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Abstract
A structure of gradient hard coatings (Ti, TiN, TiCN and TiAIN) is designed, and residual
stress is simulated by a finite element method with ANSYS. The influence of the realistic situation

including load and temperature on the residual stress of the coatings is investigated. Simulated re-

sults show that the realistic situation strongly affects the residual stress. To be specific, i) The main

residual stress concentrates on the coatings prepared on YG8 substrate, and the residual stress and

its gradient of the coatings are bigger than that of the substrate; ii) TiAIN and TiCN coatings have

better resistance compression than that of TiN coatings in the same condition; iii) The improved

multilayer structure of the gradient hard coatings produces weaker residual stress but higher anti-

pressure of the substrate.
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0 Introduction

Hard coating materials have been wildly used in

2 medical

mold manufacturing''’ | aero engine
astrology* and other fields for its excellent hardness,
oxidation resistance, corrosion resistance, high temper-
ature stability, electrical conductivity and smaller fric-
tion factor. However, due to the low bonding strength
between hard coating and subsirate, crack from the
high residual stress caused by the load is generated at
the interface, which makes the dies, tools or the de-
vices failed. So, it is important to analyze the stress
distribution law of the matrix and the coatings, the fac-
ture strength of the crack, and the dynamic character-
istic of the coating structure ™',

Meanwhile, it is available and satisfied to solve
the contact problem, which is difficult to obtain the ex-
act solution of the coating materials by the numerical
methods with the improvement of the computer perform-
ance. Coating/substrate bonding strength is an impor-
tant index to study the coating performance, and the
contact width is very important to investigate the bond-
ing strength of the coating/substrate. The theory of the
coating /matrix has achieved some success internation-
ally. Gong and Qiao tested the residual stress curve of
the TiN coating on HSS. The residual stress ranging

from 3.12GPa to 2.29GPa and thermal stress of the
coatings ranging from 1. 96GPa to 1. 92GPa with the
thickness from 3pum to 11 um were achieved by finite
element analysis respectively'”'. Gong, et al. designed
the Y-TZP/1LZAS glass ceramics function gradient coat-
ing, and analyzed the effect of gradient the coating/
substrate interface residual stress on the composition
distribution of the gradient index, layer number and
layer thickness and other parameters using finite ele-
ment software'®’. Thanongsak , et al. studied the effect
of ¢BN coating on the tool wear resistance by using the
method of combining experiment and the finite element
simulation , and reached that the tool with ¢cBN coatings
could reduce the wear rate and the cutting temperature
of the tool®’. Zhang, et al. established a bonding in-
terface stress detection system about coating, and re-

searched on the interface state detection' '’

. However,
there are very limited reports regarding the structure
design of gradient hard coatings and the residual stress
simulation.

The structure of Ti gradient hard coatings is de-
signed, and the residual stress change at different
working temperature and loading is analyzed by AN-
SYS, which provides a basis for improving the physical
and mechanical properties of the gradient coatings and

optimizes the structure design in this paper.
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1 Establishment and evaluation of the model

1.1 Creating and meshing the model

The substrate is YG8 with the length of 18mm and
the radius of 8mm. The structure of the gradient coat-
ing is shown in Fig. 1
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The three-dimensional model of matrix YG8 and
the hard coatings are established by ANSYS, and
Fig. 2 presents the establishment and mesh of the mod-
el. The substrate data and the coatings parameters from
ANSYS are shown in Table 1. What’ s more, the room
temperature Young modules and Poisson ratio of YG8
are 210GPa and 0. 28, respectively. If the coating and
the substrate can be seen as a whole, ignoring the in-
fluence of sliding friction on coating performance and
alloy matrix, the effect of static pressure and different
temperature on the residual stress of coating and sub-
strate can be analyzed. The preparation technology of
each coating is shown in Refs [11,12].

Fig.2 Model of ANSYS simulation and calculation

The free meshing dividing is used. The different
materials are gluing before free meshing dividing, and
then loading and solving because the composite coat-
ings are regarded as the different element.

