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Abstract

This paper investigates the contact stress induced by a rigid sphere sliding on a coating-
ceramic system. A discrete element model incorporating a ceramic substrate, a surface
coating, and a rigid sphere is developed. The influences of the coating grain elastic modu-
lus, coating surface friction coefficient, coating thickness, and interface microcrack defects
on the stress distribution within the system are analyzed. The results indicate that a higher
coating-to-substrate elastic modulus ratio increases the overall stress but reduces the inter-
facial shear stress. A lower surface friction coefficient is more beneficial for hard coatings.
The relatively optimal coating thickness (1/4) is approximately 0.5. When interface micro-
crack defects are present, stress concentrations occur at their locations. Longer interface
microcracks lead to greater stress concentration, and the interfacial concentrated stress
increases with crack length.

Keywords: discrete element method; ceramic bearing coatings; sliding contact; stress
distribution; interface microcrack

1. Introduction

Ceramic bearings are critical components in aerospace, marine, and high-precision
machinery due to their superior mechanical properties, corrosion resistance, and thermal
stability [1,2]. However, under extreme operating conditions, traditional lubrication often fails,
leading to accelerated wear and premature failure. To address this, surface coatings are widely
applied to enhance tribological performance, load capacity, and fatigue life [3,4]. Typical hard
protective coatings such as diamond-like carbon (DLC) [5], chromium aluminum nitride
(CrAIN) [6], and transition metal borides (e.g., TiB, /TiB) [7], as well as diamond coatings
and cubic boron nitride (c-BN) coatings [8,9], are particularly valued for their high hardness,
high elastic modulus, and excellent wear resistance. Although coatings can mitigate sliding
contact damage such as wear and spalling, their inherently brittle nature and weak interfacial
toughness remain significant limitations. The stress distribution under sliding contact is a
key factor governing coating integrity and system reliability. Thus, accurately predicting
contact stresses is essential for optimizing coating thickness, material selection, and overall
design [10-12]. Given that the production cost of coatings is typically high, relying solely on
experimental analysis to study the failure risk of coating systems is economically inefficient
and impractical. To reduce costs and effectively predict the failure risk of coating systems,
many researchers have turned to numerical analysis and semi-analytical methods to assess
the contact response of coating systems.
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For the optimal design and application of coating-ceramic systems, a thorough under-
standing of the stress distribution induced by surface contact forces is paramount [13]. The
foundational work in this field stems from classical contact mechanics, where scholars such as
Hamilton and Goodman [14] and Burmister [15] pioneered the analysis of stresses in elastic
half-spaces under spherical and axisymmetric loads, respectively. This theoretical framework
was subsequently extended to layered systems by researchers, including Chen and Engel [16],
Westmann [17], King [18], and O’Sullivan [19]. Various analytical and semi-analytical methods
have been developed to solve contact problems in single or multi-layer elastic media under
combined normal and tangential tractions. These methods include the mixed boundary value
method and Fourier transform techniques [20-22]. Further refinements incorporated advanced
mathematical potentials [23-25] and influence coefficient methods [26] to model contacts with
spheres and graded material coatings [27].

However, these established approaches predominantly treat the substrate and coating
as idealized continua. This fundamental assumption limits their applicability to real
ceramic systems, where the substrate is processed from micro-particles and coatings are
often composed of micro- and nano-scale grains. Crucially, these continuum-based models
cannot inherently account for interfacial microcrack defects, which are a common byproduct
of the coating growth process. The presence of these defects critically distorts the local
stress field and can precipitate premature failure.

Therefore, there is a compelling need to move beyond continuum assumptions and
adopt a numerical methodology capable of explicitly representing the granular microstruc-
ture and discrete interfacial defects. This study addresses this gap by employing the
discrete element method (DEM) to investigate the sliding contact stress generated by a
rigid sphere on a granular coating-ceramic system. The effects of key coating parameters
are systematically analyzed. Furthermore, for the first time in a DEM framework, the
influence of prefabricated interfacial microcracks on stress concentration and distribution
is quantitatively evaluated.

