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EFFECT OF SURFACE ROUGHNESS ON FRETTING WEAR
BEHAVIOR OF CERAMIC COATINGS: A FINITE ELEMENT
ANALYSIS

Yujie CHENG '3, Mu YANG 2, Chong SU +*

This study investigates the effects and mechanisms of surface roughness on
the fretting wear process of ceramic coatings under full slip conditions. The uniform
random perturbation is used to build ceramic coating surfaces of varying roughness
and we design a finite element model. The fretting wore under an 80N and
displacement amplitudes of 40um and 60um is simulated by accelerated simulation in
a ball-on-flat contact model incorporating Archard's wear theory via
UMESHMOTION. The results show that the wear depth and wear area increase with
increasing surface roughness. At the displacement amplitude of 40um, the maximum
wear depth increases from 4.94um at Ra = 0.6 to 7.71lum at Ra = 2.3 and becomes
higher at 60um where the depth increases as the displacement amplitude increases
from 5.59um to 8.92um for the same roughness. The larger the displacement amount,
the less uniform is the wear profile distribution. This reduces roughness for local wear
variations. Surface roughness is the dominant factor in fretting. Under full slip
condition due to large displacement amplitudes, the dominant wear mechanism
switches from local stress concentration and spalling at microscopic asperity contacts
to uniform material removal due to macroscopic sliding shear.

Keywords: Fretting wear; Ceramic coating; Surface roughness; Finite element
simulation (FES)

1.Introduction

Fretting wear is a damage process involving small amplitude oscillatory
motion between mated mechanical parts. In some, the bearings, blade-disk joints,
electric contacts etc. can create fatigue cracks and enable them to propagate to
failure [1-4].Since alumina is known to offer excellent wear resistance, ceramics
such as alumina are widely applied to protect substrate surfaces [5-9].However, the
surface finish of the ceramic coatings, often chosen by grinding, and roughness of
the material, plays a critical role in their fretting wear [10-14].
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Extensive research has been done by scholars in both experimental and
simulation [15-18]. In experimental studies, Xu et al. [19] performed single-grit
scratch tests for studying the effects of abrasive geometry and scratching parameters
on material removal mechanism for ceramic for subsurface cracks initiation and
propagation. Chen et al [20] investigated grinding and material removal
mechanisms for three engineering ceramics at high speed with brazed diamond
wheels based on the measurements of grinding forces and roughness. Kar et al. [21-
23] analyzed the microstructure, phase composition, and residual stresses of ground
plasma-sprayed ceramic coatings. They elucidated the relationship between coating
structure and grinding performance, and found critical grind conditions for different
thermally enhanced ceramic. Zhang et al., [24], discussed polishing performances
of alumina ceramically with ultrasonic vibration assist, studying the effect of
vibration parameters and abrasive properties on material smoothing performance
and surface quality, and described a surface roughness prediction model.
Choudhary et al. [25] analyzed application of various grinding fluids on the surface
surfaces of alumina ceramics ground with electroplated diamond wheels, and
discovered the lubrication process of additives on the ceramic.

In simulation studies, the finite element method (FEM) is widely used to
simulate contact stresses and wear evolution. Archard wear model is used widely to
predict wear volume. Even more accurate simulation is needed to simulate the
surface landscape. Simulations based on the Weierstrass-Mandelbrot(W-M) fractal
function describe surface in self-similar fashion but are not realistic enough to
account for irregular morphologies of random brittle fracture in hard, brittle
ceramics. It is not known how the specific ground shape of the ceramic coating, its
roughness parameters and fretting wear behavior map into each other.

Accordingly, this study adopts the uniform random perturbation method to
obtain surface with varying roughness. Together with Archard wear via the
UMESHMOTION subroutine, a finite element model is proposed to explore the
effect of surface roughness and displacement amplitude on fretting wearing
behavior when full slip is utilized. This work provides theoretical support for
increasing the surface quality of ceramic coating.

2.Fretting wear finite element model
2.1.Rough surface modeling

Complex rough surfaces are essential in tribology, wear, and contact
mechanics and their coefficient of friction, contact properties, wear patterns and so
on. Rough surface modeling is usually done via the W-M fractal function. It is
continuous but non-differentiable, self-similar, and its fractal dimension can be
varied and therefore appropriate for natural fractal surfaces. Despite the hardness
and brittle nature of the ceramic coatings, there will always be random brittle
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fracture when grinding. To better simulate these irregular fracture effects, we select
a uniform random perturbation, for which the parameter R, is linearly related to the
maximum perturbations’ amplitude. We use R,, a statistical measure of microscopic
undulations used to measure smoothness of surfaces, to obtain different values by
controlling the maximum nodal offsets in 3 directions(Axmax, 4Vmax,AZmax). The
quantitative relation is determined by the following expression:

