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ABSTRACT

The finite element method (FEM) and scratch sliding test were combined to investigate the tribological behaviors of Chromium
Aluminum Silicon Nitride (CrAlSiN) coatings with various Si contents. The tribological behavior was evaluated through sliding
tests using a conventional ball-on-disc wear apparatus. It was found that the coefficient of friction (COF) of CrAISiN was lower
than CrAlIN coating and it reached a minimum value of 0.56 for CrAlSiz;N. Energy-dispersive Scanning Electron Microscopy
(SEM) with X-ray spectroscopy (EDX) was employed to reveal the compositions of wear debris formed during the scratch sliding
experiments. As a reasonable approximation, a static condition was applied, and the scratch behavior was modeled by a sphere
indenter scratching on a thin coating coated on a thick substrate. A three-dimensional finite element model was constructed
with the help of the ABAQUS to describe the mechanical response during scratch.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http: //creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5085373

I. INTRODUCTION

Chromium nitride coatings have high hardness as well
as good wear resistance due to its low COF, and they have
been widely used as protective coatings for various tribologi-
cal forming and casting applications.'? To further extend the
functionality and performance, the material properties have
been modified to overcome related deficiencies. In recent
years, many researchers dope the third element (such as Al,
B, Ti, W, etc.) in binary CrN system to improve mechanical,
thermal and anticorrosion behaviors.>® Among these coat-
ing systems, CrAIN stands to be a promising candidate due
to its favorable oxidation resistance and thermal stability.”:#
Moreover, adding silicon to transition metal nitrides has been

reported to significantly improve several mechanical prop-
erties, including hardness, toughness and oxidation resis-
tance.?'? Therefore, CrAlISiN coatings are of superhardness,
excellent oxidation resistance and wear resistance due to the
substitutional replacement of the smaller Si and Al atoms into
the Cr sites. Mo et al. and Geng et al. studied tribological
behaviors of CrAIN and CrSiN, respectively.'!'? Some work
focused on tribological behavior of nanocomposite structure
of CrAlSiN coatings.'3-17

The relative slippage on a contact surface in the Coulomb
friction theory initiates when the magnitude of the friction
stress vector arrives at the critical value poy, where o, is
the normal contact stress and u is the Coulomb friction coef-
ficient.’®1° The scratch COF us is obtained by the ratio of
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tangential force F; to the normal force F,. Due to deforma-
tions of the surface coating, F; is not only from shear stress
but from a part of critical normal stress o-,. In addition, a part
of F, also comes from shear stress. They cause the scratch
friction coefficient us to be a sum of Coulomb friction coef-
ficient u and deformation friction coefficient p4. In compari-
son with the Coulomb friction coefficient u, deformation fric-
tion coefficient uy is negligible under a slight deformation of
coatings and is comparable and even larger under a serious
deformation. With the absence of stress and strain filed, it is
difficult to measure 4 and further u, that depends uy) is not
very understandable. In some cases, when friction stress on
a contact surface reaches material yield strength in shear 7y,
contact slippage could take place even if the slipping condi-
tion for Coulomb friction is not satisfied.2%-2* As a result, the
scratch coefficient us is not a simple addition of the surface
deformation coefficient u4 and the traditional Coulomb fric-
tion coefficient u but depends on three variables: u, 4 and 7.
Without the knowledge of stress field, it is unclear whether
the plastic slippage occurs. The finite element method is an
important tool to describe the mechanical responses in the
scratch process.z#25

In this present work, the CrAISiN coatings with different
Si content (0, 3.7 at. %, 6.3 at. %, 8.6 at. %, 10.7 at. % and
13.1 at. %) were deposited to study tribological behaviors dur-
ing scratch. Consequently, the main aim of this work was to
systematically investigate and elucidate in detail the effects
of various Si contents on the tribological performances via
experiment and modeling.

