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Spatiotemporal mapping (SMA) is a graphical technique to visualise the evolution of data with time and space
during a process. This paper discusses the benefits of SMA in the field of polymer tribology via two highly
different polymer/metal sliding systems. The SMA is found useful for the qualitative and quantitative charac-
terisation and analysis of the transfer phenomena at the contact interface during repeated sliding, e.g., the slide-
roll mechanism of transfer lumps, the severe-to-mild wear transition due to the tribo-chemical reaction of PTFE,

the accumulation of wear debris, and the formation of friction-reducing back-transfer polyimide films. Addi-
tionally, the SMA helps spot various abnormal tribological behaviours, such as the local removal of oxides on a
misaligned disc that would otherwise be overlooked.

1. Introduction

Polymer/metal sliding interfaces are often employed in applications
where liquid lubricants are unfavourable, e.g., at high temperatures, in
vacuum, or when stringent contaminant tolerances apply. This is
because they are less susceptible to seizure failure during dry sliding [1].
The coefficient of friction, u of a polymer/metal sliding interface is
typically low due to the transfer film formation mechanism [2]: during
sliding, polymeric materials will exfoliate and adhere to the metallic
surface to form a thin and uniform transfer film. This transfer film has a
low shear strength, 7 whilst the overall metallic substrate has a high
hardness, H. According to the Bowden-Tabor adhesive friction model,
this will result in low friction since friction is directly proportional to
t/H [3,4]. This transfer film formation mechanism contributes to the
so-called self-lubrication of polymers. However, this ‘textbook’ expla-
nation is an oversimplification of the actual conditions in a polymer/-
metal sliding interface, and ideal transfer films only form for a select
group of linear thermoplastics, such as polytetrafluoroethylene (PTFE),
high-density polyethylene (HDPE), and ultra-high-molecular-weight
polyethylene (UHMWPE), and often this formation is limited to

specific operational conditions [2,5-7]. Most polymers, especially
high-performance polymers (HPPs) tend to form more complex transfer
films that are not uniform and continuously evolve [8-11]. The inclu-
sion of blends and fillers in polymers further complicates transfer
mechanisms [8,12]. Whilst such transfer films are generally believed to
have an effect on the tribology of sliding systems, their exact functions
remain unclear [8,13]. To better understand the tribological charac-
teristics of transfer films, it is crucial to investigate the evolution of the
transfer films during sliding, including their initiation, development,
and removal [11,12]. However, the majority of research presented in
literature focuses only on the post-hoc analysis of worn surfaces. In other
words, the temporal information of local events during sliding is over-
looked. An interesting possibility to overcome this is to apply the
spatiotemporal mapping (SMA) technique to polymer tribology.

1.1. Basics of spatiotemporal mapping

In general, SMA is a three-dimensional visual representation of data
in which the x-axis represents the spatial coordinate of the data, the y-
axis represents the temporal coordinate, and the z-axis or the colour
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Fig. 1. (a) Schematic of a pin-on-disc setup, (b) example of an SMA of the coefficient of friction. The ‘0’ mark on the disc represents the starting point or the first point
of contact in each repeated sliding cycle, and the chemical structures of (c) PTFE and (d) polyimide (PI).

intensity represents the numeric values of the data itself. This technique
has been widely used in many fields, such as vibration monitoring [14,
15], medical diagnosis [16,17], geology [18,19], and weather fore-
casting [20,21]. In the field of tribology, SMA is often used in a
pin-on-disc experiment, as shown in Fig. 1(a), and is sometimes referred
to as triboscopy [22]. For a pin-on-disc experiment, the x-axis of an SMA
may represent the position on the wear track of a disc, the y-axis rep-
resents the number of repeated sliding cycles, and the z-axis represents
the magnitude of tribo-data, such as coefficient of friction, vertical pin
position, or electrical contact resistance. An example of such an SMA is
shown in Fig. 1(b) and typical SMA manifestations and their in-
terpretations are presented in Supplementary Data. A vertical feature on
an SMA suggests an event that occurs on the same position on the disc
surface (Fig. S1); a horizontal feature means an event that happens on
the pin surface (Fig. S2); whilst a diagonal feature implies an event that
takes place on the disc but its position is changing during each repeated
sliding cycle (Fig. S3). For a tribometer to generate a readable SMA, it
requires a low noise, high sampling frequency, and high resolution data
acquisition system that is synchronised by precise clock signals from a
position transducer that is attached to the motion control system. The
position transducer can be an encoder in a servo motor [23] or a position
sensor such as a linear variable differential transformer (LVDT) [24].
The tribometer, ideally, should also have a function that allows the
position of the first contact to be identified on the disc. This means any
significant phenomena found on the SMA can be traced back to the
corresponding position on the worn disc surface.

1.2. Spatiotemporal mapping in tribology

SMA was introduced into the field of tribology by Fukuda and Belin
independently in 1992 [22,23]. The main focus of Fukuda et al. was the
accumulation and the transfer of adhesive substances during the uni-
directional repeated sliding of steels under dry [25-29] and boundary
lubricated conditions [28,30]. In 2008, Fukuda proposed a new statis-
tical analysis method based on the collected synchronised data to
differentiate between abrasive and adhesive wear [31]. Belin et al.
found that SMA is particularly useful for analysing the degradation and
spalling of coatings during the reciprocating sliding of metals [32-36].

In 1994, Belin et al. implemented the SMA technique on an atomic force
microscope (AFM) to characterise local wear evolution at the nanoscale
[37]. Mello et al. recently improved Belin’s technique and further
extended the applications of SMA [24,38-41]. SMA has been success-
fully applied to analyse the in-situ and real-time dynamics of metal/-
metal sliding contact but there is little literature available on the use of
SMA for polymer/metal sliding interfaces. The only relevant work found
was performed by Belin et al. in the early 1990 s on the sliding of
polyvinyl chloride (PVC) coated aluminium against copper [22,32,33].
The current research aims to apply the SMA technique for elucidating
the dynamic aspects of transfer films during polymer/metal sliding.

