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Abstract. The present research aims to clarify the friction and wear behavior, the transfer layer formation, and the wear
mechanism of mono-filled polytetrafluoroethylene (PTFE). A well-known limitation of PTFE is the low wear resistance,
which can be surpassed with the use of micro- or nanoparticles. The applied fillers were graphene, alumina (Al,O3), boehmite
alumina (BA80), and hydrotalcite (MG70). The samples were produced by room temperature pressing — free sintering
method. All specimens were tested with a pin-on-disc tribo-tester in dry contact condition against 42CrMo4 steel disc coun-
terface with 3 MPa contact pressure and 0.1 mm/s sliding speed. PTFE filled with 4 wt% Al,O3 achieved the highest wear
resistance; the increase was more than two orders of magnitude compared to the neat PTFE. This improvement comes from
the protective transfer layer formation due to the Al,O3 and the iron-oxide accumulation on the polymer contact surface.
Significant wear-induced crystallinity was also registered, which originated from the mechanical chain scission of the PTFE

molecular chains during the wear process.
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1. Introduction

Nanoparticles are widely used fillers in thermoplas-
tics as they can improve the mechanical and thermal
properties, flame retardancy, and wear resistance of
the matrix materials [1-5]. Polytetrafluoroethylene
(PTFE) is well-known in tribological applications, as
it has high thermal stability, excellent chemical re-
sistance, low coefficient of friction, and good self-1u-
bricating property compared to other semi-crystalline
thermoplastics. This polymer is widely used both as
a filler or as a matrix material. A remarkable chal-
lenge with PTFE is the low wear resistance. When
PTFE is used as a matrix material, for example, in
sliding bearings [6], besides the high wear rate, an-
other limitation is the low mechanical performance.
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In these application areas, surpassing the mechanical
performance of neat PTFE is a requirement. The use
of fillers such as fibers and micro- or nanoparticles
can enhance the mechanical features and the wear
resistance as well [7, 8].

Graphene and alumina (Al,O3) nanofillers can en-
hance the wear resistance of PTFE by 2 to 3 orders
of magnitude [9—11]. The reason for this significant
improvement is still an open question. Harris et al
[12]. investigated alumina-filled PTFE, and they ex-
plained the remarkable enhancement of the wear rate
with the role of tribo-chemical reactions during the
wear process. According to the present understand-
ing, the long PTFE chains undergo mechanical chain
scission during wear, whereby under the action of air
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(oxygen) and humidity, terminal carboxyl groups
(COOH) form on the PTFE chain fragments (in situ
‘carboxyl functionalization’) [10, 12]. These in situ
formed carboxyl functional groups formed on the
PTFE chain during wear can participate in complex
formation with the metal counterfaces. When the
filler is alumina, the carboxyl groups of PTFE react
with the atoms of alumina particles [12].

Fillers which have a large number of functional
groups can be beneficial in sliding wear applications.
The functional groups of the nanofillers can partici-
pate in complex formation with the in situ formed
‘functionalized’ PTFE carboxyl groups, forming a
more durable and adequate transfer layer. According
to this hypothesis, boehmite alumina (AIO(OH),
BA80) and hydrotalcite (MG70) are promising
fillers in thermoplastic matrices as they have a high
number of functional groups [13—15]. Karger-Kocsis
and coworkers [14, 16] reported that boehmite has a
positive influence on the mechanical properties, ther-
mal stability, and scratch-resistance of polymers. The
functionalization of other fillers, e.g., graphene/car-
bon nanotubes, also shown promising results [17].
BAS80 and MG70 fillers in combination with PTFE
have not been extensively investigated; in this way,
we lack a thorough understanding of this material.
Besides the tribo-chemical reactions, the wear rate
is also affected by some other material features such
as the physical, mechanical, thermal, and morpho-
logical properties. For a better understanding, a well-
detailed material characterization of our developed
materials was also performed in our previous re-
search [18, 19].

The present research work is focusing on the friction
and wear-characterization of nanoparticle-filled PTFE
and the fundamental understanding of the wear mech-
anism and transfer layer formation. Two important
factors, such as the wear-induced crystallization and
the filler accumulation on the polymer contact sur-
faces, are also investigated.

