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The paper investigates selected operating characteristics of polymer composites used in friction pairs. Eight poly-

mer composites were investigated: PE with MoS2, PTFE with graphite, PPS with glass fibre, PA6-G with mineral 

oil, POM with aluminium, PTFE with MoS2, PTFE with bronze and PEEK with glass fibre. Results of hardness, 

compressive strength and porosity of the analysed composite materials are presented. The paper also presents test 

results of the friction force, friction coefficient, temperature near the friction node, and linear wear. The results 

are plotted in diagrams and discussed in the context of friction and wear assessment of the tested materials. On 

increasing the external load, all analyzed operating parameters of the friction process increase too. Among the 

tested polymer composites, the best results were obtained for PA6-G with mineral oil. PTFE-matrix composites – 

despite their good results of the friction coefficient  – are less desired than POM with aluminium because their 

use is less cost-effective. 
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 Introduction 

Polymers and polymer composites are more and more 
widely used in engineering as structural materials [1]. 
This results from the fact that they are lightweight, have 
very good mechanical and tribological properties [2, 3], 
high corrosion resistance, and ensure flexible processing 
[4-7] and self-lubrication [5-7], etc. Owing to these pro-
perties, composite materials are an alternative to traditio-
nal metals and ceramic materials. Assessment the opera-
ting characteristics of composite materials is an extensive 
area of research. In the papers [8-15] mechanical proper-
ties of polymer composites were analyzed in detail (dry 
sliding properties [8], thermal properties [9], influence o 
lubricants on the tribological properties [10-11], etc.). In 
particular, the tribological properties of friction nodes and 
the possibilities of using polymer composites in industry 
were analyzed in papers [12-15]. The results of these 
works are often compared to the properties of metal ma-
terials, whose tribological properties are described in [16-
22]. There are many polymers that are used as constituent 
materials in composites due to their properties. Very in-
teresting results of creep behaviour of the polymer com-
posite with false banana fibres (ensete ventricosum) were 
presented in the paper [23]. Additives have a significant 
effect on the properties of composite materials too. Fillers 
are usually made of glass, carbon [9], raphene-basalt fibre 
[10], nano-Al2O3 [12] and Kevlar fibres, diamond nano-
particles [8] as well as oil, molybdenum disulphide, 
bronze, aluminium alloys, etc. The mechanical properties 
of polymeric composite based on aluminium micropar-
ticles were analysed in paper [24] and mechanical charac-
terisation of cetal/polymeric composite waste/metal sand-
wich panel in the work [25]. The properties of polymers 
and polymer composites are affected by processing tem-
perature and a polymer’s structure, particularly the mass 
fraction and contents of a crystalline phase, and the type 
of an additive. To give an example, the additives such as 
oil, grease and heat stabilizers can be used to shape the 

properties of PA6 as desired, which opens up a vast array 
of possibilities with respect to tailoring materials to spe-
cified applications [9-13]. 

From an operational point of view, it is vital that com-
posite materials be inspected for their hardness, compres-
sive strength, wear resistance, as well as internal defects 
and porosity [1, 5-15]. Along with mechanical properties, 
the chemical and thermal properties of composite mate-
rials are of significant importance too. Testing methods 
for plastics and composite materials are very similar to 
the methods used for traditional materials such as metals 
[16-22] 

 Materials and methods 

This study investigated polymer composites used in 
friction nodes. 8 different composite materials with very 
good tribological properties and different mechanical 
properties were examined. Three of them had a PTFE 
matrix. PTFE with bronze, PTFE with graphite and PTFE 
with molybdenum disulphide (MoS2) were analysed. The 
other composite materials included polyamide (PA6-G,) 
polyphenylene sulphide (PPS) and polyacetal (POM). 
PA6-G with mineral oil, POM with aluminium, polyether 
ether ketone (PEEK) with glass fibre, PPS with glass 
fibre, and PE with MOS2 were tested. Specimens for 
friction, hardness and compression testing and computed 
tomography were prepared in compliance with the ASTM 
G 99 and DIN 50324 standards.  