2. Material and Methods

Two highly different polymer/metal tribo-systems were investigated
to explore the benefits of SMA, namely neat PTFE/AISI 304 ball-on-flat
sliding at different humidity levels and graphite-filled sintered poly-
imide (PI)/AISI 52100 flat-on-flat sliding at elevated temperatures.
PTFE is a thermoplastic addition polymer with a relatively simple
structure, whilst PI is a pseudo-thermoplastic condensation polymer that
has a more complex backbone. The tensile strengths of neat PTFE and PI
are 15 MPa and 86 MPa respectively. Their chemical structures are
shown in Fig. 1(c) and (d) respectively.

2.1. PTFE/AISI 304 sliding

The experiment was carried out utilising a custom-made pin-on-disc
tribometer [42] and the contact mode was unidirectional ball-on-flat
sliding. The stationary pins were made of 8 mm diameter neat PTFE
balls and the rotating discs were made of 25 mm diameter AISI 304
stainless steel. The arithmetic surface roughness, Ra of the pins and discs
were 0.52 um and 0.02 pm respectively. Before the experiment, the
PTFE pins were wiped with ethanol and the steel discs were ultrasoni-
cally cleaned with a 1:1 mixture of acetone and hexane for 10 min. After
that, the discs were dried on a heat plate at 100 °C for 10 min to remove
the solvents adsorbed on the surfaces. The discs were let to cool to room
temperature before the sliding test commenced. The starting point of the
motion was marked on the discs so that comparisons can be made
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between the SMA and the worn disc surface after the sliding. The ex-
periments were performed in a humidity-controlled chamber at 5%,
50%, and 95% relative humidity. The humidity was controlled by the
mixing of dry and wet air, at an airflow rate of 10 litres per minute.
Before each test, the PTFE specimens were kept in the humidity chamber
for 30 min to make sure that the water adsorption on the surfaces had
achieved a steady state [43]. All tests were performed at room tem-
perature (24 °C). A 10 N dead weight was applied on the pin which is
equivalent to a mean initial Hertzian contact pressure of 27 MPa. This
contact pressure was calculated using the short-term Young’s modulus
of PTFE, which is 587 MPa [44]. Note that the Hertzian pressure
exceeded the tensile strength of PTFE, meaning the contact is plastic.
The initial contact diameter, 2a was 0.72 mm. This was obtained by
pressing a PTFE ball against a transparent glass disc with a 10 N load and
capturing contact using a microscope. The contact image is shown in
Fig. S4. in Supplementary Data. The sliding speed was 60 rpm or
0.0628 m/s. The sampling rate was 720 Hz and the diameter of the wear
track was 20 mm. This resulted in an SMA with a sampling interval of
87.3 um. Each test lasted 2000 rotations or 125.7 m and at the end of the
experiments, the diameter of the resulting wear scar of the pin ranged
between approximately 1 mm and 2.6 mm. The friction force was
measured by a strain-gauge-based load cell whilst the specific wear rate
was calculated using the wear volume estimated by the diameter of the
wear scar on the pin, and then divided by the normal load and the sliding
distance. In addition, the vertical pin position was measured using an
eddy current gap sensor. An increase in pin position means that the pin is
raised, e.g., due to film build-up, whilst a decrease in pin position in-
dicates wear of the surfaces. Each experiment was performed three times
to check repeatability.

2.2. PI/AISI 52100 sliding

The experiment was conducted utilising a high temperature pin-on-
disc tribometer (THT, Anton Paar, Austria) and the contact mode was
unidirectional flat-on-flat sliding. The stationary pins were 4 mm
diameter cylinders made of graphite-filled PI and the rotating discs were
made of 50 mm diameter AISI 52100 bearing steel. PI specimens derived
from pyromellitic dianhydride (PMDA) and oxydianiline (ODA) with
15 wt% and 40 wt% graphite fillers were tested in the experiment.
Before the experiment, the PI pins were run-in using 2500 grit silicon
carbide sandpaper which was attached to a disc on the tribometer for
1000 rotations to ensure good alignment and conformity between the
contact surfaces. The pins were then wiped with isopropanol and new
steel discs were ultrasonically cleaned with toluene for 15 min, followed
by isopropanol for 5 min. The starting point of the motion was marked
on the discs so that comparisons can be made between the SMA and the
worn disc surface after the sliding. The arithmetic surface roughness, Ra
of the pins and discs were 0.46 um (after running in with sandpaper) and
0.12 um respectively. The experiments were performed in a heat-
controlled chamber at 100 °C, 300 °C, and 430 °C. During the experi-
ments, the surrounding temperature was 20 °C and the humidity was
ranging from 23% to 55%. The humidity variation is negligible for tests
conducted at elevated temperatures. A 10 N dead weight was applied on
the pin which is equivalent to a mean contact pressure of 0.8 MPa. The
sliding speed was 120 rpm or 0.251 m/s. The sampling rate was 360 Hz
and the diameter of the wear track was 40 mm. This resulted in an SMA
with a sampling interval of 697 um. Each test lasted 10,000 rotations or
1257 m. The friction force was measured using an LVDT-based flexural
element whilst the specific wear rate was obtained using the wear vol-
ume calculated from the vertical pin position, which was measured
using a rotary variable differential transformer (RVDT) sensor. The wear
volume was divided by the normal load and the sliding distance to
obtain the specific wear rate. An increase in pin position means that the
pin is raised, e.g., due to film build-ups, whilst a decrease in pin position
may indicate wear of the surfaces. Each test condition was performed
three times to check the repeatability of the experiment.
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Fig. 2. (a) Graph of average specific wear rate of the PTFE pin against average
coefficient of friction for PTFE/AISI 304 sliding at different levels of relative
humidity and (b) examples of the typical real-time specific wear rate and real-
time coefficient of friction against number of rotations for severe (at 5% relative
humidity) and mild (at 50% relative humidity) PTFE/AISI 304 sliding cases.
Note that the discontinuity in the real-time specific wear rate for the mild wear
case is due to the negative wear rate, implying the build-up of materials, which
cannot be presented in a log scale graph.

