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Abstract: A modified method for predicting the wear coefficient of reciprocating sliding wear was
proposed in this study, which is less time-consuming. Based on this method, reciprocating sliding
wear tests of three chain alloys (CM490, SS316, and TC4) under different loadings were conducted
and the friction coefficient, wear coefficient, and wear morphology were obtained and compared. The
results indicated that the time-variant coefficient of friction (CoF) could be used as an indicator for the
stable wear state; moreover, it also changes periodically with the wear direction. Statistical analysis
of friction coefficient indicated that it follows bimodal distribution or multimodal distribution. The
friction and wear behaviors of CM490 and SS316 were different from those of TC4, and a detailed
micro-morphological analysis indicated that the discrepancy is caused by the difference in the
quantity and size of the wear debris. Furthermore, an upper limit of the contact stress-dependent
wear coefficient was also observed, and the variability of the wear coefficient was also analyzed.

Keywords: reciprocating wear; mooring chain; pin-on-flat; modified Archard’s model

1. Introduction

Wear and corrosion are known to be the main factors leading to premature failure of
marine structures [1-3]. Thus, the damage mechanism and damage evolution law should
be well-understood so that an optimized shape and dimension of marine structures can
be designed. For floating structures (e.g., platforms and buoys) in the ocean, six-degree-
of-freedom movement is inevitable due to the actions of wind, wave, and current, which
then drives a periodic movement of the mooring system (such as mooring chain and
mooring cable). For mooring chains exposed to the atmosphere, the relative movement
between links results in wear, and for chains immersed in seawater, the wear—corrosion is
inevitable [4]. The typical wear morphology of chain links recovered from a mooring chain
of a buoy is shown in Figure 1, where severe wear can be observed in the contact region of
two adjacent chain links. Generally, the relative motion between links is small, and “fretting
wear” dominates the wear mechanism [5]. In the presence of fine particles (such as sand or
deposition)—for example, in the case of chains in the touch-down area—the wear regime is
considered “abrasive wear” [6]. Undoubtedly, local wear damage can reduce the strength
of the link, which can be easily broken under harsh sea conditions, resulting in a drift of
the floating structure and huge economic loss [7]. Thus, the wear mechanism and damage
evolution law should be well-understood.
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Figure 1. Typical wear pattern of chain links in the contact region (recovered from buoys in South
China Sea).

To date, the wear between metals has been extensively studied [5-10], and the tradi-
tional “pin-on-disk” method is most widely used [5,11], which estimates the wear rate as a
function of the sliding distance and applied force. However, the traditional unidirectional
wear scenario is not applicable to chain wear [12], as it involves oscillatory motion between
the links. Under the actions of waves and ocean currents, the floating drives a periodic
movement of the anchor chain, and the tension force acting on the anchor chain varies
continuously. According to the wave period, the dynamic tension varies up to 300 kN
and the average period of the cyclic load acting on the anchor chain is approximately
10 s [5,13]. This value is the time-history statistical value of the dynamic tension response
of the mooring line under typical sea conditions [14]. Jayasinghe [4] showed that the
average wave period was approximately 12 s, and the range of motion between the chains
under the actions of a floating body and ocean current was between 1° and 2° [10]. Liu [5]
indicated that the fretting sliding distance between the contact surfaces of a chain link
was approximately 10-50 um. These results indicate that the wear regime for mooring
chains is “adhesive wear” [10], which generally occurs under high local contact stresses
and might result in plastic deformation. Moreover, a highly short-term localized adhesion
of asperities on the involved mating surfaces produces a weld, which is then sheared by
further relative movement.

A small-scale anchor-chain wear test (low carbon steel with a nominal diameter of
16 mm) was conducted by Yaghin and Melchers [10], and the effects of axial load, dry/wet
contact conditions, and corrosion on wear were explored to test the breaking strength of
the worn anchor chain. The load range of the test was 3—6% minimum breaking load,
and its angle range was approximately 18°; the test cycle was approximately 5 s. The
applied angle range and sliding velocity were much larger than the values encountered
in actual engineering to accelerate the experimental process (the actual chain link motion
angle is about 1-2° [10]). Takeuchi [15] validated the quantitative interlink wear estimation
method. A material test and a finite-element (FE) analysis were conducted, where an
interlink wear estimation formula was derived, and a coupled dynamic analysis was
conducted to obtain the mooring chain response. Pauw [6,16] designed a new test rig,
a full-scale test on the wear of shackle chains was conducted, both planar and circular
motions were simulated, and higher wear rates in case of circular relative motion were
found. Based on the available research, Liu [5] evaluated the cumulative corrosion—-wear
damage incurred by the anchor chain by using an FE method and calculated the overall
wear—corrosion damage by using a decoupling method, where the uniform corrosion rate
was calculated separately according to the available corrosion model, and the wear damage
was calculated according to Archard’s wear theory combined with the contact pressure
and sliding distance obtained from numerical simulation. A similar method was adopted
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by Su [17]. Although such a method is relatively straightforward, the simulation results
might substantially deviate from the actual damage because of the over-predicted wear
damage, as the wear damage caused under the dry condition is much higher than that
caused under wet conditions [7,10]. More recently, a fully coupled numerical simulation
method for tribocorrosion was proposed by Wang [18], and the synergies between stress
and corrosion were taken into account.