2. Materials and methods

2.1. Materials

3M™ Dyneon™ TFM™ 1700 polytetrafluoroethyl-
ene (PTFE) powder was used as a matrix material
with ~25 um average particle size. It was produced
by 3M Company (Minnesota Mining and Manufac-
turing Company, Maplewood, Minnesota, U.S.). The
used graphene was xGnP® Graphene Nanoplatelets
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Grade M from XG Sciences (Lansing, Michigan,
U.S.) with ~25 um average particle size. The
1015WW alpha-alumina (Al,O3) with 99.5% purity
was produced by Nanostructured & Amorphous
Materials Inc. (Houston, Texas, U.S.). The average
particle size was between 27 and 43 nm. The
boehmite alumina (aluminum hydroxide oxide-
AlO(OH)) was Disperal® 80 (BA80) from Sasol
(Johannesburg, South Africa) with ~35 um average
particle size and ~80 nm average crystallite size.
Al,O;3 content of BA80 was 80%. Pural® MG70 hy-
drotalcite (MG70) from Sasol (Johannesburg, South
Africa) has a double-layered metal hydroxide struc-
ture including magnesium and aluminum hydrox-
ides (70:30, respectively). It had ~45 pm average
particle size.

2.2. Production protocol and properties of the
unfilled/filled PTFE samples

Table 1 shows the developed unfilled and filled PTFE
materials. For the blending of the powders, intensive
dry mechanical stirring was applied. This blending
method is a less hazardous and more environment-
friendly alternative compared to solvent blending.
Stirring was done by a rotating blade grinder (180 W
power) with 30 seconds of stirring time. The used
production technique was room temperature pressing
— free sintering method for all of the introduced ma-
terials. The pressing was carried out at room temper-
ature with a Zwick Z250 universal tester (Zwick
Roell Group, Ulm, Germany). The pressing speed
was 2 mm/min until reaching 12.5 MPa pressure,
where 3 minutes of dwelling time was held at the
same level of pressure. The sintering cycle included
a 90°C/h heating rate from room temperature to
370°C, a 2 h dwelling time at 370 °C temperature,
and a 30°C/h cooling rate. The sintering procedure
was carried out in an oven, in air atmosphere. Alu-
mina and MG70 filled PTFE-based materials were
produced only with 1 and 4 wt% filler content as ac-
cording to our previous TGA and FTIR measure-
ments; these fillers cause a thermal instability during
the sintering process at higher filler content [18].
PTFE with 0.25 wt% graphene filler content was also
investigated as graphene has a high volume ratio due
to its low density. The size of the pressed disc sam-
ples was the following: 120 mm diameter and 4 mm
thickness. All of the wear test specimens (8§ mm di-
ameter) were milled from these disc samples.
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Table 1. The developed neat PTFE and PTFE-based materials.

Materials Matrix Filler Fill([e:v:;)n]tent

PTFE PTFE - —
PTFE/graphene-0.25 PTFE Graphene 0.25
PTFE/graphene-1 PTFE Graphene 1
PTFE/graphene-4 PTFE Graphene 4
PTFE/graphene-8 PTFE Graphene 8
PTFE/graphene-16 PTFE Graphene 16
PTFE/AL,O5-1 PTFE Alumina (Al,O3) 1
PTFE/AL,O;-4 PTFE Alumina (AL,O3) 4
PTFE/BA80-1 PTFE Boehmite alumina (BA80) 1
PTFE/BA80-4 PTFE Boehmite alumina (BA80) 4
PTFE/BAS80-8 PTFE Boehmite alumina (BA80) 8
PTFE/BA80-16 PTFE Boehmite alumina (BA80) 16
PTFE/MG70-1 PTFE Hydrotalcite (MG70)

PTFE/MG70-4 PTFE Hydrotalcite (MG70) 4

2.3. Tribological characterization

2.3.1. Wear tests

Tribological characterization was performed by a
Wazau TRM 1000 tribometer from Dr. Ing. Georg
Wazau Mess- und Priifsysteme GmbH, Berlin, Ger-
many. The normal force can be applied by counter-
weights with a drive-spindle system in the range of
5-1000 N. As the potential application areas for the
developed composites can be sliding bearings or
guide rings, the applied lab-scale tribotests tried to
represent these dry, sliding wear conditions. Also,
the application of these standard tests makes the com-
parison with other research results easier. The mode
and type of the applied motion is continuous sliding
motion. The applied configuration was pin-on-disc
with a rotating cylindrical polymer pin and stationary
steel disc counterface (Figure 1). The counterface ma-
terial was 42CrMo4 (EN 1.7225), which is a widely
used construction steel (e.g., shafts), and in this way,

Pin holder (rotating) —— Transfer layer

(wear track)

Steel disc counterface

Unfilled/filled PTFE pin 5
(stationary)

(fixed in the pin holder)

Figure 1. Schematic representation of wear test arrangement.