3. Results and Discussion
3.1. PTFE/AISI 304 sliding

Fig. 2(a) shows the average specific wear rate of the PTFE pin and the
average coefficient of friction for PTFE/AISI 304 sliding at different
levels of humidity. It is difficult to study the effects of humidity on this
tribology system as the results show poor repeatability, particularly for
the average specific wear rate at 50% and 95% relative humidity, with
values ranging from 0.12 x 1077 to 3.59 x 1077 mm?/N, which is a
significant 30-time difference. The experiments that lead to a high wear
rate or severe wear results are obtained on the specimens that exhibit
high friction (data in the red region), whilst the low wear rate or mild
wear results are characterised by low friction (data in the blue region).
Fig. 2(b) shows the typical real-time specific wear rate and coefficient of
friction for the full sliding cycles for severe and mild PTFE/AISI 304
sliding cases, which are taken from tests performed at 5% and 50%
relative humidity respectively, to give a better picture of the friction and
wear evolution during sliding. The real-time specific wear rate was
calculated using the instantaneous wear volume, estimated by the
change in vertical pin position every 10 rotations, and then divided by
the normal load and the sliding distance in 10 rotations. Note that the
discontinuity in the real-time specific wear rate for the mild wear case in
Fig. 2(b) is due to the negative wear rate which cannot be presented in a
log scale graph. A negative wear rate implies the build-up of materials in
the contact which raises the pin during sliding.

It is found that all tests that lie in the same category, either severe
wear or mild wear, have similar worn surface features, regardless of
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Fig. 3. Micrographs of (a, b) PTFE pins and (c, d) AISI 304 discs with severe and mild wear. The dotted red squares represent five typical types of PTFE transfer
substances found on the disc wear tracks. Note that these micrographs were taken at different magnifications.

relative humidity. Therefore, hereafter, all results for severe and mild surfaces for both severe and mild wear cases were observed under an
wear cases that are presented, are obtained from a 5% and a 50% optical microscope and the captured micrographs are presented in
relative humidity test respectively. Fig. 3. Note that these micrographs were taken at different magnifica-
tions. The PTFE pin surface in the severe wear case (Fig. 3(a)) is much

3.1.1. Micrographs of worn surfaces ‘cleaner’ compared to the mildly worn pin (Fig. 3(b)). There are not
To understand what causes the variation, the worn pin and disc many foreign substances adhered to it. However, there is a large
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Fig. 4. (a) SEM image of a mildly worn PTFE pin surface and (b) the corresponding EDS analysis at region A and B. Region A is covered with a brown substance
consisting of iron and oxygen elements, whilst region B is an uncovered PTFE surface. Each error bar in the graph represents the standard deviation that is obtained
from measurements at three different locations on the worn pin surface.
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quantity of adhered substances on the steel disc surface for the severe
wear case (Fig. 3(c)), both in the wear track and outside of the wear
track. These are PTFE materials that transfer from the pin to the disc and
such transfer phenomena are commonly described in literature as a
contributor to the self-lubrication of PTFE but the trade-off is the high
wear rate [2]. The PTFE transfers manifest in various shapes and forms
in this experiment. Based on the quantity, thickness, and width char-
acterised by a laser scanning confocal microscope (refer to Fig. S5 in
Supplementary Data), the authors categorise theseD transfer substances
into three types as shown by the numbered labels in Fig. 3(c):

1. Thin transfer films: large total coverage, height < 0.1 um, and ori-
ented along the sliding direction;

2. Small transfer lumps: large quantity, height ~ 1 ym, and diameter
~ 200 um; and

3. Large transfer lumps: small quantity, height > 1 ym, and diameter
~ 600 pm.

For mild wear, the disc surface (Fig. 3(d)) is much ‘cleaner’
compared to the severely worn disc (Fig. 3(c)) with only a small number
of PTFE transfers on it. These transfer substances can be categorised into
two types as shown by the numbered labels in Fig. 3(d):

4. Thin transfer films: small total coverage, height < 0.1 pm, and ori-
ented along the sliding direction; and

5. Tiny transfer lumps: large quantity, height between 0.1 um and
1 ym, and diameter ~ 30 pm.

Tribology International 171 (2022) 107533

Fig. 6. Full rotation wear track of a severely
worn disc and the corresponding coefficient of
friction (CoF) for the last sliding cycle. The red
dotted straight lines show that the positions
where a significant reduction in CoF is found
match well with the positions where significant
PTFE transfer lumps are present at the centre of
the wear track. The green dotted straight lines
show that there is no significant decrease in CoF
at positions where PTFE transfer lumps are
present near the boundary of the wear track.
The red dotted circles represent the size of a pin
contact area.

