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Abstract: For a long service time, fatigue has been a typical problem that mechanical sealing materials
face. How does it relate to tribological performance? In this study, filled and unfilled thermoplastic
polyurethanes (TPUs) were investigated. Dumbbell and faint wait pure shear (FWPS) specimens were
used to characterize the fatigue properties and crack growth rate of TPUs, respectively. Additionally,
to identify the impact of temperature on fatigue tests, the tests were conducted at room temperature
and 80 °C. Different tribological tests were conducted to investigate their tribological properties.
Fracture surfaces from fatigue tests and worn surfaces from tribological tests were analyzed using a
scanning electron microscope (SEM). Two wear models were verified to correlate between fatigue
and tribological properties; one of the models is better for rough counter surfaces, while the other is
advantageous if the counter surface is smooth.
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1. Introduction

Thermoplastic polyurethane (TPU) is an elastomer that is also fully thermoplastic. Due to these
unique properties, TPU compensates for the material gap between rubbers and plastics. As a linear
segmented block copolymer, TPU consists of hard and soft segments [1]. By varying the ratio and types
of these segments, TPU can provide exceptional flexibility in its properties, making it an ideal polymer
in many applications. With good strength, excellent abrasion, and tearing resistance, TPU has also
been applied recently as a mechanical seal. When mixed with fillers, its properties can be enhanced [2].
Nguyen et al. [3] investigated the functionalized graphene sheet as a filler in TPU, showing that the
TPU matrix was efficiently reinforced, especially in the temperature region above the soft segment
melt. A multiwalled carbon nanotube-graphene hybrid as a filler in TPU was studied by Roy et al. [4].
More than 200% improvement of storage modulus in the rubber state can be achieved. Suresha [5]
researched the friction and dry sliding wear of short glass fiber (SGF) reinforced TPU. He found that
the coefficient of friction decreases with increasing SGF content in TPU, and 40 wt% of SGF in TPU
shows the best tribological performance for a bearing application. Mineral fillers have also been
investigated. Barick et al. [6] studied the effect of organoclay nanocomposites on TPU’s thermal and
dynamic mechanical properties and found that storage modulus, loss modulus, and glass transition
temperature are significantly increased with increasing nanoclay content to 9 wt%. The effect of mica
and aluminum trihydrate as fillers in TPU were studied by Pinto et al. [7]. With 20 phr of mica, the best
reinforcement effect was achieved regarding tensile strength, whereas a high amount of aluminum
trihydrate provides good flame resistance, but causes a pronounced decrease in tensile strength,
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abrasion resistance, and hardness. However, few researchers have addressed the effect of fillers on
fatigue or tribological properties in TPU.

In this work, we try to bridge this gap and present a possible correlation between fatigue and
tribological properties for graphite-filled and unfilled TPUs. To characterize the basic mechanical
properties, tensile tests and a dynamic mechanical analysis were performed. Notched dumbbell
samples were applied to investigate the fatigue properties, and notched pure shear specimens were used
to analyze the crack growth behavior. The tribological properties were studied through component-like
tests. The influence of the load was determined by load ramp tests and the influence of counterpart
roughness by different ground steel discs. Both fracture surfaces of fatigue tests and worn surfaces
from tribological tests were analyzed with scanning electron microscopy (SEM).

2. Experimental Details

2.1. Material

The TPU specimens were produced by injection molding at SKF Sealing Solutions Austria
GmbH. Two kinds of TPUs were studied, namely unfilled TPU (TPU_A) and graphite-filled TPU
(TPU_B). The hardness was measured using the Shore D method, according to the standard DIN ISO
7619-1 [8]. The density was measured using a level balance (Mettler-Toledo, Columbus, OH, USA)
using the buoyancy method—Archimedes’ principle. The tensile tests were conducted with ISO 527-2
standard [9] test specimens (52) with 200 mm/min on a Zwick Z010 (Zwick GmbH, Ulm, Germany).
In order to get a wide range of temperature dependence of material properties, two temperatures (23 °C,
80 °C) were chosen for the tensile and fatigue tests. 23 °C is the room temperature and 80 °C is the
average contact temperature in the tribological experiments. Due to the friction heat, the temperature in
the contact interface increased significantly, while in the fatigue test the temperature increase was less
than 5 °C. Therefore, the fatigue tests at 80 °C were conducted to obtain the fatigue behavior at a high
temperature and a better understanding and correlation between fatigue and tribological properties.
The dynamic mechanical properties were analyzed by means of dynamic mechanical analysis (DMA)
utilizing the temperature scan method (EPLEXOR 100 N, NETZSCH GABO Instruments GmbH,
Ahlden, Germany). Concerning the thermal influence on the samples, thermal conductivity was
measured with a guarded heat flow meter (DTC 300, TA Instruments, New Castle, DE, USA) at 25 °C.
Hardness measurements were repeated five times, and other experiments were repeated three times
with similar results. The material properties are shown in Table 1.

