings were deposited on
AISI 304 stainless steel having 25 mm diameter and 5–7 mm thick-
ness. All the substrates were polished to mirror finish, correspond-
ing to Ra values of �30–40 nm measured with an optical
profilometer. Samples were ultrasonically pre-cleaned in acetone
and isopropyl alcohol for 10 min and mounted on a sample holder
that was fixed at 110 mm distance from the target. The substrates
were subsequently sputter-etched in argon plasma for 10 min in
order to remove the surface oxide layer. The chamber was pumped
down to a base pressure of 6 � 10�6 mbar and each TiN layer was
deposited with 120 and 14 sccm respective flows of argon and
nitrogen. The deposition rate of Ti and TiN measured with the
Focused Ion Beam (FIB) was �1 and 35 nm/min, respectively. The
differentiation of each layer thickness was achieved by choosing
the deposition time. All the TiN layers were coated with an applied
potential of 150 V while all the Ti layers were coated with floating
potential (�30 V from plasma). The substrate temperature devel-
oped during the deposition and ion-etching was measured with a
temperature measurement strip gauge. The gauges were mounted
on the rod which held the sample on the other side. The measured
temperature at the end of deposition was 290 �C.

After deposition, the morphological characterization including
individual layer thickness and presence of columnar structure
was examined using the FIB.

Intrinsic hardness and reduced modulus of bi-layer and three
multilayer configurations were measured by nanoindentation
(Nano Indenter Agilent G-200). A diamond Berkovich indenter
was used to perform the measurements in continuous stiffness
measurement mode. The correct load-displacement curves were
analyzed with the classical Oliver and Pharr [24,25] procedure,
and hardness and elastic modulus were evaluated as an average
of sixteen measurements. Mechanical properties were evaluated
for penetration depth within 10% of the coating thickness to avoid
substrate effects.

The scratch tests were performed on bi-layer and three multi-
layer configurations in order to evaluate adhesion to the stainless
steel substrate. According to the UNI EN 1071 (3) standard at least
three scratches are to be performed on each sample with a CSM
Instruments Revetest [26]. A 10 mm long scratch was made using
the Rockwell ‘‘C’’ diamond indenter tips of radii 100 and 200 lm
with sliding speed of 10 mm/min and loading rate of 30 N/min. A
progressively increasing loading mode with starting load of 1 N
was used to identify the start of scratch track. Adhesion was
quantitatively evaluated (critical loads: LC1; the first delamination
(partial appearance of substrate); LC2; complete delamination
(semicircular appearance of substrate)) by means of scratch data
analysis. After scratch, the critical load for failure was calculated
by analyzing the scratch track using optical profilometer.

The in-plane residual stresses analysis in the bi-layer and three
multilayer configurations were conducted with Bruker D8 Discover
System in parallel beam geometry optics arrangement using Cu-Ka
radiation. The precision of residual stress measurement with clas-
sical X-ray sin2w depends strongly on accurate determination of
diffraction peak position. Several full scans in the Bragg-Brentano
(h-2h scan mode) were performed to identify the peak at high angle
to be used for residual stress quantification. The TiN (111) peak
shifted with reference to the standard TiN powder diffraction data
which shows that coatings were (under or over) stoichiometric
[27]. Moreover, the lower angle peak (111) was intense and higher
angle peaks were very weak. Therefore, X-ray data were collected
for the peaks (422) and (511) for all samples at grazing-incidence
X-ray diffraction (GIXRD) for qualitative residual stress analysis.
The grazing angle was set at 1� for all the coatings with a scan step
size of 0.02� over a 2h range of 110–160�. The grazing-incident is
reasonable to have residual stress from a shallow region of coat-
ings for qualitatively comparison.
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4. Results

4.1. Modeling results

4.1.1. Finite element modeling base design of Ti–TiN multilayer PVD-
coatings

The analysis was first performed to assess the independent
effect of thermal stress and validate the in-plane stress with ana-
lytical solutions. Elastic theoretical calculations showed good
agreement with FEM solution [28]. Then combined effects of ther-
mal and intrinsic stress on axial stress profile were examined. The
axial stress along the node path in corresponding to model edge for
bi-layer and multilayers is presented in Fig. 2. As expected, high in-
plane stress coupled with normal to surface stress shows a peak in
TiN layer adjacent to substrate and obviously is zero at the free sur-
face. Qualitative comparison of axial stress component (Fig. 2a) in
multilayer coating configuration (MMPI) with bi-layer (BL) shows a
difference of �16%. The introduction of two Ti interlayers shows
significant decrease in interfacial axial stress.