The pin surface in the mild wear case (Fig. 3(b)) is covered with a dense
brown substance. Fig. 4(a) and (b) show the scanning electron microscope
(SEM) image and the energy-dispersive X-ray spectroscopy (EDS) analysis
of the mildly worn PTFE pin surface respectively. The brown substance, as
indicated by region A, consists of iron and oxygen elements. This suggests
that they are materials that transfer from the steel disc to the pin. According
to literature, the formation of this brown substance is attributed to the
tribo-chemical reaction between steel and rubbed PTFE which becomes
chemically active due to chain scission [45-49]. Wang et al. suggested that
these substances are iron(III) oxides or Fe;O3 [50], whilst Campbell et al.
proposed that they are chelated iron perfluorocarboxylates [49]. This
iron-oxygen layer, which is marked as region A in Fig. 4(a), appears to be
discontinuous and separated by cracks. The cracks are probably caused by
the residual stress acting on the layer following stress relaxation of the
PTFE substrate after sliding, which suggests a brittle nature of the layer.
There are also patchy regions that are not covered with the iron-oxygen
compounds, marked as region B. These uncovered regions may be caused
by the delamination of the iron-oxygen layer from the PTFE surface. An
AISI 304 stainless steel disc consists of 18 wt% chromium. The fact that no
chromium is found on the pin surface as shown in Fig. 4(b) suggests that
there is probably no tribo-chemical reaction between PTFE and chromium.

3.1.2. Spatiotemporal maps

Fig. 5(a) and (d) show the SMAs of the coefficient of friction for both
severe and mild PTFE/AISI 304 sliding cases respectively, whilst Fig. 5
(b), (c), (e), and (f) are the zoomed-in SMAs for Fig. 5(a) and (d) at the
initial and final stages of sliding. In these images, a brighter colour in-
dicates a higher coefficient of friction. The evolution of the contact
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diameter due to wear during both severe and mild wear cases are pre-
sented as the blue lines in Fig. 5(a) and (d). The initial contact diameter
is 0.72 mm for both cases. The contact diameter during sliding was
calculated using the measured real-time vertical pin position and the
geometry of a spherical cap. For severe wear, the calculated contact
diameter at the last rotation is 2.46 mm, whilst the measured diameter
of the pin wear scar is 2.43 mm. For mild wear, the calculated contact
diameter at the last rotation is 0.99 mm, whilst the measured diameter
of the pin wear scar is 1.07 mm. There is high agreement between the
calculated contact diameter at the last rotation and the measured
diameter of the pin wear scar for both cases suggests that the calculated
real-time contact diameters are accurate.

In general, the SMA for severe wear (Fig. 5(a)) shows higher friction
than mild wear (Fig. 5(d)) and a complex pattern with rapid friction
fluctuations can be observed. Zooming in to the initial 250 rotations
(Fig. 5(c)), these friction fluctuations reveal as diagonal lines with lower
friction and the slope of these lines decreases with time. In the final 250
rotations (Fig. 5(b)), these diagonal lines continue, and additionally, a
new diagonal line variant is found. These lines are thicker, have a higher
slope, and are present in a smaller quantity. For mild wear (Fig. 5(d)),
the friction is lower compared to severe wear and alternating horizontal
intervals of reduced and elevated friction are observed. Zooming in to
the initial 250 rotations (Fig. 5(f)), diagonal lines with lower friction are
also found but these lines fade with time. In the final 250 rotations
(Fig. 5(e)), these diagonal lines have disappeared.

3.1.3. Severe wear

The ‘clean’ severely worn PTFE pin surface, which does not have
significant traces of iron-oxygen compounds, (Fig. 3(a)) in combination
with a disc covered with PTFE substances (Fig. 3(c)) indicates the
transfer of materials from the pin to the disc during severe wear. It is
inferred that these PTFE transfer substances cause the diagonal lines
with reduced friction on the SMA as shown in Fig. 5(a — c). Fig. 6 shows
the full rotation wear track of a severely worn disc and the corre-
sponding coefficient of friction for the last sliding cycle. The positions
where a significant reduction in friction is found match well with the
positions where significant PTFE transfer lumps are present as shown by
the red dotted straight lines. These transfer lumps are mainly located at
the centre of the wear track. There is no significant decrease in friction at
positions where transfer lumps are located closer to the boundary of the
wear track as shown by the green dotted straight lines. This confirms
that the diagonal lines with low friction are formed when the pin slides
across the PTFE transfer lumps that are located at the centre of the wear
track. When this occurs, the contact interaction is mainly between PTFE
and PTFE, resulting in reduced friction. The fact that these lines are
diagonal suggests that the transfer lumps are moved gradually by the pin
along the wear track of the disc in each repeated sliding cycle (refer to
Fig. S3 in Supplementary Data). This phenomenon of the gradual
displacement of transfer lumps was also reported by Ye et al. during the
sliding of PTFE against smooth stainless steel surfaces [51].

The SMA suggests the gradual displacement of the transfer lumps on the
disc but the displacement mechanism, e.g., whether the transfer lumps slide
or roll on the surfaces, remains unclear. Fig. 7(a) hypothesises the resis-
tance energy experienced by a transfer lump at the contact interface during
sliding. In order for the transfer lump to roll, it would need to overcome
both the deformation energy, Egr and the adhesion energy, Eqdn. Eqef is the
energy required to plastically deform the transfer lump, which is a function
of the yield strength, ¢ and the average eccentricity, e of the transfer lump,
whilst Eggp is the energy required to overcome the adhesion between the
transfer lump and the disc, which is a function of the adhesion or sticking
strength, s between the two surfaces. The average eccentricity, e is defined
as how much a body deviates from a perfect round, which adds rolling
resistance to the body to overcome plastic deformation. In order for the
transfer lump to slide, it would need to overcome the interfacial energy,
Ejni, which is the energy required to overcome the interfacial shear between
the transfer lump and the pin, which is a function of the shear strength, ¢

Tribology International 171 (2022) 107533

between the two surfaces.