AXmax = TR X fx (1)
AYmax = TRq X fy (2)
AZpgx = £Rq X fz 3)

fx, fy, and fz define the linear relationship between R, and maximum nodes.
They are determined empirically, and their values depend on the surface of the
coating. Roughness R, is obtained by the formula:
Rq =7 [ ly(0)ldx )
Here, L represents the measured length; usually it is the surface length; y(x)
represents height deviation from the mean line at position x; therefore, the surface
is shaped. R, is the mean value of microscopic surface undulations: larger R, is
more surface undulated and more surface rough. Uniform random perturbation
applies randomly a random offset to each surface node. The offset range is equal to
R.: larger and wider is the offset range. The area is rougher. Offsets for each node
are given by a uniform distribution. The roughness Ra relationship is linear, and the
perturbated range is+R, X f (f is proportional). The offset for a node in each
direction is given by:

&, = random.uniform(—Ax,qx AXmax) (5)
8, = random.uniform(—Aymax, AYmax) (6)
6, = random.uniform(—Az, 00 AZmay) (7)

Random.uniform(a,b) the random value uniformly distributed across the
range (a,b). For example, if R, =0.8, f = 1, the maximum nodal offset is: Axpax
=1x0.8=0.8. Instead of using other distributions, such as Gaussian, the uniform
distribution guarantees that every offset within the range will be equally likely to
be generated for each node. The main advantage of this is its simplicity and
computational simplicity. Generating uniformly distributed random numbers is a
cheaper way to obtain random numbers than sampling from other distributions
(such as Gaussian). The perturbation range can be increased with the input
roughness R, value in order to simulate different roughness topographies. A Python
script was developed to implement this method by randomly perturbing nodes in
the meshed region in order producing surfaces with the following roughness values
(For details of this script section, see Appendix 1): R, =0.6, 1.3, 1.8, and 2.3. After
the node is generated, the coordinates were extracted to reconstruct the
corresponding surface topography as shown in Fig. 1.
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Fig. 1. Schematic diagram of surfaces with different roughness

In this script, you need to input the node set name, minimum displacement
(Axmin, AYmin, AzZmin) and maximum displacement (Axmax, AVmax, AZmax). Using these
inputs, the script generates random node perturbations to simulate surfaces with
varying roughness. Beyond its theoretical merits, the method demonstrates
considerable practical utility in engineering applications. Its efficiency and
flexibility make it particularly well-suited for simulating surface roughness in large-
scale models [26].

2.2.Numerical Model Development

A sphere-on-flat contact model was developed. The upper specimen is an
ISO K20 carbide ball, and the lower specimen is a 45steel plate coated with an
alumina layer. Both specimens were geometrically simplified to reduce
computational cost and mesh density. As shown in Figure 2(a), the lower specimen
dimensions are 4mmx4mmx>3mm. A mesh fitting study for accuracy was done. A
coarse mesh (element size, Sum) was applied only to the 0.5mmx=0.5mm contact
region of the lower specimen, and a coarser mesh was used elsewhere.

The bottom of the flat specimen, shown in Fig 2(b) is a cylinder with a
spherical cap of 10mm diameter, a base radius of 0.20mm, and height of 0.25mm.
Due to its hardness, the upper specimen was modeled as an analytic rigid body. The
penalty function approach was used to model the contact interaction. The final set
is shown in Figure 2(c).
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(a) Schematic of the Lower Specimen

(b) Schematic of the Upper Specimen (c) Schematic of the Contact Assembly

Fig. 2. Schematic diagram of the finite element model of the upper and lower specimens

The bottom has been fixed in all directions. 80N contact pressure was
applied to the bottom specimen and periodic displacement of different amplitude in
X-direction to simulate fretting. Our initial tests showed that the coated surface had
only partial slip with small displacement. With increasing amplitude, the behavior
gradually changed to gross slip without a mixed slip regime. Since fretting wear
involves more complex mechanisms in gross slip, we consider the fretting response
in this case. Based on our preliminary fretting map, gross slip occurs with
displacement amplitudes of 40pum and 60um and cyclic displacements of 40pum and
60um are applied in X. We applied three steps, Step 1 and Step 3 for applying and
removing the normal load and Step 2 (main analysis) for applying the cyclic
displacement to simulate the fretting response.

3.Fretting wear model
3.1.Archard wear model

Selecting a suitable wear model is important to allow accurate and reliable
fretting wears simulation. Common models are Archard and energy-based models.
Archard model is the one to use for low load, low-speed sliding problems, assuming
constant friction coefficient and computing wear from normal load, sliding distance,
and wear coefficient to simulate tremor [27-31]. The wear volume V is proportional
to the normal (and sliding distance) load as reflected in:

F-d
V=k-— (8)
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Here, k is wear coefficient, F' is normal force, d is sliding distance, H is
material hardness, and A4 is contact area. This means that the wear depth depends
on the contact pressure and sliding distance and inversely on the hardness, which
gives a theory for the wear prediction.

