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Abstract: Pin-on-plate and pin-on-disk wear tests are typically used for assessing the wear behavior
of a given material coupling and estimating its wear coefficient using the Archard wear law. This
study investigates differences in the Archard law for pin-on-plate and pin-on-disk cases, particularly
for flat-ended pins. Both analytical and finite element models of the two tests were developed,
assuming a 21 N normal load and a 507t mm sliding distance. In pin-on-disk simulations three
different distances between pin and disk axes were considered, i.e., 1.25-2.5-5 times the pin radius
(5 mm). For the results, wear volumes, pressure and wear depth maps were compared. Some
interesting aspects arose: (i) the rotational effect in pin-on-disk tests causes higher wear volumes
(up to 13%) with respect to pin-on-plate tests: the nearer the pin to the disk axis, the higher the
wear volume; (ii) a simple quadratic formula is defined to correct the wear volume estimation for
pin-on-disk tests; (iii) pressure redistribution occurs with higher values closer to disk axis, opposite
to the wear depth trend. Due to the high computational costs, only the running-in phase of wear tests
was considered. Numerical strategies are currently under investigation to extend this study to the
steady state phase.

Keywords: wear test; pin-on-plate; pin-on-disk; flat-on-disk; wear factor; Archard’s wear law; wear
predictive model

1. Introduction

Wear is a phenomenon as complex as it is widespread in everyday life. It can be
observed in shoes, teeth, brakes and in many other elements. From an engineering point
of view, it is important to consider wear when designing mechanical components and
this requires an estimation of their wear resistance. Experimental tests are carried out
for this purpose. Since this phenomenon is affected by many factors such as materials
properties, kinematic and loading conditions and so on, which can hardly be reproduced in
a laboratory, such tests most frequently apply simplified conditions. The two most common
wear tests are performed on pin-on-plate (PoP) or pin-on-disk (PoD) apparatus.

Pin-on-plate wear tests are used to study reciprocating sliding wear and fretting. In
both cases, a pin is loaded against a flat surface in the presence of a reciprocating motion;
depending on the stroke length, sliding and fretting conditions are distinguished, the
former having a wide stroke much longer than the contact width, and the latter a small
stroke, typically of the order of magnitude of the contact width. A schematic view of the
two wear tests is given in Figure 1a. These tests are well described in the ASTM G99 [1]
and ASTM D4170-16 [2], and ASTM G133 [3], respectively.

Pin-on-disk wear tests reproduce continuous sliding contact conditions between a
rotating disk and pin located at a given distance from the disk axis, as represented in
Figure 1b. For PoD wear tests, the standard commonly adopted is ASTM G99 [1].

In both PoP and PoD tests, two cases can occur: only one body wears out, i.e., the
pin or the plate/disk, or both contact surfaces wear. According to the standards, the
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test’s outputs are the wear volumes of each component measured directly (by means of
gravimetric method) or, more often, computed from measurements of the worn scar and
initial unworn pin geometry [1-3].

PoP PoD

(a) (b)

Figure 1. Schemes of pin-on-plate (PoP) (a) and pin-on-disk (PoD) (b) wear tests.

These experimental wear volumes are used to compute the wear coefficient k that
characterizes the wear rate of the tribo-pair and is useful to compare material couplings,
and also to calibrate numerical wear models [4-7]. The wear coefficient is commonly
estimated according to the Archard wear law in its global form [8,9], i.e.,

V =kFs, 1)

stating that the wear volume V is proportional to the normal load F and the sliding distance
s. In wear tests, F and s are imposed whilst the worn mass or volume is measured, so that
the wear coefficient can be calculated as

k=V/(Fs). 2

In the literature, Equation (2) is used to estimate k from PoP and PoD wear tests, as re-
ported in very recent experimental studies both on unilateral [4,10-12] and bilateral [5,6,13]
wear. However, Equation (2) holds only for a translating body under constant load, and
thus while it is correct for PoP wear tests, it provides only an approximation of k for PoD
tests where a relative rotation occurs. Nevertheless, to the best of authors” knowledge, such
an equation has never been revised for the case of PoD wear tests.

