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Abstract

In this work, the thermal contact problem of a rigid flat punch sliding over

functionally graded material (FGM) coating with a surface crack is

investigated. The surface of a homogeneous isotropic substrate is ideally coated

by FGM. The coefficient of friction on the contact surface is assumed to be

constant, and dry Coulomb friction law is applied. The major purpose of this

study is to compute the stress intensity factors at the tip of a surface crack

under thermomechanical loading. In this perspective, the thermoelastic

contact and the surface crack problems are modeled using finite element

method. An iterative solution procedure based on finite elements is developed

to solve the contact/crack problem until generated frictional heat reach the

steady-state condition. Obtained results are compared to those available in

the open literature, and a good agreement is observed. Presented results

involve stress intensity factors computed under various thermoelastic sliding

conditions.
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Highlights

• A surface crack problem in an FGM coating subjected to sliding contact is

examined.

• Frictional heat due to punch has a remarkable influence on stress intensity

factors.

• The iterative computational method is developed to determine stress

intensity factors.

• Frictional heat and material properties significantly affect stress intensity

factors.
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1 | INTRODUCTION

Functionally graded materials (FGMs) are a nonconven-
tional type of composites, which have functional alter-
ation in the volume fractions of the ingredient phases.
In tribological applications, functionally graded coatings
provide significant advantages over conventional ceramic
coatings. One of the most important benefits is the
alleviation of thermomechanical mismatch between a
coating and a substrate. Hence, behavior of FGMs under
mechanical and thermal loading conditions is examined
in quite a large number of research studies. Additionally,
both experimental and computational works are conducted
to develop methods of solution for contact mechanics
analysis of functionally graded components. The focus of
conducted research is usually on determining whether
FGM coatings resist contact-related damage such as
cracking and wear under severe environments including
heat and corrosion. It has been proven that FGMs improve
the tribological performance.

Solutions to various types of contact problems for
homogeneous materials are available in monographs on
contact mechanics.1,2 Hills and Sackfield3 presented a
solution for dissimilar elastic cylinders subjected to slid-
ing contact. The articles on contact mechanics of FGMs
examine the influences of a number of factors including
property variation profile, punch profile and speed, coef-
ficient of friction, and coating thickness. Giannakopulos
and Suresh4,5 investigated the axisymmetric problems of
a graded half-space loaded by various types of indenters.
The elastic modulus is expressed by a power function.
Giannakopulos and Pallot6 developed closed-form solu-
tions for the problem of a functionally graded substrate
loaded by a rigid stamp. Suresh et al7 examined the
indentation problem of graded materials by spherical
indenters using analytical and experimental methods.
Guler and Erdogan8–10 studied contact mechanics of an
FGM coating bonded to a homogeneous isotropic sub-
strate and utilized different rigid stamp profiles. Apatay
et al11 calculated subsurface stresses in graded coatings
subjected to rigid flat punch contact. Contact mechanics
problem between a laterally graded elastic medium and a
sliding rigid punch was studied by Dag et al.12 Both
analytical and computational methods were proposed, and
effects of the lateral non-homogeneity and the surface fric-
tion characteristics upon contact stresses were examined.
Ke and Wang13,14 investigated the contact problem for an
FGM coating with an arbitrary spatial variation in the shear
modulus. They discretized the graded coating by a finite
number of layers and adopted the transfer matrix approach.
In addition, Dag15 considered spatial variation of the coeffi-
cient of friction in contact mechanics analysis of laterally
graded materials. El-Borgi et al16,17 developed analytical

solutions to frictionless receding contact problem between a
graded layer and a homogeneous semi-infinite substrate.
Choi and Paulino18 examined interfacial cracking in a
graded coating/substrate system under the effect of fric-
tional stamp. Dag et al19 studied surface cracking of FGM
coating under contact-type loading. Talezadehlari et al20

developed a computational method based on finite differ-
ences for the coupled contact/crack problems of a graded
coating and a homogeneous substrate system.

Fracture mechanics problems of FGMs have also been
considered in various studies to quantify the impact of
material gradation on crack tip parameters. A solution to
a semi-infinite crack in isotropic FGMs was obtained by
Gu and Asaro,21 and it was indicated that the material
gradients had a strong influence on the stress intensity
factors (SIFs). Jin and Batra22 provided SIFs for ZrO2-Ti
FGM with an edge crack under various loading cases.
Dolbow and Gosz23 developed an interaction energy inte-
gral for determination of SIFs for FGMs in a mixed-mode
case. Dag and Erdogan24 studied surface cracking of an
FGM under general loading conditions. A coupled type
crack and contact problem for functionally graded half-
plane involving a surface crack was solved by Dag and
Erdogan.25 El-Borgi et al26 analyzed the surface crack
problem in a graded coating/substrate system. The main
purpose of that study was to investigate the influence of
coating layer thickness and non-homogeneity parameter
on the crack tip SIFs in a mixed-mode. Guo et al27 carried
out research on mode-(1) fracture problem for a function-
ally graded orthotropic strip. Dag and Ilhan28 developed
computational and analytical techniques for mixed-mode
fracture analysis of a functionally graded orthotropic mate-
rial (FGOM). Dag et al29 investigated mixed-mode fracture
mechanics problems of FGOM under both mechanical
and thermal loads. Thermal fracture analysis of FGMs was
conducted by Dag30 via equivalent domain integral (EDI)
approach, and SIFs for various thermal conditions were
presented. Yildirim31 studied thermal shock fracture for
functionally graded layer with an edge crack using the
finite element method (FEM).

In frictional sliding contact problems, considerable
level of heat can be generated due to friction, and this in
turn may impact distribution of contact pressure and
thermomechanical response of the structure. This type of
thermoelastic contact problems involves heat source effect
due to the friction force. Barber32 presented solutions for
steady-state thermoelastic contact problems in which fric-
tional heat due to sliding is generated between two semi-
infinite solids. Steady-state motion of an insulated rigid flat
ended punch on a thermally conducting half-space was
examined by Hills and Barber.33 The thermoelastic contact
problem between a cooled punch and a homogeneous iso-
tropic half-plane was examined by Barber.34 Steady-state