Note that a full-scale chain wear test [6,10,16] is expensive and time-consuming, and a
numerical simulation is an effective replacement. For wear simulation, a wear model should
be applied; generally, Archard’s [19] wear model or its derivative is used [18]. According to
Archard’s model [19], the wear volume is proportional to the sliding distance and applied
load. In order to determine the value of the wear coefficient k, a pin-on-disk wear test needs
to be conducted, and the volume loss (or mass loss) should be determined [5,17,19-21]. In
order to reduce the test error, sufficient mass loss and test time are required; the weight
loss should be at least greater than the accuracy of the analytical balance so that more
reliable test data can be obtained. In the case of low contact stress, the mass loss rate is slow,
which leads to a longer test time. Note that the wear coefficient differs a lot for different
materials [22-24]; moreover, wear coefficients show considerable variation, both in repeat
testing and in the testing of different materials, which may be attributed to the difference
in apparent pressure, temperature, and stiffness of the supports of the sliding system [23].
Generally, a stable wear state will be reached after a period of time since the experiment
began, and the wear coefficient measurement will be more accurate at this stage [24].

In view of the above deficiency, this work proposes a modified method to quickly
determine the wear coefficient, and this method is especially suitable for wear conditions
under low contact stress. Based on this method, a modified wear coefficient prediction
equation is proposed based on Archard’s wear model. Moreover, a new indicator for
determining the wear stable state is proposed, three types of commonly used buoy chain
alloys are tested, and the wear behavior was analyzed.

2. Wear Theory and Realization of Modified Method

The traditional method used for determining the wear coefficient of Archard’s [19]
wear model was based on the mass loss method; the wear volume (V) can be determined
from Am/p, where Am is the mass loss incurred by wear and p is the density of the target
material. A modified version of Archard’s [19] wear model can be expressed as

V. kF
AT HA @
where /1 is the wear depth (m), V is the wear volume (m3), A is the contact area, and k is the
wear coefficient (a dimensionless value obtained from the experiment). For most material
pairs, the value of k ranged from 108 to 10~ for slight wear and from 10~* to 10~ for
severe wear [5,23]; F is the normal force (N) applied to the test sample, H is the hardness of
the soft materials between the contact pair (N/m?), and s is the sliding distance (m). For a
circular section, Equation (2) yields

__ HAh __ H
k= Fs 7F acnntuftsh (2)
Ocontact = 4

In this work, the wear volume was not measured; instead, the wear depth / was
directly measured using a surface profilometer (see Section 2), and the average wear depth
was used. For the upper pin specimen, as all material points contacted each other at all
times during the wear process, the total relative sliding distance s of each material point
can be obtained as follows:

s = 2LoTif 3)

where L is the sliding distance (Ly = 5 mm in this paper; see Figure 2), T} is the total test
time (min), and f is the loading frequency of the reciprocating wear test.
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In contrast, for the lower contact pair, the material points on the contact surface were
not always in contact. For the convenience of data analysis, the concept of equivalent
contact length, L,, was proposed:

A nD?/4 7D
k=w="Db ~ 1 @)

where A is the contact area (the same as that mentioned above) and W is the width of the
upper contact pair; for a circular section, W = D (a detailed definition of these parameters
is shown in Figure 2). Such a concept is necessary for specimens with a non-rectangular
cross-section, and the section was turned into an equivalent rectangle based on the area
equality. The relation between the contact sliding distance L of each material point on the
lower contact surface and the equivalent contact length L., as well as the sliding distance s
of the upper contact pair, can be expressed as follows:

L' L,
P ©)
Substituting Equations (4)—(6) into Equation (3) yields
_hH1 5, 1
k= ﬁZTCD = DHZFthh (6)

Note that only the wear depth measurements performed at the parallel sections were
used (in the range of L in Figure 2, an example is shown in Figure 3).

Circular upper friction pair
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Figure 2. Definition of model parameters used in Equation (5).
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Figure 3. Wear depth measurement (Unit: um) (a): along the width direction (b): along the
wear direction.

3. Reciprocating Wear Test and Modified Method for Stable-State Assessment

The service environment of the anchor chain includes the atmospheric area, splash
zone, and full immersion area, and this study mainly focuses on the dry-wear behavior,
which is representative of the wear behavior in the atmosphere zone. The cycle of the
reciprocating motion of chains is close to a wave cycle, which is approximately 10-12 s [5],
and the actual movement angle of the chain link is approximately 1-2° [4,10,14]; however,
considering the test cost and test period, the actual wear test cycle is much shorter, and
the amplitude is much higher. In Yaghin’s study [10], the test cycle was approximately
55 (0.2 Hz), whereas, in the full-scale test conducted by Pauw [6,16], the test cycle was
even shorter (1 Hz). In order to reduce the test period, the reciprocating wear period used
in our test is maintained the same as that used by Pauw. In order to save time in this
study, the condition applied for the distance of travel (Ly) was set to be much larger than
that applied for the actual project; similar methods have been adopted by many other
researchers [10]. The test results indicated that there was no significant temperature rise of
the contact surface under this loading frequency, and the influence of heat generation due
to friction could be ignored.