This study compares PoP and PoD wear tests by means of both analytical and numeri-
cal FE models considering the Archard wear law in its local instantaneous form. The final
aim is to investigate how the rotational effect in PoD tests affects the estimation of k by
varying the distance between the pin and disk axes.

2. Materials and Methods

To compare the PoP and PoD wear tests, firstly, finite element (FE) models were
developed in Ansys® Workbench 2023 R2. Then, to clarify and generalize numerical results,
the pertinent analytical relationships were formulated and solved in Matlab® R2023b.

2.1. Test Cases

In the examined test cases, a cylindrical flat pin having a radius rp = 5 mm was
assumed to be in contact with the plane surface of a plate or a disc (Figures 1 and 2).
The pin radius was taken in accordance with ASTM G99 [1] and the study [14], the latter
taken as a reference. For the PoD test, three configurations were examined differing in the
distance Rq between the pin and disk axes, i.e., Ry = 1.25-2.5-5 rp,. These configurations
were selected to span different kinematic conditions: while in PoP tests the sliding speed v
is the same in every point, in PoD tests the point nearest to the disk axis has the minimum
velocity w(Ry — 7p) while the farthest has the maximum one, w(Rq4 + 7p). The difference
between the maximum and minimum speeds (2wrp) compared to the average speed
(RQwrp/wRq =21p/Ry) gives a measure of the rotational vs. translatory components of
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the velocity field. Thus, the case Rq = 1.25 rp = 7.5 mm, i.e., with the pin very close to
the disk axis, corresponds to the major influence of the rotational effects, while Ry = 5
7p = 25 mm to the minimum one. The intermediate value Ry = 2.5 rp = 12.5 mm was
selected to reproduce a wear track diameter in agreement with ASTM G99 [1]. Pin and
disc were assumed to be made of structural steel, with a Young modulus of 200 GPa and
Poisson ratio equal to 0.3, and hardened to HV = 4.6 GPa and HV = 3 GPa, respectively [14].
Consequently, only the pin was considered as affected by wear, with a wear coefficient
k=125 x 1077 mm? /N, as estimated for similar test conditions [14]. In all tests, a normal
load of 21 N was applied to the pin [14] and the same final sliding distance s¢ corresponding
to 1 round of the highest Ry (s¢ = 107 r, = 157.08 mm) was simulated for both PoP and PoD
cases. This small displacement was considered to limit the computational time.

(b)

Figure 2. Schemes of the simulated PoP (a) and PoD (b) wear tests with the boundary conditions
adopted in respective FE models.
2.2. Finite Element Models

The FE simulations were performed in Ansys Workbench® 2023, taking advantage of
the dedicated tool for wear assessment.

2.2.1. Geometry and Materials

To simplify the analyses, the plate and the disk were treated as rigid bodies; only the
pin was considered deformable and affected by wear.

2.2.2. Mesh

The cylinder was meshed with 3D prism (WED6) elements by employing the “Sweep
method” while the plate/disc surface was meshed with TRI3 (3 nodes linear triangle) 2D
elements; both the pin and disk mesh size was 0.5 mm (Figure 3). The contact surfaces were
meshed with CONTA174 and TARGE170 elements (see Section 2.2.3).

(a) (b) ©

Figure 3. FE model of PoP (a) and PoD (b) wear tests and details on the mesh (c).
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2.2.3. Contact and Wear Conditions

The contact was assumed as asymmetric as in this case only one body wears out.
Moreover, the contact was simulated as frictionless, since the effect of the friction on wear
is negligible as demonstrated in [15]. The analysis was solved by means of an Augmented
Lagrange algorithm and the nodal-projected normal from contact was adopted as the detec-
tion method with the cylinder and plate/disk as the contact and target body, respectively.