BALCI ET AL. 4629

 14602695, 2023, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ffe.14154 by O

rta D
ogu T

eknik U
niversitesi, W

iley O
nline L

ibrary on [07/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



solutions were developed by applying the concept of ther-
mal contact resistance, which varied inversely with the con-
tact pressure. Yevtushenko and Kulchytsky-Zyhailo35

detailed an approximate solution for the thermoelastic
contact problem involving a nonconducting half-space and
an elastic punch. Kulchytsky-Zyhailo36 put forward a
simplified solution for the three-dimensional (3D) contact
problem involving heat generation. Thermoelastic contact
between a sliding frictional flat stamp and a coating–FGM
interlayer and a homogeneous substrate system was consid-
ered by Choi and Paulino,37 and distributions of contact
stresses were computed for different geometry and loading
conditions. Liu et al38 investigated contact mechanics of
FGMs by considering frictional heating. Chen and Chen39

examined thermomechanical behavior of a finite graded
layer under contact load. They presented numerical results
regarding contact stress and temperature distributions
caused by rigid flat and cylindrical punches. Balci et al40

analyzed the sliding frictional contact problem for a rigid
flat punch and a homogeneous substrate by means of FEM.
Frictional heat generation and temperature-dependent
properties are accounted for in the proposed methodology.
Frictional heat generation accounted for temperature-
dependent material properties. Finite element analysis of
subsurface stresses in FGMs under frictional contact with
heat generation is presented in Balci et al.41

A detailed investigation of the literature as described
above indicates that there is no work on surface fracture
of graded coatings under contact loading involving
frictional heat generation. Dag et al19 examined surface
cracking under contact loading, but frictional heat
generation and its effects were not accounted for. The
main objective in the present study is to perform fracture
analysis of an FGM coating subjected to contact loading
involving frictional heat generation.

Steady-state response of the thermoelastic contact is
investigated under the assumption that the punch sliding
speed is sufficiently small. This assumption implies that
convective effects are not as influential as the conductive
effects. The convective and inertia terms are, respectively,
ignored in the heat equation and Navier equations as also
previously done in other studies.37,40,41 Thus, the present
study investigates steady-state thermoelastic contact/
crack problem between an FGM coating and a rigid flat
punch.

2 | PROBLEM DEFINITION AND
BOUNDARY CONDITIONS

The schematic of the problem examined is depicted in
Figure 1. We consider an FGM coating of thickness h,
which contains a surface crack of length d and is ideally

bonded to an isotropic homogeneous substrate. The
coating is exposed to a frictional sliding contact with a
rigid flat punch, which slides over the surface of the
coating with a relatively small velocity V. Frictional shear
stress induced in the contact region is assumed to cause
heat generation. Furthermore, the punch is thermally
nonconductive, and the heat flows into the FGM coating.
The coordinates of the contact zone extends from y¼ y1
to y¼ y2. The transferred normal and lateral loads are,
respectively, represented by P and Q. Coulomb's friction
law is valid, and thus, Q¼ ηP, where η is kinetic
friction coefficient. The free surface outside the contact
zone and crack surfaces are considered thermally
insulated. Since P is presumed sufficiently small, inertial
effects are neglected. The coated medium is in a state of
either plane stress or strain. The concurrent effects
resulting from punch loading and heat generation induce
mode-(1) and mode-(2) SIFs at the tip of the surface
crack. Crack length d is less than or equal to coating
thickness h, and the crack tip lies either in the coating or
at the interface.

For both mediums of coating and the substrate,
planar constitutive relations of thermoelasticity read

σjxx ¼
μj

κj�1
1þ κj
� � ∂uj

∂x
þ 3� κj
� � ∂vj

∂y
�4αjΔTj

� �
, j¼ 1,2,

ð1Þ

σjyy ¼
μj

κj�1
3� κj
� � ∂uj

∂x
þ 1þ κj
� � ∂vj

∂y
�4αjΔTj

� �
, j¼ 1,2,

ð2Þ

FIGURE 1 A crack emerging on the surface of FGM coating in

contact with a sliding punch generating frictional heat. [Colour

figure can be viewed at wileyonlinelibrary.com]
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σjxy ¼ μj
∂uj
∂y

þ ∂vj
∂x

� �
, j¼ 1,2, ð3Þ

κj ¼
3�4νj, plane strain,
3�νj
1þνj

, plane stress,

8<
: ð4Þ

αj ¼
1þνð Þαj, plane strain,

αj, plane stress,

�
ð5Þ

where σ is stress; u and v are displacement components
in x- and y-directions; T is temperature; and μ, κ, ν, and α
are, respectively, shear modulus, Kolosov's parameter,
Poisson's ratio, and thermal expansion coefficient. The
subscript, j, is equal to 1 for the FGM coating and 2 for
the homogeneous substrate. Previous studies show that
the effect of the variation in the Poisson's ratio on the
mechanical behavior is not at a significant level.19,24,25

For this reason, Poisson's ratios of the FGM coating and
the substrate are assumed to be constant and equal.

The temperature distribution in the coating–substrate
system is governed by the heat equation, which is
expressed as follows for the FGM coating:

k1
∂2T1

∂x2
þ ∂2T1

∂y2

� �
þ ∂k1

∂x
∂T1

∂x
¼ 0: ð6Þ

Governing partial differential equations of thermoe-
lasticity for the FGM coating are derived by substituting
Equations (1)–(3) into equations of equilibrium and
expressed in the form

κ1þ1
κ1�1

μ1
∂2u1
∂x2

þμ1
∂2u1
∂y2

þ 2μ1
κ1�1

∂2v1
∂x∂y

þ κ1þ1
κ1�1

∂μ1
∂x

∂u1
∂x

þ3� κ1
κ1�1

∂μ1
∂x

∂v1
∂x

¼ 4μ1
κ1�1

∂α1
∂x

þ 4α1
κ1�1

∂μ1
∂x

� �
ΔT1

þ 4μ1
κ1�1

α1
∂ΔT1

∂x
,

ð7Þ

μ1
∂2v1
∂x2

þ κ1þ1
κ1�1

μ1
∂2v1
∂y2

þμ1
∂2u1
∂x∂y

þ3� κ1
κ1�1

μ1
∂2u1
∂x∂y

þ ∂μ1
∂x

∂u1
∂y

þ ∂μ1
∂x

∂v1
∂x

¼ 4α1μ1
κ1�1

ΔT1, ð8Þ

The governing partial differential equations (PDEs) of
the homogeneous substrate can be obtained by equating
the material property derivatives to zero.