The effect of cylindrical fretting pads on the sub-
strate without coatings is used to estimate the finite ele-
ment model for Hertz contact theory only applied to an-
alyze the contact stress of the substrate without coat-

ings. The positive stress from ANSYS calculation was
Fig.1 Structure of the gradient coating in the simulation identical to that from Hertz contact theory resolution
and calculation (shown in Fig.3).
Table 1  Coatings parameters' "]
. Line:
Elastic ~ Poisson . Tension Compressive nmeat Thermal Specific
. . Hardness Density P expansion o
Coating  module ratio G(GPa) ) strength strength efficient conductivity heat
E(GPa) v CUOPRElem) i Gpay (6P e A(Wm - K) e(Ikg - K)
a(107°K)
TiAIN 376 0.36 47.5 6.35 0.8 0. 381 9.20 19.9 270
TiCN 205 0.34 48.9 4.47 0.9 0.98 9.56 19.2 380
TiN 341 0.33 45.5 5.34 0.65 0.66 9.35 19.3 365
Ti 105 0.37 45.0 4.50 0.44 0.45 9.00 19.9 523
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Fig.3 Ratio of the stress theoretic value and numerical value

of coatings model along front direction

1.2 Applying constrains, loading and solving

First, constrains are defined in order to apply load
on the model. Changing mesh and studying the mesh-
sensitivity are permitted on the solid model. And the
procedure would transfer the loading of the solid to the
finite model automatically.

On the other hand, temperature load and stress
load are imposed on the material surface to study the
influence of heat expansion and heat shrinkage on ma-
terial stress and the influence of external stress on the
residual stress of the material.

2 Results of analysis

2.1 Residual stress distribution when the YGS8
substrate is combined with TiN/Ti coating
The distribution of residual stress of the coatings

with the structure in Fig. 1 (a) is shown in Fig. 4 at the
static loading of 100N, 200N, 300N, 400N at 25°C.

a:100N; b: 200N; c¢: 300N; d: 400N
Fig.4 Residual stress nephogram of TiN/Ti coatings
under different static loading at 25°C

It can be seen that the distribution of the residual stress
of cemented carbide is different from the coating under
different static loading. The residual stress concentra-
ting on the local loading area of the coatings shows lin-
ear decrease between the area of coating and substrate.
The stage of concentrated stress transferred to the gra-
dient layer from the interface, which is benefit to avoi-
ding material damage and mitigating external stress. So
it enables the mould life to increase many times. To
further research the distribution of residual stress in the
direction of added stress, a coordinate system is estab-
lished in which the abscissa is the distance from the
surface to the outer layer and the ordinate is the inner
residual stress as shown in Fig. 5.
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Fig.5 Residual stress of TiN/Ti coatings under different
static loading at 25°C

It can be seen that the residual stress of the sam-
ple decreased linearly, and the bigger the loading, the
bigger the residual stress, the more damage of the coat-
ing. Meanwhile, the maximum of the residual stress
300GPa under the loading of 300N is close to the criti-
cal yield strength 20GPa"'®’. And the coating would be
damaged seriously when the residual stress of the outer
layer exceeds the conventional strength of the TiN coat-
ing to reach 42GPa under the loading of 400N. In con-
clusion, they provide instructive parameters to the ap-
plication conditions of the gradient coating of the struc-
ture.

The distribution of residual stress of the coatings
with the structure in Fig. 1 (a) is shown in Fig.6 at
200°C , 400°C , 600°C, 800°C under 20N. It can be
seen that thermal residual stress is different at the inho-
mogeneous temperature difference at the same loading.
Moreover, it presents that the higher the temperature,
the larger the residual stress in the coatings. Nonethe-
less the residual stress in the substrate increases a little
for the insulation of ceramic coating reduces the input
energy of the substrate. So the substrate temperature is
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lower than that of the coating, and the rising rate of the
residual stress is relatively small with the increasing of
the heat loading. Meanwhile the residual stress curve
of coatings from Fig. 6 is shown in Fig.7. The estab-
lishment method of the coordinate system is similar to

that of Fig.5.