The wear behavior was activated through an APDL command script inserted in the
contact section and through calling the Ansys tool which applies the Archard’s wear law in
the generalized form

h = %P*” o, 3)
where H is the material hardness, k is the wear coefficient, and m and n exponents of
pressure and sliding velocity, respectively. In particular, the command TB WEAR with the
option ARCD was used for applying Equation (3); the TBDATA command was used to set
the parameters of Equation (3) and the TBFIELD command for selecting the time instants
during which activate or deactivate wear. Parameters were set as H = m = n = 1, so that the

traditional form of the Archard wear law was adopted according to Equation (1).

2.2.4. Boundary Conditions

The vertical load of 21 N was applied to the pin, which could only translate in the
vertical direction to keep the contact with the counterpart. The motion was applied to the
plate and the disk, as a translation of s; in the first case and a rotation ® = s¢/Ry in the
second one. The computational time was about 4 h using a processor Intel(R) Xeon(R)
Silver 4214R CPU @ 2.40 GHz with 64 GB RAM.

2.2.5. Analysis Settings

The time increment was set to 1074 to 2.5 x 1072 s which allowed us to discretize
the arc length with the chord along the node trajectories with a maximum error of 0.1%,
making the computational time affordable.

2.3. Analytical Approach

The analytical description of both tests moves from the local instantaneous form of
the Archard’s law that can be rewritten as

h(P,t) =k p(P,t) v(P, 1), (4)

relating the wear depth rate at a point P to the pressure p and sliding speed v both vary-
ing with time and point. The wear depth at a given instant is simply obtained through
integrating Equation (4)

h(P,t) =k /(: p(P,7) v(P, ) dT. (5)

Accordingly, the wear volume is calculated as
t t

vk [ [ pr)o@r)draa=k | (/ P, 7)o(P, dA)d. 6

[ [ pe)opT) de ([ p2owpr) da) e @

In PoP tests, we can neglect the wear produced when reversing the motion and
consider that the speed v is uniform and constant, therefore it can be written as:

t
Vpop:kv//p(P,T)deA:kat:sz. %
A JO

Rather interestingly, the wear volume in PoP tests does not depend on pressure
distribution, i.e., on the shape of the pin, flat-ended or hemispherical.

On the other hand, when we consider a PoD test, the relative motion of the pin with
respect to the disk is a rotation about the disk axis of an angle ®. Therefore, the sliding
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distance of each point P, sp, is proportional to the radial distance R of P from the disk axis
(Figure 4), i.e.,
sp=R0O. 8)

Figure 4. Main geometrical parameters used in Equations (9)—(15).

Introducing the angular speed of the disc w, assumed constant for simplicity, and
substituting ® = wt, Equation (5) becomes

h(P,1) :kw/OtRp(P,T) dr. )

Another difference between PoP and PoD models is that in the latter the wear volume
depends on pressure distribution, as Equation (7) cannot be exploited:

t t
V =k Ryp(P,t)dtdA =k Rp(P,7)dA | dT, 1
wo =k [Rperdeaa—kw [[([ Rperda)ar o)

In the present study, for a flat ended pin and a low friction, we assumed that in the
initial part of the test, pressure remained almost uniform p = F/ (r%, n) and the contact area

constant. Therefore, the main difference between the two tests lies in the sliding distance.
Thus, we can write:

VpoD_k /(/RdA)dr:kziwt/RdA=kzi@/RdA, (11)
TpTL' A rpﬂ: A

O = s/R; with s being equal to the arc described by the center of the pin.
Equation (11) requires further manipulation of the integral

Ry r9(R)
/RdA:/ / R Rdg dR, (12)
A m —¢(R)
with
RI+R* -7}
¢(R) = acos T2R;R ) Ry = Rg—r1p, Ry =Ry +71p. (13)

With a few passages being

) Rﬁ +R%Z— r%
/ RdA=2 [ " R?acos SRR R (14)
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we obtain
2

2 2
Rm p2 RG+R° -1
2me R acos( R R ) 4R

V =kF
Pob ° Ry 137

(15)

The last term on the right is dimensionless, dependent on the geometry of the system
and is typically omitted in the literature, for example, when using PoD tests for evaluating
k. We can consider that g(7y) as the ratio between the PoD and PoP wear volumes, when
a uniform pressure distribution is considered. It can be expressed as a function of a
dimensionless geometric parameter y = /Ry

1+ 1+4p%—92
S Pacos(FE T dp g
v L Ry

gly)=2 (16)

Its trend is shown is Figure 5 for 0 < 7y < 1, which is a limited range of practical values
of . It is preferred to its inverse If—; that should be considered in the field [1,00). It is worth

stressing that when v — 0, i.e,, 1}—: — oo, the PoD — PoP.