The contact/crack problem illustrated in Figure 1 has
to be solved by considering the thermal and mechanical
boundary conditions. Since the rigid flat punch is non-
conductive, the heat generated due to friction in the con-
tact zone directly flows into the FGM coating without
any loss to the surroundings. Then, in the contact zone,
the condition

k1 0ð Þ ∂T 0,yð Þ
∂x

¼ �qf yð Þ, y1 < y< y2
0 , otherwise

�
ð9Þ

has to be satisfied. The term qf is the heat flux in the con-
tact region and expressed as

qf yð Þ¼�Vσxy 0,yð Þ, y1 < y< y2: ð10Þ

Continuity conditions at the interface require that

T1 h,yð Þ¼T2 h,yð Þ, ∂T1

∂x
h,yð Þ¼ ∂T2

∂x
h,yð Þ, �∞< y<∞:

ð11Þ

The condition

∂T1 x,0�ð Þ
∂y

¼ ∂T1 x,0þð Þ
∂y

¼ 0, 0< x < d, ð12Þ

ensures that thermally insulated faces are valid for the
edge crack. Outside the crack region, both the tempera-
ture and the heat flux should be continuous, which
implies

Tj x,0�ð Þ¼Tj x,0þð Þ, ∂Tj x,0�ð Þ
∂y

¼ ∂T x,0þð Þ
∂y

, j¼ 1,2,x > d:

ð13Þ

For the coupled crack and contact problem, mechani-
cal boundary conditions at the surface and interface are

σxx 0,yð Þ¼ σxy 0,yð Þ¼ 0, �∞< y< y1,y2 < y<∞: ð14Þ

σxx 0,yð Þ¼ σ yð Þ,σxy 0,yð Þ¼ τ yð Þ¼ ησ yð Þ,y1 < y< y2, ð15Þ

u1 h,yð Þ¼u2 h,yð Þ,v1 h,yð Þ¼ v2 h,yð Þ, �∞< y<∞, ð16Þ

BALCI ET AL. 4631
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σ1xx h,yð Þ¼ σ2xx h,yð Þ,σ2xy h,yð Þ¼ σ2xy h,yð Þ, �∞< y<∞:

ð17Þ

Since the punch is rigid and flat, x-component of dis-
placement in the contact region, u 0,yð Þ, is constant.
Thus, displacement derivative condition can be given as

∂

∂y
u 0,yð Þ¼ 0,y1 < y< y2: ð18Þ

For a fully open crack, the crack surfaces are traction-
free, and the corresponding free-surface conditions are*

σyy x,0�ð Þ¼ σyy x,0þð Þ¼ 0, 0< x < d, ð19Þ

σyy x,0�ð Þ¼ σyy x,0þð Þ¼ 0, 0< x< d: ð20Þ

Lastly, the equilibrium of the rigid punch requires
that

Zy2
y1

σxx 0,yð Þdy¼�P: ð21Þ

3 | FINITE ELEMENT MODELING
AND ANALYSIS

The problem definition described in Section 2 consists of
couplings between thermal and mechanical problems and
crack and contact problems. The coupled problems defined
are solved by the FEM. The developed finite element
solution procedures are integrated into ANSYS42—the
general-purpose finite element analysis software. Both the
FGM coating and the homogeneous substrate are discre-
tized by the triangular counterparts of the quadrilateral
elements, PLANE 77 and PLANE 183, which are used
in thermal and mechanical analyses, respectively. The
triangular element is generated by merging the three
nodes of the corresponding quadrilateral element as

depicted in Figure 2. The square-root singularity that exists
at the tip of the surface crack is simulated by utilizing
quarter-point singular elements around the crack tip.
The geometry of a singular element is provided in
Figure 2C. Moreover, Figure 2D depicts all elements in the
isoparametric coordinate system.

The finite element model developed is shown in
Figure 3. In contact mechanics analysis, the rigid punch
is modeled by contact line elements TARGE169, whereas
the deformable contact surface is discretized by
CONTA172. In total, 300 CONTA172 and 2 TARGE169
elements are used in the computations. The mesh density
is refined especially in the contact region and around the
crack tip to be able to calculate contact stresses and SIFs
with a high degree of accuracy. The dimensions in the
finite element model are denoted by y2� y1ð Þ, L1, L2, and
h, which correspond to punch width, substrate width,
substrate height, and coating thickness, respectively.
The dimensions L1 and L2 are specified much larger than
the size of contact zone to be able to eliminate boundary
effect and generate the computational results for a half-
plane. The ratios y2� y1ð Þ=L1 and L2=L1 are, respectively,
specified as 1=70 and 6=7. The continuous change in the
properties within the FGM coating is modeled by
calculating the thermomechanical properties of each
finite element in accordance with its centroidal coordi-
nates. Each finite element is therefore homogeneous;
however, the property variations from element to ele-
ment follow the power function definitions provided by
Equations (1)–(3). This is the so-called homogeneous
element approach, which was previously shown to lead
to highly accurate results in both contact and fracture
mechanics analyses.12,43 Contact mechanics simulations
are conducted by applying the augmented Lagrange
method. This technique is based on the total potential
energy theorem and known to lead to more accurate
results compared to those computed by Penalty,
Lagrange, and Lagrangian multiplier methods.44,45

The coupled crack and contact problem defined
requires thermal and mechanical analyses. Heat flux that
flows into the composite medium however depends on the
shear stress as conveyed by Equation (10). Because of this
nonlinear behavior, an iterative solution procedure is
proposed to compute contact stresses and SIFs. The first
computation is carried out for a moving punch without
heat generation. Resulting shear stress is utilized to
calculate heat flux and temperature distribution. Computed
temperature distribution is then applied in the next
mechanical analysis. These iterations are performed until
convergence is achieved. The implemented algorithm
checks the nodal values of heat flux at the contact nodes
and stops the procedure when the approximate errors fall
below a predefined percent tolerance. The general steps of

*Note that a crack under contact loading could be fully open, partially
open, or completely closed depending upon the values of the large
number of parameters affecting the solution. For a crack under closure,
the mode-1 stress intensity factor becomes negative. However, the
negative result will still be useful if it is employed in a superposition
scheme for a combined loading that leads to a positive resultant mode-1
stress intensity factor. Previous studies regarding purely mechanical
contact loading show that the edge crack is fully open for relatively
larger values of the friction coefficient.25,53
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the algorithm developed to compute contact stresses and
mode-(1) and mode-(2) SIFs are provided in Figure 4.

Once the converged contact mechanics solution is
obtained, the SIFs can be calculated. In this study, we
implemented the displacement correlation technique
(DCT) for the computation of the SIFs.28,46–49 The method
is applied by utilizing the quarter-point singular elements
depicted in Figure 5. The circular region, r ≤R, around
the crack tip is modeled by means of these elements. The
quarter-point element is formed using the eight-noded
quadrilateral element shown in Figure 2. Three nodes of
the quadrilateral element are merged at the crack tip.
The midpoint nodes on the sides are relocated to the
quarter points at r¼R=4. The wedge-shaped elements
generated display the square-root singularity in the strain
field and have a bounded stiffness matrix.

