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1. INTRODUCTION AND MAIN PURPOSE 

Tribology is the science of friction, wear and lubrication. Due to the relative motion of 

interacting surfaces, several machine components are influenced by friction and wear, which 

decrease the lifetime of these components and increase their operation and maintenance 

costs. Therefore well-designed tribo-materials and tribo-components have substantial 

economic and ecological importance. 

Polymers are beneficial in those applications where vibration absorption, impact and shock 

load withstanding are needed, or in other words, where customers require high internal 

damping capacity. Focusing on tribological applications, polymers can also be used in a dirty 

and dusty environment, and a further advantage is that most of them have quiet running. 

Polymers have some other beneficial features as well, such as low density, anti-corrosive 

nature and chemical resistivity. 

Both semi-crystalline thermoplastics and thermosets are used in tribological applications as 

bearings, bushings, seals or gears. Traditionally thermosets are beneficial at higher loads, and 

thermoplastics at higher speeds but new research and developments were continuously 

expanding their limits. The main reasons for the use of semi-crystalline thermoplastics are the 

self-lubrication nature and the uniform transfer layer formation, both of them originating from 

their melting behaviour. In self-lubrication, the transfer layer is formed by the deposits from 

the applied polymer samples, they are locked in the asperities of the steel counterfaces. 

During the transfer layer formation, the amount of the deposits increases in the asperities 

(running-in period), the polymer fills the surface roughness valleys and in ideal case forms a 

thin layer (~few µm) on the steel counter surface (steady-state condition). This phenomenon 

results in polymer – partly polymer contact instead of the original polymer-metal contact. As a 

protective agent, this transfer layer has a positive influence on the friction and wear 

characteristics of the materials. The quality, uniformity and durability of this transfer layer have 

a serious influence on reducing friction and wear rate [1-4]. 

Besides the brief discussion of the self-lubrication and transfer layer formation, the third-body 

concept has to be also mentioned. This approach introduces the dominant role of the wear 

particles in dry condition and sliding motion. The solid third-body concept was formulated and 

introduced by Maurice Godet and further developed by Yves Berthier. The so-called third-body 

include all of the interfacial particles and elements between the contact surfaces, these 

elements separate the interacting surfaces (first-bodies). The third-body approach's three 

main steps are the following: wear debris detachment by e.g. adhesion or abrasion, debris 

circulation, and debris ejection. During the debris circulation, the wear particles are trapped 

between the contact surfaces reducing their interaction. During the last step, the wear debris 

is ejected, increasing the interaction between the contact surfaces, and the cycle starts again 
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with the first step. The wear particles can be even recycled and lost from the contact giving a 

dynamic balance for the wear rate [5-7]. 

The polytetrafluoroethylene (PTFE) is a well-known material in tribology, as it has good 

chemical resistance, broad service temperature range, low coefficient of friction and self-

lubrication nature. In industry, PTFE composites are widely used as rolling / sliding bearings, 

seals, guideways and linear slides if the requested mechanical load is very low. This material 

is also considered in case of specific requirements (e.g. strong need for chemical resistance 

and/or high thermal stability). A remarkable challenge with PTFE is the relatively high wear 

rate which is a relevant drawback compared to other thermoplastics. PTFE was chosen as a 

matrix material in this research. The aim is to significantly improve its wear resistance, making 

it a real competitor of some other semi-crystalline thermoplastics in the aspect of the wear 

behaviour. The wear rate of PTFE can be reduced by the addition of appropriate fillers. These 

fillers can reduce the wear rate due to the formation of an adequate transfer layer, and as 

such, reduce the maintenance costs and increase the lifetime of the product. 

The purpose of this project was to design and develop nano-particle filled PTFE materials with 

ultra-low wear rate. Although the general idea is known, many uncertainties remain about the 

precise functioning of the transfer layer, and the precise use of adequate fillers to increase 

more efficiently the wear resistance. The proposed fillers are graphene, aluminium oxide 

(Al2O3), aluminium oxide hydroxide (boehmite alumina, BA80) and hydrotalcite (MG70). The 

friction and wear decreasing effect of the fillers, the physical and chemical underlying 

knowledge and the mechanism of transfer layer formation were analysed to build up 

fundamental insight and understanding. 