1.15

1.1
>
(o))

1.05

1

0 0.2 04 0.6 0.8 1

Y
Figure 5. Trend of the function g(v) of Equation (14).

From Equation (16), it can be observed that the ratio is maximum when ¢ = 1 and
when g(1) = 32/(9m) = 1.132, meaning that the PoD produced higher wear volumes than
PoP over the same sliding distance when the pressure is considered uniform, as in the
initial part of a test, up until wear affects the geometry of the contact surface.

The above equations were implemented in a Matlab® (R2023b) script for estimating
the wear volumes with a constant pressure approximation and were compared with FE
results in a short sliding distance.

3. Result and Discussion

The FE simulations of the four cases, one PoP and three track radii PoD, were com-
pleted and the results of the wear volumes, the maps of the contact pressure and the wear
depth over the contact area were analyzed. They are discussed for increasing values of
the parameter v, i.e., with the reduction in the distance between the pin and the disk axis,
considering that v — 0 represents the PoP test, and v = 0.2, 0.4 and 0.8 represents the
PoD cases with decreasing Rq = 5, 2.5 and 1.25 1, respectively.

Figure 6 shows the trends of the wear volumes over the sliding distance, obtained
from FE analyses. It can be observed that volumes at the end of the test were different,
increasing with 7 from 4.09, 4.14, 4.18 to 4.36 x 10~* mm? for the same load and sliding
distance. However, for all tests the trend of the wear volume was almost linear.
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4.5 T T
a b= PoP y - 0
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35" PoD 4=0.4
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257

15+

Wear Volume (10 mm?)
N
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Figure 6. Wear volumes predicted via the FE vs. sliding distance, s; = 157.08 mm.

Analytical predictions were in good agreement with the FE ones, with differences
lower than 2.4% and increasing with 7.

These findings raise two main issues discussed in the following: (i) the validity of
Equation (2) for PoD tests (Section 3.1); (ii) the effect of the sliding distance on contact
pressure distribution (Section 3.2).

3.1. Corrective Fucntion for Wear Volume in PoD Tests

The differences between the wear volumes predicted for different -y values, both using
FE and analytical models, demonstrate that the Archard law in the global form V =k F s
(Equation (1)) holds only for a translating body under constant load; thus, while it is correct
for PoP wear tests, it can provide only an approximation for PoD tests where a relative ro-
tation pin-disk occurs. To capture the effect of such a rotational effect, the application of the
Archard law in local instantaneous is required, i.e., (P, t) = k p(P,t) v(P, t) (Equation (4)).
From a quantitative point of view, the adoption of Equations (1) and (2) for PoD tests
introduces an error which increases by reducing the distance between the pin and the disk
axis up to 6% for v = 0.8, whilst it tends to zero when the pin is far away from the disk
axis, i.e., in conditions similar to the PoP. By means of an analytical approach, assuming a
uniform pressure distribution also for PoD cases in the transient phase, a nondimensional
function g(y) was introduced in Equation (16), given the ratio between the wear volume in
PoD and in PoP for the same load and sliding distance. To estimate such an error, g(y) can
be approximated with the following quadratic function

32

g(y)zl—k(gﬂ—l)'yz for 0 <y <1 (17)

stating that the ratio is higher for higher v, i.e., when the pin is closer to the disk axis.

