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Abstract: Polybenzimidazole (PBI) is a high performance polymer that can potentially replace metal components 9 

in some high temperature conditions where lubrication is challenging or impossible.  Yet most characterisations 10 

so far have been conducted at relatively low temperatures.  In this work, the tribological properties of PBI were 11 

examined with a steel ball-PBI disc contact at 280C under high load and high sliding speed conditions. The dry 12 

friction coefficient is relatively low and decreases modestly with increasing applied load.  Surface analysis shows 13 

that PBI transfer layers are responsible for the low friction observed.  In-situ contact temperature measurements 14 

were performed to provide for the first time direct links between the morphology and distribution of the transfer 15 

layer, and the temperature distribution in the contact.  The results show that high pressure and high 16 

temperature in heavily loaded contacts promote the removal and the subsequent regeneration of a transfer 17 

layer, resulting in a very thin transfer layer on the steel counterface.  FeOOH is formed in the contact at high 18 

loads, instead of Fe2O3.  This may affect the adhesion between PBI and the counterface and thus influence the 19 

transfer layer formation process.  To control PBI wear, contact temperature management will be crucial. 20 
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 22 

1. Introduction 23 

High performance polymers (HPPs) and their composites are light weight, chemically resistant, thermally stable 24 

and self-lubricating, making them good candidates for tribological applications under extreme conditions.  These 25 

properties allow components made of HPPs to be used in dry sliding conditions where lubrication is not feasible 26 

or difficult to be applied.  The main limitation of these polymers is the inability to dissipate frictional heat, leading 27 

to early component failures.  For HPPs such as polyamide-imide (PAI) and polyimide (PI), an increase in the 28 

contact temperature above 250oC induces thermal softening and a loss of mechanical strength.  29 

Polybenzimidazole (PBI) [1], on the other hand, has a glass transition of 427oC, which makes it a promising 30 

candidate for high temperature conditions.  It has recently regained potential for tribological applications due 31 

to a reduction in manufacturing cost.  32 

Apart from an increased glass transition temperature, PBI also has a higher hardness and modulus than other 33 

HPPs.  As a results, it has better scratch resistance against a stainless steel indenter at room temperature than 34 

polyetheretherketone (PEEK), PI and poly-para-phenylene (PPP) [2].  Under room conditions, PBI also exhibits 35 
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better tribological behaviour than PEEK and PAI when it is rubbed against a steel counter [3].  Sharma et al. [4] 36 

investigated the behaviour of PBI under a range of loads and temperatures (100 – 200oC) and found the 37 

coefficient of friction to be fairly independent of load until a limiting pressure-velocity (PV) value is reached, 38 

after which the coefficient of friction drops.  The PV value is the product of average contact pressure (P) and 39 

sliding speed (V) and is often used as a measure of the amount of frictional heat generated during rubbing [5-40 

8].   The observed drop in coefficient of friction after a PV limit is reached is attributed to frictional heating and 41 

the subsequent softening of the polymer at the rubbing interface. Note, the PV limit for PBI decreases as the 42 

temperature increases [4], highlighting that the PV limit is not a material property and can change depending 43 

on operating conditions.   44 

The effects of load on the friction and wear performance of polymers have widely been investigated [9-12], but 45 

results are highly dependent on the type of polymers and the applied load range.  Briscoe et al. [13-15] and 46 

Zhang et al. [16] showed that applied load affects the deformation mechanisms of polymers such as PEEK, 47 

polycarbonate (PC), polyethylene and poly(methyl methacrylate) (PMMA) in a contact.  At low loads, amorphous 48 

polymers such as PMMA, PC and polystyrene display viscoelastic behaviour, until the applied load reaches a 49 

critical load after which plastic deformation and fracture may occur.  In the case of PI and PAI, Yanming et al. 50 

and Unal et al. [13, 14] observed a decrease in coefficient of friction and wear rate with increasing load at room 51 

temperature.  The effect of bulk temperatures up to 300oC was investigated for PI [13, 15].  When the bulk 52 

temperature of PI reaches 200oC, a significant increase in wear rate and a reduction of the friction coefficient 53 

are observed.  Lancaster [16] observed that the wear rate for amorphous polymers is at its lowest just before 54 

the glass transition and then sharply increases.  The severe wear produced above a critical temperature is 55 

associated with adhesive wear at the interface [17].  Good adhesion of the polymer to the countersurface 56 

favours the formation of a transfer layer [18, 19].  However, it is not always an assurance of low wear of the 57 

polymer [18].  These results highlight that both load and temperature strongly impact on the tribological 58 

properties of polymers, which is likely due to their effects on the process of material transfer and the properties 59 

of the transferred material. 60 

The self-lubricating ability of polymers is frequently attributed to the formation of a so-called transfer layer when 61 

polymers are rubbed against steel countersurfaces [20].  However, the concept of a ‘transfer layer’ is ill-defined 62 

and is usually characterised in term of thickness, coverage and homogeneity.  An efficient transfer layer is 63 

commonly described as a “thin,” “uniform,” and “stable” layer of material that has been transferred from one 64 

surface to another by adhesive wear [21].  Transfer layer formation is often related to thermal softening of the 65 

polymer and polymer molecular structure (alignment) [22].  The connection between the occurrence of a 66 

transfer layer and wear of the polymer in a polymer-steel system has been widely studied [18, 23-26].  However, 67 

no generic model exists that can be used to accurately predict wear [27, 28].  Indeed it is difficult to establish 68 

relationships between transfer layer properties and wear rate as both are highly dependent on polymer 69 

structure, surface roughness, interactions between rubbing surfaces, and test conditions.   70 