Displacement fields for the quarter-point elements in
the isoparametric coordinate system shown in Figure 2
are given by Dag and Ilhan28:

u ξ,ηð Þ¼
X8
i¼1

Ni ξ,ηð Þui, ð22Þ

v ξ,ηð Þ¼
X8
i¼1

Ni ξ,ηð Þvi, ð23Þ

where ui and vi are nodal displacements and Ni ξ,ηð Þ are
shape functions, which are of the forms

Ni ξ,ηð Þ¼ 1þ ξξið Þ 1þηηið Þ� 1� ξ2
� �

1þηηið Þ
h

� 1�η2
� �

1þ ξξið Þ
iξi2ηi2

4

þ 1� ξ2
� �

1þηηið Þ 1�ξi
2

� �ηi2
2

þ 1�η2
� �

1þ ξξið Þ 1�ηi
2

� �ξi2
2
,

i¼ 1,…,8:

ð24Þ

FIGURE 2 (A) PLANE 183/PLANE 77 element. (B) Its triangular counterpart. (C) Singular quarter-point element. (D) Finite elements

in the local ξ,ηð Þ coordinate system.
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In the DCT, the asymptotic displacement fields are
correlated with the displacement fields of the quarter-
point elements located on the crack faces. Asymptotic
distributions of the displacement components at the tip
of the edge crack in the polar coordinate system r,θð Þ
shown in Figure 4 are expressed as follows49,50:

u r,θð Þ¼ KI

2μtip

ffiffiffiffiffi
r
2π

r
cos

θ

2

� �
κtip�1þ2sin2 θ

2

� �� 


þ KII

2μtip

ffiffiffiffiffi
r
2π

r
sin

θ

2

� �
κtipþ1þ2cos2

θ

2

� �� 

,

ð25Þ

v r,θð Þ¼ KI

2μtip

ffiffiffiffiffi
r
2π

r
sin

θ

2

� �
κtipþ1�2cos2

θ

2

� �� 


� KII

2μtip

ffiffiffiffiffi
r
2π

r
cos

θ

2

� �
κtip�1�2sin2 θ

2

� �� 

,

ð26Þ

where KI and KII are, respectively, mode-(1) and mode-
(2) SIFs and the superscript “tip” implies that the
corresponding material property has to be computed at
the crack tip. The asymptotic fields given by these
expressions are exactly same as those valid for a crack
positioned in a homogeneous medium. The material
properties in a continuously graded medium however are
variable, and their crack-tip values are to be used in the
asymptotic fields.

From Equations (25) and (26), crack opening dis-
placements are obtained as

v r,πð Þ� v r,�πð Þ¼ κþ1
μ

ffiffiffiffiffi
r
2π

r
KI , u r,πð Þ�u r,�πð Þ

¼ κþ1
μ

ffiffiffiffiffi
r
2π

r
KII : ð27Þ

The crack opening displacements for the quarter-
point elements shown in Figure 5 are of the forms51

FIGURE 3 FEM model for the contact/crack problem and close-up views around contact and crack zones. [Colour figure can be viewed

at wileyonlinelibrary.com]
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v r,πð Þ� v r,�πð Þ¼ 4 vE� vCð Þ� vD� vBð Þf g
ffiffiffi
r
R

r
, ð28Þ

u r,πð Þ�u r,�πð Þ¼ 4 uE�uCð Þ� uD�uBð Þf g
ffiffiffi
r
π

r
: ð29Þ

Equating the respective expressions, KI and KII are
found as

KI ¼ μtip

κtipþ1

ffiffiffiffiffi
2π
R

r
4 vE� vCð Þ� vD� vBð Þf g, ð30Þ

KII ¼ μtip

κtipþ1

ffiffiffiffiffi
2π
R

r
4 uE�uCð Þ� uD�uBð Þf g: ð31Þ

4 | NUMERICAL RESULTS

4.1 | Convergence analysis

Convergence studies are carried out in order to determine
the number of elements to be used in modeling.
Exponential expressions are considered to simulate
the continuous functional variations of the thermome-
chanical properties in the FGM coating. Properties are
expressed as follows:

μ1 xð Þ¼ μ01 exp β1xð Þ, 0≤ x ≤h, ð32Þ

FIGURE 4 Developed algorithm to solve thermoelastic contact and a surface crack problem. [Colour figure can be viewed at

wileyonlinelibrary.com]
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k1 xð Þ¼ k01 exp β2xð Þ, ð33Þ

α1 xð Þ¼ α01 exp β3xð Þ, 0≤ x ≤ h, ð34Þ

μ2 xð Þ¼ μh1, x ≥ h, ð35Þ

k2 xð Þ¼ kh1, x ≥ h, ð36Þ

α2 xð Þ¼ αh1, x ≥ h, ð37Þ

β1 ¼
1
h
ln

μh1
μ01

� �
, β2 ¼

1
h
ln

kh1
k01

� �
,β3 ¼

1
h
ln

αh1
α01

� �
, ð38Þ

where the exponents, βi, are non-homogeneity
constants and their definitions by Equation (38)
imply that the properties are continuous at the interface,
x¼ h. The coating is assumed to be 100% zirconia (ZrO2)
at x¼ 0 and 100% titanium alloy Ti-6Al-4V at x¼ h.
Properties of these constituent phases are tabulated in
Table 1. Poisson's ratio in the coating and substrate mate-
rials are equal to 0.3. Four different mesh configurations
are considered in convergence studies, and the total
numbers of finite elements corresponding to each case
are given as 43,478 for Case 1, 55,710 for Case 2, 122,086
for Case 3, and 154,446 for Case 4. The lowest and
highest numbers of elements are, respectively, applied in
Cases 1 and 4.

The dimensionless SIFs

KIn ¼
ffiffiffi
d

p

P
KI , KIIn ¼

ffiffiffi
d

p

P
KII , ð39Þ

are evaluated in the convergence computations. The nor-
malized punch speed definition

V0 ¼ μ01 1þνð Þα01 y2� y1ð Þη
2k01 κþ1ð Þ V , ð40Þ

given in Choi and Paulino37 is adopted and used to spec-
ify the punch speed.