2. BACKGROUND 

According to the present understanding, the long PTFE chains undergo mechanical chain 

scission during wear, whereby under the action of air (oxygen) and humidity terminal carboxyl 

functional groups (COOH) form on the PTFE chain fragments (in situ “carboxyl 

functionalization”) [8-11]. Nanofillers which have a large number of functional groups (e.g. 

boehmite alumina and hydrotalcite) can be beneficial in sliding wear applications. The 

functional groups of the nanofillers can participate in complex formation with the in situ formed 

“functionalized” PTFE carboxyl groups, forming a more durable and adequate transfer layer 

[12, 13]. In the research of Padenko et al., the difference of the observed wear rate between 

the graphene and oxyfluorinated (functionalised) graphene filled PTFE was slight [8, 12]. In 

contrast, Makowiec and Blanchet presented two orders of magnitude lower wear rate in 

functionalised nanotubes compared to nanotubes without functional groups [14]. 

The literature is not in agreement on defining the most significant governing factors of wear. 

Some research focuses on the tribo-chemical background of the wear process with the use of 
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functionalized graphene and alumina fillers [8-11]. Besides the tribo-chemical background, the 

wear resistance is affected by the physical, thermal, mechanical and morphological properties 

of the materials of interest. In literature, a comprehensive investigation of the tribological 

characterisation of nanoparticle filled PTFE can be found but a detailed material 

characterisation is hardly available. In some publications, it is only mentioned that besides the 

roughness, the features of the debris, filler particle size and shape, some other properties such 

as the mechanical properties, thermal conductivity can also influence the wear resistance 

[15, 16]. As a result, we lack a thorough understanding of this hybrid material. 

The wear-induced crystallisation is also an open question. Looking at real applications, it is 

possible that, due to the wear-induced crystallisation of the contact surfaces, after an initial 

sliding distance the material properties change in such a way that the material performance 

alters unexpectedly. 

None of the research related to the tribological performance of alumina and graphene filled 

PTFE investigated the thermal stability of the fillers and composites during the high-

temperature sintering. Both PTFE and alumina have high thermal stability at the sintering 

temperature (360-380°C), but a potential interaction between them at this temperature range 

can exist. Knowing that the used fillers can affect the thermal stability during sintering, the 

degradation/thermal stability analysis of this high-temperature process is crucial. 

Burris and Sawyer supposed that no filler accumulation appears on the sliding surface of 

alumina filled PTFE during wear. According to them, a potential filler accumulation during wear 

at the contact surface would decrease the wear rate with the increasing sliding distance [17]. 

Sun et al. explained that in case of polyoxymethylene (POM) matrix, in dry condition, the 

alumina particles do not peel off from the surface resulting in filler accumulation, and the 

particles form agglomerates which further increase the abrasive wear [18]. Based on these 

results and explanations, it seems that the existence and influence of filler accumulation of 

alumina particles during wear is also an open question. 

The previously introduced open research questions are addressed in the present research 

work, and the following sections try to answer them. 

3. MATERIALS AND METHODOLOGY 

3.1. Materials and production protocol 

The applied fillers were graphene, aluminium oxide (Al2O3), aluminium oxide hydroxide 

(boehmite alumina, BA80) and hydrotalcite (MG70), while the matrix was PTFE. All mono-

filled materials had 1/4/8/16/30 wt% filler content. As graphene has a high volume ratio, PTFE 

filled with 0.25 wt% was also investigated. The hybrid-filled PTFE composites included 

4-0.25/2-2/4-4 wt% alumina and graphene, respectively. The applied production technique 
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was a room temperature pressing – free sintering method. PTFE and filler powders were 

blended by intensive dry mechanical stirring, which is a less hazardous and more 

environment-friendly alternative than solvent blending method. The pressing (12.5 MPa) was 

carried out with a Zwick Z250 universal tester (Zwick Roell Group, Ulm, Germany) at room 

temperature. The sintering procedure was carried out in an oven, in air atmosphere. The 

sintering cycle was the following: 90 °C/h heating rate from room temperature to 370°C, 2 h 

dwelling time at 370°C temperature and 30 °C/h cooling rate. 

3.2. Material development and characterisation – some relevant method 

3.2.1. Energy-dispersive X-ray spectroscopy (EDS) 

EDS investigations were carried out with a JEOL JSM 6380LA device (JEOL, Tokyo, Japan) 

with 15 kV accelerating voltage, 10 sweep counts and 0.1 ms dwell time. The sufficient 

electron conductivity of the samples was provided by sputtering of the surface with gold (Au) 

in a JEOL FC-1200 device. 