If the rolling resistance (Egef -+ Eqqp) is smaller than the sliding resistance
(Eqnp), the transfer lump would experience pure rolling (Fig. 7(b)) and the
displacement of the lump on the disc should be equal to the contact
diameter, 2a. If the rolling resistance is much greater than the sliding
resistance, the transfer lump would experience pure sliding (Fig. 7(d)) and
there should be zero displacement between the lump and the disc. If the
rolling resistance is equal to or slightly greater than the sliding resistance,
the transfer lump would experience both rolling and sliding (Fig. 7(c)) and
its travel distance on the disc should be between zero and 2a. The distance
travelled by a transfer lump on the disc during sliding can be quantified
using the slope of the diagonal lines on an SMA. This slope represents the
number of rotations required by the pin to move a transfer lump on the disc
by one degree. In other words, the higher the slope of a diagonal line, the
shorter the distance the transfer lump is moved in one rotation, the lower
the ‘mobility’ of the transfer lump, the more dominant the sliding mech-
anism over the rolling mechanism.

During the early stages of sliding (Fig. 5(c)), the slope of the diagonal
lines is approximately 0.27 rotation/degree (or 0.65 mm/rotation) whilst
the contact diameter, 2a is approximately 0.72 mm (Fig. 5(a)). The slope
decreases with time to 0.16 rotation/degree (or 1.09 mm/rotation) at the
60th rotation. By this time, the contact diameter is approximately
1.10 mm. The fact that the distance travelled by the transfer lumps in one
rotation is close to the contact diameter suggests that the transfer lumps
experience mainly rolling during the first 60 rotations. The coefficient of
friction is almost constant during the first 60 rotations as shown in Fig. 2(b).
After the 60th rotation, it is interesting that the slope of the diagonal lines
remains at a similar level (Fig. 5(c)) although the contact diameter keeps
increasing (Fig. 5(a)). This indicates that the displacement mechanism
begins to shift from rolling dominant to more sliding and the coefficient of
friction starts to increase as shown in Fig. 2(b).

In the later stages of sliding (Fig. 5(b)), these diagonal lines on the SMA
continue and their slope remains similar at 0.16 rotation/degree (or
1.09 mm/rotation). An additional diagonal line variant develops with a
smaller quantity, a thicker line, and a higher slope, which ranges from
approximately 0.71 rotation/degree (or 0.25 mm/rotation) to infinity
rotation/degree (or 0 mm/rotation). Relating the positions of the two types
of diagonal lines on the SMA (Fig. 5(b)) to the transfer lumps found on the
disc wear track (Fig. 6), a thinner diagonal line with a lower slope corre-
sponds to a smaller transfer lump (e.g., the lump at 297° in Fig. 6), whilst a
thicker diagonal line with a higher slope correspond to a larger transfer
lump (e.g., the lump at 343° in Fig. 6) or a cluster of small transfer lumps in
the pin contact area (e.g., the lumps at 142° in Fig. 6). This indicates that
the larger the transfer lumps or the larger the total transfer lump coverage
in the contact area, the lower their mobility, and the more dominant the
sliding mechanism over the rolling mechanism.

The fact that a larger transfer lump results in a higher slope on the
SMA shows that the mobility of a transfer lump depends on its size.
However, what causes the size variation in the transfer lumps remains
unclear. It is found that the thick diagonal lines with high slopes, which
represent large transfer lumps, are only present at the later stages of
sliding (Fig. 5(b)), whilst the thin diagonal lines with low slopes, which
represent small transfer lumps, can already be observed during the early
stages of sliding (Fig. 5(c)). Based on this, it is hypothesised that most
transfer lumps are initially small and may grow by merging with other
small lumps during sliding. The initiation of a thicker diagonal line with
a higher slope at the intersection of two thinner diagonal lines with
lower slopes, as shown in Fig. 7(e) appears to support this hypothesis.
Evidence that substantiates this hypothesis is the clear boundaries
observed in the large transfer lump which is shown in label 3 in Fig. 3(c).

To sum up, severe wear is characterized by a large quantity of
transfer from the pin to the disc in the form of lumps. These lumps are
not stationary, but moved by the pin during repeated sliding, which
manifests as diagonal lines with reduced friction on the SMA as shown in
Fig. 5(a - ¢). The high mobility of the lumps enables some to be pushed
out of the wear track as shown in Fig. 3(c). With time, transfer lumps
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Fig. 8. Mild wear PTFE/AISI 304 sliding which ends in a low friction regime (a) has no noticeable accumulation of wear debris at the leading edge and has a more
uniform iron-oxygen layer on the pin surface (c) and less PTFE transfer on the disc surface (e). The same sliding which ends in a high friction regime (b) has a large
quantity of accumulated wear debris at the leading edge and has a less compact iron-oxygen layer at the inner wear scar on the pin surface (d) and more PTFE transfer
at the inner wear track on the disc surface (f). (g) illustrates the process of the accumulation of wear debris and the partial removal of iron-oxygenlayers on the pin.



K.K. Yap et al.

merge and form larger lumps that have lower mobility. Similar phe-
nomena were reported by Ye et al. during the sliding of PTFE against
smooth stainless steel surfaces [51]. It is hypothesised that if the sliding
tests were to run for a longer duration, more of these larger lumps will
form and eventually, a non-mobile and uniform protective film may
form on the disc surface, lowering the overall friction and wear.