Table 1. Material properties of the thermoplastic polyurethanes (TPUs) used in this study.

Densit Thermal Dynamic Mechanical Analysis (2Hz)
ensity ..
Shore D [g/cm?] Conductivity  Temperature Storage Loss Modulus Loss Factor
[W/mK] [°C] Modulus [MPa] [MPal
23 10007+ 687  17.68+210  0.1763 + 0.009
TPUA  46+071 1196+0001  0.209 +0.001 80 4208+ 0.36 174009  0.0413 +0.0018
3 11097 +7.37 1970237  0.1771 % 0.0095
TPUB  49+158 1225+0001 0229 +0.001 80 4757 +0.34 195+0.10  0.0410 + 0.0018

2.2. Wear Prediction Model

In this study, two wear models were applied to correlate the wear behavior and fatigue properties.
The first model, developed by Panda [10], is based on abrasive and fatigue wear mechanisms. In Panda’s
model, the surface roughness of the counter surface is taken into consideration. It is possible to predict
the influence of roughness on wear. The second model was developed by Atkins et al. [11]; it is based
on the adhesive and fatigue wear mechanisms and is able to correlate the wear rate with the number of
cycles until failure.
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2.2.1. Panda’s Model

Description of Model

In Panda’s model, wear is partly due to the fatigue wear mechanism, which is purely caused by
elastic contacts, while the other part is from the abrasive mechanism under plastic contacts [10,12].
The model is based on the micro-mechanistic deformation at the asperity scale. Therefore, it is
assumed that the interface consists of an ideally smooth polymer surface and a random rough counter
surface. The asperities on a rough surface are rigid and show a spherical tip; they follow a probability
distribution. In addition, abrasive wear only results from plastic contacts of asperities, while only
elastic contacts lead to fatigue wear [10]. The filler effect, specimen roughness, and thermal influence
are beyond the scope of this model.

The abrasive wear can be described as

2 H2§204 0
Va =~ Ns H—z f (fA)BQ(h + A)dA (1)
Kic A
A 2
fa=20%%-—= s = NAs @)

where:

e Njg: Total number of asperities encountered during sliding;
e  1: Average asperity density per unit area in pm~2;

e  Ag: Total area covered during the tribological test in um?;
e w: Coefficient of friction;

e H:Hardness in MPa, coverted from Shore D;

e  R:Average radius of curvature at asperity tip in um;

e 0 : Standard deviation of asperity heights in pm;

e K¢ : Fracture toughness MPa- m??3;

e : Normalized mean separation in pm;
e A :Normalized deformation in um;

e A Critical normalized deformation;

e A:Ho/y[13];

e  y:Surface energy per unit area J]-m~>

The fatigue wear can be calculated with
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fr=VA- Q- = (67/0) VR/o (5)

The volume of deformation under elastic contact can be described as
Vo = n{RA? = (A%/3)}0°, A < Ay (6)

where:

e v: Poisson’s ratio;
e K:Combined Young’s modulus of two surfaces in MPa;
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e {: Fatigue ratio;

The total wear volume is a summary of both parts:
VxaV,+ Vs )

where: a: Factor for abrasive wear.

A factor was introduced for abrasive wear. It is assumed in the model that the ideal smooth
polymer surface slides against a rough counter surface all through the tests. However, in real tribological
tests, a transfer film is formed after the running-in phase [14-16]. Hence, the interface changes and
the abrasive wear are not the dominant wear mechanisms. Especially for filled polymers, fillers can
significantly affect the wear rate through the transfer film [14]. The factor « is defined as a ratio of the
duration of the running-in phase and whole test duration, obtained from tribological tests.

Parameter Generation

The hardness was measured with a Shore D hardness tester. The fracture toughness and fatigue
ratio were obtained from dumbbell tests. In terms of surface parameters, the counter surfaces were
characterized according to the standard [17] with a 3D optical microscope (InfiniteFocus, Alicona
Imaging GmbH, Raaba, Austria). Based on the surface measurements, the surface parameters were
calculated using MATLAB programs (ver. 2018b). The determination of surface energy was carried out
in a self-developed contact angle device. The methods of Owens et al. [18], Rabel [19], and Kaelble [20]
were employed to calculate the surface energy.