3.2.2. Differential scanning calorimetry (DSC) 

DSC measurements were carried out with a TA Instruments Q2000 device (TA Instruments, 

New Castle, Delaware, USA). The protocol included a heat/cool/heat module between 0 and 

370°C temperature, with 5 °C/min heating/cooling rate. The enthalpy of fusion was evaluated 

between 290°C and 335°C for both of the heating cycles, while the enthalpy of crystallisation 

was evaluated between 280°C and 325°C. Samples were placed in aluminium pans and 

tested in 50 ml/min nitrogen flow. The degree of crystallinity was calculated by Equation (1): 

𝑋 =
∆𝐻𝑚−∆𝐻𝐶𝐶

∆𝐻𝑓 ∙ (1−𝛼)
∙ 100 (1) 

where 𝑋 is the degree of crystallinity (%), ∆𝐻𝑚 is the enthalpy of fusion (J/g), ∆𝐻𝐶𝐶 is the 

enthalpy of cold-crystallisation (J/g), ∆𝐻𝑓 is the enthalpy of fusion for 100% crystalline PTFE 

(J/g) and 𝛼 is the mass fraction of the fillers (-). As PTFE did not show any cold-crystallization, 

∆𝐻𝐶𝐶 was counted as zero. The degree of crystallinity was evaluated with 69 J/g enthalpy of 

fusion for 100% crystalline PTFE [19]. 

The molecular weight of PTFE was evaluated using Equation (2) from Suwa et al. [20]: 

𝑀𝑛 = 2.1 ∙  1011 ∙  ∆𝐻𝑐
−5.16  ∙  

1

(1−𝛼)
 (2) 

where 𝑀𝑛 is the molecular weight (g/mol), ∆𝐻𝑐 is the enthalpy of crystallization (cal/g) and 𝛼 

is the mass fraction of the fillers (-). Equation (2) can be used for PTFE respecting the following 

limitation: the molecular weight of PTFE is recommended to be between 105 and 

107 g/mol [21]. 
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3.2.3. Fourier-transform infrared spectroscopy (FTIR) 

FTIR analyses were carried out by a Bruker Tensor 37 FTIR spectrometer (Bruker, Billerica, 

Massachusetts, USA) with deuterated triglycine sulfate (DTGS) detector, and Specac Golden 

Gate single reflection monolithic diamond attenuated total reflection (ATR) sampling system. 

The spectroscopic transmission range was between 4000 and 600 cm-1 with 4 cm-1 resolution 

in wavenumbers. 

3.2.4. Thermogravimetric analysis (TGA) 

TGA was carried out with a TA Instruments Q500 device (TA Instruments, New Castle, 

Delaware, USA) in nitrogen or air atmosphere depending on the type of test. The purge gas 

was nitrogen with 40 ml/min flow. The samples were placed in platinum pans and tested in 

60 ml/min nitrogen or air flow. 

The thermal stability analyses were carried out in two major aspects. The first was related to 

a conventional thermal stability/decomposition analysis with 10 °C/min heating rate from room 

temperature to 1000°C. The other kind of thermal analyses simulated the conditions of the 

sintering protocol to gain information on the thermal stability and decomposition at 370°C 

maximal sintering temperature. 

The TGA analysis of the materials was observed by four different protocols. 

• Protocol 1 was a conventional thermal stability analysis with 10 °C/min heating rate 

from room temperature to 1000°C. 

• Protocol 2 simulated the sintering process with the following parameters: 90 °C/h 

(1.5 °C/min) heating rate from 30°C to 370°C, two hours dwelling time at 370°C 

maximum temperature and 30 °C/h (0.5 °C/min) cooling rate from 370°C to 70°C. 

• Protocol 3 simulated the sintering process with an extended dwelling time at the 

maximal sintering temperature. This analysis included the following steps: 90 °C/h 

(1.5 °C/min) heating rate from 30°C to 370°C, ten hours dwelling time at 370°C 

maximum temperature. This protocol did not focus on the cooling rate. 

• Protocol 4 was related to the detailed investigation of BA80 particles to gain 

information about the content of humidity and those contaminants which can vaporize 

under 200°C. This protocol was the following: 10 °C/min heating rate from room 

temperature to 200°C, 10 hours dwelling time at 200°C and 10 °C/min heating rate 

from 200°C to 1000°C. 