2. Methods

The DEM, pioneered by Cundall for rock mechanics [28,29], is a powerful numeri-
cal technique well-suited for simulating the mechanical behavior of brittle and granular
materials, such as engineering ceramics, glass, and coal. Unlike continuum-based ap-
proaches, DEM explicitly represents a material as an assembly of discrete particles that
interact through contact bonds, enabling the direct modeling of microstructural features,
intergranular interactions, and damage evolution. This particle-based framework naturally
captures the initiation and propagation of fractures, as well as the influence of inherent
defects and interfaces, making it particularly effective for investigating failure mechanisms
in coated ceramic systems under contact loading.

In this study, a two-dimensional flat-jointed model [30] is employed to capture the
mechanical response of the brittle coating-ceramic system. As schematically illustrated
in Figure 1, the model improves upon standard particle representations by constructing
polygonal particles from clusters of circular particles. The contact interface between any
two particles is discretized into a series of bonded elements, which are characterized by
finite geometry and behave as linear elastic springs until failure.

In the flat-jointed model, each interface element exists in one of two distinct states:
bonded or unbonded. In the bonded state, the element transmits both normal and tan-
gential forces, as well as bending moments between adjacent particles, simulating the
cohesive behavior of real grain boundaries or material interfaces. Failure is governed by a
stress-based criterion: once the local tensile or shear stress within an element exceeds its
predefined strength threshold, the bond ruptures irreversibly. Upon failure, the element
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transitions to an unbonded state; thereafter, it is capable only of transmitting repulsive
contact forces without cohesion. The force—displacement response of each bonded element
follows a linear elastic constitutive law until failure, and the macroscopic mechanical behav-
ior of the granular assembly—including stiffness, strength, and fracture patterns—emerges
from the integrated response and progressive failure of these discrete interfacial elements.

particles2
Contact surface <@

(face) S
&o I\\‘[ 355
interface /'x o=

(element)

o

particles1

Figure 1. 2D flat-jointed model.

Each element of the 2D flat-joint model is always kept at the center of the interface
between the two contacting particles. Therefore, the coordinate system of each element
coincides with that of the particle contact surface. The relative movement of the contact
surface of each particle is continuously varied, which is related to the relative movement of
the contact surface of the particles. The relative motion of each particle contact surface is
decomposed into the relative translation velocity V and spin velocity (), and they can be
obtained as follows [30]:

V=02 -0l = {v(z) +w® x (xc - x(z))} - {v(l) + W x (xc - x(l))} (la)

Q=w? - (1b)

where x(¢) is the center point position of elements (e), x. is the position of elements at
the particle contact surface, v(¢) is the relative translation velocity of elements (e), W' is
the relative spin velocity of elements (e), and 0.(®) is the relative translation velocity of
elements (e) at the particle contact surface.

The relative translation velocity can be given as

V:VW+VS (2)

where V;, is the relative translation velocity in the normal direction and V; is the relative
translation velocity in the tangential direction.
The relative translation increment AU and the rotation angle increment A8 during the
time step At are as follows
AU = VAt + VoAt (3a)

A8 = QAt (3b)

When a flat-joint model is given to the particles in contact, the generalized relative
movement is zero.
U, =U; =0=0 4)

where U, is the relative translation in the normal direction and U is the relative translation
in the tangential direction.
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The relative translation of the particle contact surface is given as
Uy = Uy + AU, (5a)
Us = Us + AU (5b)
0 =0+ A0 (5¢0)
The surface gap of the particles in contact with each other is given by
g(r) =U, +6(r —R) (6a)
R = Amin(R,R?)) (6b)

where R(1) and R(?) is the radius of each contact particle and r is the moment arm. The gap
between the particle contact surfaces is unaffected by relative tangential translation.