Three materials were used in this work—carbon steel CM490, stainless steel SS316,
and titanium alloy TC4. When considering the actual service condition of the anchor
chain, the pin material is chosen to be the same as the flat specimen material, and both
of them are machined from the chain link. The reciprocating wear test was conducted on
the MFT-R4000 high-speed reciprocating friction and wear tester (Lanzhou Institute of
Chemical Physics, China, see Figure 4). According to the principle of pin-on-disk friction,
the reciprocating friction and wear state between the chain links were simulated, and the
friction properties and wear resistance of the tested material under different loads were
quantitatively evaluated. All samples were machined from the chain link by wire-electrode
cutting, where the length direction of the test sample was along the axial direction of the
link. The form and size of the test sample of the pin-on-flat plate friction pairs are shown in
Figure 5.

Three load classes were used in the test—10 N, 30 N, and 50 N—and the load was
applied by weights (see Figure 4). Due to the limitations of the test devices, no higher load
was applied. The maximum loading ability of MFT-R4000 is 200 N; however, during the
pre-experiment, the friction force was much higher than expected, and thus, the axial load
was adjusted according to the measurement range of the friction sensor and the loading
amplitude was assigned a certain gradient. According to the API SPEC 2F specification [25],
the test load Fp (kN) of the anchor chain can be obtained. The operating load Fj of the
anchor chain is generally 1/3rd the test load [10], which is much larger than the maximum
normal force applied in the test (the corresponding nominal contact stress is ~15.9 MPa).
Nevertheless, the test results still have important reference significance for engineering
applications since an upper limit of the dependence of wear coefficient on nominal contact
stress was observed (see Section 5.3). In each case, only one test sample was used [note:
the number of recovered mooring chain links is limited, and the links obtained from the
operator were only enough to process the three samples required in this study (under
three loading conditions); thus the specimen-to-specimen scatter was not tested]. In order
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to eliminate the test error, the tests were interrupted (at 600 s and 1200 s), and the wear
damage was examined three times for each case. To ensure that the contact surfaces were
put back in the same location and orientation as they were in the prior test segment, aligned
marking lines are made on the flat specimen and fixture of the testing machine in advance
so as to restore them to the original position as far as possible after measurement.

Figure 4. MFT-R4000 high speed reciprocating friction and wear tester (Lanzhou Institute of Chemical

Physics, China).
F
l (b)
| l
‘ . | A
: 9 6.35 ! T o Side view
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! '
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movement (upper friction pair)  (lower friction pair)

Figure 5. (a) Chains links formed of different materials and (b) pin-on-flat friction pair.

The total test time (T;) was determined from the friction force history and measurement
accuracy of a profilometer. In fact, the total test time can be much lower than that used
in this study (i.e., 30 min), a wear depth detection time interval of 5 min is enough (as
long as there is a certain wear depth increment, and it is easy to determine such depth
increment due to the high accuracy of the profilometer, which can be up to 1 um), and the
total test time is considerably reduced compared to the conventional method. Moreover,
due to uneven wear (see Figure 3), the difference between the actual contact stress and the
nominal contact stress will become larger with the longer time.

Before conducting the test, the contact surface of the friction pairs was wet-ground
step-by-step to 1000 grits by using an abrasive paper. After the test, the depth of the wear
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scar along the width direction was measured three times every 10 min at different positions
along the wear direction by using a surface profilometer (with a precision of up to 1 um),
and the cross-sectional area of the wear scar was obtained (Figure 3). In addition, the
average value of the three measurements was divided by the contact width (equal to the
diameter of pin, D) to obtain the average wear depth /i, and then the relation between
the wear depth and wear cycle (or sliding distance s) was obtained based on the modified
wear model (see Section 3).

Moreover, this study proposes a method that can estimate the wear process to reach a
stable state. The change in the coefficient of friction (CoF) was monitored during the test,
where the sampling frequency of CoF was 0.048 s, which means that at least 20 samples
were taken per loading cycle. Once the CoF reached a relatively stable state, it corresponded
to a stable wear state. In this case, the wear depth increased with the wear length almost
linearly, and the wear coefficient (k) was obtained. After the wear test, a scanning electron
microscope (SEM) was used to observe the wear surface to determine its wear mechanism.
In addition, material hardness was also measured on a Vickers hardness tester, five mea-
suring points were taken for each material, and the average value was calculated. The test
conditions used in this work are listed in Table 1.

Table 1. Test conditions.