T

a: 200C ; b 400°C ; c: 600C ; d: 800C
Fig.6 Residual stress nephogram of TiN/Ti coatings at
different temperature under 20N

Fig.7 shows that the bigger temperature loading
on the coating, the bigger the residual stress is and the
lower of compression residence capability, which will
cause more damage. Nonetheless it does not reach the
strength limit of TiN coating when the residual stress
reaches 10GPa at the working temperature of 800°C.
On the other hand, it is significant to consider the in-
fluence of the high temperature oxidation resistance of

TiN coating in practical applications'"”".
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Fig.7 Residual stress curve of TiN/Ti coatings at different

temperature under 20N

2.2 Analysis of the binding stress between the
YGS8 substrate and TiCN/TiN/Ti coating

The nephogram of residual stress of the sample
with the structure in Fig. 1 (a) under the different stat-
ic loading and temperature is shown in Fig.8 and
Fig.9. The distribution trend of the residual stress is
the same as Fig. 4 and Fig. 6. The distribution curve of
stress made method as the same as Fig.5 is shown in
Fig. 10 and Fig. 11. Compared with Fig.5 and Fig.7,
it can be concluded that the maximum of residual stress
with the structure of in Fig. 1(b) is less than that of
the structure in in Fig. 1(a) under different loading at

room temperature. What’ s more, the yield strength of
8]

TiCN coating is bigger than that of TiN coating'"®’. In

a; 100N; b: 200N; c: 300N; d: 400N
Fig.8 Residual stress nephogram of TiCN/TiN/Ti coatings
under different static loading at 25°C

a: 200°C ; b 400 ; ¢: 600 ; d: 800C
Fig.9 The residual stress nephogram of TiCN/TiN/Ti coatings

at different temperature under 20N
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Fig. 10 Residual stress of TiCN/TiN/Ti coatings under
different static loading at 25°C
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Fig.11 Residual stress of TiCN/TiN/Ti coatings at different
temperature under 20N

conclusion, the design of the gradient not only relieves
the residual stress from the external loading, but also
solves the contact problem of the materials with big
hardness. Thus it improves the binding force of coating
and substrate.

2.3 Analysis of binding stress between YG8 sub-
strate and TiAIN/TiCN/Ti coatings

In order to further improve hardness of coating and
binding force between hard coating and substrate, the
structure of the gradient coating in Fig. 1 (¢) is de-
signed and prepared. Then the stress of the coating un-
der different loading is simulated.

The nephogram of residual stress at different load-
ing and temperature is shown in Fig. 12 and Fig. 13, re-
spectively. The distribution curve of stress is shown in
Fig. 14 and Fig. 15. Tt shows that the residual stress of

the coating is smaller than that of the coatings with the
structure in Fig. 1(a) or Fig. 1(b) TiAIN coating has
so high yield strength with 60GPa and high temperature
oxidation resistance closed to 1000°C that the problem
of binding force is solved between TiAIN/TiCN/TiN/Ti
gradient coating and YG8 substrate easily'®’. So it en-
ables the mould life to increase many times when the
simulated condition of gradient coating is used in prac-
tical applications.

a; 100N; b; 200N; c: 300N; d: 400N
Fig.12 Residual stress nephogram of TiAIN/TiCN/TiN/Ti

coatings under different static loading at 25°C

a: 200°C ; b: 400°C ; ¢: 600C ; d: 800°C
Fig. 13 Residual stress nephogram of TiAIN/TiCN/TiN/Ti
coatings at different temperature under 20N
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Fig. 14 Residual stress of TiIAIN/TiCN/TiN/Ti coatings
under different static loading at 25°C
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Fig. 15 Residual stress of TiIAIN/TiCN/TiN/Ti coatings
at different temperature under 20N

3 Conclusions

(1) The main residual stress concentrates on the
coatings prepared on the YG8 substrate, and the resid-
ual stress and its gradient of the coatings is bigger than
that of the substrate.

(2) The compressive performance of TiAIN coat-
ing is better than that of TiCN coating under the same
condition, and the TiAIN coating can increase the life
of the substrate.

(3) With the increasing of the layer number of
the gradient coating and the improvement of the struc-
ture, it not only solves the problem of the binding force
between hard coatings and substrate, but also decrea-
ses the residual stress of the coating and the substrate
under the external loading.
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