in the industry, it is a potential counterpart of the de-
veloped PTFE-based materials. The counterfaces
were surface finished by turning in a spiral pattern.
The advantage of this surface finishing method is
that in the aspect of the rotating polymer pin, the rel-
ative surface pattern of the steel is closely the same
at the wear track during the wear process as it can be
seen in real conditions such as, e.g., shaft in a bushing.
The surface roughness was S, 0.424+0.03 um,
S, 2.39£0.17 um and S, 0.52+0.03 pm. In perpen-
dicular to the spiral pattern, the surface roughness
was R, 0.3940.06 um, R,2.56+0.35 um and
R4 0.49£0.07 pm (based on 5 repetitions). The meas-
ured Vickers hardness of the steel disc counterfaces
was 308+2 (based on 5 repetitions). The composition
of the 42CrMo4 steels is introduced in Table 2. The
tested polymer pin samples had a diameter of 8 mm
with 4 mm thickness, while the steel counterfaces
had a diameter of 50 mm. The wear track centreline
on the steel discs was at 30 mm diameter. The sliding
speed was 61 rpm which corresponds to 0.1 m/s (at
track centreline), while the applied normal force was
151 N which corresponds to 3 MPa contact pressure.
The total sliding distance was set at up to 1000 m.
The presented results (coefficient of friction and the

Table 2. Standard chemical composition of the steel disc counterfaces according to EN 10083-3:2006 standard. Acronyms
are the following: carbon (C), manganese (Mn), silicon (Si), phosphorus (P), sulfur (S), chromium (Cr), molybdenum

(Mo), and nickel (Ni).

Steel C Mn Si S Cr Mo Ni
0.38 0.60 max max max 0.90 0.15
42CrMod 0.45 0.90 0.40 0.025 0.035 1.20 0.30 -
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wear rate) represent the average of 5 tests, and stan-
dard deviation values correspond to £16.

The coefficient of friction is calculated during the
wear test by the tribometer with Equation (1):

(M

where CoF is the coefficient of friction [—], F7 is the
friction force [N] calculated by the tribometer and
F\ is the applied normal force [N] measured by the
tribometer.

The friction force is calculated by the tribometer with
Equation (2):

2

where Fr is the friction force [N], M is the torque
[Nm] measured by the tribometer, and  is the radius
of wear track centreline [m].

The specific wear rate of the polymers was calculat-
ed after the wear test by using Equation (3):

__ Am
P id

S

k 3)
where k is the specific wear rate [mm’/Nm], Am is
the measured mass loss [g] by a weight balance after
wear test, p is the density of the pin sample [g/mm?],
F\ is the applied normal force [N] measured by the
tribometer and d; is the total sliding distance [m] cal-
culated by the tribometer.

The polymer samples were not dried as the relative
humidity — and in this way, the absorbed water con-
tent of the samples — is an important factor for the
fillers as BA80O and MG70 contain OH functional
groups. Another reason is that the potential products
made from these materials (e.g., sliding bearings,
guide rings, seals) are working mostly in environ-
mental conditions. During the wear tests, the relative
humidity was between 50+5 RH%, while the temper-
ature was 23+2 °C. Before the wear tests, the filled/
unfilled PTFE pins were cleaned with isopropanol,
while the steel counterfaces were cleaned with ace-
tone and isopropanol.

2.3.2. Transfer layer analysis

Surface topography

Taylor Hobson CCI HD non-contact optical white-
light interferometer (Taylor Hobson, Leicester, Unit-
ed Kingdom) was used to take 3D wear maps of the
samples.
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Fourier-transform infrared spectroscopy (FTIR)
FTIR analyses were carried out by a Bruker Tensor
37 FTIR spectrometer (Bruker, Billerica, Massachu-
setts, USA) with deuterated triglycine sulfate
(DTGS) detector, and Specac Golden Gate single re-
flection monolithic diamond attenuated total reflec-
tion (ATR) sampling system. The spectroscopic
transmission range was between 4000 and 600 cm™!
with 4 cm™ resolution in wavenumbers.

Differential scanning calorimetry (DSC)

DSC measurements were carried out with a TA Instru-
ments Q2000 device (TA Instruments, New Castle,
Delaware, USA). The protocol included a heat/cool/
heat module between 0 and 370 °C temperature, with
5°C/min heating and cooling rate. The enthalpy of
fusion was evaluated between 290 and 335 °C for
both of the heating cycles, while the enthalpy of
crystallization was evaluated between 280 and
325°C. Samples were placed in aluminum pans and
tested in 50 ml/min nitrogen flow. The degree of
crystallinity was calculated by Equation (4):

“4)
where X is the degree of crystallinity [%], AHy, is the
enthalpy of fusion [J/g], AHcc is the enthalpy of cold-
crystallization [J/g], AHy s the enthalpy of fusion for
100% crystalline PTFE [J/g], and a is the mass frac-
tion of the fillers [-]. As PTFE did not show any cold
crystallization, AHcc was counted as zero. The de-
gree of crystallinity was evaluated with 69 J/g en-
thalpy of fusion for 100% crystalline PTFE [20].