3.2. Effect of the Sliding Distance on Wear and Contact Pressure Distribution

Differences in FE and analytical volumes can be easily appreciated from histograms
in Figure 7a, where the final wear volumes are compared. A good agreement between
the two approaches can be observed with differences below 0.8%, with the exception of
the case 7 = 0.8 for which we obtained a 2.4% deviation. Figure 7b shows that the error
increases with the sliding distance, particularly for the PoD case with v = 0.8, i.e., the lowest
track radius.
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5 : - - : 25
I Analytical [m = =PoP ;= 0
[ FE PoD 7=0.2
2 PoD ;=0.4

PoD ,=0.8

Wear volume (104 mm3)

FE vs. analytical wear volume (%)
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slsy (%)

Q°O ' Q°o
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Figure 7. Comparison of the wear volumes predicted via the FE wear models and analytical formu-
lations: (a) histograms of the final wear volumes, (b) errors in volume estimations between FE and
analytical results. Final sliding distance s¢ = 157.08 mm.

This error can be explained with the approximation of uniform contact pressure at the
base of the analytical approach, as cleared below. The maps of the contact pressure at the
same final sliding distance for the four examined cases are reported at the top of Figure 8.
The maps of each case are shown both on the same scale (first row) and in their own full
scale (second row) to highlight the main characteristics and ease the discussion. For the
PoP test, the contact pressure was uniform over the contact area (with p = 0.255 MPa) whilst
this was not so in the PoD cases, which showed a pressure gradient as the pressure was
higher in the region closer to the disk axis (at Rin) and lower when farther from it (at Rys).
The results are in agreement with the literature studies on brakes, e.g., [11]. Additionally,
the pressure gradient was more marked for higher values of 7y, which means that the pin
was closer to the disk axis.

In the case of PoP, the uniform contact pressure combined to uniform sliding veloc-
ity / distance over the pin surface, caused a uniform wear depth, as shown at the bottom of
Figure 8. Differently, a gradient of the wear depth was predicted in all PoD cases as the
opposite to the pressure one, with the minimum values at R, and the maximum ones at
R As for the pressure, the gradient of the wear depth increased with 7y values. At the end
of the test, the surface was no longer planar.

In order to fully understand the contact pressure and wear maps for the PoD tests, it is
necessary to consider what happens during the wear tests, and thus their evolution with the
sliding distance. For brevity, only the case y = 0.8 is detailed, being the most interesting and
peculiar one. The evolution of pressure and wear depth during the simulation are reported
in Figure 9 for four instants; in addition to the initial/unworn and final conditions, data at
1/3 and 2/3 s¢ were considered. It can be observed that initially, pressure was uniformly
distributed, as in the PoP case. During the test, a redistribution of contact pressure occurred,
which can be explained considering the different sliding distance of the pin points: those
farther from the disk axis describe a longer trajectory with respect to those nearer to the
axis. It must be noted that while pressure distribution evolves, its integral remains the
same, corresponding to the external load. Consequently, the wear rate is higher on the
outer part of the pin surface, which becomes curved, and this causes a pressure reduction.
The trend of the maximum and minimum values of the contact pressure (Pmax, Pmin) and
the wear depth (/imax, imin) With the sliding distance is well depicted in Figure 10. It can be
observed that at the final sliding distance, the percentage pressure difference (Pmax — Pmin)
with respect to the initial value p was of 57.6%, while the percentage difference in the wear
depth (hmax — hmin) With respect to its average value (fimax + fmin)/2 was 141%.
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PoP PoD
7—>0

0.372
0.356
0.339
0.322
0.305
0.289
0.272
0.255
0.239
0.222

Pressure (MPa)

0.255 0.372 0.222)

8.41x 10 PoP PoD

7.64x 10°

6.87 x 10°°
6.09x 10°°

5.2x10% 6.1x 10 4.4x10% 6.9x10° 3.5x10° 8.4x10° 1.5x10°
| SEEEEEE |

5.32x 10
4.54x10°
3.77x10°®
3x10°

8.41x 10°®
2.22x10°
1.45x 10

Wear depth (mm)

Figure 8. Maps of the contact pressure and wear depth in the four examined cases at the final sliding
distance s¢ = 157.08 mm. For both pressure and wear depth, first row: all the cases are plotted with
the same color band; second row: each plot in its color band. (y = 0.2, 0.4 and 0.8 correspond to

decreasing Rgq =5, 2.5 and 1.25 rp, respectively).