Normal Force, F Distance of Travel, Ly  Total Testing Time T}

Sample No. Material N) Test Cycle, f (Hz) (mm) (min)
2-1-1 10
2-2-1 CM490 30 1 5 30
2-3-1 50
3-1-1 10
3-2-1 55316 30 1 5 30
3-3-1 50
1-1-1 10
1-2-1 TC4 30 1 5 30
1-3-1 50
4. Material Properties
The chemical compositions of the tested materials are listed in Table 2; for further
analysis (such as numerical simulation), the mechanical parameters are needed, including
Young’s modulus E, Poisson’s ratio v, yield strength ¢, tensile strength 0, and density
p, which are shown in Table 3. The hardness of the tested material was determined by a
Vickers hardness tester based on the test procedure given by ASTM E92-17 [26]. Figure 6
shows the measured hardness of the three alloys, indicating that the hardness of TC4 is
the highest, whereas that of SS316 is the lowest. The variation of the measured hardness of
CM490 is the largest, whereas that of SS316 is the lowest. Generally, the wear resistance is
directly proportional to the material hardness [2,19], which is confirmed by the measured
value. Moreover, the higher yield strength of TC4 (Table 3) might also be related to its
better wear resistance (see Section 5), which leads to smaller contact stress to hardness
(T contact/ Hv) or yield stress ratio (0 contact / 0y). Moreover, the much lower Young’s modulus
of TC4 indicates its lower rigidity, which leads to the generation of lower stress under the
same deformation.
Table 2. Chemical compositions of the tested materials (%).
Test Sample C Si Mn P S Cr Ni Al Mo Fe
CM490 0.22 0.24 1.24 0.028 0.018 0.019 Balance
SS316 0.08 1.0 2.00 0.045 0.03 16.0-18.0 10.0-14.0 - 2.0-3.0 Balance
TCa C N H @) Al A% Ti Fe
0.1 0.05 0.015 0.2 5.5-6.8 3.5-4.5 Balance 0.03
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Table 3. Material parameters of CM490 [27], SS316 [28], and TC4.

Young's . , . . Tensile . Averaged Vickers
Material Modulus, E Pmssm;}s Ratio, Yle;_d ?l:;;r;)gth’ Strength, o, D(egl;csrlrtl%',)p Hardness, HV
(MPa) y (MPa) (200 g, 5 s) (kgf/mm?)
CM490 [27] 206 0.3 >295 490-690 7.85 344.89 (std = 33.94)
SS316 [28] 199 0.27 255 570 7.85 302.25 (std = 6.21)
TC4
(from 115 0.34 830 895 44 349.05 (std = 21.06)
manufacturer)
390
TC4
370 CM490
SS316
)
> 350
an)
N
v 330
2
T 310
an
£ 290
<
8
> 270
250

Figure 6. Test results of the Vickers hardness.

5. Test Results and Wear Mechanism Analysis
5.1. Variation in CoF

In order to understand the friction process in detail, the friction coefficient was moni-
tored throughout the test. Figures 7-9 show the time history of CoF during the test, where
the jumps observed at 10 and 20 min are related to the stop intervals for wear damage
detection. This result indicates that the loading and unloading of the sample have a certain
influence on the wear process, which is attributable to a certain dislocation of the mated
surface after re-installation. Thus, the fixed part of the test sample should be designed
with a fixed orientation to ensure a consistent contact state before and after the loading
and unloading. However, other unusual jumps were observed at other times, as shown
in Figure 8c (marked by a dotted line), whose underlying reason is still not clear, as these
are not commonly observed phenomena. The recorded results indicate that there are two
completely different values of CoF in all figures. A detailed examination of the test data
indicates that the friction coefficients alternate with the change in the wear direction (see
Figure 9(b-1,b-2), within a much smaller time scale). Moreover, the CoF is basically the
same within each half cycle. Evidently, the change in the friction direction significantly
changes the friction force, which is attributable to the coupling between the worn surface
and wear debris. Therefore, in the reciprocating sliding wear process of the link, a constant
COF is not reasonable, and thus, different values of CoF should be used when the wear
direction changes.

The results shown in Figures 7-9 indicate that the CoF is constantly changing; similar
phenomena have been observed previously [29,30]. In addition to the reciprocating periodic
change, the friction coefficient also presented periodic fluctuations due to the dynamic wear
process. Among the three tested materials, the CoF of TC4 is less force-dependent, at least
within the test load range, whereas those of S5316 and CM490 increased with the applied
force. During the test, for CM490 and SS316, the CoF increased rapidly first and then
stabilized, after which it increased slowly. Such an increase became more significant under
the application of large loads. The increase in CoF in the early stage during the wear test
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Friction coetTicient