Experimental Deatils

The fatigue tests were conducted with dumbbell specimens on a dynamic mechanical analyzer
(ElectroForce 3450, TA Instruments, New Castle, DE, USA). The tests were carried out in the
load-controlled mode with a sinusoidal signal. The frequency used was 3 Hz, which is a compromise
of test duration and thermal influence. The specimen geometry is shown in Figure 1. In the middle of
the specimen, a sharp circumferential initial notch (depth ~ 1 mm) was introduced using a razor blade
(thickness = 0.1 mm, tip radius <5 mm), which was mounted on a lathe. After the tests, the area of the
fracture surfaces was measured with optical microscopy (Stereo Microscope SZX 12, Olympus, Tokyo,
Japan). The calculation of the stress was based on the fracture surface measured. To investigate the
influence of the temperature on the fatigue property of unfilled and filled TPUs, tests were conducted
at room temperature (23 °C, 50% RH) and 80 °C.

razor blade notch

15
925

\
30 +10
50

T [

Figure 1. The geometry of a specimen used for fatigue [21].

Distilled water and diiodomethane were applied as liquids to determine the polar and dispersive
parts of the surface energy, respectively. For each measurement, a drop with 2.5 uL. volume was used.
Each measurement was repeated three times.

A pin on disc configuration was used to investigate the influence of the counterpart roughness.
The tests were conducted on a Universal Mechanical Tester (UMT-2, Bruker Nano Surfaces Division,
Campell, CA, USA) with a rotating steel disc as the counterpart, made of 100Cr6 with a roughness
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(Rg) of 0.3 um or 0.03 um. The roughness was characterized, according to the standard [17], with a
3D optical microscope (InfiniteFocus, Alicona Imaging GmbH, Raaba, Austria). The sample slid on a
counter surface at 150 mm/s for 4 h. The total track length for each test was 2.16 km. All experiments
were repeated three times with similar results.

2.2.2. Atkins Model

Based on a publication of Omar, Atkins, and Lancaster [9], the model aims to find a mathematical
correlation of tribological values and fatigue values.

Description of Model

Atkins et al.’s [11] idea to correlate the wear and crack growth behaviors of the same material was
revived and adapted for TPU [22]. Atkins investigated the correlation of different thermoplastics in a
dry or wet state. The basic equation (Equation (1)) is the Paris—-Erdogan law, which sets the correlation
between the stress intensity factor and the crack growth rate. The Paris-Erdogan law is solved based
on the cycle number. Atkins’ idea was to correlate the wear rate with the inverse value of the number
of cycles until failure, as demonstrated in Equation (9).

j—;\Z]:A*K” (8)
1 n \/_n 3-1 (n
Wear rate o< T oc AxAo" * N xa] *(5—1 9)

f

where:

e a: Crack length (ag initial crack length);
e N:Cycle number;

e A:Material constant;

e  K: Stress intensity factor;

e  n: Slope of the straight;

e Ao: Difference in applied stress.

For the calculation of a theoretical wear rate, there is the need for some values, which can be
calculated using the data from the experiments. Ny is the fatigue cycle number at which the specimen
breaks. The value gy can be correlated to the wear particle thickness. For Equation (9), the stress
intensity factor K is substituted by Ac(ma)/?. All these assumptions were put in the Paris-Erdogan law,
integrated, and then solved to the fatigue cycle number.

Since the model was made with polyethersulphone (PES) and polymethylmethacrylate (PMMA),
it was tested with single edge notched specimens. Due to the elasticity of TPUs, it is not recommended
that the same geometry be used, because of the deformation in front of the crack tip [23]. To use this
geometry, a J-integral would be necessary to calculate the required values. Another way of calculating
them is to use a pure shear specimen. This geometry allows the energy release rate to be substituted
with the tearing energy [21]. Because of the proportionality of the energy release rate and stress
intensity factor, including the E-modulus and Poisson’s ratio, it is valid to substitute the stress intensity
factor with
au u

— = Why=T (10)

G: _— =
dA tx-(L—dll)

where:

G: Energy release rate in J/m?;

e  U: Energy required for crack growth (area under o-¢ curve) in J;

e  A:Uncracked surface of specimen in mm?;

t: Thickness of specimen in mm;
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e  [:Initial length of uncracked area in mm;

e a: Crack length in mm;

e W: Work of cracking in N/mm?;

e . Constant height of the testing area in mm;
e T Tearing energy in J/m?.