Energy-dispersive X-ray spectroscopy (EDS)

EDS investigations were carried out with a JEOL
JSM 6380LA device (JEOL, Tokyo, Japan) with
15 kV accelerating voltage, 10 sweep counts, and
0.1 ms dwell time. The sufficient electron con-
ductivity of the samples was provided by sputter-
ing the surface with gold (Au) in a JEOL FC-1200
device.

3. Results and discussion

3.1. Coefficient of friction

Figure 2 depicts the coefficient of friction of unfilled
and filled PTFE. Besides the neat PTFE, only the fric-
tion properties of graphene and alumina-filled PTFE
are available in the literature, and the tendency of the
measured results are in agreement with them [9, 10].
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Figure 2. The dynamic coefficient of friction of unfilled/filled PTFE samples (based on 5 repetitions, standard deviations
correspond to +16). The grey transparent line displays the measured dynamic coefficient of friction of the reference
neat PTFE. Dry contact, 42CrMo4 steel counterface, 3 MPa contact pressure, 0.1 m/s sliding speed, 1000 m sliding

distance.

The neat PTFE had 0.093 [—] coefficient of friction
against 42CrMo4 steel counterface. The most remark-
able reduction was achieved by PTFE/graphene-1
material which had 0.078 [-] coefficient of friction
which is ~16% lower than the reference unfilled
PTFE. The coefficient of friction reduction was
slighter in the case of PTFE/graphene-4 samples
which had 0.088 [—] coefficient of friction. Graphene
in 8 and 16 wt% filler content slightly increased the
friction between the filled PTFE and the steel coun-
terface. Al,O; and MG70 filler also increased the
coefficient of friction both in 1 and 4 wt%. PTFE/
BAR8O0-1 had similar friction values as unfilled PTFE;
while BA8O in higher filler content increased the co-
efficient of friction.

Analyses of variance (ANOVA) based on both Bon-
ferroni-Holm and Holm-Sidak methods were carried
out to compare the coefficient of friction of filled
PTFE materials to the reference neat PTFE. Both
methods concluded that the measured differences in
the coefficient of friction compared to the reference
neat PTFE are not significant.

The coefficient of friction graphs of the tested mate-
rials can be seen in Figure 3. The coefficient of fric-
tion values were extracted from the full friction
curves, including both the running-in period and
steady-state condition. All of the materials reached
steady-state friction during the applied 1000 m slid-
ing distance. The importance of this steady-state con-
dition is related to the reliability of the materials, and
it is a good indicator of friction and wear stability. In
this way, a persistent steady-state condition, besides
the low coefficient of friction and low wear rate, is
also a requirement in industrial applications.
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All of the tested unfilled and filled PTFE samples
reached the steady-state friction after ~300-400 m
sliding distances (Figure 3). In the case of PTFE/
graphene-4 and PTFE/graphene-8 composites (Fig-
ure 3a), rapid drops and slow raises can be seen pe-
riodically in friction graphs, which can be the influ-
ence of transfer layer formation. It is supposed that
at a certain transfer layer thickness, the top layer of
the transfer film is suddenly removed. Transfer layer
formation is then continued on a thinner remaining
layer. The duration of the rapid drops was around
2-5 rotational cycles, while the slower increasing
periods were around 200—1500 cycles. The friction re-
duction of the mentioned drops is less than 0.02 [—].

3.2. Wear rate

Figure 4 introduces the wear rate of unfilled and
filled PTFE. Neat PTFE had 5.16:10* mm*/Nm
wear rate against 42CrMo4 steels. PTFE/A1,05-4
polymer samples reached the lowest wear rate which
was 2.91-10° mm?3/Nm. It is more than two orders
of magnitude improvement compared to the refer-
ence neat PTFE, which is in agreement with the lit-
erature [9]. Graphene in 4/8/16 wt% filler content
also decreased the wear significantly; their reduction
was around 1-2 orders of magnitude, which is in
agreement with the literature [10]. PTFE/ graphene-
4 sample had 4.72-107 wear rate.

Our previous research [18, 19] indicates a sufficient
material development for BA8O filled composites,
which means that most of the functional groups of
BAR&O are still existing after the sintering process,
and the composites have appropriate material proper-
ties. In this way, it can be concluded that the functional
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Figure 3. Coefficient of friction graphs of the unfilled/filled PTFE: graphene filled PTFE (a), Al,Os filled PTFE (b), BA80

filled PTFE (c), and MG70 filled PTFE (d).

groups of boehmite did not influence so much the
wear rate as it was expected in the research hypothe-
sis. MG70 filled composites did not improve the wear
resistance of PTFE. All the tested composites reached
the steady-state wear during the 1000 m sliding dis-
tance; the observed online wear graphs were linear.