The investigation of operating characteristics of the 
above composite materials was conducted in stages. First, 
the materials were examined for their microhardness with 
the Wilson Hardness Tukon 2500. Hardness tests were 
performed by the Vickers and Shore methods. The speci-
mens were subjected to static compression testing. The 
compressive tests were conducted on the universal testing 
machine Hung Ta ht-24002. The specimens were also in-
spected with the GE pheonix v|tome|x s, a versatile high-
resolution system for 2D X-ray inspection and 3D com-
puted tomography. In particular, porosity of the analysed 
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materials was assessed. 3 loads were applied in tribologi-
cal tests: 10N, 20N and 30N. The sliding velocity was set 
equal to 450 rev/min while the sliding time was 1250 s. 
The friction radius was maintained constant at 17 mm in 
all tests. One test cycle involved 9367 full revolutions of 
the specimen. The tests were conducted at the stabilized 
ambient temperature of 20°C. Variations in the tempera-
ture near the friction node were observed. The maximum 
temperature in the vicinity of the friction node ranged 
from 26.4°C to 33.4°C, depending on the friction pair ma-
terials. The constant parameters were time and sliding 
velocity, while the variables included load and composite 
type.  A ball made of aluminium oxide (Al2O3) was used 
in the tests. The friction radius r [mm] was set equal to 
17mm while the rotational speed of the specimen was 450 
rev/min. Due to the fact that the friction process is time-
consuming, the sliding cycle time t was set equal to 1250 
[s]. The friction process was performed without lubrica-
tion. The following parameters were measured in the 
tests: friction force, linear wear and temperature in the 
contact zone. The tests were performed on the T-01M tes-
ter using the ball-on-disc method, in compliance with the 
ASTM G 99 and DIN 50324 standards.  

 Results and discussion 

For the purpose of clarity, test results are divided into 
three groups. The first group contains the hardness results 
obtained for composite materials with a Teflon matrix. 
The second group comprises the hardness results of com-
posites with their matrix made from PA6-G, POM and 
PE. The third group includes the hardness results achie-
ved by composite materials with a fibre glass reinforce-
ment: PPS and PEEK.  

3.1 Hardness tests of composite materials 

Fig. 1 shows the hardness results of specimens that 
were also used in strength and tribological testing as well 
as computed tomography inspection. As can be observed 
in Fig. 1, PTFE with MoS2 achieved the highest micro-
hardness by both methods (Shore D: 77-81 and HV2: 
19.2-23.9), in spite of the fact that the addition of moly-
bdenum disulphide itself does not lead to increased hard-
ness. PTFE with bronze has the second highest hardness 
amounting to 7.0-8.7 (HV2) and 65.8-68.2 (Shore D). As 
expected, the bronze powder has a positive effect on the 
material’s hardness. 

 
Fig. 1 Hardness of composite materials: PTFE with bronze,  PTFE with MoS2, PTFE with graphite 

 
Fig. 2 Hardness of composite materials: PA-6-G with mineral oil,  POM with aluminium, PE with MoS2 

 
Compared to graphite, its addition leads to a two-fold 

increase in hardness. The final material in this group, 
PTFE with graphite, exhibits the lowest microhardness 
amounting to 3.8-4.1 (HV2) and 50.7-55.4 (Shore D).  

The diagram in Fig. 2 reveals that PE with MoS2  has 
the highest hardness (27.6 – 32.8 HV2) out of all mate-
rials in this group. PA-6-G with mineral oil exhibits the 
lowest hardness (6.8-10.2 HV2  and 73.4-75.5 Shore D). 
The hardness results of POM with aluminium (Vickers 
and Shore D alike) are between those obtained for PA-6-

G with mineral oil and PE with MoS2. Fig. 3 compares 
two composite materials reinforced with glass fibre: PPS 
and PEEK. The filler’s content in both composite mate-
rials was the same, i.e., 30%. This enabled determining 
the effect of the matrix on the specimen’s hardness. The 
highest mean hardness was achieved by PPS with fibre 
glass (26.7 HV2, 84.5 Shore D), whereas the mean hard-
ness of PEEK with fibre glass is more than two times 
lower (11.7 HV2, 75.0 Shore D).  
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Fig. 3 Hardness of composite materials: PPS with glass fibre,  PEEK with glass fibre

3.2 Porosity tests 

Fig. 4. Shows the results of porosity of the analysed 

specimens. The objective of this measurement was to de-
termine the total ratio of pore volume to a material’s total 
volume. 