The tearing energy T or energy release rate G describes the required energy to provoke an ongoing
crack. G represents the released energy U by the newly-formed area A, which can be written as the
thickness t of the specimen and the ongoing crack length da. For elastomers, the Paris-Erdogan law is
valid for a stable crack growth region and can be written as Equation (11). For a calculated wear rate
based on the mechanical fracture values, the tearing energy is calculated by the energy U divided by
the remaining area of the surface. This term is put into the Paris—Erdogan law and solved after the
crack length with the following, Equation (12).

da

oo =BT (1)
m
a0 =L — ’"*{/N*B*(mﬂ)*(%) (12)

where:

° B: Material constant in mm/cycle;
e m: Slope of the straight [-];
e 4, Initial crack length at which wear particles start to detach in mm.

To get a minimal crack length, the values were used after the first 1000 cycles. This crack length
was taken to calculate a fatigue cycle number by solving the Paris-Erdogan law. An assumption here
is a continually growing crack, which means it always cracks at the same length.

Parameter Generation

To set up the Atkins model, tribological and fracture mechanical tests were conducted to generate
the necessary values.

Tribological Values

For the correlation, two different kinds of test setup were used; a Ring on Disc (RoD) with
different load levels and a Pin on Disc (PoD) with different counterpart roughness. These investigations
generated the necessary wear rate, which will be correlated with a calculated wear rate. These values
are calculated with the weight loss, applied load, and test distance.

Crack Growth Tests

The necessary parameters can be measured from the crack growth tests, which provide all values
to calculate an initial crack length. This crack length can be taken to calculate a fatigue cycle number if
a crack is growing equidistantly. L and t are just geometrical values, N is the fatigue cycle number of
a certain load level, and B and m are determined by the curves of the tearing energy over the crack
growth rate. U is the integrated force displacement or stress-strain curve.

Experimental Details

Tribological Investigation

To determine the wear rates, a Universal Mechanical Tester (UMT-2) (Bruker Nano Surface
Division, Campell, CA, USA) and a TE93 Precision Rotary Tribometer (Phoenix Tribology Ltd.,
Berkshire, England) were utilized. An investigation of roughness influence was performed on the
UMT-2, whereas the load ramp tests were done on the TE93. For each test setup, the counterparts were
made of 100Cr6 steel and the roughness was controlled according to [17].
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The PoD tests were conducted with a rotating speed of 150 mm/s at a load of 1 MPa for 4 h,
later shortened by UMT-2 rot. To compre between both test setups, the RoD tests were conducted at
150 mm/s and 4 h of testing. To gain some information about the influence of the load, two different
load levels were chosen, namely 1 MPa and 1.5 MPa. These load ramp tests were developed by Jolly for
TPU materials [24]. The results of the load ramp were shortened by TE LR. For lower loads, the filler
cannot evolve its lubricating potential [25]. Therefore, higher loads were chosen.

Crack Growth Investigations

To investigate the crack growth behavior, pure shear tests were conducted. To ensure a horizontally
growing crack, faint waist pure shear (FWPS) specimens were tested. When using these slightly curved
specimens, Equation (3) (Why = T) is not valid. However, the thickness was assumed to be constant,
thus justifying that it should only provide information on the conductibility and a possible trend.
The geometry of an FWPS specimen is illustrated in Figure 2.

Faint Waist Pure
Shear Specimen
|

$17.00

53.50

Figure 2. Geometry of a faint waist pure shear (FWPS) specimen for crack growth investigations.

The tests were conducted on an MTS 858 tabletop system (MTS Systems Corporation, Eden Prairie,
MN, USA) and run in a load-controlled mode with a testing frequency of 3 Hz. The specimens were
notched with a razor blade. The initial crack length was 25 mm, and the specimens were sprayed with a
developer (Nord-test developer U89, Helling GmbH, Heidgraben, Germany) before testing for a higher
contrast in photos, which facilitates the crack observability. To observe the crack growth, a camera
system was employed, which took a picture every 1000 cycles. The crack growth was analyzed with a
Tracker (version 5.0, comPADRE). The tests were performed with a stress ratio of 0.1 (Fyj,/Fmax) at
room temperature. These tests were conducted at an Fy;4, of 2700 N and 3000 N. Lower loads took
too long to crack, whereas higher loads led to too fast failure. The specimens were tested until they
ripped completely apart in two halves, but for the evaluation only the first half of the cracking was
considered, due to the undefined stress situation of a further cracked specimen [26,27].

3. Results & Discussion

Firstly, the results of the fatigue tests are discussed. The evaluation is based on the stress-cycle
(S-N) curve, stress intensity factor, and dissipated energy. As one of the basic mechanical properties
of materials, tensile tests at room temperature and 80 °C correlate well with fatigue tests. Secondly,
crack growth tests are shown and correlated with the fatigue tests. The fracture surfaces show the crack
growth processes. For tribological tests, the coefficient of friction (COF) and wear rate are discussed.
The surfaces after the tests are analyzed and discussed.