Il. EXPERIMENT AND NUMERICAL PROCEDURE

The CrAlSiN coatings investigated in this research were
deposited on Cu, HSS and Si wafer substrates using medium
frequency pulse magnetron sputtering technique. The CrAISiN
coatings were deposited on Cu for EDX experiments, on Si
wafer for microstructure experiments, on HSS for mechani-
cal and tribological experiments. Customized Cr and AlSi with
different Si content targets in a reactive nitrogen atmosphere
were used to obtain coatings with an increasing Si content (as
shown in Table I). The HSS substrates of the disc type (30 mm
in diameter and 5 mm in thickness) were cleaned in an ultra-
sonic cleaner using acetone and alcohol for 20 min. Mirror-
polished Si and polished Cu substrate were cleaned separately
in an ultrasonic cleaner using acetone and alcohol for 2 min
and 20 min, respectively. The substrates were cleaned again

TABLE I. Chemical composition of CrAISiN films.

Elements (at. %)

Target Cr Al Si N

Al+Cr+Al 20.1 29.4 0.0 50.5
Al + Cr + AlSijp 18.0 29.2 3.7 49.1
AlSijp + Cr + AlSijo 17.9 26.8 6.3 49.0
Al + Cr + AlSi3g 17.6 23.4 8.6 50.4
AlSijp + Cr + AlSi3g 16.1 21.3 10.7 519
AlSiso + Cr + AlSizg 18.9 19.5 13.1 485

scitation.org/journal/adv

by ion bombardment using a bias voltage of —900 V under Ar
atmosphere of 1.5 Pa for 15 min. Substrate bias voltage of -
150 V and ratio Ny /Ar of 1:2 were used. The coatings were
deposited from sputter sources at a working pressure of 0.5 Pa
and the input power on the CrAl(Si) target was fixed at 250W.
The background pressure of our apparatus was 5x107° Pa.

The morphology of coating was observed also by
a field-emission scanning electron microscopy (SEM, FEI
Sirion400NC). Chemical analysis was performed on a field
emission scanning electron microscope equipped with INCA
energy-dispersive X-ray spectroscopy (EDX). The crystallo-
graphic investigations were performed by glancing angle X-
ray diffraction (GAXRD, X'Pert PRO MPD) under 26 mode. The
X-ray was generated from a Cu target operated at 40 kV
and 150 mA. The 26 scanning range was from 30° to 80°.
The scratch sliding tribological tests of CrAlSiN coatings with
different Si content were performed on a conventional ball-
on-disc rotational wear apparatus to evaluate the friction
coefficient and wear behaviors. A ZrO, ball was used as a
counterpart material. The sliding distance is around 560
meters. The tests were conducted with a sliding speed of
0.088 m/s under a load of 1 N at ambient temperature
(around 25°C) and relative humidity (25-30% RH) condition.
SEM was employed to observe the morphology of the wear
track after each sliding experiment. Energy dispersive spec-
troscopy (EDS) was used to reveal the compositions of wear
debris.

In the finite element model, the radius of spherical inden-
ter was R = 3170 um, and thickness of coating was h = 3 um
consistent with experiments. The thickness of the sample used
in simulations is 150 um (in spite of 5 mm in experiments)
because the results show that stresses and strains were zero in
the region (z < -100 um) and that further increasing the thick-
ness of the substrate did not cause any effect. In the current
simulations, 700 um was used for the length and 360 um was
used for the width. The extra loadings were applied by follow-
ing two steps: first, the indenter was compressed down to the
coated surface by the normal force F, = IN; and second, a tan-
gential displacement loading was applied to keep the indenter
sliding along x-axis at the fixed F,. The boundary conditions
were as follows: 1) Coulomb friction was applied on the con-
tact surface between the indenter and the coating; 2) complete
cohesion was employed on the contact surface between coat-
ing and substrate; and 3) the other surfaces of the coating and
substrate were fixed.

Ill. EXPERIMENTAL RESULTS AND DISCUSSION
A. Cross-sectional micrographs

Fig. 1 shows the cross-sectional micrographs of CrAlSiN
coatings with different Si content. The columnar crystals
growth direction of coatings is perpendicular to the coat-
ing surface. Fig. 1 markedly shows a serial conversion of
microstructure with Si content. The insertion of Si into nitride
coatings may improve the densification of coating and reduce
the grain size of columnar coatings.?® The columnar struc-
ture of the CrAIN coating switches to spherical and equiaxial
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grains with 13.1 at. % Si content. In our previous studies,?” a
retardation of the columnar growth by the addition of Si was
verified from the elimination of (111) preferred orientation (no
diffraction peaks of SiNx) and the hardness of CrAlSiN coatings
exhibited the maximum hardness value at Si content approx-
imate 8.6 at. % due to the microstructural change to crystal
size refinement as well as solid-solution hardening.