3.3. Tribological characterisation 

Tribological characterisation was performed by a Wazau TRM 1000 tribometer (Dr.-Ing. Georg 

Wazau Mess- und Prüfsysteme GmbH, Berlin, Germany) with continuous sliding motion. The 

applied configuration was pin-on-disc with rotating cylindrical polymer pin and stationary steel 
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disc counterface (42CrMo4/304/34CrNiMo6). The investigated polymer pin samples had a 

diameter of 8 mm with 4 mm thickness, while the counterfaces had a diameter of 50 mm. The 

wear track centreline on the steel discs was at 30 mm diameter. Five samples were tested 

from each kind of material. All steel disc counterfaces were surface finished by turning for a 

Sa 0.3 – 0.4 µm average surface roughness in a spiral pattern. 

4. SUMMARY OF THE ACHIEVED SCIENTIFIC RESULTS – THESES 

4.1. Boehmite alumina as a novel filler of PTFE 

Theoretically BA80 (AlO(OH)) decomposes to alumina (Al2O3) and water (H2O). The mass 

percentage of water is the theoretical mass loss, which can be measured by TGA. The 

theoretical mass loss can be calculated from the ratio of H2O and 2AlO(OH), which is 15%. 

The measured mass loss by TGA (Protocol 1, Chapter 3.2.4) was in the range of the calculated 

theoretical mass loss (15%) and equalled 16.65% (Figure 1 (a)). This mass loss is slightly 

higher than the theoretical value. In Figure 1 (a) it can be seen that the decomposition of 

boehmite alumina starts to be relevant from 288°C, which is significantly lower than the 

sintering temperature (370°C). The initiation of the decomposition is defined at 1% mass loss. 

TGA measurement was performed with a heat hold at 200°C to get information about the 

content of humidity and about those contaminants which can vaporize under 200°C (Protocol 

4, Chapter 3.2.4). The total mass loss is 16.68% (Figure 1 (b)) which correlates well to the 

16.65% mass loss (Figure 1 (a)) presented earlier. After 10 hours of dwelling time at 200°C, 

the additional mass loss was only 0.75%; and the rest of the mass loss was 15.93% between 

200-1000°C, which correlates well to the theoretical 15% mass loss. 

The percentage of the decomposed material during the sintering cycle was investigated by 

simulating the sintering process with TGA (Figure 1 (c)), applying Protocol 2 (Chapter 3.2.4). 

The measured mass loss was 4.65%, which is around 28% (=4.65/16.65) of the total 

measured mass loss (Figure 1 (a)). It means that, although some of the hydroxyl (OH) 

functional groups decomposed during the sintering cycle, most of them persist. This can be 

beneficial in the wear process according to the introduced hypothesis related to the complex 

formation with the carboxyl groups of the PTFE chain ends during wear (Chapter 2). The 

samples taken out from TGA were also analysed by FTIR (Chapter 3.2.3) which confirmed the 

persistence of OH groups. 

The mass loss of BA80 was analysed for 10 hours dwelling time at maximal 370°C 

temperature as well to gain information about a broader scale of the sintering process 

(Figure 1 (d)). The applied method was Protocol 3, introduced in Chapter 3.2.4. The mass loss 

slightly increased during the 10 hours dwelling time, but it is still 34.6% of the total measured 

mass loss (Figure 1 (a)). 
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(a) (b) 

  

(c) (d) 

Figure 1. Thermal stability of boehmite alumina in air atmosphere, measured by TGA, 

according to Protocol 1 (a), Protocol 4 (b), Protocol 2 (c) and Protocol 3 (d) (Chapter 3.2.4). 

Regarding the material properties, BA80 only slightly increased the thermal conductivity 

compared to neat PTFE. In 4 wt% filler content, BA80 improved the storage modulus at 20°C 

by ~54%. The reason for this improvement can be the restriction of the molecular chain motion 

due to the filler particles. The BA80 filler also increased the Shore-D hardness, tensile/shear 

stress and modulus of neat PTFE. 