High performance polymers such as PEEK [26, 29], PI [13] and polyamide (PA) [23] have rigid backbones and 71 

form 'lumpy', uneven transfer layers on the countersurface.  Laux and Schwartz [26] showed that the PEEK 72 
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transfer layer coverage on steel and PEEK wear volume increase with contact pressure.  However, no correlation 73 

was observed between the thickness of the transfer layer and the volume of wear of the polymer.  For PI, the 74 

amount of polymer transfer increases with either normal loads or bulk temperatures of the material [28, 30-32].  75 

In addition, the morphology of the transfer layer is temperature dependent.  At 25°C, the transfer layer 76 

generated by PI is coarse and patchy whilst above 100°C it is thin and drawn out, leading to a decrease in wear 77 

rate.  Transfer layer formation is also dependent on the frictional heat generated; in-situ thermography 78 

techniques [33-35] have been used to examine the temperature distribution within tribological contacts and to 79 

correlate it to the transfer layer morphology and thickness. 80 

The maximum functional working temperature of HPPs depends on their glass transition temperatures, 𝑇𝑔.  For 81 

example, PAI, which has a 𝑇𝑔 = 280 oC, shows good performance at temperatures up to 250oC.  PBI, having a 𝑇𝑔 82 

of 427°C, has shown promising performance at high pressures under non-lubricated conditions at a similar 83 

temperature range [3]. However, so far no work has been conducted to verify the performance of PBI at higher 84 

temperatures.  The objective of this study is to understand the effect of load on the tribological behaviour of PBI 85 

at high temperatures. PBI specimens were tested at temperature of 280°C and contact pressures up to 56 MPa.  86 

Due to the potential impact of transferred materials on friction and wear of polymers [21, 36], we aim to provide 87 

insights on how applied load influences the materials transfer process.  It is hypothesized that severe conditions 88 

as well as elevated temperatures should promote the formation of a polymeric transfer layer on steel 89 

counterface [24, 31].  The tribological properties of the PBI-steel system were investigated by characterising the 90 

wear behaviour of the polymer as well as the formation of the transfer layer onto the countersurface.  In-situ IR 91 

thermography of PBI-sapphire contacts was used to estimate frictional heat generated during rubbing.  The 92 

temperature distribution inside the contact was related to transfer layer development.   93 

2. Materials and Method 94 

2.1. Materials 95 

PBI specimens in the form of discs and balls (provided by Hoerbiger America Inc.) were made by compression 96 

moulding using Celazole U-60 (PBI Performance Products, Inc.).  The PBI discs have a diameter of 46 mm and a 97 

thickness of 5 mm with an average roughness 𝑅𝑎 of 1.41 ± 0.43 μm, while the PBI balls, with diameter of 6 mm 98 

have a roughness of about 1.6 μm.  AISI 52100 bearing steel balls of 6 mm diameter and a surface roughness 𝑅𝑎 99 

below 10 nm were supplied by PCS instruments.  The mechanical and thermal properties of PBI and steel are 100 

listed in Table 1.  PBI discs and balls were wiped with isopropanol and dried in an oven at 150°C for at least 2 101 

days [37].  Steel balls were cleaned using toluene in a sonication bath for fifteen minutes followed by sonication 102 

in isopropanol (IPA) for another five minutes and were dried using a dry cloth.  103 

Bare sapphire discs and aluminium coated sapphire discs were used for the contact temperature measurements.  104 

Sapphire discs were cleaned using isopropanol and sonicated for 15 min.  Aluminium coated sapphire discs were 105 

wiped with isopropanol. 106 
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Table 1: Material properties of ball and disc samples 107  
Glass 
transition 
temperature 
Tg (oC) 

Thermal 
conductivity 
(W/mK) 

Heat 
deflection 
temperature 
(oC) 

Compressive 
yield strength 
(MPa) 

Young’s 
modulus at 
20oC (GPa) 

Roughness 
(µm) 

PBI U-60 427* 0.3* 435* 370* at 20oC 5.9* Ball: 1.6 

120* at 280oC Disc: 1.41 ± 
0.43 50* at 375oC 

Steel 
52100 

N/A 46 N/A 2500 200 0.01 

Sapphire N/A 24 N/A 2068 380 < 0.01 

Aluminium 
coating 

N/A 205 N/A N/A 73 0.006 ± 
0.0002 

* Data from PBI Performance Products 108 

2.2. Tribological characterisations 109 

Friction measurements were conducted using a High Temperature Tribometer (Anton Paar TriTec, Switzerland).  110 

A sphere-on-flat geometry was used where a stationary ball was loaded against a rotating disc using a dead 111 

weight.  Frictional force was obtained by the amount of deflection of a flexure arm attached to the ball measured 112 

by a displacement transducer.  A heating element located around the disc heated the sample to the pre-set 113 

temperature.  The test chamber was thermally insulated to minimise temperature fluctuations and heat losses.  114 

The surface temperature of the disc was 280°C as monitored by thermocouples located below and above the 115 

disc.  In this study, rotating PBI discs were rubbed against stationary steel balls under dry sliding conditions, i.e. 116 

no lubricant was used.  The applied normal loads ranged from 3 to 12 N and the sliding speed was fixed at 2 m·s-117 