is mainly attributed to the fact that the contact surface reached a stable contact state after
the contact pair was established for a given period, and the wear debris scraped from the
contact surface enabled the contact surface to reach a stable contact state; thus, the friction
force remained constant. In the subsequent wear process, the friction coefficient increased
gradually, which is mainly attributed to the formation of a wear scar on the surface of
the flat specimen. With the formation of the wear scar, their sides contacted the outer
surface of the pin specimen, which led to an increase in the friction force and the measured
CoF. Under large loads, the CoF increased more rapidly after a steady contact state was
reached due to faster wear. However, this phenomenon was not observed for TC4; the
CoF of TC4 remained constant in the range of approximately 0.14 to 0.44. However, COF
values higher than unity were observed for CM490 and SS316, which were relatively rarely
observed [31,32]. Such a phenomenon indicates that it is easier to lift the piece than drag it;
however, the underlying reason is still not clear. The value of CoF of CM490 under low
stress is compatible with that of carbon steel observed in the literature [33], and the value
of CoF of 55316 is compatible with that observed by Garcia-Ledn] [34], where the applied
force on AISI 316 L was relatively low (5, 10, and 20 N). In their study, a rapid increase in
CoF was observed at the beginning of the test, which remained in a relatively stable state.
The CoF increased slightly with the applied force, and the observed maximum value of CoF
was approximately 0.6; similar results have been achieved in previous studies [35]. Other
researchers have indicated that the CoF of 316 stainless-steel pins against a yttria-stabilized
zirconia disk was approximately 0.6-0.8 [36,37]. The value of CoF of TC4 was the same as
that observed in cold-sprayed Ti and Ti-TiC composite coatings [38], where the CoF was
approximately 0.42 at 25 °C.

CM490-10N

Friction coefficient

Test ime (mm)

CM490-30N

Test time (mm)

CM490-50N

Test tme (mm)

Figure 7. Friction coefficient of CM490 as a function of test time. (a) F = 10N (b) F=30N (c) F =50 N.
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in (b-2)).

When considering the significant variation of friction coefficient, some statistical
analyses are carried out. The statistical graphs of friction coefficients under different applied
loads are shown in Figure 10. In most cases, the coefficient of friction shows bimodal
distribution or multimodal distribution, which indicates that the coefficient of friction
changes significantly during the reciprocating sliding wear process. The randomness of
the friction coefficient indicated that the damage evolution process on the contact surface
is complicated, which should be carefully considered for wear simulation. The averaged
value of CoF is shown in Table 4. Comparing the CoFs of CM490 and 55316, the variation in
CoF of TC4 was relatively small. Moreover, the variation became significant as the applied
force was increased (Figure 9a—d); similar trends were observed for CM490 and 55316.
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Figure 10. Statistical graphs of friction coefficients at each test condition.

Table 4. Test results (Note: the value of CoF is the representative value after the stable state is reached).

Normal Force,

Sample No. Material F(N) Upper Limit of CoF  Lower Limit of CoF
2-1-1 10 0.878 0.172
2-2-1 CM490 30 1.224 0.502
2-3-1 50 1.198 0.302
3-1-1 10 0.813 0.165
3-2-1 SS316 30 1.229 0.437
3-3-1 50 1.03 0.277
1-1-1 10 0.439 0.266
1-2-1 TC4 30 0.415 0.152
1-3-1 50 0.382 0.140

5.2. Wear Morphology

After the wear test, the tribosurfaces of the pin-flat specimens were characterized
using an SEM (TESCAN-MRIA 3) (Figure 11). An overview of the macroscopic wear
morphology and damage detection scheme (yellow dotted line, the corresponding wear
depth is shown in Figure 3a is shown in Table 5. Clearly, the wear morphology of each
friction pair is similar; the higher the normal force, the more severe the wear damage, and
the wear damage of CM490 was found to be the most severe. According to the wear depth
obtained by the profilometer shown in Figure 3, Equation (6), and the test parameters, the
corresponding wear coefficient can be calculated (see Section 5.3). As shown in Figure 3,
the wear depth is not uniform, especially in the width direction; thus, an average depth
(havg) was used for the wear analysis. The detailed wear scar also indicated that due to the
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uneven contact surface, the longer the test time, the greater the error will be, which also
makes the proposed wear coefficient measurement method more significant.

Table 5. Macroscopic wear morphology and damage detection scheme.

Material 10N 30N 50 N

41 32

SEM HV: 20.0 kV WD: 15.73 mm MIRA3 TESCAN| SEM HV: 20.0 kV WD: 15.90 mm MIRA3 TESCAN| SEM HV: 20.0 kV WD: 15.94 mm MIRA3 TESCAN|
View field: 5.54 mm Det: SE 1 mm View field: 5.54 mm Det: SE 1 mm View fleld: 5.54 mm Det: SE

SEM MAG: 50 X Date(midly): 04/13/21 Performance In nanospace SEM MAG: 50X Date(m/dly): 04/13/21 Performance In nanospace SEMMAG: 50 x  Date(m/dly): 04/13/21 Performance In nanospace

CM490

SEM HV: 20.0 kV WD: 15.98 mm MIRA3 TESCAN 3 MIRAS TESCAN
Viow fiold: 2.65 mm Det:
SEMMAG: 105 x _ Dato(m/d/ : Performanc in nanospace s G saly; < Dato{m 2112 Parformancs in nanospace