0% 33% 66 % 100 %

0.372
0.356
0.339
0.322
0.305
0.289
0.272
0.255
0.239
0.222

Pressure (MPa)

8.41x10°
7.48 x 10°®
6.54x 10°°
5.61x 10°
4.67 x 10°°
3.74x 10°®
2.81x10°6
1.87x10°6
9.35x 10°®
0

Wear depth (mm)

Sliding distance (%)

Figure 9. Evolution of the contact pressure (first row) and the wear depth (second row) over the
contact area, with increasing sliding distance, from the left to the right. The final sliding distance
s¢ = 157.08 mm corresponds to 100%. (PoD case with 7y = 0.8).
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pressure (MPa)

w

wear depth (10'6 mm)

0 20 40 60 80 100 0 20 40 60 80 100
s/s, (%) s/sf (%)
Figure 10. Evolution of the minimum and maximum wear depth and contact pressure with the

sliding distance. Pressure is maximum when the wear depth is minimum and vice versa. (PoD case
with v = 0.8).

Similar considerations hold for all the PoD cases but in a more limited way, as proven
via data in Table 1.

Table 1. Gradient of pressure and wear depth at the end of the simulation for PoD cases. p is the
initial contact pressure.

Pinax—Pmin Bonax —Punin
Y 7 100 2 T -~ 100
0.2 12.1% 32.5%
0.4 25% 66.4%
0.8 57.6% 141%

This effect for which a higher sliding distance causes a reduction in pressure is expected
to reach an equilibrium in a kind of stationary wear evolution that is not caught in the
present simulation.

It is worth stressing that the standard ASTM G99 [1] suggests a track radius R; within
the range of 12.5-17.5 mm for a pin with r, = 5 mm, as in the present case, corresponding
to 0.286 < v < 0.4. Actually, the standard suggests a spherical head for the pin so that the
contact area is very small (initially) and the case is equivalent to y — 0. Until wear causes
an important increment of the contact area, for a PoD test with a spherical pin, Equation (2)
can be applied. An estimation of the extension of the contact area may be obtained through
the simple formulation proposed by the authors in [16].

4. Conclusions

The present study provides analytical proof that a different form of the Archard wear
law should be considered for PoP and PoD tests, particularly for flat-ended pins. Thus,
while the equation k = V/(F s) is correctly applied to the PoP case, i.e., a translational
relative motion, a rotational effect is observed in PoD tests which varies with the distance
between the pin and disk axes. This effect should be considered when estimating k. To
this purpose, a simple quadratic corrective factor g(7y), where v = r, /Ry, is proposed in
this study. It is worth stressing that this effect is present also in spherical headed pins, for
which the contact area, thus also 7, increases with wear.

In conclusion, the present study highlights the need to deepen the methodology for k
estimation, currently not even described in the ASTM standards [1,3]. The errors introduced
through neglecting the rotational effect in PoD tests could explain in part the high data
dispersion of the k values reported in experimental studies. The hypothesis of a constant
k should be taken with caution, even for metallic materials traditionally used in tribo-
couples, and the real contact conditions should be considered in its estimation, particularly
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for plastic materials such as the UHMWPE characterized by cross-shearing [17,18]. Such
aspects will be tackled in future studies.

The present study is focused on the initial transient phase of the wear process, because
of the high computational costs; indeed, very small time increments were necessary to
describe the circular trajectories of contact points with a good accuracy. However, a steady
phase is expected to be achieved at a longer sliding distance, characterized by a constant
contact wear rate and thus also a constant contact pressure distribution. This phase is going
to be investigated in future studies where an accelerated procedure for wear simulations is
going to be pursued to reduce the computational costs [19,20].
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