1.  While the usefulness of PV values may be questioned, and PV values are ill-defined for a sphere-on-flat 118 

geometry used in our tests, it was calculated based on the initial average pressure and ranged between 75 and 119 

119 MPams-1.  As rubbing progressed, a steady state was reached where the coefficient of friction plateaued.  120 

The steady state PV values (40 – 80 MPams-1) was lower than the initial PV values as contact area increased 121 

due to wear of the disc and the ball.  Note that these values exceed the PV values commonly studied, which 122 

typically are about 3 – 7 MPams-1 [4].  This means that in this work, the PBI specimens were exposed to very 123 

severe operating conditions.  Each test lasted for a total of 30 minutes, or 3600 metres sliding distance.  The 124 

coefficient of friction changed during the initial running-in period and the duration of this running-in period 125 

varied among samples.  This is due to variations in surface finishes among different samples, but it has no effect 126 

on the steady state coefficient of friction.  After the initial running in period, the coefficient of friction stabilised 127 

when the steady state regime was reached.  The reported coefficients of friction in this work are those measured 128 

during this steady state and were similar among repeated experiments.  Friction tests were also conducted with 129 

PBI disc-PBI ball contacts and results compared to those obtained with PBI disc-steel ball contacts. 130 

The friction results presented are average values of at least three repeated experiments, and the error bars 131 

represent standard deviations of the collected steady state (average) friction coefficient values.  132 

2.3. Wear and Surface characterisations 133 
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During the friction tests, both PBI disc and steel ball were worn. The worn surfaces were observed with optical 134 

microscopy (Hirox RH-2000 with a MXB-2500REZ objective).  The topography of worn surfaces was also 135 

examined using white light interferometry (Wyko NT9300, Veeco Metrology, USA) with a height resolution of 136 

0.1 nm.  Wear tracks were formed on the PBI discs (see Figure 1(e) – 1(g)).  The wear volume of each PBI disc 137 

was estimated by measuring the cross-sectional area of the wear track (see Figure 1(b) – 1(d)) and multiplying it 138 

by its length.  The cross-sectional area of the wear track was measured at three locations on each wear track 139 

and averaged. 140 

 141 

Flattened regions (see Figure 1(h) – 1(j)), called wear scars, with a diameter of approximately a few hundreds 142 

m, developed on the steel balls where they rubbed against the PBI disc.  It was observed that the wear scar 143 

was covered by a thin polymeric layer (< 1 m) transferred from the PBI disc.  This transfer layer is seen in Figure 144 

1(h) – 1(j) as dark grey material.  The wear volume of each steel ball was obtained from the surface topographic 145 

image of the wear scar and its surroundings.  The raw images were background corrected with the nominal 146 

profiles (6 mm diameter) of the steel ball, as such the wear volume of the ball appears as a negative volume.  147 

The morphology of the transfer layer on the steel ball wear scars was obtained by flattening raw height images 148 

of wear scars with straight line background correction. 149 

Worn steel ball and PBI disc surfaces were also examined using the backscattered electron (BSE) mode of a 150 

scanning electron microscope (SEM) at 10 kV energy (Hitachi S-3400N, Hitachi High-Technologies, Japan).  The 151 

energy dispersive X-ray (EDX) mode of the SEM and X-ray Photoelectron Spectroscopy (XPS) (Thermo Scientific 152 

K-Alpha+ X-ray photoelectron spectrometer) were used to obtain chemical information of pristine PBI discs, 153 

cleaned steel balls and steel ball wear scars.  The depth resolutions of EDX and XPS are 1 m and 20 nm 154 

respectively.  For XPS, samples were mounted using conductive carbon tape and an Argon flood gun was used 155 

to avoid sample charging.  XPS spectra were recorded at an operating pressure of 2x10-9 mbar and at 20 eV pass 156 

Figure 1 (a) Pristine PBI disc profile; (b) – (d) PBI wear track profiles orthogonal to the rubbing direction; The SEM 
micrographs of (e) – (g) wear tracks on PBI discs and (h) – (j) wear scars on steel balls using a BSE detector at various loads. 
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energy for core level spectra (C 1s, O 1s, N 1s and Fe 2p) with an X-ray spot size of 200 µm2.  Avantage software 157 

package from Thermo Scientific was used to analyse the spectra. 158 

2.4. Contact temperature rise measurement 159 

The contact temperature is defined as the temperature at the rubbing interface, which can be substantially 160 

different from the ambient temperature of the test due to frictional heating.  To qualitatively show the general 161 

trend of temperature rise with test conditions and possibly heat distributions in tribological contacts involving 162 

PBI, in-situ contact temperature measurements were performed with Infrared (IR) thermography.  To implement 163 

IR thermography, the disc needs to be IR transparent.  As a result, the steel ball-PBI disc contact for friction 164 

measurements cannot be employed.  Taking advantage that sapphire fully transmits IR radiation in the 165 

wavelength range of 3 – 5 µm, the test configuration for these temperature measurements was changed to a 166 

stationary PBI ball against a rotating sapphire disc.  It needs to be noted that, due to differences in thermal 167 

conductivity, the actual heat profiles in this stationary PBI ball-rotating sapphire disc contact is likely different 168 

from that of the stationary steel ball-rotating PBI disc contact used in the friction tests.   169 