SEMHV:200KV | WD: 15.58 mm MIRA3 TESCAN SEMHV:200KV  WD: 1577 mm SEMHV:200kV | WD:1582mm | MIRA3 TESCAN
View fild: 5.54 mm Det: SE 1 mm View field: 5.54 mm Det: SE T mm View fleld: §.57 mm Det: SE Tmm
SEM MAG: 50 x  Date(m/dly): 04/13/21 Performance In nanospace SEMMAG: 50x  Date(m/dly): 04/13/21 Performance In nanospace SEMMAG: 50x  Date(m/dly): 04/13/21 Performance in nanospace

55316 Wear morphology on the surface of flat specimen

\.

\ \
SEM HV: 20.0 kv WD: 15.97 mm MIRAS TESCAN| SEM HV: 20.0 kV WD: 16.52 mm MIRAS TESCAN 5 8 [ CEETE
View field: 281 mm Det: SE 500 ym View field: 3.03 mm Der: SE 500 pm

SEM MAG: 95 | Date(mielly): 08/2121 Performance In nanospace SEM MAG: 91X Date{m/diy): 08/21/21 Performance In nanospace SEMMAG: 8. ¢ z Beriomnancuin nanospice

Wear morphology on the surface of pin specimen
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Table 5. Cont.

Material 10N 30N 50 N

SEM HV: 200 kV. WD: 15.68 mm SEM HV: 20.0 kV. WD: 15.66 mm MIRA3 TESCAN| SEM HV: 20.0 kV. WD: 15.59 mm MIRA3 TESCAN|
Det: SE View field: 5.54 mm Det: SE Tmm View flold: 5.54 mm Det: SE 1mm
Date(m/dly): 04/13/21 SEMMAG: S0x  Date(m/dly): 04/13/21 Performance In nancepace SEM MAG: 50 x  Date(midly): 04/13/21 Performance in nanospace

TC4

SEM HV: 20.0 KV WD 15,94 mm MIRA3 TESCAN SEM HV: 20,0 KV WD: 15.95 mm MIRA3 TESCAN| SEM HV: 20.0 KV WD: 15,88 mm Jo [l MIRAS TESCAN|
View fleld: 2.78 mm Det: SE TR R GcE 300 pm View fiel m Det: SE 500 m
SEM MAG: 100 x| Date(miay): 08/21/21 Performance In nanospace SEM MAG: 100 | Date{midy): 08/21/21 Performance in nanospace SEM MAG: 98X | Date{maly): 08/21/21 Periommancs In nanospace

Wear morphology on the surface of pin specimen

A more detailed examination of the tribosurfaces (Figure 11) indicated that individual
particles (wear debris) traversed the wear surface in a mixed slide-roll manner, and clear
scratches were observed. The wear morphology of CM490 and SS316 were similar, with
large craters and deep-and-wide scratches, which are closely related to the debris size
(Figure 12). The wear morphology of TC4 was very different, where few craters were found,
and the scratch was relatively fine and uniform; moreover, the number of wear debris
on the contact surface of TC4 was much less than those observed on CM490 and SS316
surfaces, which resulted in a more uniform wear process. A detailed examination of the
wear surface indicated that the typical sizes of wear debris of CM490 and SS316 ranged
from 0.5 to 5 um, and there was much coarse debris; however, the debris size of TC4 was
much smaller; the typical size was approximately 0.5 um, and coarse debris was rarely
observed (Figure 12).

—

B

. = - i Ly Sl < X 3 X0
SEM HV: 20.0 kV WD: 15.73 mm MIRA3 TESCAN| SEM HV: 20.0 kV WD: 1590 mm | MIRA3 TESCAN SEM HV: 20.0 kV WD: 15.94 mm MIRA3 TESCAN
View field: 1.38 mm Det: SE View field: 1.38 mm Det: SE 200 pm View field: 1.38 mm Det: SE 200 pm
SEM MAG: 200 x  Date(m/dly): 04/13/21 Performance in nanospace SEM MAG: 200 x  Date(m/dly): 04/13/21 Performance in nanospace SEM MAG: 200 x  Date(m/dly): 04/13/21 Performance in nanospace