Further, based on axial stress profile in multilayer configuration
(MMPI) as shown in Fig. 2a, being not symmetric as maximum
magnitude is in TiN layer close to the substrate; two types of
optimization were performed. During the first optimization, only
the thickness of all the TiN layers were changed within fixed Ti
interlayer thickness; this only change the position of Ti interlayer
compared with the middle position of interlayer multilayer config-
uration (MMPI). While during the second optimization, thickness
of all the layers was changed within the fixed final thickness.
Interface

Interlayers

Interface

Interlayers

a

b

Fig. 2. Qualitative comparison of predicted normal to surface stress: (a) stress
profile in model BL in comparison with model MMPI, (b) stress profile in two
models of multilayer configurations, MOPI and MOTI compared with model MMPI.
By changing the position of Ti interlayers (first optimal config-
uration), a significant decrease in the interfacial axial stress was
observed as shown in Fig. 2b. The decrease in stress was �10%
compared with multilayer configuration in which all the TiN layers
have equal thickness; however, it is significantly decreased in com-
parison with bi-layer. In case of the second optimal configuration
in which thickness of both Ti and TiN layers were changed, a
decrease of �25% in the axial stress was observed with an increase
of �4% relative quantity of Ti in the multilayer. With further
increase in Ti interlayer thickness and decrease in the TiN layer
thickness within specified final thickness, thickness dependent
residual stress involved that limit the optimization and also it is
practicably unacceptable.

In-plane shear stress in the bi-layer and multilayer config-
urations was far less than other stress components along the same
path. Maximum shear stress was at interface between TiN and Ti
interlayer close to the substrate and peak of maximum slightly
shifted toward the Ti interlayer which could affect adhesion
adversely.

4.1.2. Criterion for practical adhesion evaluation and scratch-
dimensioning

The critical failure load was determined with real scratch test
and correlated to the simulated stress field to characterize the fail-
ure mode (adhesive and cohesive). It was found that indenter with
tip radius of 100 lm was suitable to produce the adhesive failure.
For the large radii indenter (200 lm), cracking and chipping was
the predominant observed failure mode. As the critical scratch load
increased for larger indenter tip radius, the resulting failures were
cracks beyond scratch edges (cohesive failures). The position of the
maximum von-Mises stress at critical failure load was shifted deep
into the substrate and probably most of the load was used to pro-
duce deformation in substrate. As a result, sufficiently high bend-
ing induced tensile stresses on the sides of the scratch track
reached critical cohesive strength of TiN which perhaps caused
failure. However, critical failure load with a smaller indenter tip
radius (100 lm) was found lower and plastic flow increased and
shifted to the substrate surface region. As shown in Fig. 3a wherein,
the interface is indicated by white dash line and black dot marks
the position of the maximum von-Mises stress.

In case of multilayer, critical scratch load was sufficiently higher
even with 100 lm indenter tip radius, for which the maximum
von-Mises stress shifted more deep into the substrate. However,
the von-Mises stress close to interface was significantly high
enough to cause the delamination. This indicates relatively higher
adhesion of multilayers compared with the bi-layer. In view of the
analytical analysis, it was found that shallow position of maximum
von-Mises stress was responsible for adhesive failure.

4.2. Experimental results

4.2.1. Morphological characterization of coatings
After deposition, the thickness of individual layer in multilayer

and presence of Ti interlayer was observed with the focus ion beam
(FIB) cross-section measurements. The images are shown in Fig. 4.
The sample MOTI (multilayer with optimal thickness of interlayer)
shows slightly less overall thickness. Individual TiN layers and Ti
interlayer thickness were within the range of ±50 nm and
±10 nm, respectively. All the samples show columnar growth in
all the TiN layers. However, layer close to the substrate shows
dense growth of columns which could result in relatively high
stress in the layer.

4.2.2. In-plane residual stress analysis
For qualitative comparison of in-plane residual stress in bi-layer

and multilayer configurations, the grazing-incidence X-ray
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Scratch Direc�on

Fig. 3. (a) Position of von-Mises stress at the moment of observed critical scratch load (LC1) in bi-layer coating, (b) corresponding failure in bi-layer at incident of critical
scratch load with 100 lm indenter.