3.1.4. Mild wear

Mild wear (Fig. 5(d)) correlates to lower friction than severe wear
(Fig. 5(a)). For mild wear, the pin is covered with iron-oxygen compounds
(Fig. 3(b)), whilst the disc surface does not show significant traces of PTFE
transfer (Fig. 3(d)). This indicates that the main contact interaction is iron-
oxygen compound/steel. Similar to severe wear, the SMA shows diagonal
lines with low friction during the early stages of sliding (Fig. 5(f)), implying
the presence and gradual displacement of transfer lumps on the disc. This is
accompanied by a high wear rate (10~ mm?/N), which is of the same
order as the severe wear case, as shown in Fig. 2(b). This suggests that the
sliding which results in overall mild wear commences as severe wear. These
diagonal lines fade quickly with time and disappear in the later stages of
sliding (Fig. 5(c)). This phenomenon is accompanied by a rapid drop of the
real-time specific wear rate by two orders of magnitude to 10~° mm?/N, as
shown in Fig. 2(b), indicating a transition to mild wear. The severe-to-mild
wear transition is due to the transfer of iron from the disc to the pin which
forms a protective layer (Fig. 3(b)) that prevents further transfer of PTFE
from the pin to the disc. This is supported by the fact that the disc surface
(Fig. 3(d)) does not show any clear traces of PTFE transfer. This implies that
the formation of the iron-oxygen protective layer has to occur in the early
stages of sliding as otherwise the disc will be covered with a large of
quantity of transfer lumps already.

The slopes of the diagonal lines start at approximately 0.16 rotation/
degree (or 1.09 mm/rotation) and remain similar during the early stages of
sliding as shown in Fig. 5(f). Similar to the severe wear case, the distance
travelled by the transfer lumps is limited to 1.09 mm/rotation. The reason
for this is unclear but it is believed to be related to the balance between
Eqdns Edey and Epp of the system. The calculated contact diameter changes
from 0.72 mm to 0.99 mm throughout the sliding as shown by the blue line
in Fig. 5(d). This indicates that the distance travelled by the transfer lumps
is always greater than the calculated contact diameter during the sliding.
This suggests that the actual contact diameter may be larger than the
calculated contact diameter during mild wear. This may be due to the
accumulation of wear debris which is sometimes found at the leading edge
of a mildly worn pin as shown in Fig. 8(d). Another hypothesis is that the
transfer lumps have already been pushed ahead by the pin at the leading
edge of the contact before they even enter the contact.

Zooming out to the SMA for the entire test as shown in Fig. 5(d),
alternating horizontal intervals of reduced and elevated friction are
observed. This horizontal feature indicates a change in tribological
phenomena on the pin (refer to Fig. S2 in Supplementary Data). Fig. 8
shows the SMAs for mild wear, with Fig. 8(a) representing a test ended
in a low friction regime whilst Fig. 8(b) representing a test ended in a
high friction regime. The corresponding pin surface micrographs are
shown in Fig. 8(c) and (d), whilst the disc surface micrographs are
shown in Fig. 8(e) and (f) respectively. Experiments ending in a low
friction regime have no noticeable accumulation of wear debris at the
leading edge and have a uniform iron-oxygen layer on the pin surface
(Fig. 8(c)), whilst experiments ending in a high friction regime show a
large quantity of accumulated wear debris at the leading edge and a less
uniform iron-oxygen layer on the pin surface (Fig. 8(d)). This suggests
that the alternating horizontal intervals of low and high friction
observed on the SMA are the result of:

1. The constant removal and build-up of wear debris at the leading edge
of the pin contact; and/or

2. The partial build-up and removal of iron-oxygen layers on the pin
surface.
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Fig. 9. Graph of average specific wear rate against coefficient of friction for
PTFE/AISI 304 sliding at different levels of relative humidity when the discs
had been heated for 60 min at 100 °C prior to the experiment.

This is illustrated in a schematic shown in Fig. 8(g). The increase in
friction may be due to the accumulation of wear debris at the leading
edge of the pin contact which increases the real contact area and sub-
sequently the adhesive force. It may also be due to the partial removal of
the iron-oxygen layer on the pin surface. The fact that a less compact
iron-oxygen layer is found at the inner wear scar on the pin surface
(Fig. 8(d)), whilst more PTFE transfer is found at the inner wear track on
the disc surface (Fig. 8(f)) indicates local severe wear in the sliding
contact which leads to higher friction.

3.1.5. Severe-to-mild wear transition

The discussion so far has only focused on what happens during severe
and mild wear cases but it is still unclear what causes the poor repeat-
ability of experiments performed at identical conditions as shown in
Fig. 2(a). In Fig. 3(a), minor traces of iron-oxygen compound can be
distinguished on the severely worn pin, possibly indicating that iron is
transferred onto the pin surface but fail to develop into an effective
protective layer. It is therefore important to investigate the mechanisms
involved in the formation of a stable iron-oxygen layer, which is
responsible for the severe-to-mild wear transition.

Two competing transfer mechanisms have been observed in these
experiments, namely the transfer of PTFE from the pin to the disc,
leading to severe wear and the transfer of iron from the disc to the pin,
leading to mild wear. The diagonal lines in Fig. 5(c) and (f) indicate that
the transfer of PTFE from the pin to the disc commences in the first 10
rotations. This means that to prevent severe wear, the iron-oxygen layer
needs to develop on the pin surface within the first 10 rotations. These
iron-oxygen compounds can be released from the existing oxide layer on
the stainless steel surface, which consists of chromium oxide and iron
oxide, or alternatively from a tribo-chemical reaction between the
stainless steel and the PTFE [49,50].

The tribo-chemical reaction could be a continuous source of iron-
oxygen compounds to maintain the protective layer on the pin. How-
ever, the transfer of PTFE to the stainless steel disc usually takes place
prior to this tribo-chemical reaction [52,53]. It takes time for the
shearing of PTFE to cause sufficient chain scission to enable the
tribo-chemical reaction. Additionally, the existing chromium oxide layer
on the stainless steel disc may need to be removed to expose iron for the
tribo-chemical reaction. Therefore, it is hypothesised that the existing
oxide layer on the stainless steel disc is important in delaying and
reducing the transfer of PTFE to the stainless steel disc during the very
early stages of sliding before tribo-chemical reaction takes place and
initiates a continuous supply of iron-oxygen compounds. This also sug-
gests that the poor repeatability of the experiments could be due to
variations in the existing oxides that are present on the disc surface.