To measure the temperature increase in the contact, a stationary PBI ball was loaded against a rotating sapphire 170 

disc from the bottom with an EHL rig (manufactured by PCS instrument).  An infrared camera (X6540SC, FLIR) 171 

was placed above the contact to capture IR irradiation emitted during rubbing.  The camera has a 320 × 256 172 

focal plane array.  With a 5× lens, it has a lateral resolution of 6.3 µm.  During rubbing, IR radiation came from 173 

both the rubbing interface and the bulk of the sapphire disc.  To obtain the contact temperature, calibrations 174 

were performed to remove the IR contribution from the latter.  Details of the technique and the calibration 175 

process are described in [33, 35].  The setup does not allow tests to be conducted at elevated temperature, 176 

hence all contact temperature rise measurements were conducted at 25C. 177 

3. Results and Discussion  178 

3.1. Effect of load on tribology of PBI 179 

The tribological properties of PBI at 280°C are shown in Figure 2.  Steady state friction coefficients, , as a 180 

function of applied normal load 𝑊 are presented in Figure 2(a).  The variation of the steady state friction among 181 

repeated experiments are reflected by the error bars.  Such variations are inherent to dry sliding tests and are 182 

deemed acceptable.  For steel ball-PBI disc contacts (open circles, Figure 2(a)),  decreases marginally as 𝑊 183 

increases.  However due to the intrinsic variability in dry friction tests, such effect is considered to be small.  184 

Note  for steel ball-PBI disc contacts and PBI ball-PBI disc contacts (open circles and solid squares respectively, 185 

Figure 2(a)) are similar at low loads.  A PBI ball-PBI disc contact has a lower  (0.08) than that of a PBI-steel 186 

contact (0.13) at 𝑊 = 10N.  This is probably due to poor thermal conductivity and lower shear strength of PBI.  187 

With a quicker drop in contact pressure (due to wear) and higher contact temperature as compared to a PBI-188 

steel system, it is not surprising that the friction of a PBI-PBI system is lower.  189 

 190 
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191 

Wear scars on steel balls were examined with optical microscopy, scanning electron microscopy and white light 192 

interferometry.  It is noted that the shape of the wear scar changes from circular at low loads to elliptical at 193 

higher loads, with the major axis orthogonal to the rubbing direction (see the picture inserts in Figure 2(c)).  At 194 

low loads, the shape of the contact is approximately circular as the material behaves elastically.  With increasing 195 

load, the stress distribution inside the contact changes as a result of increased shear stress, meaning the 196 

maximum stress shifts towards the leading edge of the contact.  Additionally, viscoelastic behaviour of the PBI 197 

results in a delayed recovery of the material after the contact has passed, causing an elliptical contact area [38, 198 

39].    199 

Figure 2: (a) Steady state friction coefficient  of steel ball-PBI disc and PBI-PBI contacts; (b) area of the steel ball wear scar 
and the steady state pressure of the steel ball-PBI disc contacts; (c) wear rates of PBI disc and steel ball; Insert: 
micrographs show steel ball wear scars at the end of the friction tests at 3 and 10 N. The white arrow shows the sliding 

direction and the black scale bar corresponds to 200 m.  
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As the steel ball wears during the experiment the apparent contact area between the two materials increases 200 

(solid symbols, Figure 2(b)), leading to a reduction of the average contact pressure.  From the measured area of 201 

the wear scars, the steady state average contact pressure 𝑃𝑎𝑣𝑒  can be estimated.  The obtained values are shown 202 

as open circles in Figure 2(b).  The steady state contact pressure increases with increasing load until it reaches a 203 

plateau at 40 to 50 MPa when 𝑊 > 7 N.  These results suggest that the contact area increases with increasing 204 

load up to a critical failure stress of approximately 40 MPa. As a first order approximation, the shear strength 𝜏 205 

relates to the compressive strength 𝜎 as 𝜏~
1

√3
𝜎 ≈ 0.6𝜎. Note the compressive yield stress 𝜎𝑦 of PBI at 280C is 206 

about 120 MPa, which reduces to 50 MPa at 375C (see Table 1).  This means that 40 MPa is a reasonable value 207 

for the failure stress 𝜎𝑓 as the temperature increase in the contact due to frictional heating may be substantial 208 

in our tests. The contact temperature rise is further discussed in section 3.3.2. 209 

The wear rate of PBI discs (solid squares) and steel balls (open circles) are presented in Figure 2(c).  Both sets of 210 

results show a stepped increase in wear rate at 𝑊 = 7 N.  Results in Figures 2(b) and 2(c) suggest that the 211 

deformation regime has changed from mainly elastic deformation (low loads) to plastic deformation (high loads) 212 

when the contact pressure reaches the critical failure stress of PBI.  This is supported by the morphology of the 213 

wear tracks on the PBI discs shown Figure 1).  The surface of the PBI wear tracks appears to be 'ironed' at 𝑊 = 214 

3 N (Figure 1(e)), giving rise to a smoother surface in the wear track (Ra ~ 0.1 m) than that of a pristine disc 215 

(Figure 1(a) Ra ~ 1 m).  The corresponding PBI wear track profile orthogonal to the rubbing direction (Figure 216 