B. XRD results

The X-ray diffraction patterns of CrAISiN films are shown
in Fig. 2. The substitutional replacement of the smaller Al and
Si atoms into the Cr sites led to peaks falling between those
for B1 AIN and B1 CrN.28 From this experiment and other stud-
ies,?? c-CrAIN was confirmed. From the presence of (111), (200),
(220) and (311) peaks, the Bl NaCl-type fcc structure of the
films was identified. No diffraction peaks of Si3sN4 were found
in this pattern so that its amorphous feature was confirmed
on the basis of literature data.>° In addition to peak positions,
it was noted that the diffraction intensity of (111) peak gradu-
ally reduced with the increasing Si content in the CrAISiN films

a1
I @00) (220)
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g | CrAlSi. N -
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FIG. 2. XRD pattern of CrAISiN with different Si content.
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FIG. 1. Cross-sectional SEM images of CrAISiN coatings
with various Si content (0.0, 3.7 at. %, 6.3 at. %, 8.6 at. %,
10.7 at. %, and 13.1 at. %).

while (200) peak firstly increased and then reduced. Variations
of the orientations for the fcc films, such as CrN, were inter-
preted on the basis of surface and strain energy.>’ To min-
imize the increasing strain and stress during the depositing
process, the fcc film tended to grow along the direction with
lowest strain energy. From the XRD pattern, it was found that
the preferable growth along the (111) direction would be inter-
rupted by the formation of amorphous SizN4 in CrAISiN films.
Grain growth along the (200) direction, which possessed the
lowest surface energy, and fine-grain structure were expected
in the CrAlSiN coatings due to the incorporation of amor-
phous SizNy phase. Fig. 1 presents the cross-sectional images
of CrAlSiN films, which also supported the presumptions from
XRD patterns. The fine-grain structure of the CrAlSiN films
was also revealed. From the results of the XRD patterns and
cross-sectional images, retardation of columnar growth by
incorporation of Si into the CrAIN coating is evident.

C. Mechanical and tribological behaviors

Hardness, COF, and SEM wear tracks morphologies of
CrAlSiN against ZrO, ball at room temperature as a function
of Si contents are shown in Fig. 3. As the Si content increased
in the coatings, the hardness of the CrAlSiN films gradually
increased from Hv1348 for CrAIN, reached maximum hardness
value of Hv2343 at the Si content of around 8.6 at.%. However,
the hardness of CrAlSiN films reduced with further increase
in Si content. Both XRD and SEM showed that Si had a grain
refining effect in the CrAIN. The large increase in the hardness
value of CrAlSiN films at the Si content of around 8.6 at.% can
be explained with a grain boundary hardening phenomenon
derived from crystal size refinement.>? Another possible
mechanism would be the solid-solution hardening of crystal-
lites by Si dissolution into CrAIN. Furthermore, when the Si
content in the films was more than 9 at.%, presence of the
SisNy4 phase was amorphous.?® When the amorphous phase
became thicker than crystallites, the hardness of coatings
became strongly dependent on the property of the amorphous
phase.*° In the dry sliding tests, the COF for the coatings
against ZrO, balls were measured. All specimens exhibited
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FIG. 3. Hardness, COF, and SEM wear tracks morphologies of CrAISiN against
ZrO, ball at room temperature as a function of Si contents (0.0, 3.7, 6.3, 8.6, 10.7,
and 13.1%).

low values of COF at the initial running-in stage. The COF
increased gradually as the sliding distances increased until
stable stage was reached. The COF of CrAIN coating was
higher than that of the CrAlSiN coatings, therefore Si disso-
lution into CrAlIN led to decreased in COF. In CrAlISiN coat-
ings, the lowest COF of 0.56+0.03 for CrAlSiN coating with Si
addition approximate 3.7 at.% was observed. As the Si con-
tent increased in the coatings, the COF gradually increased
to maximum value of 0.68+0.02 at the Si content of approx-
imate 8.6%. However, the COF of CrAlSiN coatings reduced
with further increase in the Si content. The coating surfaces
after sliding wear against ZrO, balls were examined using SEM.
Wear tracks were observed on all six coatings against ZrO;
sliding balls as shown in Fig. 3. There were some ploughs and
debris on CrAIN coating. In CrAlISiN coatings when Si <6.3 at.
%, the wear tracks of coatings were very smooth. When the Si
content was further increased, ploughs and debris appeared,
and the diameter of debris increased. The CrAlSiN coating was
worn at the Si content of approximate 13.1 at. %.