Analyses of variance (ANOVA) based on both Bon-
ferroni-Holm and Holm-Sidék methods were evalu-
ated to compare the wear rate of filled PTFE samples
to the reference neat PTFE. Both methods concluded
that most of the observed differences in the wear rate
compared to the reference unfilled PTFE are signif-

977

icant. Only PTFE/graphene-0.25, PTFE/graphene-1,
PTFE/MG70-1, and PTFE/MG70-4 had no signifi-
cant difference related to the wear rate.

3.3. Transfer layer analysis and wear
mechanism

3.3.1. Wear track of the steel counterfaces

Figure 5 displays the macrographs of the tested steel

counterfaces for visualization of the formed transfer

layer. The macrographs show remarkable differences

in the transfer layer formation and the shape and size

of the formed debris.
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Figure 4. Wear rate of unfilled/filled PTFE samples (based on 5 repetitions, standard deviations correspond to +1c, note:
the error bars are in logarithmic scale). The grey transparent line displays the measured wear rate of the neat PTFE.
Dry contact, 42CrMo4 steel counterface, 3 MPa contact pressure, 0.1 m/s sliding speed, 1000 m sliding distance.

No transfer layer is formed on the surface of the neat
PTFE steel disc (Figure 5a). PTFE/graphene-1 and
PTFE/BAS8O0-1 steel counterfaces also showed a lim-
ited transfer layer formation (Figure 5b and 5f). A
more significant transfer layer formation was observed
on the surface of PTFE/Al,0s-1, PTFE/BA&0-4,
PTFE/MG70-1 and PTFE/MG70-4 steels (Figure 5d,
5g, Sh and 5i). The surface area of these transfer lay-
ers is, however, on the same scale as the formed de-
bris, which indicates that a uniform and durable
transfer layer formation was not possible with these
materials. On the other hand, PTFE/ Al,03-1 com-
posite had a lower wear rate, which comes from the
different debris formation mechanisms. As it can be
seen in Figure 5d, the size of the formed debris is
smaller compared to BA80 or MG70 filled materials,
which resulted in a thinner transfer layer as the smaller
particles are able to fill the smaller asperity cavities
of the steel. PTFE/graphene-4 counterface (Figure Sc)
had a partly uniform transfer layer, and the wear de-
bris was smaller than the debris of the PTFE/
graphene-1. PTFE/A1,03-4 shows the smallest poly-
mer wear particles (debris) on the steel counterface
(Figure 5e), which is in agreement with its ultra-low
wear rate. The observed transfer layer of the coun-
terface tested against PTFE/Al,O03-4 polymer was
uniform, and due to the small debris, the thickness
was on the scale of the steel surface asperities.

The transfer layer on the PTFE/graphene-4 counter-
face was further investigated by white light interfer-
ometer (Figure 6). The scale was chosen uniform for
a better comparison. The wear track was analyzed
in a range of 1.6 mm width. Figure 6a displays the

surface of the unworn steel counterface, while Fig-
ure 6b shows the wear track in the steel counterface
where significant deposits were detected. Figure 6 ¢
introduces the interface of the unworn steel disc
(left) and the wear track/transfer layer on the steel
(right). This figure can help in making a basic esti-
mation of the thickness of PTFE/graphene-4 transfer
layer. The observed results indicate that the thickness
of this transfer layer on the steel counterfaces was
approximately 1-2 pm.

3.3.2. Wear mechanism of the polymer samples
Figure 7 introduces the surface pattern of PTFE/
Al,O3-4 polymer pin samples in unworn stage and
after 0.1/1/10/100/400 m sliding distance. The results
of PTFE/BA80-4 samples were in line with the
PTFE/Al,O3-4 polymer samples. These two materials
were chosen for comparison as they had different
transfer layers and debris formation, and a different
size of debris. This analysis was carried out with the
use of white light interferometry. Figure 7a depicts the
rough surface quality of the unworn polymer samples.
Their characteristics come from the room temperature
pressing. After 10 m sliding distance (Figure 7d), the
original surface characteristics disappear, and the
dominating surface pattern of the polymer samples
becomes similar to the steel counterface. It means that
after 10 m sliding distance, the original surface quality
of the polymer samples does not affect the sliding
process anymore. If the applied sliding distance is
1000 m, the original rough surface quality of the poly-
mer materials can influence the wear process only
during the first ~1% of the sliding distance.
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Figure 5. Macrographs of the tested 42CrMo4 counterfaces. Neat PTFE (a), PTFE/graphene-1 (b), PTFE/graphene-4 (c), PTFE/
Al Os5-1 (d), PTFE/AL,O3-4 (e), PTFE/BA80-1 (f), PTFE/BA80-4 (g), PTFE/MG70-1 (h) and PTFE/MG70-4 (i).