Fig. 4. The FIB cross-section observation (30 kV, ETD, 65,000� in all the cases): (a) sample BL, (b) sample MMPI, (c) sample MOPI, (d) sample MOTI. Columnar structure and
presence of Ti layer is clearly visible.
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diffractogram are shown in Fig. 5. The diffraction patterns were
smooth and shifted vertically for clarity. It was assumed that all
the coatings were in compressive residual stress. The difference
in peak position of bi-layer and multilayer coating configurations
diffractogram is primarily due to difference in residual stress.
Considering X-ray diffractogram analysis, the high angle diffraction
peak (511) in bi-layer is shifted to lower 2h angle compared with
multilayer sample MMPI which showed that BL sample has higher
residual stress. The multilayer samples MMPI and MOPI almost
have similar peak position and MOTI diffractogram shifted toward
high angle showing lower residual stress among all the multilayer
configurations.

4.2.3. Nanoindentation
The results of indentation test in bi-layer and different multi-

layer configurations are presented in Fig. 6. An increase in hardness
for shallow displacement might result from surface roughness. For
penetration depth of 100 nm multilayer configuration shows
slightly higher hardness than that of bi-layer but it remained
within the limits of standard deviation. By taking penetration
depth of 150 nm (penetration depth less than one-tenth of coating
thickness) multilayer with middle position of interlayer slightly
decrease its hardness compare to other configurations. The differ-
ence in hardness between the remaining two multilayer config-
urations appears clearly due to Ti quantity. The nanoindentation
modulus for coating configurations is shown in Fig. 6b. The values
are derived from the continuous stiffness measurements. The
effective modulus values of multilayers decreased with increasing
displacement into coated system. The hardness and modulus are
more stabilized at penetration depth of 100 nm.

4.2.4. Scratch adhesion
The scratch tracks in coatings were observed with an optical

profilometer and images at incident of the first failure (LC1) are
shown in Fig. 7. The first failure in all the coating configurations
was semi-circular cracks due to buckling inside the scratch track
accompanied with the first delamination within the track. It is
commonly occurring failure in hard coating on compliant substrate
like stainless steel [29]. The amount of spallation is high and con-
tinued until final delamination in the bi-layer. However in the mul-
tilayer, it occurs with intermediate conformal cracking. It seems
that thicker ceramic layer of TiN in bi-layer is responsible for



Fig. 5. X-ray diffractogram at grazing incidence of the bi-layer and multilayer configurations.
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Fig. 6. Intrinsic hardness and elastic modulus in bi-layer and multilayer
configurations.
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continuous spallation of coating at relatively lower critical scratch
load as shown in Fig. 7a where the white region in track is the sub-
strate. As the multilayer configurations with ductile interlayers
absorbed more energy, consequently spallation took place at sig-
nificantly high critical scratch load.

The adhesion of coatings in relation to critical adhesive load at
incident of failure is shown in Fig. 9. An enhancement in the first
and second critical adhesive loads of multilayer was found to be
50% and 22%, respectively in relation to bi-layer. When multilayer
was compared with different configurations, an optimal position of
the interlayer and optimal thickness of interlayer showed
improvement by 16% for the LC1, and 18% and 27%, respectively
for the LC2.
5. Discussion

Finite element results show that axial stress at radial free edge
plays a major role in the optimization of Ti and TiN thickness in
multilayer configurations. The decrease in stress is much effective
in case of model MOPI (Fig. 2b). However in case of model MOTI, an
increase in thickness of intermediate Ti interlayer and interlayer
between coating-substrate interface lead to a much more effective
decrease in stress peak by elastic deformation of less stiff Ti layers
while Ti interlayer close to top surface remained ineffective. It
was found that axial stress was distributed similarly in all the
configurations (bi-layer and multilayer), but the peak value of
stress varied from one configuration to another. The peak value
is significant to enhance crack propagation from the edge, along
the interface or within the TiN close to the interface [30]. Scratch
adhesion results confirmed that interlayer thickness-optimized
multilayer (sample MOTI) involved remarkable increase in adhe-
sion; the critical adhesive load LC2 measured for this multilayer
configuration was found to be 27% higher than obtained for the
multilayer with middle position of interlayer (sample MMPI).