To verify this, a further experiment was conducted in which addi-
tional oxides were introduced to the disc surface by heating disc samples
to 100 °C for 60 min prior to performing sliding tests. EDS analysis
showed a 30% increase of oxygen on the surface as compared to the discs
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used in the previous experiment. Fig. 9 shows the average specific wear
rate plotted against the coefficient of friction at different levels of hu-
midity. Much better consistency of friction and wear results was ob-
tained. Mild wear is observed at 50% and 95% humidity, whilst severe
wear is observed at 5% humidity. This experiment suggests that a larger
amount of existing oxide on the disc helps maintain a stable iron-oxygen
protective layer and promotes severe-to-mild wear transition for tests
performed at 50% and 95% humidity. Additionally, it suggests that
water, either as vapour in the air or as an adsorbed layer on the surface,
is required for the formation and the maintaining of iron-oxygen pro-
tective layer on the pin. According to Campbell et al., water moisture in
air is required for the carboxylation of PTFE before being able to form
iron-chelates which make up the protective layers [49].

3.2. PI/AISI 52100 sliding

Fig. 10(a) and (b) show the coefficient of friction and the average
specific wear rate for graphite-filled PI/AISI 52100 sliding at different
surface temperatures. In general, the friction of the 40 wt% graphite-filled
PI (green triangle markers) is lower than that of the 15 wt% graphite-filled
PI (orange square markers). The higher graphite content reduces the
overall shear strength of the polymer composite [54], resulting in lower
friction according to the Bowden-Tabor model [3,4]. The toughness of the
PI composite, defined as the product of tensile strength and elongation at
break [54], also reduces which, according to the Ratner-Lancaster model,
makes the material more prone to abrasion and brittle fracture, which
should result in an increased wear rate [55,56]. However, the measured
wear rate of the 40 wt% graphite-filled PI was no higher than that of the
15 wt% graphite-filled PI. This suggests that the main mechanism involved
in the wear process is dominated by interfacial aspects such as adhesion,
rather than bulk material aspects. The observed trends of friction and wear
for both types of PI are similar. At 100 °C, friction is high whilst wear is
low; at 300 °C, friction decreases sharply whilst wear increases slightly; and
at 430 °C, friction is high again whilst wear increases sharply. In literature,
these variations are mainly due to the change in the thermo-chemistry of
the PI matrix that alters the mobility of the polymer chains. These pro-
cesses, namely hydrolysis at 100 °C, imidisation at 300 °C, and oxidative
degradation at 430 °C have been discussed extensively by other researchers
[54,57-60].
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3.2.1. Misalignment of disc

Fig. 11 shows the SMAs of the coefficient of friction for graphite-
filled PI/AISI 52100 sliding. Note that the 32 Hz vertical friction fluc-
tuation, which has around 16 waves per rotation, is associated with the
signal noise of the tribometer and should be ignored. In general, the
SMAs show a 2 Hz vertical friction fluctuation, which has one wave per
rotation. Low friction is observed from a position of 100° to 280° on the
SMAs, whilst high friction is observed from 280° to 100°. This fluctua-
tion is more significant as temperature increases. Since these friction
variations manifest as vertical features on the SMAs, it suggests that
events occur on the disc (refer to Fig. S1 in Supplementary Data). Fig. 12
(a) and (b) show the micrographs of the worn disc for 15 wt% graphite-
filled PI/AISI 52100 sliding at 430 °C. Fig. 12(a) was taken at 80° on the
wear track whilst Fig. 12(b) was taken at 215°. These correspond to the
positions where elevated and reduced friction are found on the SMA
(Fig. 12(c)) respectively. Before sliding, the AISI 52100 disc oxidises
heavily at 430 °C and the surface is covered with a thick brown oxide
layer. After sliding, it is found that the position with elevated friction has
much less oxide on the disc surface compared to the position with
reduced friction, which suggests that the elevated friction is due to oxide
removal during sliding. The green sinusoidal line in Fig. 12(c) represents
the measured average vertical pin position against the position on the
disc. The fact that the pin position manifests as a single-cycle sinusoidal
wave shows that the disc is misaligned, with the highest point found at
100° and the lowest point found at 280°. Elevated friction observed from
280° to 100° corresponds to the moment when the pin is going up the
slope, whilst reduced friction observed from 100-280° corresponds to
the moment when the pin is going down the slope. Friction is higher
when the pin is going up the slope as more resistance is experienced by
the pin due to the applied load and the ‘cutting’ angle, 6, as illustrated in
Fig. 12(d) and (e).

Fig. 12(f) shows the graph of the difference in vertical pin position
against temperature for graphite-filled PI/AISI 52100 sliding. The dif-
ference in pin position is the height difference between the highest and
the lowest point on the disc, which represents how much the disc is
misaligned. The misalignment increases as temperature increases, which
explains why the friction variation becomes more obvious at higher
temperatures. The increase in misalignment may be due to the bending
of the spindle that drives the disc due to the differential thermal
expansion, which is caused by uneven heating. A slight misalignment of
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Fig. 10. Graphs of (a) coefficient of friction and (b) average specific wear rate for graphite-filled PI/AISI 52100 sliding against surface temperature. The standard

deviation is plotted as the error bars in the graphs.
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the disc is usually not a problem for a ball-on-disc sliding test at room
temperature. However, when it comes to flat-on-flat sliding, high
parallelism between the pin and the disc surfaces is required as even
slight misalignment can lead to pressure concentration at the edge of the
pin, leading to undesired local changes in tribological behaviours on the
pin and/or the disc. This is even more so when the test is to be conducted
at elevated temperatures, which could potentially amplify the
misalignment. Without the SMA, such local events will often be over-
looked and may eventually lead to the misinterpretation of the overall
tribological phenomena.