In the DEM model, every element between the contacting particle interface is subjected
to a force and moment, which act on the element centroid on the contact surface in an equal
and opposite way. The interface element force and moment are as follows

F=Y Y (7a)
Ve
M=y{0 <)+ M} (7b)
Ve
The relative position is rewritten as
&) = x(0) —x, = p® (8a)
pPY =R (N pUO=Rl—F (8b)

where ¢ is the id of each element. N is the total number of the interface elements.
An alternative expression for the contact moment can be expressed as

M= VZ{ (0 x ) + M} 9)

The interface element force of contact particles can be decomposed into normal force
and tangential force. The moment of the interface element is equal to the bending moment.
The interface element force and element moment are as follows

F9 = F9 (10a)

The normal force, tangential force and bending moment on the contact particle inter-
face element are expressed as

=(e)
F,’ = dA 11
n /ea ( a)
FO—FO 4+ FYMY = M (11b)
Mée) = —/rUdA (11¢)
e

where ¢ is the normal stress of the contact particle interface elements.
The interface element normal and shear stresses are as follows

ole) = ~n (12a)

https://doi.org/10.3390/ cryst16020146


https://doi.org/10.3390/cryst16020146

Crystals 2026, 16, 146 50f13

‘ 7©)
70 = I° (12b)
Ale)
A = 2—;\? (12¢)

where A(®) is the area of the interface elements.

3. Problem Description and DEM Model

The problem is that a rigid sphere is sliding over the surface of the coating-ceramic
system, as shown in Figure 2. The sliding speed of the rigid sphere in the x direction is V. The
normal load acting on the rigid ball is P. The friction coefficient between the rigid sphere and
the coating surface is f. The thickness of the coating is #. The grain elastic modulus, grain
Poisson’s ratio, and grain radius of the coating are Ej, y1, and R;, respectively.

L)

\ A&

A
Coating f J !

h
Microcrack (E, 1y, R)

< 4 k
)l >

(EIZ’Iul’l’fiZ)

Substrate (EZ’ Mo, R.”f;?)

Figure 2. Sliding contact problem for a coating-ceramic system.

The particle elastic modulus, particle Poisson’s ratio, particle radius, and friction coeffi-
cient of the ceramic material are Ej, yp, Ry, and f5, respectively. The elastic modulus, Poisson’s
ratio, and friction coefficient of the coating-ceramic system interface, along with the microcrack
length, are Eqy, p12, f12, and [, respectively. In order to establish a DEM model of the coating-
ceramic system, the PFC5.0 2D software is used to generate compact and random stacked
particles, as shown in Figure 3. The length W and height & of the coating-ceramic system are
1 mm and 0.5 mm, respectively. The 2D flatjointed model is applied to the coating-ceramic
system to analyze the mechanical performance of brittle materials.

AAAAAA (£, 12, Ry)

.. Coating

Substrate

Figure 3. Discrete element method model for a coating-ceramic system.
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4. Numerical Results and Discussion

The normal load P and moving speed V of the rigid sphere are —50 N and 0.2 m/s.
Poisson’s ratios of the coating grain y; and the ceramic particles y, are 0.28 and 0.3,
respectively. The radius of the coating grains Ry and ceramic particles R, are 0.15 pm
and 0.2 um, respectively. The particle radii (Ry = 0.15 pm for the coating and R, = 0.2 um
for the substrate) were chosen to match the typical sub-micron grain sizes of fine-grained
engineering ceramics (e.g., silicon nitride) and vapor-deposited hard coatings (e.g., DLC,
CrAIN). This selection enables the model to capture the realistic granular microstructure
of both coating and substrate. The friction coefficient of the ceramic particle f5 is 0.1. The
dimension stress parameter is the permissible contact stress for uncoated contact c. The
dimension length parameter is the contact radius for uncoated a. h/a is the ratio of coating
thickness / to the uncoated Hertzian contact radius 2 and represents the relative coating
thickness with respect to the characteristic contact size.