Tables 2 and 3 present dimensionless SIFs generated
for the four cases mentioned. The results given in Tables 2
and 3 are calculated for punch speed V0 ¼ 0:05. In all
cases crack length is d=h¼ 0:8. The SIFs and percent
errors are presented for nine different values of dimen-
sionless punch end-point coordinate y1=d. Since largest
number of elements is considered in Case 4, percent
approximate errors for mode-(1) and mode-(2) SIFs are

FIGURE 5 (A) The Cartesian (x,y) and polar (r,θ) coordinate systems around the crack tip. (b) The quarter-point singular element at

the crack tip in FGM medium. [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 1 Material properties of the constituent phases.52

Material property ZrO2 Ti-6Al-4V

Thermal conductivity,

k1
0,k1

h

2.036 W (mK)�1 18.1 W (mK)�1

Elastic modulus, E1
0,E1

h 117.0 GPa 66.2 GPa

Thermal expansion
coefficient α10,α1h

7.11(10)�6 K�1 10.3(10)�6 K�1

4636 BALCI ET AL.
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defined relative to the numerical results of this case in
the following form:

ε jð Þ
I ¼

K jð Þ
In kð Þ �K 4ð Þ

In kð Þ
K 4ð Þ

In kð Þ

������
�������100,

ε jð Þ
II ¼

K jð Þ
IIn kð Þ �K 4ð Þ

IIn kð Þ
K 4ð Þ

IIn kð Þ

������
�������100, j¼ 1,2,3,

ð41Þ

where the superscript jð Þ stands for the case number, and
the subscript kð Þ shows the number of iterations required
in the main algorithm given in Figure 4 to compute con-
vergent SIFs. Note that all approximate percent errors
computed for Case 3 are smaller than 1%. Computation
time required for a Case 4 mesh is in general two times that
needed for Case 3. Thus, considering degree of accuracy,
convergence, and computational cost, Case 3 is assessed to

be the optimum choice for computational analyses. The
results provided in Sections 4.2 and 4.3 are thus generated
by using the Case 3 mesh configuration for which the total
number of elements is 122,086. In all cases, the number of
singular elements utilized for the first row circle around the
crack tip is 24 and those for the second row circle around
the crack tip is 48, which results in 72 elements in total.

4.2 | Verification

The numerical results generated in the present study are
verified by comparisons to the results available in the
literature. Figure 6 depicts mode-(1) and mode-(2) SIFs
obtained by present study and those available in the
open literature for various values of y1=d. In these
comparisons, there is no frictional heat generation;
hence, problem is treated under isothermal conditions.

TABLE 2 Normalized mode-(1) SIF results and relative errors V 0 ¼ 0:05, d=h¼ 0:8, η¼ 0:3, β1 ¼�0:0569, β2 ¼ 0:218, β3 ¼ 0:0371,

y2� y1ð Þ=2h¼ 0:2, ν¼ 0:30.

y1=d

Case 1 Case 2 Case 3
Case 4

KIn kð Þ εI 1ð Þ KIn kð Þ εI 2ð Þ KIn kð Þ εI 3ð Þ KIn kð Þ

0.1 �0.07804(6) 0.8461 �0.07848(5) 0.2857 �0.07862(6) 0.1030 �0.07870(5)

0.2 �0.07266(5) 1.0187 �0.07280(4) 0.8223 �0.07328(4) 0.1639 �0.07340(5)

0.4 �0.06053(4) 0.8740 �0.06071(4) 0.5716 �0.06103(4) 0.0487 �0.06106(4)

0.6 �0.04546(4) 0.7932 �0.04558(4) 0.5323 �0.04583(4) 0.0067 �0.04583(4)

0.8 �0.02957(4) 0.7928 �0.02967(4) 0.4499 �0.02979(4) 0.0424 �0.02980(4)

1.0 �0.01483(4) 0.7275 �0.01491(4) 0.1854 �0.01498(4) 0.3258 �0.01494(4)

1.2 �0.00215(4) 5.1374 �0.00222(5) 2.0837 �0.00225(4) 0.6077 �0.00227(4)

1.4 0.00828(4) 0.6468 0.00823(4) 1.2643 0.00830(4) 0.4527 0.00834(4)

1.6 0.01668(4) 0.3797 0.01665(4) 0.5563 0.01676(4) 0.1247 0.01674(4)

TABLE 3 Normalized mode-(2) SIF results and relative errors V 0 ¼ 0:05, d=h¼ 0:8, η¼ 0:3, β1 ¼�0:0569, β2 ¼ 0:218, β3 ¼ 0:0371,

y2� y1ð Þ=2h¼ 0:2, ν¼ 0:30.

y1=d

Case 1 Case 2 Case 3
Case 4

KIIn kð Þ εII 1ð Þ KIIn kð Þ εII 2ð Þ KIIn kð Þ εII 3ð Þ KIIn kð Þ

0.1 0.15367(6) 0.1855 0.15424(5) 0.1808 0.15399(6) 0.0208 0.15396(5)

0.2 0.14043(5) 0.5029 0.14059(4) 0.3890 0.14081(4) 0.2299 0.14114(5)

0.4 0.11026(4) 0.2792 0.11058(4) 0.0094 0.11064(4) 0.0624 0.11057(4)

0.6 0.08181(4) 0.0158 0.08177(4) 0.0649 0.08186(4) 0.0429 0.08183(4)

0.8 0.05834(4) 0.2164 0.05838(4) 0.1481 0.05848(4) 0.0224 0.05847(4)

1.0 0.04083(4) 0.3295 0.04086(4) 0.2615 0.04096(4) 0.0120 0.04097(4)

1.2 0.02822(4) 0.4922 0.02825(5) 0.3645 0.02835(4) 0.0707 0.02836(4)

1.4 0.01925(4) 0.7448 0.01929(4) 0.5575 0.01939(4) 0.0461 0.01940(4)

1.6 0.01290(4) 1.1585 0.01294(4) 0.8551 0.01305(4) 0.0612 0.01306(4)
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Figure 6A,B illustrates the normalized mode-(1)and
mode-(2) SIFs with respect to y1=d for different values of
materials' shear modulus ratio. In these comparisons
depicted in Figure 6, material model for the FGM coating
has an exponential variation of the form
μ1 xð Þ¼ μ01 exp β1xð Þ, which was provided in Equation (32),
and χ indicates the shear modulus ratio of materials
utilized in the FGM, which reads

χ¼ μh1
μ01

¼ exp β1hð Þ: ð42Þ

Figure 6C,D shows the normalized mode-(1) and
mode-(2) SIFs with respect to y1=d as functions of friction
coefficient η considering an exponential-type FGM
coating. Poisson's ratio of the material is assumed to be
constant ν¼ 0:25, which leads to κ¼ 2:0 in plane strain
condition. As can be inferred from following figure (see
Figure 6), SIFs obtained in the present study display a
very good agreement with those obtained by Dag et al.19

4.3 | Parametric studies

In this section, results of parametric studies are presented.
Influences of punch speed, material property variations

(metal rich [MR], linear [L], and ceramic rich [CR]), coef-
ficient of friction, punch width, and crack length on nor-
malized SIFs are investigated in detail. Spatial variations
of the thermomechanical properties of the graded coating
are expressed by a power law function as follows (Dag30):