(a) CM490 (F =10, 30, and 50 N), flat specimen

Figure 11. Cont.
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SEM HV: 20.0 KV WD: 15.98 mm MIRA3 TESCAN SEM HV: 20.0 KV WD: 16.45 mm MIRA3 TESCAN| SEM HV: 20.0 KV WD: 16.61 mm MIRA3 TESCAN
View field: 1.38 mm Det: SE View fleld: 1.38 mm Det: SE 200 pr View fleld: 1.38 mm Det: SE 200 pm
SEM MAG: 200 x | Date{midly): 08/21/21 Performance in hanospace SEM MAG: 200 x | Date(m/dly): 08/21/21 Performance in hanospace SEM MAG: 200 x | Date(m/dly): 0821121 Performance in hanospace
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View field: 1.38 mm Det: SE 200 pm View field: 1.38 mm Det: SE 200 pm View field: 1.38 mm Det: SE
SEM MAG: 200X Date(m/dly): 04/13/21 Performance in nanospace SEM MAG: 200X Date(m/dly): 04/13/21 Performance in nanospace SEM MAG: 200 Date(m/dly): 04/13/21
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View field: 1.38 mm Det: SE 200 pm View fleld: 1.38 mm Det: SE 200 pr View fleld: 1.38 mm Det: SE 200 pm
SEM MAG: 200 x | Date{midly): 08/21/21 Performance in hanospace SEM MAG: 200 x | Date(m/dly): 08/21/21 Performance in hanospace SEM MAG: 200 x | Date(m/dly): 0821121 Performance in hanospace
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SEM MAG: 200 x  Date(m/dly): 04/13/21 Performance in nanospace SEM MAG: 200 x  Date(m/dly): 04/13/21 Performance in nanospace SEM MAG: 200 x  Date(m/dly): 04/13/21 Performance in nanospace

(e) TC4 (F =10, 30, and 50 N), flat specimen

Figure 11. Cont.
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SEM HV: 20.0 kV WD: 15,94 mm SEM HV: 200 kV 95 m MIRA3 TESCANJ  SEM HV: 20.0 kV WD: 15.88 mm MIRA3 TESCAN|
View field: 1.38 mm Det: SE 200 um View field: 1.38 mm Det: SE 200 pm View fleld: 1.38 mm Det: SE 200 um
SEM MAG: 200 x  Date{midiy): 08/21/21 Performance In nanospace SEM MAG: 200X Date{midly): 08/21/21 Performancs In nanospace SEM MAG: 200 X Date(midly): 0812121 Performance in nancspace

(f) TC4 (F = 10, 30, and 50 N), pin specimen

Figure 11. Microscopic wear morphology (200 x magnification).
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SEM HV: 20.0 kV WD: 15.74 mm SEM HV: 20.0 kV WD: 15.63 mm SEM HV: 20.0 kV WD: 15.56 mm MIRA3 TESCAN]
View field: 27.7 ym Det: SE View fleld: 27.7 pym Det: SE View field: 27.7 ym Det: SE
SEM MAG: 10.00 kx  Date(m/dly): 04/13/21 SEM MAG: 10.0 kx  Date(m/dly): 04/13/21 SEM MAG: 10.0 kx  Date(m/dly): 04/13/21 Performance in nanospace

(c-1) TC4, 10N
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SEM MAG: 10.00 kx _ Date(m/dly): 04/13/21 Performance in nanospace SEM MAG: 10.00 kx  Date(m/dly): 04/13/21 SEM MAG: 10.0 kx _ Date(m/dly): 04/13/21
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SEM MAG: 10.0 kx  Date(m/dly): 04/13/21 Performance in nanospace SEM MAG: 10.00 kx Date(m/dly): 04/13/21 Performance in nanospace SEM MAG: 10.0 kx  Date(m/dly): 04/13/21 Performance in nanospace

(a-3) CM490, 50 N (b-3) SS316, 50 N (c-3) TC4, 50 N

Figure 12. Morphology of wear debris (10k x magnification).
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5.3. Wear Coefficient

In this section, the wear coefficients of the three types of alloys used in this study were
obtained using the method proposed in Section 3. Figure 13 shows the relation between
the wear depth and loading cycle as well as the normal force, and the slope of the curve
indicates the wear coefficient. Three averaged wear depths were obtained, considering that
the first stage comprises a running-in process (i.e., a phase in which stable wear has not
been achieved), and the difference between the first measured depth (f,041) and second
measured depth (h30¢2), as well as the second measured depth (/5142) and last measured
depth (fz043) and the corresponding sliding distance (corresponding to 600 s), were used for
calculating the wear coefficient, which is shown in Table 2. As Figure 13 shows, the wear
depth increases almost linearly with the sliding distance, which confirms that an index of 1
for the sliding distance, s, in the Archard model is reasonable. According to the literature,
the wear coefficient behaves randomly [37-40]; however, due to the limitation of the test
data, no statistical analysis was conducted. In all cases, a nonlinear relation between the
wear depth and applied force F was observed. As the applied load increased, the wear
depth increased sharply. The trends of CM490 and SS316 were similar, where the wear
rate decreased as the applied load increased. In contrast, the wear rate of titanium alloy
increased with the applied load, and such discrepancy is attributed to the difference in the
micro-wear mechanism, as discussed in Section 5.2.

For the results shown in this work, no clear hardness dependence can be observed.
Many researchers indicated that the wear resistance is positively related to the material
hardness; however, the wear resistance of CM490 was lower than that of SS316, even
though its hardness was much higher. Moreover, TC4 was much more wear-resistant than
CM490, even though their average hardness was almost the same. Thus, the micro-wear
morphology and size of the wear debris are the main reasons leading to the discrepancy in
wear resistance of different materials.