3.2.2. Back-transfer film formation

The top-left image in Fig. 11, showing the friction SMA for PI with
15 wt% graphite at 100 °C, shows alternating horizontal intervals of
reduced and elevated friction. The observed reduction of friction is
approximately 15 — 20%. In Fig. 13(a), this SMA is shown next to the
vertical pin position SMA (Fig. 13(b)). It can be seen that reduced fric-
tion corresponds to the pin being raised approximately 0.3 um. It is
hypothesised that these horizontal features indicate that substances
adhere to the pin surface (refer to Fig. S2 in Supplementary Data).
Fig. 13(c) shows the micrograph and (d) shows the height profile of the
worn pin surface measured post-test. A film is observed on the pin sur-
face (Fig. 13(c)) and the thickness of the film is approximately 0.3 um
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according to the bimodal height distribution (Fig. 13(d)). This film
thickness agrees with how much the pin position is raised on the SMA.
An EDS analysis of the surface indicates that the film is mainly made of
carbon, nitrogen, and oxygen, whilst no significant iron is found. This
indicates that the film is composed of PI which was once detached from
the pin and has reattached, as schematically illustrated in Fig. 13(e).
Similar film is also found in other polymers, e.g., PTFE [61], and such
film is known as a back-transfer film, a secondary transfer film, or a
running film. In an interrupted sliding test, it was shown that significant
back-transfer films develop on the pin surface when friction is low,
whilst no significant back-transfer film is found when friction is high
(refer to Fig. S6 in Supplementary Data). This further confirms the
lubricating effect of the back-transfer films. The alternating horizontal
intervals of reduced and elevated friction found on the SMA suggests
that the back-transfer film is constantly formed and removed during
sliding, indicating its poor adhesion to the pin surface. The fact that the
back-transfer film is only found for 15 wt% graphite at 100 °C suggests
that low filler content and low temperature play a role in its formation.

3.3. Practical considerations in SMA analysis

Fig. 14 summarises several discussed manifestations in the SMA and
their interpretation. These figures illustrate that spatiotemporal
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Fig. 11. SMAs of the coefficient of friction for graphite-filled PI/AISI 52100 sliding. Note that the 32 Hz vertical friction fluctuation, which has around 16 waves per
rotation, is associated with the signal noise of the tribometer and should be ignored.
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Fig. 15. Illustration of (a) how the thickness of a line on an SMA, T can be
related to the width of a transfer lump, w and (b) how two closely separated
transfer lumps can be misinterpreted as one larger lump on an SMA when the
gap between two transfer lumps, g is smaller than the contact diameter, 2a.

mapping can provide detailed information on the dynamics of transfer
substances in polymer/metal sliding, which would be overlooked when
using conventional tribometry techniques. However, it is important to
understand the specifications and limitations of the SMA analysis. An
important aspect to consider is the spatial resolution, which is the
smallest feature that can be resolved accurately by the sensors on a
tribometer and which depends on the sampling interval and the contact
diameter.

The sampling interval of an SMA is the distance between two ac-
quired samples on the disc. It needs to be at least smaller than the feature
of interest in order for the sensors to pick up its signals and to manifest
on an SMA. The contact diameter between the pin and the disc decides
how accurate and how distinct or sharp the manifested feature is on the
SMA. If a transfer lump with a width w is moved over a distance d by the
pin with a contact diameter of 2a, a line with a thickness of T = 2a + w
+ d will be displayed on the SMA as shown in Fig. 15(a). This means that
a manifested feature on the SMA will appear blurred and larger than it
actually is. Since the distance travelled by a transfer lump, d is a variable
that depends on the tribological conditions in the contact, the only way
to minimise ‘blurriness’ (or the deviation between T and w) is by
reducing the contact diameter, 2a. A large contact diameter will not only
cause blurriness but could also mask important features on the disc,
leading to misinterpretation of results, for instance by incorrectly
interpreting two lumps on the surface as one, which would occur if the
gap between the two lumps, g is smaller than 2a (Fig. 15(b)). In a typical
ball-on-flat contact, the contact diameter increases with time as wear
progresses. This means that the spatial resolution will deteriorate with
time during a sliding test. Any quantitative analysis on an SMA should be
performed with these considerations in mind.

4. Conclusions

Spatiotemporal mapping provides insight to tribological events
happening locally in the space and time domains. Together with post-
hoc surface characterisation techniques, spatiotemporal mapping can
be a powerful tool to better understand the transfer mechanisms in
polymer/metal contacts. Two tribological systems were explored in this
study. In a PTFE/stainless steel system, spatiotemporal mapping helps
clarify how the competition between the transfer of PTFE to the disc and
the transfer of iron to the pin governs the severe-to-mild wear transition
of PTFE and how the amount of existing oxide on the disc and humidity
can promote the transition. It also helps establish a hypothesis for the
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slide-roll mechanism of PTFE transfer lumps on the disc during severe
wear. In a PI/bearing steel system, spatiotemporal mapping helps spot
the formation of back-transfer films on the pin which could potentially
reduce friction significantly. Additionally, spatiotemporal mapping is
found useful in detecting abnormal tribological behaviour, such as the
local removal of the oxide layer due to the misalignment of the disc at
elevated temperatures. Many of these phenomena would otherwise be
overlooked without spatiotemporal mapping.
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