Local wear tracks morphologies of CrAlN, CrAlSis;N,
CrAlSiggN and CrAlSij3 1N, and wear scar morphologies of ZrO,
ball against CrAIN, CrAlSis;N, CrAlSiggN and CrAlSij3 N coat-
ings are shown in Fig. 4. The compositions of wear tracks were
analyzed by EDS to determine the products of friction and
results were given in Table II. In Fig. 3 and 4, the CrAlSi3;N
coating had a much smoother wear track than other coatings.
As shown on the wear track by EDS results of CrAlSis ;N coat-
ing, the oxygen content was much lower in regions 2 than in
regions 1, 3 and regions 4. For CrAlSij3;N coating, it was worn
out but there was still CrAlSiN coating. Because the hard-
ness of CrAlSij3 1N coating is much higher than HSS substrate,
the detached coating was crushed into fine particles, a pro-
cess that led to the formation of deep pits. In all EDS results,
there was no Zr found in all wear tracks. EDS results of wear
scars of ZrO, balls against six different Si content showed
that there was no Zr composition. Therefore, chemical prod-
ucts generated during wear were transferred from coatings to
ZrO, balls and then deposited on them. Cracks and detached
debris appeared in the wear scar of ZrO; ball against CrAIN
coating. However, chemical products generated during wear

scitation.org/journal/adv

FIG. 4. Local wear tracks morphologies of CrAIN (a), CrAISiz7N (b), CrAISiggN
(c) and CrAlISiy3 4N (d) coatings. Wear scar morphologies of ZrO, ball (in red box)
against CrAIN (a), CrAISiz 7N (b), CrAISiggN (c) and CrAISis3 1N (d) coatings.

on ZrO, balls against CrAlSi; 7N and CrAlSig3N coatings were
dense and there were no cracks. Chemical products generated
during wear had detached ZrO; balls against CrAlSiggN and
CrAlSiyo 7N coatings at relatively high proportion. For ZrO, ball
against CrAlSij3 N coating, there was a high amount of Fe and
a relatively low amount of Al. When the Si content was < 8.6
at. %, the Al content of ZrO; balls reduced with increasing Si
content and reached a maximum content value of 58.5 at. % at
the Si content of 3.7 at. %. However, the content of Al on ZrO,
balls increased with further increase in the Si content.

The high hardness of CrAlSiN coatings prevented signif-
icant plastic deformation under contact stress in the fric-
tion process of coating so that it avoided serious ploughs.
Therefore, CrAlSiN coatings had an excellent dry sliding and
wear resistance. In CrAlSiN coatings, the content of amor-
phous SiNy phase increased with increasing Si content, while
amorphous SiNy phase was much softer than the CrN phase.
These results show that coatings can easily produce detached
debris under friction force and contact stress in friction pro-
cess (Fig. 4). As the Si content increased in the coatings, the
tribological mechanism changed from abrasive wear to fatigue

TABLE II. EDX results of coatings from point 1 to point 8 in Fig. 4.