3.1. Comparison of Two Materials
3.1.1. Fatigue Tests

Stress—Cycle (S-N) Curve

The S-N curve is shown in Figure 3. In order to achieve a better correlation with tensile tests,
maximum stress 04y is plotted as the y-axis (logarithmic) against the number of cycles to failure
(logarithmic).
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Figure 3. The stress—cycle (5-N) curve of the tested materials.

In this study, the cycles to failure follow a power law

k
N = (“—) (13)

00

where N is cycles to failure, o, is the maximum stress, and op and k are constant. As shown in Figure 3,
the curves of both materials at room temperature are parallel, indicating that fillers in TPU_B are
beneficial for these kinds of fatigue tests at room temperature. However, the reinforcement effect of the
filler against fatigue is not because fillers strengthen the crack growth resistance of TPU_B, but rather
because they increase the E-modulus. Under the same conditions, TPU_B experienced approximately
double the time to fail as TPU_A.

For the tests at room temperature, at low load, the S-N curve corresponds very well with the
stress-strain curve. There is evidence to indicate that in the S-N curve, the stresses at the same cycles
to the failure can be traced back to the same strain in the tensile test. This implies that at the low load,
the key factor that influences the cycles to failure is the strain. Even though TPU_B is filled, it has the
same lifetime as TPU_A when the tests are conducted with the same strain. At the high load, due to
the stronger nonlinearity of the tensile curve, the correspondence is not as good as at the low load.
However, the trend can still be identified.

At elevated temperature, the slope of the curves becomes slight. There is a cross point of the
curve at room temperature and 80 °C for each material. It indicates that, compared to the tests
at room temperature, the fatigue properties of the two materials are more sensitive to the load at
elevated temperature. The cross point for TPU_A is about 7.4 MPa, while for TPU_B it is 8.8 MPa.
At cross points, the positive and negative effects of elevated temperature on fatigue properties balanced
out. For both materials, when the maximum stress is higher than the cross-point stress, elevated
temperature represents an adverse effect on the fatigue property. At lower stress, a high temperature
brings advantages to fatigue properties.

Stress Intensity Factor

The stress intensity factor AK; was calculated according to Benthem and Koiter [28]. Both materials
show a linear trend at room temperature, while at elevated temperature the linear trend shows a more
significant deviation compared to the trend at room temperature (Figure 4). In general, the trends
correspond well with those in the S-N curve. This indicates that in the tests, the total maximum stress
is more relevant to predict the lifetime of the samples.
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Figure 4. Stress intensity factor of the tested materials.

3.1.2. Crack Growth Tests

Tearing Energy Over Cycles

In Figure 5a, the tearing crack growth rate is plotted against the tearing energy. This kind of
plotting provides information about the crack growth resistance by analyzing the slope of the graphs.
A higher slope means a lower resistance against crack growth. It is visible that TPU_B has a lower crack
growth rate than TPU_A, which can be traced back to the higher stiffness due to the filler. The high
scattering of the values at the beginning of the curves is due to the barely recognizable crack growth in
the evaluation of the pictures. After a certain crack length, the curves separate clearly.

R?=0.876 ~ R?=0.870
Z L4
R?=0.895

e 4

1E-02 4

st
.« Re=0.867
£

crack growth rate [mm/cycle]

1E-03 4
™ * 4, a5 TR L
PO ki) o e TPU_A 270N -2700N| -
* f};A . ¢ e===TPU_A 300N - 3000N

PO, 4 e== «TPU_B 270N - 2700N| 0.

1E-04 4 = 4 e «TPU_B 300N - 3000N|0.
T T T T T T T
1200 2200 3200 4200 5200 6200 7200 8200

Tearing energy [J/m?]

(@)

Figure 5. Cont.
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Figure 5. (a) Tearing energy plotted against the crack growth rate of unfilled TPU (TPU_A) and
graphite-filled TPU (TPU_B) for 270-2700 N and 300-3000 N; (b) the average crack length after every
1000th cycle for the same loads.

The higher crack growth resistance is evident if the crack length is examined over the cycles,
as shown in Figure 5b. In this plot it is visible that TPU_A continues to crack earlier than TPU_B. It is
also visible that under tearing energy of approx. 2400 J/m?, no significant separation can be observed.
The values are not usable if the crack reaches the half-length of the specimen, since, theoretically,
under those conditions, the shear is not pure shear anymore [27]. For the FWPS tests, the impact of
temperature was studied by Schieppati et al. [29], which shows that a higher local strain leads to an
increase in temperature at the crack tip.

3.1.3. Tribological Tests

For tribological tests, the real contact stress at the contact point is much higher than the nominal
contact stress.