Thesis 1 

Boehmite alumina can be used as a filler of PTFE, regarding the low decomposition of 

boehmite alumina during the sintering process, and the mechanical and thermal properties of 

these composites. The results of thermogravimetric analysis (TGA) and Fourier-transform 

infrared spectroscopy (FTIR) validated that ~60-75% of the hydroxyl functional groups of 

boehmite alumina are still persisting in the developed composites after the applied free-

sintering process with 2 and 10 hours heat dwelling time at 370°C maximal temperature. In 

this way, these hydroxyl functional groups can participate in the friction and wear processes 

between the PTFE/boehmite composites and the counterfaces. These statements were 

confirmed by tests of PTFE with 1/4/8/16 wt% filler content [T.2, T.3]. 
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4.2. Low thermal stability of alumina filled PTFE 

This section introduces the decomposition analysis of alumina filled PTFE composites, 

measured by TGA, simulating a sintering process with 10 hours dwelling time at 370°C 

temperature (Protocol 3, Chapter 3.2.4). The mass of Al2O3 filled PTFE samples is significantly 

decreasing during the sintering process at 370°C with the increasing dwelling time. In contrast 

with this, only slight mass losses were registered in case of unfilled PTFE and neat Al2O3, 

which are only 0.07% and 0.13% during the 10 hours dwelling time at 370°C temperature, 

respectively. The most significant influence of the dwelling time on the decomposition was 

registered in case of 30 wt% alumina filled PTFE sample (PTFE/Al2O3-30) where this value 

was 16.60%. The theoretical value based on the thermal degradation of neat materials and 

filler is only 0.09%, which means that the rest of the material loss comes from an interaction 

between PTFE and Al2O3. These results show that the longer the dwelling time, the higher the 

decomposed material mass, which can have a negative effect on the final material properties. 

PTFE/Al2O3-30 material was analysed with a more extended heat dwelling (48 h) to get 

information about the mass loss in a broader range. It can be seen from Figure 2 that the 

measured mass loss was 70.95 wt%, which is the total mass of the PTFE. The FTIR spectrum 

confirms that all of the PTFE was decomposed during this long sintering process as no PTFE 

related peaks were registered in case of the sintered sample (TGA). A potential explanation 

is that Al2O3 filler catalysed the decomposition of PTFE matrix during the sintering process. 

 

Figure 2. Mass loss PTFE/Al2O3-30 material in air atmosphere, 48 h dwelling time at 370°C 

maximal temperature, measured by TGA. 

Thesis 2 

PTFE became thermally unstable during the sintering process due to the added Al2O3 filler. 

Regarding a sintering process with 10 hours dwelling time at 370°C maximal temperature, 

Al2O3 filled PTFE samples had significantly higher mass loss (extra mass loss) compared to 

neat PTFE and neat Al2O3 filler. This extra mass loss was related to the increased 

decomposition of PTFE caused by the Al2O3 filler. The registered mass loss remarkably 

increased as a function of the applied heat dwelling time and Al2O3 filler content. Regarding 
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PTFE with 30 wt% Al2O3 content, all of the PTFE is decomposed after 48 hours dwelling time 

at 370°C maximal temperature. In this way, the sintering process of Al2O3 filled PTFE is not 

suggested with 8 wt% or higher filler content or with heat dwelling time longer than 2-3 hours, 

as in these circumstances the extra mass loss reaches 1 wt%. These statements were 

confirmed by TGA and FTIR results, applying a sintering process with a maximal 10 hours 

heat dwelling time, and testing PTFE samples with 4/8/16/30 wt% Al2O3 content [T.2]. 

4.3. Wear-induced crystallisation 

The wear-induced crystallisation of the unfilled/filled PTFE materials was investigated by DSC 

(Chapter 3.2.2). The analysed unworn specimens and the wear debris come from the same 

polymer sample. The DSC specimens of the unworn material were cut from the opposite 

(unworn) side of the tested sample. 

In the first heating cycle, the degree of crystallinity of the debris increased between 23% and 

42% compared to the unworn samples. This increasing can come from the different thermal 

and mechanical antecedents. The surface temperature during wear tests can be so high which 

can affect the morphological structure of PTFE materials. Furthermore, the applied pressure 

and the sliding motion can also align the molecular chains due to the high shear stress during 

the wear process. The increase of the degree of crystallinity was also confirmed by the results 

of the second heating cycle where, after the first melt, all the analysed samples had the same 

thermal history. In this way, the thermal history or the molecular chain aligning of the debris 

cannot be the reason for this significant increase of the degree of crystallinity. In the second 

heating cycle, the debris had 24-49% higher degree of crystallinity compared to the unworn 

samples. 

From these results, it can be concluded that this significant increase in the degree of 

crystallinity comes from the influence of high shear stress during the wear process. It is well 

known that during wear process, the PTFE molecular chains undergo mechanical chain 

scission. This mechanical chain scission can cause a significant molecular length decrease in 

the formed debris. These shorter molecular chains of the debris can more efficiently reach an 

aligned arrangement than the longer chains of the unworn materials. In this way, the degree 

of crystallinity will be higher in both of the first and the second heating cycle. 