1(b)) shows mild deformation with a maximum track depth of about 0.8 μm.  As the applied load increases such 217 

that 𝑃𝑎𝑣𝑒  approaches 𝜎𝑓, new surface features are found within the PBI wear tracks.  At 𝑊 = 5 N (Figures 1(c) 218 

and (f)), cracks form on the wear track.  When 𝑊 > 5 N, grooves as deep as 4 μm are observed along the entire 219 

wear track (Figure 1(d)).  The number, the width and depth of grooves, as well as the roughness of the wear 220 

track increase with load (compare Figures 1(d) and (g)).  An increased number of cracks and pitting zones appear 221 

on the PBI discs at higher loads, leading to an increase in material removal as observed by a deeper wear track 222 

in the polymer and an increase in debris accumulation around the contact and in the test chamber.  At the same 223 

time, more iron-rich debris, appearing white in Figures 1(e) – (g), is found on the surface of the PBI, see also 224 

section 3.2 for details.  This debris originates from the steel ball during rubbing, may be work hardened and 225 

embeds in the polymer, resulting in potentially further (abrasive) wear of the steel ball. 226 

During sliding polymeric material was transferred from the disc to the surface of the steel ball (the dark 227 

grey/black regions in the SEM micrographs, Figures 1(h) – (j)).  The applied load affects the morphology of these 228 

polymeric transfer layers.  Up to 𝑊 = 5 N (Figures 1(h) and 1(i)), the transfer layer almost completely covers the 229 

wear scars, although the layer is not uniform.  An accumulation of polymer is observed at the trailing edge of 230 

the contact, which increases with increasing load. Streaks of polymer are seen across the wear scar, running 231 

parallel to the sliding direction.  As the load increases further (Figure 1(j)), the transfer layer thickness decreases 232 

and the majority of the wear scar appears light grey.  Note that light grey regions in the SEM micrographs are 233 

regions of high electron density and thus suggests those regions are steel. However, a very thin polymeric layer 234 

may still exist.  235 
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3.2. Characterisation of Polymeric Transfer Layer 236 

The morphology of the transfer layers on the surface of the steel balls was examined with interferometry.  Two 237 

typical measurements obtained are shown in Figures 3(a) and 3(b) for 𝑊 = 5 and 12 N respectively.  As the load 238 

increases, the size of the wear scar increases.  In both cases, the surface topography is not homogeneous and 239 

material has accumulated at the trailing edge. Figures 3(c) and 3(d) show the surface profiles of only the wear 240 

scars along the sliding direction, marked as the dashed lines in Figures 3(a) and 3(b). In these graphs any deposits 241 

at the inlet and outlet, i.e. outside the wear scar, are excluded. Figure 3(c) shows the profiles for low loads, 𝑊 = 242 

3 and 5 N, whilst Figure 3(d) gives profiles from 𝑊 = 10 and 12 N. Due to the heterogeneous nature of the layer, 243 

its thickness varies, however, at loads 𝑊 < 7 N, the surface is covered by a rather thick transfer layer.  When 244 

𝑊 > 7 N, the layer is thinner and steel may be exposed. The insert in Figure 3(c) shows the amount of materials 245 

accumulation outside of the wear scar increases with increasing loads. 246 

 247 

Information on the chemical compositions of a cleaned steel ball, a pristine PBI disc and at various regions in 248 

steel ball wear scars were obtained with EDX (see Figure 4).  Note the amount of an element is expressed in 249 

atomic percentage (i.e. the number fraction).  The pristine PBI samples are composed of 96% carbon and 4% 250 

oxygen, with no detectable iron on the surface.  The cleaned steel ball contains 76% iron and 24% carbon.  The 251 

amount of carbon present on the cleaned steel surface is high due to the use of isopropanol in the cleaning 252 

procedure.  The isopropanol layer will have no effect on the friction results as it will be remove during rubbing. 253 

Figure 3 (a) and (b) Morphology and (c) and (d) thickness profiles of transfer layers on wear scars of steel balls. The arrow 
shows the sliding direction. Area around the scars appear lower in (a) and (b) due to the curvature of the ball. The dashed 
lines show where the thickness profiles are obtained. The insert in (c) shows the profile of polymeric accumulations at the 
outlets of the contacts. 
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 254 

Based on the SEM micrographs of steel ball wear scars, two regions can be identified (see Figure 4).  This is best 255 

illustrated by the wear scar obtained at 𝑊 = 5 N.  The majority of the wear scar is grey in colour (dashed boxes, 256 

labelled ‘L’ and 'R’, 5 N).  These regions have an iron content of about ~40 – 50%, although the actual amount 257 

of iron varies.  There are also regions that appear light grey (dotted box, 5 N).  These regions have an even higher 258 

iron content of approximately 70%, similar to that of a cleaned steel ball.  Moving towards the trailing edge on 259 

the right hand side, a slightly darker region is followed by a line of black deposit (solid line box, 5 N) at the outlet, 260 

which has a very low iron content (~20%).  Similar grey regions with similar iron contents (40 – 50% iron) are 261 

found in the wear scars formed at lower load (see results for 3 N, Figure 4).  No light grey region is observed in 262 

this case.  For 𝑊 = 10N, the majority of the wear scar is light grey, with very high iron content (~70%).  These 263 

results suggest that the grey scale of these SEM micrographs of wear scars correlates with the thickness of the 264 

polymeric material, with darker colour corresponding to a thicker layer and hence a reduced iron signal.  They 265 

are consistent with results shown in Figure 3 that the polymeric layer coverage and layer thickness in the wear 266 

scar decrease with increasing applied load.  Note the wear scar has a higher oxygen content (circles, Figure 4) 267 

than the cleaned steel ball.  The wear scars formed at low loads (grey from 3 N and 5 N, Figure 4) have higher 268 

oxygen content than those formed at high loads (light grey from 10 N, Figure 4).  This may be due to differences 269 

in oxide thickness, or oxides’ chemical structures. 270 

Figure 4 Chemical information of steel ball wear scar surfaces 
using EDX analysis 
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 271 