3.3.3. Wear-induced crystallization The analyzed unworn specimens and the wear debris
The wear-induced crystallization of the unfilled/filled  come from the same polymer sample. The DSC spec-
PTFE materials was investigated by DSC. Table 3  imens of the unworn material were cut from the op-
introduces the DSC results of the unworn samples  posite (unworn) side of the tested sample. The DSC
and the polymer debris of the worn samples. analysis did not include the debris of PTFE/graphene-8,
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on the steel counterface tested against PTFE/graphene-4.

PTFE/graphene-16, and PTFE/Al,03-4 polymers as
these materials had a low wear rate; in this way, the
amount of the formed debris was not sufficient for
DSC analysis.

In the first heating cycle, the degree of crystallinity
of the debris increased between 23 and 35% com-
pared to the unworn samples (Table 3). This increase
can come from the different thermal and mechanical
antecedents. The surface temperature during wear
tests can be so high, which can affect the morpholog-
ical structure of PTFE materials. Furthermore, the
applied pressure and the sliding motion can also
align the molecular chains due to the high shear
stress during the wear process.

The increase of the degree of crystallinity was also
confirmed by the results of the second heating cycle
where, after the first melt, all the analyzed samples
had the same thermal history. In this way, the thermal
history or the molecular chain aligning of the debris
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cannot be the reason for this significant increase in
the degree of crystallinity. In the second heating
cycle, the debris had 24-49% higher degree of crys-
tallinity than the unworn samples (Table 3).

From these results, it can be concluded that this sig-
nificant increase in the degree of crystallinity
comes from the influence of high shear stress dur-
ing the wear process. It is well known from the lit-
erature [9, 10, 12] that during the wear process, the
PTFE molecular chains undergo mechanical chain
scission. This mechanical chain scission can cause
a significant molecular length decrease in the
formed debris. These shorter molecular chains of
the debris can more efficiently reach an aligned
arrangement than the longer chains of the unworn
materials. In this way, the degree of crystallinity
can be higher not only in the first heating cycle but
also in the second heating cycle beside the same
thermal history.
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Figure 7. The contact surface of PTFE/A1203-4 polymer samples against 42CrMo4 steel counterfaces (3 MPa contact pres-
sure, 0.1 m/s sliding speed). (a) unworn polymer (Al,O3), (b) 0.1 m sliding distance, (¢) 1 m sliding distance,
(d) 10 m sliding distance, () 100 m sliding distance, (f) 400 m sliding distance.

3.3.4. Filler accumulation in the tested polymers
The aluminum accumulation in the worn polymer sur-
face and debris was investigated by EDS analysis. On
the contact surfaces of the worn samples, filler accu-
mulation was observed. In the case of PTFE/Al,05-4
polymer samples, the worn surfaces tested against
42CrMo4 steel discs had ~82% higher aluminum
content than the original unworn surfaces. In the case
of PTFE/BA80-4 polymer samples, the worn sur-
faces had ~262% higher aluminum content than the
original unworn surfaces. In contrast to this, the
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formed debris of PTFE/Al,O3-4 polymer samples
contains ~82% less aluminum than the original un-
worn samples. This filler content decrease cannot be
seen in the case of PTFE/BA80-4 polymer debris.

The EDS analysis of PTFE/Al,03-4 transfer layer on
the polymer sample can be seen in Figure 8. Inter-
estingly, Fe content around ~10% was also observed
on the polymer contact surface, which comes from
the steel counterface. Figure 8c indicates that the
lighter areas of Figure 8a have significant Fe content.
The reason for this Fe content can be that during



Toth et al. — eXPRESS Polymer Letters Vol.15, No.10 (2021) 972-986

Table 3. DSC analysis of sintered filled/unfilled PTFE samples. Regarding the debris, the enthalpy of fusion at the first heat-

ing cycle was evaluated between 300 and 370 °C.

Degree of crystallinity
[%o]
Unworn samples First heating Second heating
Unworn Debris Debris — Unworn Unworn Debris Debris — Unworn
PTFE 534 79.1 25.7 43.4 67.5 24.1
PTFE/graphene-0.25 47.2 77.3 30.1 40.2 70.7 30.4
PTFE/graphene-1 51.2 79.0 27.8 43.9 71.9 28.0
PTFE/graphene-4 50.0 84.3 344 41.7 79.8 38.2
PTFE/graphene-8 449 - - 41.1 - -
PTFE/graphene-16 50.3 - - 43.0 - -
PTFE/ALO5-1 51.9 75.2 233 41.4 83.0 41.6
PTFE/AlL,O5-4 56.2 - - 48.5 - -
PTFE/BA80-1 46.8 77.5 30.7 39.8 67.0 273
PTFE/BA80-4 47.0 79.7 32.7 40.7 80.5 39.8
PTFE/BA80-8 50.7 78.2 27.5 43.0 80.5 37.5
PTFE/BAS0-16 47.9 80.1 322 40.3 88.8 48.5
PTFE/MG70-1 40.2 70.2 30.1 35.7 62.3 26.7
PTFE/MG70-4 49.5 84.6 35.1 43.1 74.5 314