 

Fig. 4 Comparison of pore volume and total volume of the analyzed composite materials  

 
The highest porosity, defined as the ratio of a porous 

material’s air volume to a composite material’s total vo-
lume, was obtained by PE with MOS2, amounting to 0.14 
(21.8/153.7). The second highest porosity of almost 0.1 
was achieved by two composite materials: PPS with glass 
fibre (10,7/106,9) and PA6-G with mineral oil 
(10,4/109,2). PTFE with graphite (6,7/75,6) and with 
MOS2  (8,5/123,0) as well as POM with aluminium 
(7,8/110,9) have similar porosity that is close/equal to 
0.07. Despite the highest material volume, PTFE with 
bronze does not stand out in terms of pore volume. The 
porosity of this composite material is merely 0.004. 
PEEK with glass fibre exhibits the lowest porosity.   

Fig. 5 shows the specimen sections in a binary (di-
gital) form, where, for clarity, the pores are marked in ye-
llow, the matrix in grey and the reinforcement in black. 
Thanks to the use of a higher contrast ratio, one can 
clearly observe that the fillers have different particle si-
zes.  PE with MOS2 has the highest number of pores. The 
maximum volume of air bubbles or voids is 0.1 µm3. 
Filler particles are uniformly distributed in the matrix, 

which indicates isotopic structure and properties of the 
material. PA6-G with mineral oil contains a large number 
of pores (10.41mm3) having the maximum volume of 
0.25 µm3. One can observe a sharp increase in the number 
of pores (10,000) with a volume of 0.02 µm3. PPS with 
glass fibre and PTFE with graphite have the same percen-
tage of pore volume. In both cases, the pores have the ma-
ximum volume of 0.25 µm3, and, once, the number of air 
bubbles sharply increases to 6,000 with a volume of 0.01 
µm3. 

POM with aluminium has pores with a volume of 0.25 
µm3 and their number does not exceed 1000. It can be ob-
served that the number of pores linearly decreases with 
increasing their volume. PTFE with MOS2 contains pores 
with the maximum volume of 0.5 µm3, albeit their num-
ber is very low. There occurs a sharp increase in the nu-
mber of pores (8,000) with a volume of 0.02 µm3.  PTFE 
with bronze has the biggest pores, and their number does 
not exceed 250. The maximum observed volume of air 
bubbles is equal to 1.5 µm3. PEEK with glass fibre con-
sists of pores having the maximum volume of 0.25 µm3.  
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Fig. 5 Images of pores: a) PE with MOS2, b) PA6-G with mineral oil, c) PPS with fibre glass, d) PTFE with graphite e) 

POM with aluminium, f) PTFE with MOS2,g) PTFE with bronze, h) PEEK with glass fibre 

 

3.3 Compression test  

The compression plots were used to determine 
compressive strength, stress yield and Young’s modulus 

of the analysed composite materials. The data, which 
have been substituted into relevant equations, are listed in 
Tab. 1. 

Tab. 1 Comparison of parameters determined in compressive tests   

Composite material 
S0 

[mm2] 
Fc 

[N] 
Rc 

[MPa] 
Fplc 

[N] 
Rplc 

[MPa] 
E 

[MPa] 
PE with MOS2 55.9 19872.8 334.5 6500.0 116.3 436.4 

PA6-G with mineral oil 55.9 14263.4 241.2 2125.0 38.0 371.9 

PTFE with bronze 55.4 14694.5 256.3 1000.0 18.0 370.0 

PTFE with graphite 56.2 3759.6 65.3 500.0 8.9 30.5 

POM with Al 55.5 11248.3 193.7 4000.0 72.0 280.3 

PTFE with M0S2 54.6 11567.7 208.1 3500.0 64.1 296.5 

PPS with glass fibre 56.1 19833.1 339.8 6000.0 107.0 483.3 

PEEK with glass fibre 56.6 14076.8 240.4 2000.0 44.2 356.6 

 

Fig. 6 Compressive strength of the analysed composite materials  

 
Fig. 6 shows the results of compressive strength of the 

analysed composite materials. The highest compressive 
strength was obtained for PE with MoS2 and PPS with 
glass fibre. Considering the group of PTFE-matrix com-
posite materials, the highest Rc was obtained for the com-
posite material reinforced with bronze. PTFE with 

graphite has the lowest compressive strength. There is a 
5-fold difference between the compressive strength of PE 
with MoS2 and that of the aforementioned Teflon-based 
composite. The other composite materials have the mean 
compressive strength of 200 MPa.  
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Fig. 7 Yield stress of the analysed composite materials  