Load Ramp Tests

The results of load ramp tests are shown in Figure 6. The COF and average contact temperature are
only calculated for each load ramp stage, while the weight loss is determined for all of the previously
experienced stages. Generally, COF decreases with load increments, while a higher load leads to more
weight losses. This result is in good agreement with Schallamach’s research [30], which is based on the
real contact area combined with Hertz’s contact theory. When increasing normal load, more asperities
come into contact. However, COF, which is mainly determined by the contact state between the two
rubbing surfaces, is affected by many other factors, e.g., temperature, wear debris in between, material
properties at elevated temperature, fillers, etc. The contact state changes continuously with cycles.

When the load is 0.5 MPa, both materials behave similarly, which indicates that at a low load,
the beneficial effect of fillers cannot be manifested noticeably. As the tests run further to the next
stage, COFs decrease rapidly; for TPU_A the reduction of COF is ca. 12%, while for TPU_B it is over
35%. The contact temperature of TPU_A increased from 82 °C to 115 °C, whereas the contact surface
of TPU_B experienced a declining temperature from 91 °C to 62 °C as the load increased to 1 MPa.
This can be attributed to two factors. One crucial point is that heat was generated by friction. Since the
COF decreases significantly for TPU_B, the work, which was converted into thermal energy, reduced
consequently. In addition, thermal energy can be taken away from the contact surface by wear debris.
The wear volume increased considerably for TPU_B, while for TPU_A its wear volume remained
almost unchanged. Thermal energy was accumulated to heat the whole system, including the sample,
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counterpart, holders, drive shaft, etc. With increasing time, the system got heated and stayed in a
relatively balanced state.

244 20 150
—=— COF_A —=— Weight loss_A —=s— Avg. contact temp._A

224 4g_|--4--COF_B --a-- Weight loss_B --A-- Avg. contacttemp._B | 4149
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18 1 . o
= 1.4+ F120 &
16 - N
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-§-14_ 1.2 F110 €
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S 12{1.0 L 100 5
- o s
5101%0 Leo §
g :
0.6 L80 o
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44
2] 024 60
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T T T T
0.50 0.75 1.00 1.25 1.50
Load [MPa]

Figure 6. Results of load ramp tests of TPU_A and TPU_B.

Both COFs decreased when the load increased to 1 MPa. Significant weight loss was observed
for TPU_B, while it stayed almost unchanged for TPU_A. For TPU_B, this load is an inflection point.
After this stage, its COF and contact temperature kept stable, though its weight loss increased more or
less proportionally to the load. For TPU_A, it seems that its contact temperature reaches a balance at
this stage. It decreases at the next stage as a result of the reduction of COF. A slight increase in wear
can be identified through 1.5 MPa.

Table 2 shows the worn surface of the load ramp tests of TPU_A and TPU_B. After the first
stage (0.5 MPa), the texture from turning marks is still visible in the whole contact area. The peaks of
the turning textures become relatively flat. The height difference between the peak and the middle
of the groove, however, is still visible. By contrast, rolled worm-like debris can be observed on
TPU_B, especially on the peaks of the turning textures. This phenomenon can also be found in [31,32].
This phenomenon occurred in the outer area of TPU_A at higher loads. Due to the effect of time and
higher normal stress, after the second stage, the turning textures could still be identified, but the peaks
were almost worn out. TPU_B experienced serve rolled wear so that the turning textures could not
be observed after the tests. In some places, fillers were uncovered due to wear debris. Fillers were
uncovered after the substrate polymer was “smeared”, due to sliding movement. However, the filler
system starts to show its effect. As can be seen in Figure 6, a significant change occurred for TPU_B
under 1 MPa normal load. The COF and contact temperature decreased with an increase in wear
volume. At this stage, a transfer film was generated. Thus, the interface changed from metal-TPU to
graphite-graphite. The transfer film was not perfect and covered the whole contact area. After this
stage, TPU_B reached a relatively stable stage. When increasing the normal load, its COF stayed at the
same level. The wear volume, however, kept increasing. Under a higher normal load, adhesive wear
dominated in TPU_A.
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Table 2. Scanning electron microscope (SEM) micrographics of load ramp tests of TPU_A and TPU_B.