μ1 xð Þ¼ μ1
0þ μ1

h�μ1
0

� � x
h

� γ1
, 0≤ x ≤ h, ð43Þ

k1 xð Þ¼ k1
0þ k1

h�k1
0� � x

h

� γ2
, 0≤ x ≤ h, ð44Þ

α1 xð Þ¼ α1
0þ α1

h�α1
0

� � x
h

� γ3
, 0≤ x ≤ h, ð45Þ

μ2 xð Þ¼ μ1
h, h≤ x ≤∞, ð46Þ

k2 xð Þ¼ k1
h, h≤ x ≤∞, ð47Þ

α2 xð Þ¼ α1
h, h≤ x ≤∞, ð48Þ

where material parameters with the subscript ()1 given by
Equations (43)–(48), respectively, denote the shear modu-
lus, thermal conductivity, and coefficient of thermal
expansion for the coating and those with subscript ()2
indicate same material parameters for the homogeneous

FIGURE 6 (A,B) Normalized SIFs versus y1=d for different χ, η¼ 0:5. (C,D) Normalized SIFs versus y1=d for different η, χ¼ 8;

y2� y1ð Þ=d¼ 1:0, d=h¼ 1:0, κ1 ¼ κ2 ¼ 2:0.
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half-plane. Parameters with superscript ()0 indicate the
properties of graded coating on the contact surface in
which x¼ 0, and parameters given by superscript ()h

denote the properties of the coating at the interface. The
inhomogeneity variation profiles of the graded coating is
governed by exponents γi, i¼ 1,2,3ð Þ. In parametric
studies shown in the following subsections, power-law
FGM model was utilized for the coating material in
which variation through the thickness of the coating is
illustrated in Figure 7. In this configuration, the upper
and lower surfaces consist of 100% ceramics and 100%
metal, respectively. ZrO2 and Ti-6Al-4V given in Table 1
are utilized as ceramic and metal. γ1 shows the gradient
index, and μ1 xð Þ=μ10 indicates the ratio of coating shear
modulus to surface material shear modulus consisting of
100% ceramic. γ1 < 1:0 shows MR, γ1 > 1:0 displays CR,
and γ1 ¼ 1:0 indicates the linear distribution.

Figure 8 demonstrates deformed mesh around the
contact region when crack length is adjusted to d=h¼ 0:8.

As friction coefficient is increased from η¼ 0:1 to
η¼ 0:7, the lateral force acting the rigid punch is
increased and hence results in a much crack opening
displacement at the crack mouth. Deformed mesh
configuration for an MR graded coating is obtained in
Figure 8A–D, and that for a CR coating is presented
in Figure 8E–H. As observed from the figures, the
deformation due to the indentation of the frictional
punch is greater for an MR coating when compared to
CR one, as excpected. Since ceramics has a larger
elastic modulus, deformation and the crack opening
displacement become smaller.

4.3.1 | Effect of punch sliding speed

In this section, temperature contours and nondimen-
sional SIFs are presented for different punch sliding
speeds. Figure 9A–D shows temperature contours around
the contact and crack regions on deformed mesh for an
MR coating. y1=d is taken small since the critical condi-
tion is the case where the trailing edge of the punch is
closer to surface crack. When punch speed is increased,
temperature around the contact region is increased. In
stationary case where V0 ¼ 0:0, there is no heat genera-
tion due to the sliding of punch. Hence, the indentation
depth and crack opening displacement are observed max-
imum as described in Figure 9A. However, for the case
where punch speed is V0 ¼ 0:20, temperature values
around the contact region increases due to the larger
amount of frictional heat, and this heat leads to much
thermal expansion around contact and crack regions.
Temperature values around the trailing end of the con-
tact are greater. In this case, indentation depth and crack
opening displacement tend to become smaller due to
thermal deformation as depicted in Figure 9D.

Figure 9E–H indicates the temperature contours
around the contact region in the case of a CR coating.
When punch sliding speed is increased, temperature
within the contact region is increased again. When tem-
perature contours in Figure 9E–H are compared with
those obtained in Figure 9A–D, it can be said that much
heat has dissipated through the coating material in MR
case rather than CR case due to the larger thermal con-
ductivity of the metal. Hence, the level of temperature at
the contact surface is greater, and temperature through
the depth is lower for the CR case, which implies a kind
of thermal barrier coating.

For the graded coating with MR shear modulus varia-
tion γ1 ¼ 1=5, punch sliding speed affect the mode-
(1) and mode-(2) SIFs. As punch sliding speed is
increased, normalized mode-(1) SIF is increased for all
values of y1=d as observed in Figure 10A. Mode-(1) SIF
takes its highest values around y1=d¼ 3:0�4:0. When
mode-(2) SIF is examined in Figure 10B, it seems that
punch sliding speed does not considerably affect the
mode-(2) SIF values. Increase in the punch speed results
in a small increase in mode-(2) SIF when punch is close
to the surface crack especially in y1=d¼ 0:0�2:0.

For the graded coatings with linear shear modulus
variation γ1 ¼ 1, the influence of punch speed on mode-
(1) SIF depicted in Figure 10C is greater when compared
to the case in which γ1 ¼ 1=5 in Figure 10A since larger
level of mode-(1) SIF values are obtained at the same
punch speed. The impact of punch speed on mode-
(2) SIF for the linear variation of shear modulus is also
slightly greater.

FIGURE 7 Representation of the ceramic-rich (CR), linear (L),

and metal-rich (MR) variations of the properties in the graded

coating. [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 10E–F indicates mode-(1) and mode-(2) SIFs
for the graded coating with ceramic rich shear modulus
distribution. Obtained mode-(1) SIF values for γ1 ¼ 5:0
are greater than those calculated for other cases γ1 ¼ 1=5
and γ1 ¼ 1. The maximum value of the mode-1 SIF is
observed around y1=d¼ 3:0 in all cases. It is seen that the
amount of increase in mode-(1) SIF due to the punch
speed is greater at γ1 ¼ 5 when compared to that observed
for other cases, that is, γ1 ¼ 1=5 and γ1 ¼ 1. The influence
of punch speed on mode-(2) SIF is seen minimal as
shown in Figure 10F, but mode-(2) SIF slightly increases
in the interval between y1=d¼ 0:0 and y1=d¼ 2:0. It is

obvious that higher punch speed results in a greater
change in the mode-(2) SIF.