AIP Advances 9, 025116 (2019); doi: 10.1063/1.5085373
© Author(s) 2019

Element [%] Cr Al Si N 0] Fe

Spectrum 1 16.2 20.5 0.0 49.5 13.3 0.5
Spectrum 2 18.3 22.7 3.5 49.3 5.8 0.4
Spectrum 3 17.5 19.8 8.6 45.1 8.6 04
Spectrum 4 4.7 5.7 2.3 10.4 19.3 63.3
Spectrum 5 66.1 10.6 0.00 4.0 18.6 0.7
Spectrum 6 0.2 58.5 2.3 4.6 34.2 0.2
Spectrum 7 13.2 40.5 6.3 3.1 36.8 0.1
Spectrum 8 0.7 473 9.5 0.1 38.5 3.9
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wear. Both CrAIN and CrAlISiN (>8.6 at. %) coatings belonged
to fatigue wear. Lower Si content (<6.3 at. %) CrAlSiN coatings
had higher oxidation resistance in friction process (Table II),
which indicates that the tribological mechanism of low Si con-
tent coatings was not fatigue wear but abrasive wear. The wear
scar EDX results of wear scar on the ZrO, balls showed that
Al content in wear scars on the ZrO, ball against CrAlSis;N
coating was highest and against CrAIN coating was lowest. As
the Si content increased to 8.6 at. % in the CrAlISiN coatings,
Al content in wear scar on the ZrO, ball was reduced. Alu-
mina was known to have lower COF than chromium oxide.*
Therefore, the COF of CrAIN was higher than that of CrAISiN
and the COF of CrAlSiN increased as Si content increased up
to approximate 8.6 at. %. When the content of Si exceeds 9
at. %, the properties of CrAlSiN coatings depended on amor-
phous SizNy (as shown in Fig. 2). In friction process amorphous
SisNy4 and SiO, phases existed on the surface of CrAlSiN coat-
ings, which would be also caused by following tribochemical
reactions between Si and ambient humidity.>* The products
of SiO, and Si (OH) 4 were known to play a role as a self-
lubricating layer. Therefore, the COF of CrAISiN reduced with
Si content increasing when Si > 8.6 at. %. This was another
reason for CrAIN coating having highest COF.

IV. NUMERICAL SIMULATIONS ON TRIBOLOGICAL
BEHAVIORS

With the absence of a stress-strain field it is difficult
to describe the tribological behavior between the spheri-
cal indenter and surface coatings. In this section, a three-
dimensional finite element model was proposed to elucidate
material mechanical responses during the scratch with the
help of the finite element code ABAQUS.

A. Numerical model

In one revolution of the indenter on the coatings, the
magnitudes of the applied tangent and normal forces were
constant in the ball-on-disc wear apparatus. As a reasonable
approximation, a static condition was applied, and the scratch
behavior was modeled by a sphere indenter scratching on a
thin coating coated on a thick substrate as shown in Fig. 5.

As in pioneering research (e.g. in Ref. 34,35), the inden-
ter was also accepted as a rigid body, and the effect of this

"

FIG. 5. Schematic representation of the scratch process on a coated substrate.

scitation.org/journal/adv

condition would be discussed. The deformations of the coat-
ing and substrate were described by the position vector of the
particle in the deformed state r = r(ro, t), which was a function
of its initial position vector r( in the undeformed configuration
and time t. The multiplicative decomposition of the deforma-
tion gradient F = 9r/dry = Ve -Fp into symmetric elastic stretch
tensor V, and plastic Fp contributions was used. While we uti-
lized the small elastic strain assumption: g, = V., — I (I is the
second-rank unit tensor), plastic strains and material rotations
could be large. A total system of equations for the problem
of linearly-elastic, perfectly-plastic flow in the coating and
substrate was used as follows:

The deformation rate d = (F - F!); was decomposed into
elastic (subscript e) and plastic (subscript p) components:

v
d= e dp. 0]
Hooke’s law for volumetric and deviatoric parts of the Cauchy
stress T:

Oxx t Oyy + 0z

p= 3 =-Kg,; s =2Gdeve,. )
Von Mises yield condition:
oi= (55150 < o @)
In the elastic region:
op<oy—dy=0 )
Plastic flow rule in the plastic region:
oi=oy—dp=2as; 120 (5)
Equilibrium equation:
V-T=0 (6)

\Y
where
e

strain; p is the pressure; s is the deviator of the Cauchy stress
tensor T, s = devT; &y is the elastic volumetric strain; K and G
are the bulk and shear moduli respectively; o; is the effective
stress; oy is material yield strength; and the parameter A is
iteratively updated by satisfaction of the von Mises yield crite-
ria in Eq. (3). Material parameters (K, G, and o) have different
values for the coating and the substrate.