For minimizing the wear accumulation over time, we could build our model
in the integral form for time. Therefore, the wear volume ¥(¢) for the dynamic case
is:

V() =k- [, ar 9)

Here, F(7) and v(r) are instantaneous normal force and sliding velocity at
time 7, respectively, H is material hardness, and k is wear coefficient. This form
estimates wear accumulation during time, with dynamic loading and sliding speed.
This can provide a model for estimating the wear during time when normal
force/sliding velocity change.

In the case of complex contact, it could also use the Archard model to predict
the wear distribution along the contact area by considering the variation of contact
and sliding distances in space. With a local variation in the pressure and sliding
distance and hardness, this can be used in the same form as the Archard model. For
high load and large speed or time-varying friction coefficients, the Archard model
might be employed to obtain the estimate of wear:

V) = [, [, k() -%dAdr (10)

Here, F(x,7) and v(x,7) are instantaneous normal force and sliding velocity,
respectively, H(x) is material hardness, and k(x) is wear coefficient, all at position x
and time 7. 4 is contact area and dA4 is an infinitesimal area element. This
formulation could be used for modelling the wear in non-uniform contact conditions.
In particular, for high loads and large speeds or time-varying friction coefficients,
it may need to combine the Archard model to obtain accurate prediction.

In this study, wear depth is a measure of material removal and we chose the
Archard model to calculate the wear. It was implemented as the UMESHMOTION
subroutine to simulate fretting wear. The algorithm automatically called each step
in order to estimate shear friction force and relative slip distance at every contact
area node, providing information needed for calculating the wear profile. As an
example, the local wear depth could be updated at every step for the real contact
conditions to better model the evolution of the worn profile.

3.2.Accelerated computing

Fretting wear involves tens to hundreds of thousands of cycles. Doing the
same for every period of wear would cost very much and cause heavy mesh
distortion. In order to address this problem we proceed with a more accelerated
simulation scheme. The wear profile change only after the onset of the AN fretting
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cycles. All blocks of 4N physical cycles are averaged together, taking one new step.
During one move the UMESHMOTION subroutine accumulates the wear depth of
AN cycles given the current contact state and updates the nodal coordinates once
again. The formulation is:
h(x) = AN Zq Keq(x)ds(x) (11)

Here, h(x)is the wear depth,4Nis the number of cycles per
increment, Keg(x) is a friction-related coefficient, and ds(x) is a damage-related
variable. It accumulates wear over AN fretting cycles.

With this methodology, we only consider 12000 AN fretting cycles with only
12 increments (with AN=1000). We maintain the accuracy but very fast
computations. By drastically reducing the number of moves without compromising
the physical manifestation of the wear accumulation and by reducing the distortion
of the meshes, the method offers considerable performance gains and enables us to
perform finite element analysis of large-scale 4N fretting cycles, which can be
performed by means of nodal updates.

3.3.Node update

In FE simulations, updating the fretting wear profile relies on nodal updates.
Wear entails continuous surface change, simulated in FE analysis by displacing
mesh nodes. This process dynamically adjusts the mesh to reflect profile evolution
during fretting cycles. We implemented the UMESSHMOTIONS subroutines in
FORTRAN to compute nodal displacements and contact stresses during the fretting
process. The Archard model calculates the wear depth, which will be used to update
the nodes and the surface profile. This update induces no stress or strain. This is
suitable for fretting wear simulations. However, over-placement of the nodal can
cause very severe mesh distortion that can cause convergence. We applied
ABAQUS ALE adaptive meshing to this model, shown in Figure 3.

Mesh Distortion Adaptive Mesh

Contact Area Node Geometry Update
S | = = Y —
1
I
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Fig. 3. Adaptive Mesh Refinement (AMR)
ALE adaptive meshing method, which is based on Lagrangian and Eulerian.
The adaptive mesh rezoning is possible to keep mesh quality during large
deformations to avoid distortion, provide computational stability, accuracy and time
to get the final result. At each step, UMESHMOTION calls the Archard wear
formula to compute wear of that step and is return to ABAQUS main solver for the
final results. Therefore, an integrated simulation framework is developed based on
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UMESHMOTION subroutine (simulation using the Archard wear model and
updating nodes) and ALE (simulating the mesh quality), allowing efficient and
stable simulation of the surface topography of fretting wear. The computed process
and workflow are presented in the flowchart of Figure 4.

Generating a new

surface profile and
updating the INP file.

Nodal coordinate update
via the ALE technique
in the subroutine.

Modeling in ABAQUS Acquiring nodal contact Calling UMESHMOTION .
. O 3 2 ) A . Calculating the
with Python scripts for stress and relative slip to compute wear depth per =
S g total wear depth.
rough surface generation

distance in the contact zone. increment.