The material parameters of the coating-ceramic system interface can be calculated as
follows:

E,= B tE (13)
2
_l’_

pp = 12 5 ac (13b)
_|_

fio = fiz f2 (13¢)

The coating-ceramic system is constructed from brittle materials. The coating surface
failure is caused by high transverse stress oy, over the surface. The transverse stress oy
along the x-axis over the coating surface for various values E; /E; and f is shown in Figure 4.
The front of the contact point generates the compressive stress. The tail of the contact point
generates the tensile stress, which is considered to be the cause of the coating surface
cracks. As the coating-ceramic system elastic modulus ratio and coating surface friction

coefficient increase, the maximum transverse stress 0y, increases. The harder coatings are
more suitable for low-friction applications.

0.010} E[/E=2 0.010} B/ E,=2
E/E=3 EJE3
_____ E/E
0.000} 0.000F !
N
L S
< ) & )
©-0.010 3 e"-0.010} \
E 3
\‘ \
-0.020f R : -0.020¢ %
\J \ I‘,
A S
"
-0.030 - - s -0.030 -
=2 -1 0 1 2 -2 -1 0 1 2
x/a x/a

(€)) (b)

Figure 4. Transverse stress oy, along the x-axis over the coating surface for various values E; /E; and

fwhenh/a=1:(a)f=0.1, (b) f=05.

The transverse stress oy, along the x-axis over the coating-ceramic system interface
for various values E; /E; and f is shown in Figure 5. An obvious tensile stress is generated
at the interface of the coating-ceramic system. Compressive stress is generated in front
of the contact point over the coating-ceramic system interface. As the coating-ceramic
system elastic modulus ratio increases, the maximum transverse stress oy increases. As

the coating surface friction coefficient increases, the maximum tensile stress decreases. The
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Figure 5. Transverse stress oy, along the x-axis over the coating-ceramic system interface for various
values E1/E; and f whenh/a=1: (a)f =0.1, (b) f =0.5.

The shear stress 0y, along the x-axis over the coating surface for various values E1/E;
and f is shown in Figure 6. As the coating-ceramic system elastic modulus ratio and coating
surface friction coefficient increase, the maximum shear stress oy, over the coating surface
increases. The maximum shear stress 0y, in front of the contact point is greater than that
in the tail of the contact point. This asymmetry stems from the opposing directions of the
shear stress components induced by normal and tangential tractions in the trailing region,
where their partial cancellation reduces the resultant shear stress magnitude.

0.015 0.015
EJ/E=2
E/ES3
0.010f 0.010f
o s
\bix 0.005F \b;\ 0.005F
0.000 N 0.000 N
7 Y
—0.005 : —0.005 ; .
) -1 0 1 2 =2 -1 0 1 2
x/a x/a
(@ (b)

compressive stress in front of the contact point increases slightly. Hence, a lower friction
and high elastic modulus ratio may cause interfacial microcrack growth failure.

Figure 6. Shear stress 0y along the x-axis over the coating surface for various values E; /E; and f
whenh/a=1:(a)f=0.1, (b) f =0.5.

The shear stress oy, along the x-axis over the coating-ceramic system interface for
various values E; /E; and f is shown in Figure 7. As the elastic modulus ratio of the coating-
ceramic system increases, the maximum shear stress oy, over the coating-ceramic system
interface decreases. As the friction coefficient of the coating surface increases, the maximum
shear stress oy, over the coating-ceramic system interface increases. The maximum shear
stress 0y, over the coating-ceramic system interface is less than the maximum shear stress
over the coating surface. The adhesion failure of the coating-ceramic system interface is a
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main failure form in the sliding contact process, and it is important to maintain a lower
interface shear stress.

0.010

El/ E2=2
E]/E2:3
[ El/E2=4

0.000

—0.005

x/a

(@

x/a

(b)

Figure 7. Shear stress 0y, along the x-axis over the coating-ceramic interface for various values E1/E;
and f whenh/a=1:(a)f=0.1, (b) f =0.5.

Research indicates that a lower surface friction coefficient effectively reduces shear
stresses at both the coating surface and the interface, which is particularly critical for
high-modulus hard coatings (such as DLC, CrAlN, or TiBy-based coatings). Since these
materials are inherently more brittle, they are highly sensitive to shear stress concentra-
tions. Therefore, in the application of such hard coatings, reducing the effective friction
coefficient—through surface modification (e.g., doping with lubricating phases), optimiz-
ing surface finish, or applying lubricants—represents an effective engineering strategy to
mitigate the risk of interfacial delamination and extend service life.