TPU_A TPU_B

0.5 MPa

1.0 MPa

1.5 MPa

Pin on Disc Tests

To check the influence of counterpart roughness, the steel discs were prepared in a smooth
(Rs = 0.03 pm) and a rough (R; = 0.3 um) way. Besides the roughness, all parameters are kept the
same to have comparability between the two roughnesses without any other influences. In Figure 7,
the coefficient of friction and wear rate for both roughnesses are shown. For TPU_B, due to the filler
effect and stiffness, its average COF is lower than TPU_A for both roughnesses. Its higher stiffness
facilitates a reduction of the deformation part of friction [33,34]. Higher wear rate was identified for
both materials with a rough counter surface. However, probably due to the tribologically advantageous
transfer film of TPU_B, its wear rate does not show a significant difference between rough and smooth
counter surfaces. For TPU_A, its wear rate on the rough counter surface is higher than that with a
smooth counter surface.
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Figure 7. Coefficient of friction and wear rate (K) for TPU_A and TPU_B tested on different
counterpart roughnesses.

3.2. Damage Analysis Proof

Since a comparison of different tests or dimensions needs proof, the damage of the surfaces should
provide equivalency. If the appearance of the damage is comparable, it means the same failure process
took place. In Table 3, all three mechanical tests with damage are summarized for both materials.
The arrows indicate quite similar damage, which looks like waves for the mechanical fracture tests.
This is caused by the cyclic loading, during which the material elongates relaxes relatively. Even though
the tribological surface does not show such characteristic waves, it exhibits the same off ripping damage
as for the fracture mechanical tests. The remaining part on the surface is immediately attached to the
surface because of the contact with the counterpart, therefore no relaxing of the stripes is possible and
no wave structures can be formed.

Table 3. Comparison of the damage equality of tribologically and mechanically fractured
tested specimens.

Tribo Dumbbell

TPU_A

5
SEM MAG:
SEMHV: 5,00 KV

SEMMAG %00x WD 18.78mm
SEMMV 600kv  Det SE

TPU_B

SEM MAG: 500 L v S SEMMAG 200k WD. I SEMMAG: 500X WD, 15
SEMHV 500KV Det SE SEMHV 500K Det m SEMMV 500KV Det SE
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3.3. Verifications of Two Models

3.3.1. Panda’s Model

The roughness parameters of two counterparts are shown in Table 4. In addition, the material
properties were obtained through different tests and are shown in Table 5.

Table 4. Roughness parameters of two counterparts.

Surfaces o (um) R (um) 7 (um=2) Sk Ku Bsk Bxu
Rough ground 0.68 1.211 7.39 x 1074 0.06719 2988  1.39 0.88
Smooth polished 0.26 2.28 7.60 x 1074 -0.215 3367 199 0.96

e ¢: Standard deviation of asperity heights;

e  R: Average radius of curvature at asperity tip;

e 1: Average asperity density per unit area;

e  Sk: Skewness of

asperity heights;

e  Ku: Kurtosis of asperity heights;

e Bgk: Weibull shape parameter from skewness;

e Bxu: Weibull shape parameter from kurtosis.

Table 5. Material properties of TPU_A, TPU_B, and counterpart.

o

Materials E (MPa) H (MPa) Sy (MPa) v Kic (MPa m®3) t y (Jm-2) p (g/em?) ——MM
Rough  Smooth
TPU_A 172+0.2 37.04 £ 0.57 105+0.1 0.48 7.8 22 0.033 +£0.001 1.196 +0.001  0.0694 0.1389
TPU_B 19.6 +0.3 4127 +1.14 12+0.2 0.48 8.9 2.0 0.037 £0.001 1.225+0.001  0.0694 0.1042
100Cr6 steel 2.1 x10° 710 500 0.28 - - - 79

e  E:Young’s modulus;
e  H:Hardness, converted from Shore D [35];
° Sy: Yield strength; for TPU, the stress at 50% strain from tensile test was used.

e v: Poisson’s ratio;

e  Kjc: Fracture toughness; the minimum values from dumbbell fatigue tests were used.

e t: Fatigue ratio; based on the empirical research.

e  y: Surface energy;

e  p: Density;

° a: Factor of abrasive wear.

Based on the values in Table 4; Table 5 and our tribological tests under the same conditions,
wear rates were calculated. As shown in Figure 8, TPU_B has a better wear resistance to both
counterpart roughnesses than TPU_A. However, in the experiments, only when it runs against a rough
counterpart is the predicted trend consistent with the experimental results. For tests with a smooth
counter surface, the predicted value is lower than the experimental results. This can be attributed to
adhesive wear, which is included in this model, but for a smooth counter surface, especially when the
transfer film is formed, adhesion turns out to be one of the primary wear mechanisms [12]. With a
transfer film in the interface, abrasive wear can be reduced significantly. Moreover, as the blue line
shows in Figure 8, for the rough counterpart, abrasive wear contributes to more than 96% of the total
wear volume. For the tests with a smooth counter surface, abrasive wear is still dominant, but fatigue

wear is higher than that with a rough counter surface.
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Figure 8. Comparison of wear rates from tests and analytical models.