Fig.4. Flow chart of finite element simulation of fretting wear
4.Simulation results and analysis

Figure 5 presents the wear in normal load 80N and displacement amplitude
40um for 4 different surface roughness levels. The worn surfaces had circular pits,
indicating that the same operation was performed in full slip. The maximum value
of the wear depth was 4.94um at R,=0.6. It expanded to 6.81um at R,=1.3 and
increased to 7.39um at the R,=1.8, and continued to increase wear area. For the
highest roughness at R,=2.3, the increasing value of wear depth and area was
smallest, at the highest value of 7.71um.
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Fig. 5. Finite element simulation results of surfaces with different roughness at 40pum displacement amplitude
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Surface roughness results in random asperities on the ceramic coating,
where friction pair contact at the discrete asperity rather than as a flat surface. At
large displacement amplitudes and large asperities weaken adhesion, allowing
sliding and worse wear. Wear depth and the area increase with surface roughness.

Figure 6 presents the maximum values of the maximum value for 4
roughness with increasing displacement amplitude. The fretting wear increased
significantly for all roughness values: it increased to 5.59um at R,=0.6, to 7.61um
at R,=1.3 (with larger wear area), and continued of increasing 8.04um at R,=1.8
(with greater area growth). At the maximum R,=2.3 wear depth added and increase
but slow growth. Maximum value of 8.92um. As in 40um, the average wear depth
increases and increases with roughness. The wear area is less sensitive to the
influence of the area expansion of the roughness, while at 60um, it is clear that
under larger displacements, the area impact with the increasing surface roughs has

a lower influence on the overall wear area increase.
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Fig. 6. Finite element simulation results of surfaces with different roughness at 60um displacement
amplitude

The relative stability of fretting wear with respect to surface roughness and
displacement amplitudes indicates that surface roughness is dominant. The wear
depth and area increase with surface roughness. For larger amplitudes, however, the
uniformity of wear becomes more prominent. This is because at larger amplitude,
sliding is more complete and when the asperities are sliding, the relative motion of
the asperities becomes more constant.

This reduces the local stress concentration caused by the surface peaks and
moves from local to more distributed wear. Moreover, as the sliding distance
increases with the larger amplifications, the load transfer between contacting
surfaces shifts from local or global. In this regime, the wear is dominated by the
roughness more than individual asperity, leading to more uniformity.
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In the same manner, material removed in the full-slip regime is picked up
by macroscopic shear rather than microscopic spallation. The effect of roughness
in wear morphology is smaller. While larger altitudinally, larger roughness still
results in larger wear volumes, indicating that the initial surface topography is
responsible for the main role of fretting wear.

5.Conclusions

This study proposes a finite element framework with uniformly randomized
surface geometry to explain the fretting wear of ceramic coatings in gross slip. The
relationship between surface geometry and motions was analyzed which resulted in
theoretically and practically important results:

(1) Surface roughness regulates fretting wearing severity through contact
stress distribution. There is positive correlation between R, value and wear depth
and area across 40um and 60um displacement amplitudes. The role of the
underlying mechanism is due to stress concentrations caused by stochastic
asperities, which lead to localized material removal.

(2) Displacement amplitude leads to uniformity of wear. The increasing
displacement amplitude increases overall wear and alters the underlying wear
mechanism. For a small amplitude (40um), the wear morphology is dominated by
local effects of surface asperity. For large amplitude (60um), sufficient sliding leads
to a more uniform wear, implying mechanistic transition from asperities-dominated
localized spalling to macro-scale sliding-induced shear, hence the effect of surface
roughness on wear distribution becomes less important.

(3) This study provides and validate a suitable simulation framework with
three parts: surface generation by the uniform random perturbation method, wear
simulation with the Archard model and mesh management with ALE adaptive
meshing. Our framework enables accurate prediction of the fretting wear of the
ceramic coating at all surface roughness levels, and provides a solid theoretical
framework for optimizing the wear resistance of the surface finishing technique.
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Appendix 1

set name, XX, yy, zz, xx1, yyl, zz1 = getlnputs

session. journalOptions. setValues(replayGeometry=INDEX,recoverGeometry=INDEX)
p = mdb.models['Model-1']. parts ['Part-1"]

pp = mdb.models['Model-1"]. parts['Part-1']. sets[set_name]. nodes

num_node = len(pp) aa = list(pp)

list1=] for i in range(num_node):
listl.append(aal[i]. label) n = p.nodes

list2 =] for j in range(num_node):

list2.append(n[int(list1[j])-1:int(list1[j])])

for nodes in list2:

p. editNode(nodes=nodes, offsetl=random.uniform(-float(xx), float(xx1)),
offset2=random.uniform(-float(yy), float(yyl)),
offset3=random.uniform(-float(zz), float(zz1)))

print(‘done")