The optimization of multilayer configurations involved a
decrease in only the axial stress component at the edge of model.
As a result, it was possible that other stress components such as
in-plane shear and in-plane residual stress might increase.
Therefore, as a monitoring check, in-plane shear stress was ana-
lyzed during the finite element calculations along the same path
and in-plane residual stress was experimentally investigated with
X-ray diffraction in the produced multilayer coating configurations.

The difference in in-plane shear stress component among the
multilayer configurations is not very significant as maximum shear
stress was far less than other stress components. Even though this
stress component is small it decreased the possible initiation of
spallation at the edge. Although modeling approach and materials
behavior significantly differed with the actual multilayers but gen-
erally these changes may be beneficial for suppressing the crack
propagation and improving the adhesion.

Considering X-ray diffractogram analysis, the bi-layer (sample
BL) has the highest in-plane residual stress among all the multi-
layer configurations (samples MMPI, MOPI and MOTI). The intro-
duction of two interlayers significantly controls the residual
stress and improves the critical adhesive load. In addition, the
FIB cross-section analysis reported in Fig. 4 showed columnar
growth structure of PVD TiN layers which terminated with Ti
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interlayer in the multilayer configurations. This could be one of the
main reasons of decreased residual stress and improved adhesion
of multilayer configurations. Stress analysis in individual TiN layer
of multilayer system is of considerable greater scientific and
technological importance for multilayer development. The work
is on-going with the micro-scale FIB-DIC ring core [31] and more
advanced XRD techniques.

The analytical modeling for scratch dimensioning with different
indenter radii demonstrated the possibility to adjust the depth of
maximum von-Mises at coating-substrate interface to induce
adhesive failure. As shown in Fig. 3b, high tensile stress at surface
in combination with weakening of interface by plastic flow at
interface caused severe shearing off the bigger coating areas [32].
The simulated von-Mises stress with an indenter tip radius of
100 lm and corresponding adhesive failure at the first critical
scratch load is shown in Fig. 3. It shows good agreement between
the analytical and experimental results of virtual and real scratch
tests. In addition, results indicate the significance of analytical
measures to produce adhesive failure and suppress cohesive
failure.

Besides spallation within scratch track, Figs. 7 and 8 show fine
tensile cracks (semicircular crack parallel to trailing edge of
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indenter) on the site of buckling failure which are predominant in
multilayer configurations that reflect coating still adhered to the
substrate. These cracks occur as a result of equilibrium between
tensile frictional forces on trailing edge of indenter with compres-
sive frictional force ahead of indenter [21]. This could be due to
high friction stress involved by the presence of Ti interlayer with
the indenter [33]. Also, it could be expected that critical load in
multilayer might be affected by the friction between Ti and dia-
mond indenter. Specifically, the multilayer MOTI configuration
showed the smearing of Ti along the scratch track due to its high
adhesion.

In one of authors previous work [6], a four-layers Ti–TiN multi-
layer coating were numerically analyzed and experimentally
tested. In that work, only three Ti–TiN multilayer (four layers) con-
figurations showed significant improvement in adhesion, tough-
ness and hardness, when a Ti buffer layer was placed in lower
position of the coating thickness. In the present work, which is
an extension of the previous work [6] robustness was provided
using ANSYS optimization algorithm to use it for Ti and TiN thick-
ness optimization and reproducing the realistic residual stress dur-
ing the optimization. The results suggested the significance of
optimization measures to develop stress-optimized multilayer for
improved adhesion.
6. Conclusions

The design and optimization of the Ti–TiN multilayer PVD-
coating thickness were performed by finite element analysis to
minimize the interfacial axial and shear stress produced under
the influence of thermal and intrinsic stresses. Considering the
experimental results of scratch adhesion, it was found that multi-
layer compared with the bi-layer showed significant improvement
(22%) in the critical load. With an introduction of two interlayers,
the stiffness and hardness of composite multilayer remained the
same as recorded in nanoindentation results. The multilayer with
optimal position of interlayer showed improvement by 18% and
the best configuration with optimal thickness of interlayer showed
27% increase in the critical adhesive load.

The results of virtual scratch test provided comprehensive
interpretation of observed failure and demonstrated its importance
in order to accurately estimate specific coating properties such as
practical adhesion.

Concerning the in-plane XRD-residual stress analysis, the multi-
layer with optimal interlayer thickness has lower residual stresses
and bi-layer has higher stress. To develop an improved
understanding in stress-optimized multilayer coating design resid-
ual stress in individual coating layer perhaps will be required.
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