The surface chemistry of the wear scars on the steel balls can be better delineated with XPS, a technique that is 272 

sensitive to the top 10 nm of the surface.  Spectra obtained on steel ball wear scars are compared to those from 273 

the cleaned steel ball and the pristine PBI disc.  For the C1s spectra (Figure 5(a)), even with pristine PBI, the 274 

dominant signals are from the C-H stretch, which is common in contaminants and aliphatic carbon.  The other 275 

C1s bands related to imidazole and chemisorbed imidazole [40] are weak.  Focusing on N1s spectra (Figure 5(b)), 276 

the two C-N stretches with binding energy of 396.6 and 400.4 eV, distinguishable from the pristine PBI spectrum, 277 

are also observed from spectra obtained in the steel ball wear scars.  Note, no signal in this range is detected on 278 

the cleaned steel surface. This confirms that the transfer layer observed in the wear scars (see Figures 3 and 4) 279 

are composed of PBI.  Among those spectra from the wear scars, the two C-N peaks are most distinguishable for 280 

𝑊 = 3 N since it has a thicker layer and thus gives clearer spectral features.  Note, these two C-N peaks are, 281 

although weak, also observed at 𝑊 = 10 N, confirming that a very thin PBI layer exists in the centre of the wear 282 

scar obtained at high loads as suggested by results from the SEM micrograph (Figure 1(j)) and the EDX results 283 

(Figure 4). The combination of these XPS results and the surface profile of the layer as shown in Figure 3(d), 284 

suggest that the layer is not uniform and is thin (an average thickness of about 200 nm).  In Figure 2, it was 285 

shown that the friction is independent of the applied load, whilst the thickness of the developed transfer layer 286 

is highly dependent on load. The results here thus suggest that the existence of the transfer layer, rather than 287 

its thickness, governs the observed friction. 288 

The iron oxide found on the cleaned steel ball is -Fe2O3 (530 eV, Figure 5(c)).  This is not observed in the EDX 289 

analysis (Figure 4) probably because the oxide layer is very thin (a few nm, confirmed by ellipsometry 290 

measurements, results not shown).  The -Fe2O3 peak is also clearly identified in the spectra of the wear scars 291 

produced at 𝑊 = 3 and 5 N (Figure 5(c)).  The fact that oxides are detected in the wear scars by both XPS and 292 

EDX suggests that firstly the conditions in the rubbing steel ball-PBI disc contacts promote the formation of 293 

oxides.  Secondly, the transfer layer is locally patchy, i.e. oxides underneath the layer are exposed and interact 294 

with the X-ray beam directly; or iron oxides are dislodged from the steel ball and debris was embedded into the 295 

transfer layer.  296 

Figure 5 XPS spectra revealing the surface chemistry of cleaned steel ball, pristine PBI disc, and steel ball wear scars produced 
at various loads. ‘Middle’ and ‘Edge’ in the legends show the locations the spectra were taken, being near the middle and 
the trailing edge of wear scars respectively. 
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An increase in applied load to 𝑊 = 10 N changes the type of oxides in the wear scar to -FeOOH as shown in 297 

Figure 5(c) and (d) by the appearance of the O1s peak at 531.4 eV and the Fe2p peak at 711.9 eV.  This is 298 

intriguing because -Fe2O3 is the stable oxide form at 280C [41].  Below 570C Fe3O4 can also form whilst above 299 

570C FeO dominates.  The formation of the observed -FeOOH would require hydrolysis of the oxides.  PBI is 300 

known to absorb water [42, 43].  While PBI discs used in this study have been dried, it is likely that only water 301 

locked in PBI at and near the disc surface was removed.  As the load increases, the PBI disc is increasingly worn, 302 

such that PBI originally located deep below the surface (see Figure 1 where the depth of the centre of disc wear 303 

track is about 7 m), which might still hold a relatively large amount of water, is exposed.  This newly exposed 304 

PBI can interact with the freshly exposed steel of the wear scar and as a result -FeOOH may be formed.  The 305 

results also suggest that rubbing may have promoted such a reaction.  However, more work is required to 306 

understand how the rubbing process gives rise to the formation of various oxides. 307 

3.3. Materials transfer process 308 

3.3.1. Transfer layer formation 309 

Materials transfer may influence the tribology of steel-PBI contacts.  Results presented in sections 3.1 and 3.2 310 

suggest that operating conditions play a significant role in determining the final morphology of the transferred 311 

materials.  In this section, we investigate the materials transfer processes and the role of the applied load.  312 

 313 

Images showing how wear scars on steel balls evolved during rubbing at various applied loads are presented in 314 

Figure 6.  Note the dark grey materials are polymeric as shown in section 3.2.  At 𝑊 < 7 N, the steady state 315 

pressure is lower than 𝜎𝑓.  While PBI wear tracks show minor ironing at low loads (see Figures 1(b) and 1(e)), the 316 

steel ball wear scars are nevertheless completely covered by polymeric materials by the end of the test (see 317 

Figure 1(h)).  The amount of PBI transferred to the steel wear scars increases with time, starting at the leading 318 

edge (left) of the scars.  Polymeric material also starts accumulating at the trailing edge (right) and behind it (see 319 