The molecular weight and in this way, the length of the PTFE molecular chains in the debris 

decreased by 1-2 orders of magnitude compared to the unworn materials. The filled PTFE 

samples had a more significant decrease in molecular weight than the reference PTFE. The 

increase of filler content further decreased the molecular weight due to the hard particles which 

damaged with a higher rate the molecular chains. The details about the molecular weight 

calculation method can be found in Chapter 3.2.2. 
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Thesis 3 

Regarding the wear debris of all developed filled and unfilled PTFE tested against steel 

counterfaces in dry contact, the degree of crystallinity increased by ~20-40% compared to the 

unworn polymers. The main reason for this phenomenon was the mechanical chain scission 

of the PTFE molecular chains during the wear tests, which reduced the molecular weight by 

1-2 orders of magnitude. In this way, these shorter molecular chains could more efficiently 

reach an aligned arrangement. A further conclusion is that focusing on the degree of 

crystallinity, the effect of the thermal circumstances and possible molecular chain alignment 

during the wear process was remarkable only at 0.5 m/s or higher sliding speed. The fillers 

further increased the mechanical chain scission of PTFE molecular chains compared to the 

unfilled (neat) PTFE. These statements were confirmed by differential scanning calorimetry 

(DSC), by testing unfilled (neat) PTFE, PTFE samples with 1/4/8/16 wt% boehmite, 

0.25/1/4 wt% graphene, 1 wt% alumina and 1/4 wt% hydrotalcite filler content. Filled PTFE 

samples were tested with 0.1 m/s sliding speed, while neat (unfilled) PTFE was further tested 

with 0.5/1/1.5/2/3 m/s sliding speeds [T.1, T.5]. 

4.4. Filler accumulation on the worn polymer surface 

The aluminium accumulation in the worn polymer surface and debris was investigated by EDS 

analysis (Chapter 3.2.1). On the contact surfaces of the worn samples, filler accumulation was 

observed. In case of 4 wt% alumina filled PTFE (PTFE/Al2O3-4) polymer samples, the worn 

surfaces tested against 42CrMo4, 304 and 34CrNiMo6 steel discs, had ~82%, ~216% and 

~118% higher aluminium content than the original unworn surfaces, respectively. In case of 

4 wt% BA80 filled PTFE (PTFE/BA80-4) polymer samples, the worn surfaces tested against 

42CrMo4, 304 and 34CrNiMo6 steel discs, had ~262%, ~310% and ~303% higher aluminium 

content than the original unworn surfaces, respectively. In contrast to this, the formed debris 

of PTFE/Al2O3-4 polymer samples contains ~82%, ~59% and ~81% less aluminium than the 

original unworn samples, in case of 42CrMo4, 304 and 34CrNiMo6 steel discs, respectively. 

The filler content of worn surface of the polymer samples with 0.1/1/10/100/200/400 m sliding 

distance were analysed to collect more detailed information about the process of filler 

accumulation. The filler content reached a significant increase even after 10 m sliding 

distance, and after this 10 m, there is only a slight increase in filler content. It means that 

almost the total registered accumulation occurs in the first 10 m. It indicates that a dynamic 

balance is reached between the detached and the eliminated wear debris, in other words, the 

recycled and the lost wear particles are in balance, which is in agreement with the solid third-

body concept (Chapter 1). 
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A potential explanation for the alumina filler accumulation is that the softer PTFE particles can 

be torn easier from the contact surface than the hard metal oxide filler particles. In this way, 

the filler content of the contact surface is higher due to the still remaining fillers. Some of the 

torn or broken filler particles can also stick again as back transfer into the softer PTFE due to 

the high pressure and high temperature. As less filler is removed from the contact surface of 

the polymer during wear, it is evident that the debris had lower filler content. 

Thesis 4 

The alumina and boehmite alumina content of the worn filled PTFE contact surfaces increased 

significantly after the wear tests. In contrast, the filler content of the polymer wear debris was 

lower than the filler content of the unworn sample surfaces. The reason is that the softer PTFE 

particles can be torn easier from the contact surface than the hard filler particles, and thus 

increasing the PTFE content of the wear debris. Most of the torn unbroken and broken filler 

particles pressed and stuck again into the softer PTFE during the wear process, increasing 

the filler content of the worn surface. In this way, during the wear process, after the running-

in period, the wear mechanism is related to a worn surface with a higher filler content 

compared to the original unworn sample. These statements were confirmed by energy-

dispersive X-ray spectroscopy (EDS), testing alumina and boehmite alumina mono-filled 

PTFE with 4 wt% filler content [T.1]. 