3.3.2. Atkins Model

150f18

With all required parameters, the Atkins model can be used to compare tribological and mechanical
fracture wear rates or fatigue cycle numbers, due to the correlation of wear rate o 1/Nf. The wear rate
for the FWPS specimen was calculated in two ways; the first was the inverse value of the fatigue cycle

number gained from the crack growth tests, and the second was calculating using the initial crack
length, therefore determining a theoretical fatigue cycle number. The first method only includes the
fatigue cycles, whereas the second also takes the mechanical fracture values into account. To check
if the same trend is given for the dumbbell specimen, their fatigue cycle numbers for medium load
levels were taken. In Figure 9, the comparison of the wear rates between the two investigated materials

is plotted.
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o [3,] o (3] o 3]

o
(3]
!

] WA TPU_A

TPU_B

o
o

0.03um | 0.3ym

1.0MPa | 1.5MPa

UMT-2 rot

TELR

35

30

_- TPU_
TPU_

A
B

1/cycle number (107%)
= a S

[}
1

i

e Ui

e

2700N|3000N

2700N|3000N

900N |1000N

FWPS

Calculated

Dumbbell

Figure 9. Comparison of the wear rates from the tribological and mechanical fracture tests of TPU_A
and TPU_B for selected loads.



Lubricants 2019, 7, 60 16 of 18

The depicted wear rates show a clear trend of higher wear rates for higher loads. Except for TE
LR, the wear rate for TPU_A is higher than for TPU_B, the reason being the previously mentioned
running-in wear, which is required to develop a transfer film on the counterpart. This fact can also
be argued with the required tearing energy of 2400 J/m? to see a clear separation in Figure 5. It is
possible that for both stressing types, mechanical and tribological, TPU_B needs a certain amount of
energy or wear to develop its potential. This might be traced back to the filler, which acts to either
stiffen or lubricate, depending on the mode of stressing. Even though TPU_B has a higher wear rate
for the load ramp, the factor between the single loads and the counterpart roughness is smaller than
for TPU_A. This includes the fact that TPU_B is less affected by higher stressing than the unfilled
TPU_A. For mechanical testing, the inverse values of the fatigue cycle numbers were taken. The higher
values of the wear rates calculated from the dumbbell specimen are due to the relatively small area of
the specimen, which is more affected by higher loading. While the pre-notched area for a dumbbell
specimen is around 130 mm?, the area for a pre-cracked FWPS specimen is over three times higher,
with 437.5 mm?. Furthermore, it has to be mentioned that dumbbell specimens contain different
stressing situations compared to the FWPS specimen.

3.3.3. Scope and Comparison of Both Models

Both models seem to cover one specific aspect of the tribological values. Panda’s model shows a
better fitting for rough surfaces, whereas Atkins” adapted model fits better for the smooth surfaces.
This indicates that abrasive wear behavior should be explained using Panda’s model, considering
the roughness of both bodies. As already mentioned, as soon as a polymer film is developed on the
counter surface, the model is no longer valid. On the other hand, a more adhesive wear mechanism
can be described with Atkins” model, but only as a trend and not as a precise prediction.

4. Conclusions

In this study, a possible correlation between fatigue and tribological performance of unfilled und
filled TPUs was found. This study also provides insight into the influence of filler on the fatigue and
tribological properties of TPUs.

(1) Two models were verified to predict wear volume of filled and unfilled TPUs.

(2) The fatigue properties were identified with dumbbell tests. Fillers show a beneficial effect on the
fatigue property at both temperatures. However, inverse impacts of temperature on low and
high stresses were identified. The crack growth rate was characterized by means of faint waist
pure shear tests. Filled TPU shows a better crack growth resistance.

(3) The tribological performance was characterized by various test configurations. An incubation
period is necessary to generate a transfer film in the interface. Additionally, the influence of
roughness of counterparts was identified.

(4) Similar failure mechanisms were identified in dumbbell, FWPS, and tribological tests.

(5) Panda’s model shows a better prediction for the tests with a rough counter surface, while the
Atkins model is advantageous to predict the results of the tests with a smooth counter surface.
For the tests with a rough counter surface, abrasive wear contributes to more than 96% of the
total wear, whereas for a smooth counter surface, abrasive wear is still the primary wear origin,
but fatigue wear is about 20% of the total wear. Therefore, for a test, which model is better
depends mainly on which wear mechanism is dominant. However, a lot of work still needs to be
done to predict the wear precisely. Several factors, e.g., transfer film, temperature, etc., which are
essential to wear generation, are not taken into consideration in this study.

Future work should focus on the temperature distribution and its effect on fatigue tests,
and tribological tests have yet to be determined.
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