The maximum transverse stress oy, over the coating surface for various values E; /E; and
h/ais shown in Figure 8. When the thickness of the coating increases, the maximum transverse
stress oy over the coating surface shows a decreasing trend. The maximum transverse stress
oy decreases rapidly when coating thickness #/a is less than 0.5. When the coating thickness
h/ais equal to 0.75, the maximum transverse stress oy, has a local peak. The maximum stress
decreases slowly when the coating thickness //a is greater than 1.

0.080r

0.020

0.100 T T .

T T

EI/E2:2
EI/E2:3
———— El/E2:4

0.080r

0.020

0.000
0

0.5

0.000 . .
0 0.5 1

h/a

(b)

h/a
(a)

Figure 8. Maximum transverse stress over the coating surface for various values E1/E; and h/a:

@)f=0.1,(b)f =0.5.

It is noteworthy that a local stress peak is observed near 11/a ~ 0.75 in Figure 8, which

requires explanation from a mechanical mechanism perspective. This phenomenon may
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be related to the transitional behavior of the stress state in the coating/substrate system
as the thickness varies. When the coating is relatively thin (/a < 0.5), the stress field is
primarily dominated by the constraining effect of the rigid substrate, and the interfacial
shear stress decays rapidly with increasing thickness. When the coating thickness increases
to approximately //a = 0.75, the influence of the coating’s own stiffness becomes significant,
and its local bending deformation may lead to an increase in bending moment, thereby
causing a temporary rise in surface stress. With a further increase in thickness (1/a > 1), the
system gradually enters a more stable stress state dominated by the coating itself, resulting
in a subsequent decrease in stress and a tendency toward gradual variation.

The maximum shear stress oy, over the coating-ceramic system interface for various
values E1/E; and h/a is shown in Figure 9. The maximum interfacial shear stress oy,
shows a decreasing trend. When the coating thickness /1/a exceeds 0.5, the maximum stress
no longer changes significantly. Therefore, in the design of a coating-ceramic system, a
reasonable coating thickness should be selected to avoid premature failure due to excessive
stress gradient, large compressive stress, and shear stress. For hard coatings, #/a =0.5is a
suitable choice.

0.060 0.070
E\/E =2
0.050 - = —E/E=3 0.060+
""" BB = 0.050}
0.040 f
e & 0.040}
~50.030} 3
© € 0.030}
0.020f
0.020}
0.010f 0.010f
0.000 0.000
0 0

Figure 9. Maximum shear stress 0y, over the coating-ceramic interface for various values E;/E; and

h/a: (a)f =0.1, (b) f = 0.5.

The influence of microcrack defects on the stress of the coating-ceramic system cannot
be ignored. A microcrack defect with a length of 1 um is added at the coating interface.
The transverse stress 0y, and shear stress oy, when microcrack defects are present along
the x-axis over the coating-ceramic interface for various values E1/E; and f, are shown in
Figures 10 and 11. At the location of microcrack defects, coating-ceramic system interfacial
shear stresses Oxy and transverse stresses 0y, can generate stress concentrations. The con-
centrated stress increases with an increasing coating-ceramic system elastic modulus ratio.
As the coating surface friction coefficient increases, the shear concentration stress increases.
As the coating surface friction coefficient increases, the transverse concentrated stress de-
creases. The coating with a high grain elasticity modulus is more sensitive to microcracking
defects. With the increase in the coating thickness, the probability of microcrack defects
in the coating increases. The microcrack defects also lead to the premature failure of the
coating. When there is a microcrack defect at the coating-ceramic system interface, the
failure may occur earlier for coatings with a high grain elastic modulus.