Figure 6 PBI transfer layer formation on steel wear scars at different rubbing time at 280°C (a) – (e) 10 N; (f) – (i) 5 N; (k) – 
(o) 3 N. 
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Figures 6(f) and 6(k)).  The centre of the wear scars appear white, suggesting that there is little transferred 320 

material.  The area covered by the polymer increases as rubbing proceeds, propagating from the trailing edge 321 

(right) to the leading edge (left) (see Figures 6(k) – 6(m) and 6(f) – 6(h) for 𝑊 =  3 and 5 N respectively).  322 

Eventually the whole wear scar is covered by a non-uniform polymer transfer layer.  The time it takes for a 323 

complete polymeric transfer layer to form depends on the applied load, with shorter times corresponding to 324 

lower loads. 325 

Figures 6(a) – (e) show images obtained at 𝑊 = 10 N, where 𝜎𝑓 is reached.  As rubbing proceeds, the contact 326 

area increases from 0.22 to 0.32 mm2.  Similar to what was observed for the low load cases, material transfer 327 

occurs at the very early stage of rubbing.  After 60 s of rubbing, transferred material is mainly deposited near 328 

the leading and trailing edges (Figure 6(a)).  Shortly, most of the scar is covered by a transfer layer that has 329 

developed from the trailing edge (Figure 6(b)).  After 1200 s of rubbing, polymeric material also accumulated at 330 

the inlet (left) and the outlet (right) of the contact (see Figures 6(d) – (e)), whilst the wear scar itself appears 331 

white, suggesting little transfer of polymer at the contact (see also Figure 4).  There is a grey crescent-shaped 332 

region of polymeric deposition at the outlet of the contact.  Once such a two-zone morphology is formed (Figure 333 

6(d)), it remains qualitatively the same throughout the rest of the test, while the white region slightly grows with 334 

time.  Interestingly the stabilisation of the two-zone transfer layer morphology coincides with the stabilisation 335 

of the coefficient of friction.  Note an increasing amount of polymeric materials accumulates around the wear 336 

scar with continued rubbing.  337 

3.3.2. Contact temperature during rubbing 338 

The results presented so far show that at low loads, where the steady state applied pressure 𝑃𝑎𝑣𝑒  is less than 339 

the critical failure stress of PBI 𝜎𝑓, the steel ball experiences mild wear that is not sensitive to the applied load 340 

and the wear scars are covered by the polymer.  When 𝑃𝑎𝑣𝑒  is above 𝜎𝑓, the steel ball wears severely and the 341 

wear scar is mostly bare.  At the same time, the amount of wear from the PBI disc is high and increases with the 342 

load.  In all cases, a crescent shaped polymeric deposit region forms near the trailing edge of the wear scars.  All 343 

these suggest a link between the morphology of the polymer transfer layer on the steel balls and the friction 344 

and wear of the steel ball-PBI disc contacts.  We believe that frictional heating is the link.  The increase of the 345 

temperature inside the PBI ball-sapphire disc contact was measured at room temperature by IR thermography 346 

as described in section 2.3.  Results are presented in Figure 7 (temperature maps) and Figure 8 (average and 347 

maximum temperature increase). 348 
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 349 

The temperature maps (Figure 7) show the contact temperature rise ∆𝑇𝑐  varies with load and sliding speed.  ∆𝑇𝑐  350 

in the contact is not homogeneous: during the first 30 s, the heat distribution is roughly circular with only a small 351 

temperature variation in the contact. As the rubbing time increases, the temperature profile becomes 352 

increasingly asymmetric and both the average temperature rise ∆𝑇𝑎𝑣𝑒  (Figure 8(a)) and the maximum 353 

temperature rise ∆𝑇𝑚𝑎𝑥  (Figure 8(b)) increase until they plateau.  Whilst a hot zone develops in the contact, the 354 

trailing side (right) of the contact warms up.  This is in agreement with the models by Blok and Jaeger [5-7, 44] 355 

which suggest that for Peclet numbers (Pe) above 5 (Pe is about 11 in this study) the location of maximum 356 

temperature moves towards the trailing edge of the contact, developing heat drag.  A combination of high load, 357 

high velocity (Figure 7(a) – (e)) and poor thermal conductivity of PBI are responsible for the continuous increase 358 

of the contact temperature with rubbing time.   359 

Figure 7 Temperature maps showing contact temperature rise ∆𝑇𝑐 at various applied loads when a stationary PBI ball was 

rubbed against a rotating sapphire.  The sliding speed was (a) 2 ms-1 and (b) – (d) 0.5 ms-1 
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 360 

3.3.3. Linking applied load conditions with formation of a transfer layer  361 

The results obtained at low loads, where the contact temperature rise is low, show that PBI transfers readily to 362 

steel at 280°C.  Ex-situ observations of the wear scars show that the transferred material strongly adheres to the 363 

steel.  In all cases, the polymer transfer layer initiates at the leading edge of the contact (Figures 6(a), (f) and (k)), 364 

suggesting the layer development is governed by the shear stresses in the contact, which are highest at the 365 

leading edge.  The rest of the contact remains bare due to insufficient shear stress.  In contrast, with increasing 366 

time (and therefore increasing contact temperature, as shown in Figure 8) the polymeric transferred material 367 

appears to initiate at the trailing edge, growing towards the leading edge of the contact.  This appears to indicate 368 

that the growth in this case is temperature driven, as the contact temperature rise is the highest near the trailing 369 

edge (see Figure 7).  This reduces the shear strength of the polymer at the rear of the contact and promotes 370 

polymer transfer from that location, towards the leading edge.  The whole contact zone is eventually covered 371 

by the transfer layer. (Figures 6(b), (g) and (l)) 372 

Under high loading conditions the shear stress as well as the temperature rise in the entire contact are 373 

sufficiently high to cause continuous formation and removal of the transfer layer. As a result, only a very thin 374 