wear, the hard alumina fillers can damage and partly
remove the oxide layer of the steel counterface. On
the transfer layer of PTFE/graphene-4, PTFE/BA80-4,
and PTFE/MG70-4 polymer samples, no Fe content
was registered due to the less hard filler particles and
relatively high wear rate of these samples. In other
words, after the wear test of PTFE/Al,03-4 polymer,

a) b)

1 100 um

an extremely low amount of material was removed
from the polymer sample. In this way, the contact
layer of PTFE/Al,03-4 polymer could collect more
Fe without losing the Fe-rich top layer during the
wear mechanism of the polymer.

The more significant aluminum and iron content were
also confirmed by FTIR spectroscopy (Figure 9a).

FeK

1 100um
c)

AlK

Figure 8. EDS analysis of PTFE/A1,03-4 transfer layer on the polymer surface (42CrMo4 steel counterface, 3 MPa contact
pressure and 0.1 m/s sliding speed); micrograph of the transfer layer (a), aluminium content (b) and iron content (c).
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Figure 9. FTIR spectra of PTFE/Al,03-4 (a) and PTFE/BA80-4 (b) polymer bulk materials (blue), transfer layers (red) and

debris (olive).
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The new peaks from the iron content can only be
seen in Figure 9a (PTFE/AL,O3-4). The peaks of alu-
minum bonds are more intensive in the transfer layer
(red) than in the bulk material (blue). The hydroxyl
(OH) bonds of PTFE/BA80-4 transfer layer (Fig-
ure 9b) are also more visible compared to the un-
worn material due to the filler accumulation.

The filler content of the worn surface of the poly-
mer samples with 0.1/1/10/100/200/400 m sliding
distance was analyzed to collect more detailed
information about the process of filler accumulation
(Table 4). The filler content reached a significant in-
crease even after 10 m sliding distance, and after this
10 m, there is only a slight increase in filler content.
It means that almost the total registered accumula-
tion occurs in the first 10 m.

Figure 10 displays the contact surfaces of PTFE/
Al,O3-4 polymer samples. The original, unworn poly-
mer surface can be seen in Figure 10a, while the worn
contact surfaces after 0.1/1/10/100/400 m sliding
distance are introduced in Figure 10b—10f, respec-
tively.

In Figure 10b, it can be seen that even after 0.1 m slid-
ing distance, black spots appeared in the polymer con-
tact surface, which comes from the oxide layer of the
steel counterface. In Figure 10b—10d, an accumula-
tion of the spots can be observed, which is in agree-
ment with the results of EDS measurements (Table 4).
After 10 m sliding distance (Figure 10d—10f)), the
black color of iron oxide particles became orange.
This change in their color shows that the removed
iron oxide particles are modified during the wear
process. The black colour indicates that the iron
oxide particles include basically Fe;O4 (iron(ILIII)

oxide) molecules; in other words, the original stage
is magnetite. The orange color indicates high Fe;O;
(iron(III) oxide) content which means that the iron
oxide goes through an oxidation process during
wear. Focusing on Fe;O3, A-Fe;O3 can be found in
maghemite (brown color), and a-Fe,Os3 is in hematite
(red color). Equations (5)—(7) introduce the back-
ground of these stages:

4Fe304 + Oy — 6A-Fe,O3 (200400 °C) )

(375-550°C)  (6)
(from 550°C)  (7)

k—FezO3 — a-FezO3
4Fe;04 + Oy — 6 0-FeyO3

These temperature values in Equations (5)—(7) indi-
cate that the local temperature of the contact surfaces
during the wear process reached a minimum of 375—
400°C.

In the case of PTFE/BA80-4 polymer samples, none
of the contact surfaces included iron according to the
EDS and optical measurements as well. It can have
two different reasons; the first is that PTFE/BA80-4
sample had a much higher wear rate compared to
PTFE/Al,03-4; in this way, the top layer of the poly-
mer with the iron content is removed. Here it is im-
portant to mention that even after 0.1/1/10 m sliding
distance, no iron content was detected on the PTFE/
BAS80-4 polymer contact surfaces. In contrast with
this, iron content accumulation was registered in the
given sliding distances on the PTFE/A1,03-4 contact
surfaces. It means that even if a more significant ma-
terial depth was removed from PTFE/BA80-4 sam-
ples, the worn contact surface of these polymers
should have some iron content as the iron oxide is

Table 4. EDS analysis results of unworn samples and contact surfaces (3 MPa contact pressure and 0.1 m/s sliding speed).