Based on the measured wear depth and the method mentioned in Section 3 (Equation (6),
the wear coefficient can be obtained. In order to account for the variability of hardness and
wear damage, the possible wear coefficiencies in each stage are shown in Figure 14 (which
corresponds to the measured five hardness). Considering that the first stage comprises
a running-in process, the corresponding test data are not used. The difference in the
calculated wear coefficient may be up to one time in some cases; for example, F = 10 N for
CM490, F =30 N for SS316 L, and F = 10 N for TC4; such variability should be considered
in wear prediction. An overview of the test results is shown in Table 6. For CM490 and
55316, the wear coefficient increased considerably as the applied force increased from 10 N
to 30 N. However, it remained almost constant as the applied force was further increased.
Such a trend is consistent with the variation trend of the friction coefficient. In contrast, for
TC4, the wear coefficient increased nonlinearly with the applied force. The magnitude of
the wear coefficient indicates that severe wear occurred under the loading conditions used
in this study [5]. In an actual contact region between chain links, high contact stress may
lead to material yield, and local plastic flow may occur [10]; in this case, the stress range is
higher than that achieved in the test conditions used in this study, and the corresponding
wear coefficient may be larger.

Figure 15 shows the relation between the calculated wear coefficient and contact stress
to hardness ratio (¢/Hv) and contact stress to yield stress ratio (¢/cy), where ¢ = F/A is the
nominal contact stress (A is the idealized cross-section area of the pin specimen) and oy
is the yield strength. The test results indicated that the wear coefficient remains almost
constant when the normalized stress reaches a critical value, and such a critical value is
material-dependent. The critical values of CM490 and S5316 were approximately 2.77%
and 3.16% of their hardness (corresponding to 3.74% and 3.24% of their yield strength),
respectively. However, the observed critical contact stress of TC4 was much smaller, which
is approximately 0.39% of its hardness (and 0.38% of its yield strength); such a low stress
ratio is also attributable to the difference in the micro-wear mechanism. Even though a
slight increase in the wear coefficient of TC4 was observed under the loading condition of
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50 N, however, such an increase is not significant, and the discreteness of the data is small,

which confirms the stable state of the wear coefficient.
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Table 6. Test results of wear coefficient.

Normal Force,

Dimensionless Wear Coefficient, k

Sample No. Material F (N) (Standard Deviation, std)
2-1-1 10 2.108 x 10~* (std = 1.739 x 10~%)
2-2-1 CM490 30 8.921 x 104 (std = 1.064 x 10~%)
2-3-1 50 9.059 x 10~* (std = 1.519 x 10~%)
3-1-1 10 1.266 x 10™% (std = 8.644 x 107°)
3-2-1 SS316 30 6.984 x 1074 (std =2.292x 10~%)
3-3-1 50 6.696 x 107* (std = 1.664 x 107%)
1-1-1 10 9.560 x 1072 (std = 3.854 x 107?)
1-2-1 TC4 30 9.058 x 107> (std = 9.580 x 10~°)
1-3-1 50 1.153% 10~% (std = 2.570 x 1075)
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Figure 15. Wear coefficient as a function of contact stress to hardness ratio (¢/Hv) and contact stress
to yield stress ratio (¢/cy) (the total error bar lengths are double the standard deviation values of the
calculated wear coefficient).

6. Conclusions

This paper proposes a modified method that can predict the wear coefficient of recip-

rocating sliding wear of alloys. Based on this method, three types of chain materials were
used for the wear test, and the following conclusions were drawn.

@

@)

®)

The proposed method is suitable for a quick determination of the wear coefficient
of reciprocating sliding wear under low contact stress, which can save considerable
test time.

The time-variant CoF can be used as an indicator of the stable wear state. For CM490
and 55316, approximately 6 min are required for a stable contact state to be established
after the test begins, whereas for TC4, a relatively stable state is reached immediately
once the wear starts. The CoF changes alternately in the reciprocating wear process,
which is due to the coupling effect between the wear debris and wear surface. More-
over, the statistical analysis indicated that the coefficient of friction follows bimodal
distribution or multimodal distribution rather than a constant value.

For the three materials tested in this study, TC4 is the most wear-resistant due to
less-and-small wear debris and higher hardness, whereas CM490 exhibits the lowest
wear resistance; the wear resistance of 55316 is basically the same as that of CM490
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because of a similar wear mechanism, and the relative lower wear resistant is mainly
caused by the somewhat lower hardness.

(4) The critical values of contact stress of CM490, S5316, and TC4 are approximately
2.77%, 3.16%, and 0.39% of their hardness (corresponding to 3.74% and 3.24% of
their yield strength), respectively; for contact stress beyond these points, the wear
coefficient is contact stress-independent. Such a conclusion is suitable for the loading
condition used in this study; however, extensive extrapolation should be used with
caution since the wear tendency is not clear under ultra-high contact pressure.
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