The following material properties are used for the coat-
ing:3637 yield strength oy; = 9.5 GPa (CrAIN) and 15.3 GPa
(CrAlSiggN), Young’s modulus E; = 341 GPa (CrAIN) and 500
GPa (CrAlSig ¢N); and for the HSS substrate: oy2 = 4.1 GPa and
E, = 200 GPa. Poisson’s ratio almost does not affect tribolog-
ical behaviors (see Ref. 38) and is taken as v = 0.3 for both
coating and substrate. Coulomb friction coefficient is taken as
u=0.3.

is the Jaumann objective time derivative of the elastic

B. Numerical results and discussions

Due to symmetry of the plane z = 0, which went through
the center of the spherical indenter (see in Fig. 5), the results
for half of the indenter-coating-substrate structure with z < 0
would be presented. Since the simulation was done for half

AIP Advances 9, 025116 (2019); doi: 10.1063/1.5085373
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of the structure, a new boundary condition would be applied:
there was no displacement along the z-axis (u3 = 0) on the
symmetry plane z = 0. To exclude the effect of the initial
indentation, all results would be extracted at the slippage dis-
tance of the indenter 300 um, which meant that the indenter’s
tip in Fig. 5 slides to the position x = 300 um. Fig. 6 repre-
sents the distribution of the effective stress o; on the con-
tact surface. For the CrAIN coating the effective stress was
much smaller than the material yield stress oy, which indi-
cated that the material completely elastically deformed and
plastic deformation did not exist. Different from Ref. 39, the
residual stress was not observed in Fig. 6, because in addition
to the absence of plastic deformation, elastic deformation in
the current model was very small in the contact region and
the region far from the contact region material deformation
could automatically disappear. Without plastic deformation,
plastic sliding in Ref. 21, 22 also did not occur and classic elas-
ticity laws without considering size effects by plastic strain
gradient theories (see Ref. 40) was reasonable for the cur-
rent model. As long as it is larger than the effective stress the
magnitude of yield strength does not affect the deformation
at all. When the yield strength is accepted as one third of the
material hardness,“' the magnitude of material hardness does
not result in the difference on the scratch friction coefficient
in Fig. 3. Consequently, the distinctions of the stress-strain
field between CrAIN and CrAlSiggN were only determined by
Young'’s modulus. With the increased in Young’s modulus from
CrAIN to CrAlSiN, material became harder and more difficult
to deform elastically. Under the fixed normal force F,, =1 N
(Fn = 0.5 N for a half of structure), the CrAIN coating was easily
deformed, leading to a less stress concentration in comparison
with CrAlSiN (Fig. 6). The region with large effective stress was
localized at the right contact boundary in the neighborhood

(a) (b) usx(
1.258
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1.028
0.914
0.799
0.684
0.570
0.455
0.341
0.226
0.111
-0.0034
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FIG. 6. The distribution of the effective stress o-; on the
coating and substrate in the current configuration for (a)
CrAIN and (b) CrAISiggN with the same region. Curve line
ab was the on x-axis in the undeformed configuration, and
Curve ef was the contact line between substrate and coat-
ing and with y = —3um and z = 0 in the undeformed con-
figuration. Point ¢ was on the curve ab and is the cut-off
point between contact and noncontact for the indenter and
coating.

of point c, due to a large tensional stress ox. This tensional
stress was due to the large tangential friction stress at the
content region. If a very large normal force F, was applied to
cause a severe plastic deformation, the largest effective stress
would not occur in the neighborhood of point ¢, because a
large F, caused a compressive stress o xy during the extrusion
of the material, which compensated the tensional stress oxy
due to the friction stress. A complete cohesion condition was
used on the contact region between the coating and substrate,
which meant that the displacement was continuous but the
effective stress was not continuous due to different Young's
moduli (while normal and shear stresses are continuous).

The distribution of the displacement along the y-axis u
is shown in Fig. 7 for CrAIN and CrAlSiggN. With an increase
in Young’s modulus in the coatings, displacement p» did not
change. As discussed before, the displacement changed con-
tinuously from the coating to the substrate, which could be
seen in Fig. 7. There was no change in displacement u;, along
the thickness of direction in the coating, which meant us was
not caused by the compressive deformation of the coating but
by the sinking of the substrate. Because HSS was also a “hard”
material with a large Young’s modulus, the displacement u»
was very small in the current model. There was no displace-
ment on the left side of the coating or substrate in Fig. 7,
an indication that there was no residual strain/stress after
the indenter slided away. The maximum magnitude of u; in
the coatings, |u2|max, was 0.1372 for CrAIN, which was slightly
larger than 0.1356 for CrAlSiggN, which have been caused by
a larger deformation in CrAIN. Because the spherical inden-
ter was accepted as a rigid body the contact region had the
same profile as the spherical surface. Due to the similarity of
the displacement uy, the contact area was also very similar for
CrAIN and CrAlSiN coatings, which could be seen in Fig. 8.