- . Aluminum content Aluminum content Iron (Fe) content | Aluminum content =
Materials Slldmg[n(i;stance unworn worn surface worn surface worn/unworn
[%o] [%o] [%o] [%o]
PTFE/Al,05-4 0.1 2.54 3.28 0.85 129.1
PTFE/AL,O5-4 1 3.06 4.23 2.59 138.2
PTFE/AL,05-4 10 3.15 9.06 4.01 287.6
PTFE/AL,O;-4 100 291 7.89 3.85 271.1
PTFE/AL,0;-4 200 3.45 10.45 5.26 302.9
PTFE/AL,O5-4 400 3.40 11.31 5.71 332.6
PTFE/BA80-4 0.1 2.01 2.53 ~0 125.9
PTFE/BA80-4 1 2.10 2.64 ~0 125.7
PTFE/BA80-4 10 1.90 6.34 ~0 333.7
PTFE/BA80-4 100 1.89 7.74 ~0 409.5
PTFE/BA80-4 200 2.22 7.81 ~0 351.8
PTFE/BA80-4 400 1.97 7.40 ~0 375.6
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0.1 mm

Unworn polymer (Al,O,)

1 m sliding distance

0.1 mm

e) 100 m sliding distance

0.1 m sliding distance

10 m sliding distance

f) 400 m sliding distance

Figure 10. Iron oxide accumulation on PTFE/Al,03-4 polymer contact surface (42CrMo4 steel counterface, 3 MPa contact
pressure, and 0.1 m/s sliding speed). (a) unworn polymer (Al,03), (b) 0.1 m sliding distance, (¢) 1 m sliding dis-
tance, (d) 10 m sliding distance, (¢) 100 m sliding distance, (f) 400 m sliding distance.

removed continuously from the counterface. In this
way, the second potential explanation is that Al,O3
filler contains abrasive and hard particles. These par-
ticles can damage and remove the peaks of the steel
counterface, resulting in an iron-oxide accumulation

on the polymer contact surface. All kinds of steel
surface damage have to be avoided as, in general,
the polymer surface (e.g., bearings and seals) is the
sacrificial part. In this way, the steel counterfaces
were analyzed by white-light interferometry, and at
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Filler PTFE Filler Broken filler PTFE

Figure 11. [llustration of wear mechanism and filler accu-
mulation of the top surface; original unworn sur-
face (a) and worn surface (b).

these test conditions, no visible damages, scratches
were detected on the contact surfaces.

A potential explanation for the alumina filler accu-
mulation is that the softer PTFE particles can be torn
easier from the contact surface than the hard metal
oxide filler particles. In this way, the filler content
of the contact surface is higher due to the still re-
maining fillers. Some of the torn or broken filler par-
ticles can also stick again as back transfer into the
softer PTFE due to the high pressure and high tem-
perature. This mechanism is illustrated in Figure 11.
As less filler is removed from the contact surface of
the polymer during wear, it is evident that the debris
had lower filler content.

4. Conclusions

This research work introduced the friction and wear-

characterization and the transfer layer formation of

unfilled and mono-filled PTFE.

* PTFE/Al,03-4 samples achieved the lowest wear
rate with a decrease of more than two orders of
magnitude compared to the neat PTFE. As our pre-
vious research work [19] introduced, this ultra-low
wear rate cannot be indicated by the modified
hardness, compressive/shear/tensile properties, or
thermal conductivity.

* The high wear rate improvement of PTFE/AL,03-4
sample comes from the modified transfer layer
formation. On the contact surfaces of the worn
polymer samples, filler and iron-oxide accumula-
tion was observed, which can serve as a more pro-
tective layer. The reason for the high filler accu-
mulation is that the softer PTFE particles can be
torn easier from the contact surface than the hard
metal oxide filler particles. The broken filler par-
ticles can also penetrate back into the softer PTFE
due to the high pressure and high temperature. Re-
garding the iron-oxide accumulation, Al,Oj filler
contains abrasive and hard particles which can re-
move the peaks of the steel counterface.

 After 10 msliding distance, the dominating surface
pattern of the polymer samples becomes similar to
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the steel counterface. It means that if the sliding dis-
tance is 1000 m, the original rough surface quality
of the polymer materials can influence the wear
process only at the first ~1% of the sliding dis-
tance.

» After the wear tests, the degree of crystallinity of
the debris increased compared to the unworn sam-
ples. This increase comes from the mechanical
chain scission in the molecular chains during the
wear process. Due to this phenomenon, the molec-
ular length was shortened in the formed debris,
which increased the degree of crystallinity.
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