4.3.2 | Effect of coefficient of friction

In this part, effect of coefficient of friction on normalized
mode-(1) and mode-(2) SIFs is examined. Figure 11 dem-
onstrates this effect on normalized SIFs for coatings with
an MR and a CR shear modulus, respectively. It can be
inferred from Figure 11A,B that friction coefficient plays
a very important role on both mode-(1) and mode-

FIGURE 8 Deformed mesh around

the surface crack and the contact zones for

(A–D) metal-rich FGM coating,

γ1 ¼ γ2 ¼ γ3 ¼ 1=5, (A) η¼ 0:1, (B) η¼ 0:3,

(C) η¼ 0:5, (D) η¼ 0:7; (E–H) ceramic-rich

FGM coating, γ1 ¼ γ2 ¼ γ3 ¼ 5, (E) η¼ 0:1,

(F) η¼ 0:3, (G) η¼ 0:5, (H) η¼ 0:7;

V 0 ¼ 0:10, y2� y1ð Þ=2h¼ 0:5, d=h¼ 0:8,

y1=d¼ 0:2, κ1 ¼ κ2 ¼ 1:8. [Colour figure can

be viewed at wileyonlinelibrary.com]
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(2) SIFs. It is significant to say that for friction coefficient
values η¼ 0:1�0:3, mode-I SIF values are negative when
punch is close to the crack, which implies that there is a
crack closure in that region. As η is increased, the mode-
(1) SIF is escalated for all values of y1=d. Use of larger
coefficient of friction induces a greatest increase in mode-
(1) SIF around y1=d¼ 1:5. Hence, this location is critical,
and surface coating is vulnerable to possible failures
when punch stands at this site. As y1=d is increased,
mode-(1) SIF smoothly decreases since punch moves
away from the crack mouth. Figure 11B shows the mode-
(2) SIF as functions of surface friction coefficient η. When

η is increased, the level of mode-(2) SIF is decreased, and
the maximum decrease in mode-(2) SIF is seen around
y1=d¼ 1:5. Moreover, increase in the coefficient of fric-
tion leads to negative values of mode-(2) SIF especially
for η¼ 0:7 Figure 11C,D displays the mode-(1) and mode-
(2) SIFs for different values of η: When γ1 ¼ 5, increase in
the surface friction results in a greater change in mode-
(1) SIF since KIn reaches 0.19 at η¼ 0:7, but this value is
around 0.14 for γ1 ¼ 1=5. Mode-(2) SIF is presented in
Figure 11D that increase in η results in a decrease in KIIn,
but this decrease is less when compared to that seen in
Figure 11B.

FIGURE 9 Temperature contours

around the surface crack and the contact

zones y2� y1ð Þ=2h¼ 0:5, d=h¼ 0:8,

y1=d¼ 0:2, η¼ 0:5, κ1 ¼ κ2 ¼ 1:8, (A–D)
γ1 ¼ 1=5, γ2 ¼ 1=5, γ3 ¼ 1=5; (E–H) γ1 ¼ 5,

γ2 ¼ 5, γ3 ¼ 5; (A,E) V 0 ¼ 0:0, (D,F)

V 0 ¼ 0:05, (C,G) V0 ¼ 0:10, (D,H)

V 0 ¼ 0:20. [Colour figure can be viewed at

wileyonlinelibrary.com]
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4.3.3 | Effect of power-law exponents for
material's thermoelastic properties

The effect of material shear modulus variation on nor-
malized mode-(1) and mode-(2) SIFs is examined. γ1

controls the variation of shear modulus in the coating. As
γ1 is increased, the mode-(1) SIF is increased at all points
of punch locations. For all cases of γ1, mode-I SIF is nega-
tive in the region y1=d¼ 0:0�0:5, which implies crack
closure. The impact of γ1 on mode-(1) SIF KIn tends to be

FIGURE 10 Effect of punch sliding speed on normalized mode-(1) and mode-(2) SIFs (A,B) γ1 ¼ 1=5, (C,D) γ1 ¼ 1, (E,F) γ1 ¼ 5,

γ2 ¼ γ3 ¼ 2:0, y2�y1ð Þ=2h¼ 0:5, d=h¼ 0:8, η¼ 0:3, κ1 ¼ κ2 ¼ 1:8. [Colour figure can be viewed at wileyonlinelibrary.com]
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remarkable when punch stands at points greater than
y1=d¼ 2:0. It can be observed in Figure 12A,B that mode-
(1) SIF reaches high levels for the coating with CR
shear modulus γ1 ¼ 5:0. It is worthy to say that coating
with CR shear modulus case are seems susceptible to
possible surface cracking failure due to the higher values
of mode-(1) SIF. Relatively higher values of mode-(1) SIF
occurs in the interval from y1=d¼ 2:0 to y1=d¼ 6:0. Thus,
the location of the punch in this interval is critical.
Mode-(2) SIF is shown in Figure 12B, and KIIn is
increased at all points as γ1 is increased. Moreover, KIIn

can be reduced to negative levels at y1=d>3:0. Difference
between SIFs calculated for different γ1 values gradually
diminishes as y1=d gets larger values.

The influence of thermal conductivity variation on
SIFs is analyzed. γ2 controls the thermal conductivity
profile within the coating. Mode-(1) and mode-(2) SIFs
are obtained as functions of γ2, and they are depicted in
Figure 12C,D. Increase in the ratio γ2 leads to a decrease
in KIn, while it results in very slight increase in KIIn.

Change in the mode-(1) SIF due to γ2 is greater than that
observed in the mode-(2) SIF. Hence, it can be said
that mode-(1) SIF (KIn) is more sensitive to the change in
the materials' thermal conductivity variation within the
coating. Utilization of a coating with CR thermal conduc-
tivity, that is, lower values of thermal conductivity, leads
to decrease in mode-(1) SIF, so this will help to improve
the contact damage originating from crack propagation.
It can be inferred from Figure 12D that as γ2 is increased,
mode-(2) SIF slightly increases for all values of y1=d.

Figure 12E,F describes the normalized mode-(1) and
mode-(2) SIFs as functions of γ3. The parameter γ3 con-
trols the thermal expansion coefficient variation in the
coating. The change in mode-(1) SIF due to the variation
of γ3 is greater than that observed in the mode-(2) SIF.
Hence, changing the thermal expansion profile from
the MR case to the CR case has a greater influence on
mode-(1) SIF. Although increase in γ3 induces notable
increase in mode-(1) SIF, it results in a very slight
decrease in mode-(2) SIF.

FIGURE 11 Effect of coefficient of friction η on normalized mode-(1) and mode-(2) SIFs, (A,B) γ1 ¼ 1=5, (C,D) γ1 ¼ 5; γ2 ¼ γ3 ¼ 2:0,

y2� y1ð Þ=2h¼ 0:5, d=h¼ 0:8, V 0 ¼ 0:10, κ1 ¼ κ2 ¼ 1:8. [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 12 (A,B) Effect of γ1 on normalized mode-(1) and mode-(2) SIFs γ2 ¼ γ3 ¼ 2:0. (C,D) Effect of γ2 on normalized mode-(1) and

mode-(2) SIFs γ1 ¼ γ3 ¼ 2:0. (E,F) Effect of γ3 on normalized mode-(1) and mode-(2) SIFs γ1 ¼ γ2 ¼ 2:0; V 0 ¼ 0:10, y2� y1ð Þ=2h¼ 0:5,

d=h¼ 0:8, η¼ 0:3, κ1 ¼ κ2 ¼ 1:8. [Colour figure can be viewed at wileyonlinelibrary.com]
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It can be said that utilization of coating possessing a
CR thermal expansion coefficient profile results in
greater mode-(1) SIF, which implies that coatings with
relatively lower thermal expansion coefficient will be sus-
ceptible to failures arising from surface crack. Hence, in
order to reduce KIn, thermal expansion coefficient within
the coating should be increased.