4.5. Dominant wear rate decreasing factors 

Fe content around ~10% was also observed on the polymer contact surface of PTFE/Al2O3-4, 

which comes from the steel counterface. The reason for this Fe content can be that during 

wear the hard alumina fillers can damage and partly remove the oxide layer of the steel 

counterface. On the transfer layer of 4 wt% graphene / BA80 / MG70 filled PTFE samples, no 

Fe content was registered due to the less hard filler particles and relatively high wear rate of 

these samples. In other words, after the wear test of PTFE/Al2O3-4 polymer, an extremely low 

amount of material was removed from the polymer sample. In this way, the contact layer of 

PTFE/Al2O3-4 polymer could collect more Fe without losing the Fe rich top layer during the 

wear mechanism of the polymer. The more significant aluminium and iron content were also 

confirmed by FTIR spectroscopy. 

In case of PTFE/BA80-4 polymer samples, none of the contact surfaces included iron 

according to the EDS and optical measurements as well. It can have two different reasons, 

the first is that PTFE/BA80-4 sample had much higher wear rate compared to PTFE/Al2O3-4, 

in this way the top layer of the polymer with the iron content is removed. Here it is important 

to mention that even after 0.1/1/10 m sliding distance, no iron content was detected on the 

PTFE/BA80-4 polymer contact surfaces. In contrast with this, iron content accumulation was 
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registered in the given sliding distances on the PTFE/Al2O3-4 contact surfaces. It means that 

even if a more significant material depth was removed from PTFE/BA80-4 samples, the worn 

contact surface of these polymers should have some iron content as the iron oxide is removed 

continuously from the counterface. In this way, the second potential explanation is that Al2O3 

filler contains abrasive and hard particles. These particles can damage and remove the 

surface roughness peaks of the steel counterface, resulting in an iron-oxide accumulation on 

the polymer contact surface. As on the polymer surfaces of PTFE/Al2O3-4 samples iron-oxide 

layer was detected, it can be assumed that the hard alumina particles significantly damage 

the steel counterfaces. All kinds of steel surface damage have to be avoided as in general the 

polymer surface (e.g. bearings and seals) is the sacrificial part, the softer polymer is required 

to wear off instead of the steel counterfaces (e.g. shafts) as their replacement is more complex 

and their prices are much higher compared to the bearings or the seals. The steel 

counterfaces were analysed by white-light interferometry and no significant damages / 

scratches were detected on the contact surfaces. In this way, the iron-oxide particles come 

only from the broken surface roughness peaks. 

The wear rate as a function of the shear and compressive modulus is depicted in Figure 3. It 

can be seen that no clear relation exists between the compressive/shear modulus and the 

wear rate. PTFE/Al2O3-4 material had the lowest wear rate, with a low shear modulus and high 

compressive modulus compared to the other PTFE-based materials. In contrast, PTFE filled 

with 16 wt% graphene had the second lowest wear rate, but it has the highest shear modulus 

and the lowest compressive modulus. The low wear rate of PTFE/Al2O3-4 material can not 

come from its thermal conductivity, hardness or tensile modulus as these properties only 

slightly changed compared to neat PTFE. It means that focusing on the wear rate, the 

dominant factor can only be the type of the fillers (filler material, particle size and geometry) 

and the transfer layer formation. The filler and consequently, the transfer layer formation, can 

have a dominant (primary) role in the wear mechanism of the materials. 

It is also important to mention that the higher tensile/shear modulus and thermal conductivity 

can also affect the wear resistance of the materials. For example the higher thermal 

conductivity can indirectly be beneficial in the wear process as more frictional heat can be 

removed from the contact surface. As a result, the surface temperature of the polymer is 

decreasing, which results in a smaller reduction in the mechanical properties of the polymer. 

Focusing on the graphene filler, the wear rate was decreased as the filler content increases, 

and simultaneously the tensile/shear modulus and thermal conductivity were increased as the 

filler content increases. In opposition to this in case of BA80 filler, the wear rate was not 

significantly influenced by the increased filler content and accompanying increased shear and 

tensile modulus. As a conclusion, it can be stated that the shear/tensile properties and thermal 

conductivity have only a secondary role in the wear mechanism of the investigated materials. 
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Similar conclusions can be drawn in case of the hardness and compressive properties of the 

polymer samples. 