Figure 8(a) Maximum ∆𝑇𝑚𝑎𝑥  and (b) average contact 
temperature rise ∆𝑇𝑎𝑣𝑒  at different loads and speeds 
against time.  A stationary PBI ball was rubbed against a 

rotation sapphire disc at 0.5 ms-1 for W= 3 – 20 N and at 2 

ms-1 for W= 10 N. 
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and heterogeneous polymer transfer layer exists on the wear scar (see Figure 7(e)).  Additionally, the polymer 375 

experiences a very high wear rate and a large amount of debris is produced.  376 

A consequence of rubbing, likely due to the elevated contact temperature, is the increased growth of oxides on 377 

the steel surface (see Figure 4).  The high stress, high temperature region in the contact has the thinnest oxide 378 

as they are rapidly removed.  Note the oxides of the steel ball change from Fe2O3 in low load conditions to 379 

FeOOH in high load conditions which may impact on the potential formation of a transfer layer.   380 

3.3.4. Linking applied load conditions with PBI friction and wear 381 

Variations in contact pressure and contact temperature conditions for the high and low load cases give rise to 382 

different wear conditions.  Under low load and low temperature conditions, the formation of a stable polymer 383 

transfer layer gives rise to a traditional 'protective mechanism': the developed layer adheres and covers the 384 

whole steel contact surface. The resulting PBI-PBI contact has a low friction coefficient (Figure 1(a)) and very low 385 

wear that is fairly independent of the actual thickness and morphology of the polymer layer. 386 

Under high load conditions this protective mechanism fails: the temperature and shear stress in the contact are 387 

sufficiently high for any transfer layer to develop but also to be removed subsequently. The transfer layer 388 

undergoes this continuous cycle of removal and fast regeneration; as a result the polymer transfer layer on the 389 

steel ball is very thin and the wear rate of the PBI under these conditions is very high.  Oxides, which grow more 390 

easily in these cases, may act as a third body and can be abrasive and thus contribute to increased wear for both 391 

steel and PBI as load (hence temperature) increases.  392 

Despite the differences in transfer layer morphology in low and high load cases, the observed friction coefficients 393 

are independent of the applied load.  This supports that only very thin PBI transfer layer on the steel surface is 394 

necessary for low friction steel-PBI contacts.   395 

4. Conclusion  396 

PBI is a high performance polymer with a high glass transition temperature, good mechanical properties and 397 

superior chemical inertness.  It can be used at elevated temperatures that are unmatched by other polymers, 398 

which makes it an ideal candidate for high temperature tribological applications where lubricants cannot be 399 

used.  In this work, we examined the tribological performance of PBI against steel at 280C under non-lubricated, 400 

severe rubbing conditions using a steel ball against a PBI disc set-up.  The amount of wear and the dominant 401 

wear mechanism of the PBI disc depend on the applied load.  At low load conditions, the wear of the PBI disc is 402 

mild and occurs by ironing.  When the load surpasses a critical value, the contact pairs wear until a critical value 403 

of the contact pressure is reached.  At high load cases, cracks and pits are formed on the PBI wear tracks and 404 

both PBI and steel wear substantially.  405 

There is a direct link between the temperature distribution inside the contact and the local formation of a 406 

polymer transfer layer.  The morphology of the transfer layer is heterogeneous within the contact and is load 407 

dependent.  At low load and low contact temperature conditions, a relatively thick PBI transfer layer rapidly 408 

develops on the steel surface.  At high load and high contact temperature conditions, the majority of the contact 409 
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is covered by a very thin polymeric transfer layer due to the constant removal and regeneration of the transfer 410 

layer, giving rise to a high wear rate of the PBI.  XPS results suggest that at low and high load conditions different 411 

iron oxides develop, -Fe2O3 and -FeOOH respectively.  The change in surface chemistry may also contribute 412 

to differences in transfer film morphology and wear rate.  The insensitivity of the measured friction in the steel-413 

PBI contact to the applied load suggests that it is the existence rather than the morphology of the transfer layer 414 

that controls the friction.   415 

For practical applications, one should be aware that, while PBI-steel contacts show low friction at high 416 

temperature conditions, under more severe loading (pressure and/or sliding velocity) conditions PBI can 417 

experience substantial wear. This is due to both high applied shear stress as well as elevated contact 418 

temperature from frictional heating.  While the temperature rise does not necessary reach the glass transition 419 

or melting point of the polymer, a relatively small temperature rise may sufficiently lower the shear strength of 420 

the polymer strength.  To mitigate such severe wear rates and the related failure of mechanical components, 421 

the implementation of an effective heat management strategy will be crucial to ensure that polymeric 422 

transferred materials on steel are not removed from the steel-PBI contact.   423 
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Graphic Abstract 526 

 527 

 528 

 529 

Highlight: 530 

1. PBI has load independent friction but wear severity depends on load at 280C. 531 

2. PBI transfer film on steel controls friction and its morphology depends on load. 532 

3. Contact temperature distribution governs transfer film distribution in contact.  533 

4. High applied load causes high contact temperature and leads to high PBI wear. 534 

5. To use PBI at severe rubbing conditions, contact temperature needs to be managed.  535 

 536 