The transverse stress oy and shear stress ¢y, when microcrack defects are present
along the x-axis over the coating-ceramic system interface for various values of microcrack
defect length I and f, are shown in Figures 12 and 13. With the increase in interface
microcrack defect length, the concentrated stress of transverse stress oy, increases, and
the width of the concentrated stress increases. As the interface microcrack defect length
increases, the shear concentrated stress increases, and the concentrated stress width is
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not significantly affected. In low-friction applications, microcrack defects may cause
coating fracture failure. In high-friction applications, microcrack defects may cause coating

adhesion failure.

0.020 T T T 0.020 T T T
El/ E2:2
0.015 0.015+ - — —E/E=3 |
_____ El/ E2=
0.010 0.010F 1
= S
L \b‘g
. o
0.005 0.005
0.000 0.000
-0.005 - : : -0.005
-2 -1 0 1 2 -
x/a
(a)
Figure 10. Transverse stress oy, along the x-axis over the coating-ceramic interface for various values
E;/E; and f when microcrack length /=1 um, h/a=1: (a) f = 0.1, (b) f = 0.5.
0.010 T T T 0.010 T T T
El/ E2=
—— - El/ E2=3
_____ E /E2:4
0.005 0.005F 1
o o
= =
o5 o7
0.000 0.000
—-0.005 : - - —-0.005 - . -
-2 -1 0 1 2 =2 -1 0 1 2
x/a x/a
(@) (b)
Figure 11. Shear stress oy, along the x-axis over the coating-ceramic interface for various values
Ey/E; and f when microcrack length I =1 um, h/a=1: (a) f = 0.1, (b) f = 0.5.
0.025 : . , 0.025 . ; .
I=lum I=1lum
0.020f — = = [=2um 0.020 — — —[=2um A
————=3um | e /=3um
0.015f 0.015f 1
bg b@
=4 0.010 =z 0.010
b§ bﬁ
0.005 0.005
0.000 0.000
-0.005 . -0.005
=2 -1 0 1 2 -
x/a x/a
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Figure 12. Transverse stress oy, along the x-axis over the coating-ceramic interface for various values

microcrack length and f when E1/Ey; =3, h/a=1: (a)f =0.1, (b) f = 0.5.
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Figure 13. Shear stress oy, along the x-axis over the coating-ceramic interface for various values
microcrack length and f when E1/E; =3,h/a=1: (a)f =0.1, (b) f =0.5.

5. Conclusions

This study employs the DEM to systematically analyze the stress distribution during
sliding contact of a rigid sphere on a coating-ceramic system, revealing the influence mecha-
nisms of key parameters such as the coating-to-substrate elastic modulus ratio, surface friction
coefficient, coating thickness, and interfacial microcracks. The main conclusions are as follows:

(1) The elastic modulus ratio between the coating and the substrate (E;/E,) is a key factor
affecting the stress state. A higher modulus ratio increases the transverse stress on the
coating surface and at the interface but simultaneously reduces the interfacial shear stress.
Therefore, hard coatings (e.g., DLC, CrAIN) are more suitable for low-friction conditions,
while coatings with a lower modulus are preferable for high-friction applications.

(2) There exists a relatively optimal value for coating thickness. When the ratio of coating
thickness to the uncoated Hertzian contact radius (//a) is approximately 0.5, the
system achieves a better balance between surface stress and interfacial shear stress.
Although excessively thick coatings (h/a > 1) can reduce surface stress, they increase
the risk of microcrack formation, which is detrimental to long-term reliability.

(3) Interfacial microcracks induce significant local stress concentration, and the severity of
which increases with crack length. High elastic modulus coatings are more sensitive
to such defects, making them prone to early failure. A high friction coefficient exacer-
bates shear stress concentration, promoting adhesive failure, while under low-friction
conditions, the primary risk is coating fracture due to tensile stress.

The two-dimensional model used in this study does not fully capture the complexity
of three-dimensional contact. Future work could develop three-dimensional discrete
element models and combine them with in situ experiments to further investigate failure
mechanisms under multi-axial loads, temperature fields, and dynamic contact conditions,
providing a more comprehensive theoretical basis for the development of high-performance
ceramic bearing coating systems.
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