~10) um
1372

FIG. 7. The distribution of displacement of u, on the coat-
ing and the substrate for the same region in Fig. & for (a)
CrAIN and (b) CrAlSiggN. The maximum magnitude of sy,
|£e2|max, was 0.1372 for CrAIN and 0.1356 for CrAISiggN at
the contact tip.
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x=321um
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FIG. 8. The distribution of normal contact stress o, on the
coating for (a) CrAIN and (b) CrAISiggN. The maximum of
magnitude o, was 1.002 x 10° Pa for CrAIN and 1.022
x 109 Pa for CrAISiggN.

In Fig. 8, the differences of distributions of normal contact
pressure oy, between CrAIN and CrAlSiN were not obvious
and the maximum normal stress o, was larger in CrAISiN
because with a smaller Young’s modulus, the stress concentra-
tion was less severe. The contact radius between the indenter
and coating was only around 21 um but the radius of the inden-
ter was 3170 um, an indication that the contact surface was
almost flat and the contribution of the deformation friction
coefficient uq was negligible and the scratch friction coeffi-
cient us was equal to the Coulomb friction coefficient p. In
the current model, the order of magnitude of the deformation
friction coefficient py was 1074,

While the 3D model was constructed to consider the tri-
bological behavior, there were some challenges which could
not be overcomed in the current model or in previous models
to simulate the real contact environment. As in Ref. 21, 22, the
indenter was assumed to be a rigid body. When the elastic-
plasticity material was utilized for the indenter ZrO,, Figs. 6-8
indicated that the deformation of a sphere would also be elas-
tic and small, because ZrO, like HSS was a very hard mate-
rial. In this case, the small deformation of the indenter would
increase the contact area between the indenter and coating,
which led to a smaller stress concentration, and further to
a smaller effective stress, elastic deformations, and displace-
ments in the coating. However, the use of the elastic-plasticity
constitutive for the indenter would draw the same conclusion
that the deformation of the coating was completely elastic and

081 CrAIN
§
‘5 0.6
;=)
S
> 041
S
35
E 021
0.0 (G
0 1500 3000 4500 6000
Number of Cycles

FIG. 9. Friction curves of tested CrAIN film against ZrO, ball at room.

scratch coefficient was only from the Coulomb friction coef-
ficient. Secondly, the wear behaviors of the coatings were not
taken into account in the models. Fig. 9 shows an increasing
scratch friction with number of revolutions, which is due to
atomic changes between contact surfaces. Initially, the con-
tact was between ZrO; and the coating CrAlN, then between
the mixture of ZrO, and CrAlIN, and CrAIN atoms, and finally
between only CrAIN atoms. The Coulomb friction coefficient
increased from ZrO,-CrAIN contact to CrAIN-CrAIN contact,
which led to an increasing scratch friction coefficient in Fig. 9
with an increasing number of circles. When the contact was
only between CrAIN atoms, the Coulomb friction coefficient
(equal to the scratch friction coefficient) did not change, and
the curve in Fig. 8 became flat. Similar to hardness, with the
increase of Si content from O to 8.6 at. %, and then to 13.1at. %,
Yong modulus initially grew and then dropped, which would
cause the stress concentration to strengthen at first and then
weaken. All of the process was Young modulus controlled and
the yield strength did not play a role in the scratching in this

paper.

V. CONCLUSIONS

The scratch sliding test and FEM modeling were
employed to study the tribological behaviors of CrAlSiN coat-
ings at different Si contents. The friction coefficient of CrAISiN
was lower than that of CrAIN coating and the lowest fric-
tion coefficient was 0.56 at Si content of 3.7%. The change
of friction coefficient could be explained by what were wear
scars on the ZrO; balls with high Al content having low fric-
tion coefficient and tribochemical reaction between Si and
ambient humidity. FEM modeling results show that the small
elastic deformation took place in the coatings and substrates.
The deformation friction coefficient was negligible in com-
parison with the Coulomb friction coefficient. As increasing
Young's modulus, the stress concentration was more obvious
in CrAISiN than in CrAIN.
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