4.3.4 | Effect of punch and surface crack
dimensions

The effect of punch width on normalized mode-(1) and
mode-(2) SIFs is investigated in this section. As
can be inferred from the Figure 13A,B that
change in the punch width significantly influences the
mode-(1) and mode-(2) SIFs. For relatively narrow

punches (i.e., y2� y1ð Þ=d¼ 0:75), the mode-(1) and mode-
(2) SIFs take their highest values at all points of y1=d: As
punch width is increased from y2� y1ð Þ=d¼ 0:75 to
y2� y1ð Þ=d¼ 2:0, mode-(1) and mode-(2) SIFs decrease
for all values of y1=d. This conclusion is expected since
relatively wider punch results in a lower amount of con-
tact stresses and consequently lower heat generation on
the contact surface. Major change in mode-(2) SIF is
observed in the region y1=d¼ 0 to y1=d¼ 2, which infers
that critical sites due to mode-(2) cracking are points
close to the crack mouth. The effect of surface crack
length on normalized mode-(1) and mode-(2) SIFs is
investigated in Figure 13C,D. The ratio d=h is introduced,
which implies the ratio between crack length and coating
thickness. Results for mode-(1) and mode-(2) SIFs are
shown as functions of d=h with respect to various y1=d.
When d=h¼ 1:0, the surface crack lies along the

FIGURE 13 (A,B) Effect of punch width on normalized mode-(1) and mode-(2) SIFs d=h¼ 0:8. (C,D) Effect of crack length on

dimensionless mode-(1) and mode-(2) SIFs y2� y1ð Þ=2h¼ 0:5; V0 ¼ 0:10, γ1 ¼ γ2 ¼ γ3 ¼ 2:0, η¼ 0:3, κ1 ¼ κ2 ¼ 1:8. [Colour figure can be

viewed at wileyonlinelibrary.com]
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thickness of the coating, and its tip touches at the inter-
face. If d=h¼ 0:2�0:8, the tip of the surface crack is
embedded in the coating.

As the ratio d=h is increased, KIn is decreased and
falls below zero at closer points to the contact
y1=d¼ 0�0:5. However, increase in d=h results in an
increase, and further increase of this ratio to d=h¼ 1:0
induces remarkable decrease for y1=d>0:5. The same
trend is observed in the mode-(2) SIF, which implies that
increase in d=h leads to increase and further increase in
this ratio causes a sharp decrease, again.

5 | CONCLUSION

In the present study, the surface crack existing on FGM
coating/homogeneous substrate system subjected to
the frictional contact with heat generation was
analyzed computationally based on FEM. Contact and a
surface crack problem are modeled using finite elements.
Quadrilateral elements are utilized for the elastic
medium, contact and target elements are used to
discretize the contact surface, and singular elements are
employed for the crack problem. Contact problem is
solved iteratively until frictional heat on the contact
surface reaches steady state. When the difference
between heat flux calculated at present iteration and that
calculated at previous iteration becomes an acceptable
level, iterative program stops. In addition to contact
problem, a crack is included on the surface of the FGM
coating. Mode-(1) and mode-(2) SIFs at the tip of a
surface crack are computed utilizing the DCT.
Present study put forward a novel computational method
which is able to perform calculations for mode-(1) and
mode-(2) SIFs for various thermoelastic contact loading
conditions. Comparisons with other studies in the open
literature show a very good agreement between results.
Hence, verification of the developed method is satisfied.
Then, case studies are carried out to understand the main
impacts of various parameters such as punch speed, coef-
ficient of friction, punch width, material's thermoelastic
properties, and punch/crack dimensions on normalized
SIFs. The following conclusions can be drawn from
this study:

• Increase in the punch speed induces increase in the
frictional heat on the contact region. In isothermal
case where V0 ¼ 0:0, deformation of the contact sur-
face and crack opening displacement is greater than
those observed in sliding condition V0 > 0 since gener-
ated heat on the surface causes thermal expansion in
the coating material. As the speed of punch is
increased, normalized mode-(1) SIF values increase for

all MR, linear and CR shear modulus cases. The great-
est change in mode-(1) SIF is observed coatings with
CR shear modulus case γ1 ¼ 5:0. Increase in punch
speed results in a slight change in mode-(2) SIF when
compared to mode-(1) SIF.

• Utilization of coatings with metal rich shear modulus
γ1 ¼ 1=5 can be sensible selection to avoid possible
surface cracking failure since obtained mode-(1) SIF
values are less than those calculated for other types
γ1 ¼ 1 and γ1 ¼ 5. Moreover, coatings with MR shear
modulus distribution exhibits relatively less sensitive
SIF variation with respect to punch speed. Hence,
coating with an MR shear modulus variation can be
said to be more durable in thermoelastic contacts.

• As coefficient of friction is increased, normalized
mode-(1) SIF is increased, while normalized mode-
(2) SIF is decreased.

• When punch width is increased, it induces less
stress on the contact surface. As a result, less heat
generation occurs on the contact surface. Mode-(1) and
mode-(2) SIFs tend to decrease.

• As the power law exponent for the shear modulus γ1 is
increased, both mode-(1) and mode-(2) SIFs are
increased.

• Increase in the power law exponent for the thermal
conductivity γ2 leads to a considerable decrease in the
mode-(1) SIF, while it leads to very slight increase in
mode-(2) SIF.

• The impact of the power law exponent for thermal
expansion coefficient γ3 on SIFs is notable. As γ3 is
increased, the mode-(1) SIF is considerably increased
whereas the mode-(2) SIF is slightly decreased.

• The length of the surface crack has a profound
effect on SIFs. As d=h is increased, mode-(1) and
mode-(2) SIFs are increased. However, further
increase in the crack length–coating thickness ratio
d=h to 1.0 results in a significant decrease in these two
factors.

The method developed in this study will be helpful in
understanding the fracture characteristics of FGM coat-
ings under the effect of thermoelastic sliding conditions.
Examination of the influence of frictional heat generation
on SIFs of a surface crack tip is new in the literature.
Hence, results of present study are believed to be useful
in analysis and design of FGM coatings in tribological
applications.
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