 

Figure 3. Compressive modulus as a function of the shear modulus of unfilled and filled 

PTFE samples. The size of the bubbles correlates to the wear rate of the samples. 

Thesis 5 

Regarding Al2O3 filled PTFE, the approximately two orders of magnitude decrease in the wear 

rate of PTFE/Al2O3 samples was caused by the filler accumulation during the wear process, 

the smaller wear debris and the formed iron-oxide layer on the worn surface of polymer 

samples. The formed iron-oxide layer from the steel counterfaces on the polymer samples 

further increased the durability of the transfer layer, increasing the wear resistance. Regarding 

all of the used fillers, the influence of the modified mechanical and thermal properties (thermal 

conductivity, hardness and compressive/shear/tensile properties) on the wear rate has only a 

secondary role: their measure and their tendency can not decrease the wear rate with orders 

of magnitude. These statements were confirmed by testing PTFE samples with 1/4/8/16 wt% 

boehmite, 0.25/1/4/8/16 wt% graphene, 1/4 wt% alumina and 1/4 wt% hydrotalcite filler 

content [T.1, T.3]. 

4.6. Local contact temperature 

Figure 4 displays the contact surfaces of PTFE/Al2O3-4 polymer samples. The original, unworn 

polymer surface can be seen in Figure 4 (a) while the worn contact surfaces after 1/10/400 m 

sliding distance are introduced in Figure 4 (b-d), respectively. It was observed that even after 

0.1 m sliding distance black spots appeared in the polymer contact surface which comes from 

the oxide layer of the steel counterface. In Figure 4 an accumulation of the spots can be 

observed. After 10 m sliding distance (Figure 4 (c) and (d)) the black colour of iron oxide 

particles became orange. This change in their colour shows that the removed iron oxide 

particles are modified during the wear process. The black colour indicates that the iron oxide 
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particles include basically Fe3O4 (iron(II,III) oxide) molecules; in other words, the original stage 

is magnetite. The orange colour indicates high Fe2O3 (iron(III) oxide) content which means 

that the iron oxide goes through an oxidation process during wear. Focusing on Fe2O3, λ-

Fe2O3 can be found in maghemite (brown colour), and α-Fe2O3 are in hematite (red colour). 

Equation (3)-(5) introduce the background of these stages: 

4 Fe3O4 + O2 → 6 λ-Fe2O3 (200°C-400°C) (3) 

λ-Fe2O3 → α-Fe2O3 (375°C -550°C) (4) 

4 Fe3O4 + O2 → 6 α-Fe2O3 (from 550°C) (5) 

These temperature values in Equation (3)-(5) indicate that the local contact temperature of the 

contact surfaces during the wear process reached a minimum of 375-400°C. 

  

(a) – unworn polymer (b) – 1 m sliding distance 

  

(c) – 10 m sliding distance (d) – 400 m sliding distance 

Figure 4. Iron oxide accumulation on PTFE/Al2O3-4 polymer contact surface (42CrMo4 steel 

counterface, 3 MPa contact pressure and 0.1 m/s sliding speed). 
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Thesis 6 

Regarding the pin-on-disc wear tests between the Al2O3 filled PTFE and steel counterface, it 

is possible to estimate the local contact temperature during the wear process from 

temperature-induced change in the colour of the PTFE surface. The maximal local contact 

temperature measured during the wear tests between the PTFE filled with 4 wt% Al2O3 and 

the steel counterfaces can even reach a temperature range between ~375-400°C. This high 

local contact temperature appeared only locally due to the collision and deformation of surface 

roughness peaks; the measured bulk temperature of the steel counterfaces was only at the 

range of 32-36°C. This statement was confirmed by the temperature-induced change in the 

colour of the iron-oxide, where the initial black colour of the iron-oxide deposits became red. 

The black iron(II,III) oxide (Fe3O4) deposit on the worn surface of the polymer sample went 

through an oxidation process at the beginning of the running-in period (~100 m) which resulted 

in the formation of red hematite (α-Fe2O3). For this process, at least 375°C temperature is 

needed according to the literature. These statements were confirmed by EDS using samples 

wear-tested with 0.1 m/s sliding speed and 3 MPa contact pressure [T.1]. 
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