 
Fig. 8 Young’s modulus of the analysed composite materials  

 
Fig. 9 Friction force (A), friction coefficient (B), temperature near friction node (C) and friction path (D), versus time t: 

a) PA6-G with mineral oil (samples P1.1 and P1.2), b) POM with aluminium (samples P2.1 and P2.2), c) PTFE with 

bronze (samples P3.1 and P3.2), d) PTFE with graphite (samples P4.1 and P4.2). 
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Fig. 7 shows the yield stress results of the tested com-
posite materials, determined based on the compressive 
strength plots. According to the data provided by Plastics 
Group [24], PE with MOS2 has the highest yield stress. An 
equally satisfactory result – 107 MPa, was achieved by 
PPS with glass fibre. The glass fibre-reinforced PEEK has 
the yield stress below 50 MPa. POM with aluminium 
shows the highest difference between the yield stress of 
the polymer itself (42 MPa [24]) and the result of this 
study (72 MPa).  Considering the PTFE-matrix composi-
tes, the highest yield stress is exhibited by the polymer 
composite reinforced with molybdenum disulphide (64.1 
MPa). Like in the case of compressive strength, PTFE 
with graphite has the lowest yield stress. 

Analysing the results in Fig. 8 it can be observed that 
PPS with glass fibre and PE with MOS2 undergo the 
smallest deformation under compressive load. Similar va-
lues of Young’s modulus (355-370 MPa) were obtained 
for PA6-G with mineral oil, PTFE with bronze and PEEK 
with glass fibre. POM with Al and PTFE with MOS2 have 
similar values of Young’s modulus, amounting to approx. 
280 MPa. PTFE with graphite undergoes the highest elas-
tic deformation under compressive load – its Young’s 
modulus is 31 MPa. 

Fig. 9 shows selected results of the assessment of tri-
bological properties of the investigated friction pairs. The 
plots show both the friction force variations as well as the 
determined friction coefficients µ of the analyzed kine-
matic pairs. The temperature in the vicinity of the friction 
node was determined in the tests too. The mean tempera-
ture during friction was: T [°C] |24.5 |25.9 |24.8 |26.8 
|23.1 |26.4 |25.0 |24.2|, respectively. The maximum tem-
perature was 33°C.  

Fig. 9. shows the microscopic image of the friction 
path used for determining linear and volumetric wear. 
Tab. 2 lists the friction coefficients, loads and linear dis-
placement values describing wear in the friction zone.   

The experimental results demonstrate that, out of all 
tested materials, PA6-G with mineral oil is definitely best 
suited for thin anti-friction coatings; if, however, entire 
elements of the friction node are to be made from a com-
posite material, it is better to use PTFE with the addition 
of bronze or graphite. The study has demonstrated that 
polymer composites can be an alternative to traditional 
construction materials. This is confirmed by the obtained 
results and the general reliability of structures made of 
composite materials.

Tab. 2 Comparison of linear displacements and friction coefficients 

 
PA6-G 

with mi-
neral oil 

POM 
with 

alumi-
nium 

PTFE 
with 

bronze 

PTFE 
with 

graphite 

PA6-G 
with mi-
neral oil 

POM 
with 

alumi-
nium 

PTFE 
with 

bronze 

PTFE 
with 

graphite 

Specimen/parameter P1.1 P2.1 P3.1 P4.1 P1.2 P2.2 P3.2 P4.2 

Load [N] 10 20 30 

Displacement, p [μm] 14.6 2.1 6.7 0.7 1.2 2.9 6.4 8.4 

Frict.coefficient, μ 0.12 0.15 0.11 0.141 0.09 0.11 0.175 0.175 

 Conclusions 

Polyethylene (PE) with molybdenum disulphide 
(MOS2) has the highest hardness (29.3 HV2) and relati-
vely low porosity (12.41%). In terms of compressive 
strength it is only surpassed by polyphenylene sulphide 
(PPS) with glass fibre (340 MPa). Compared to the other 
tested materials, PE with MOS2 exhibits the best operating 
properties. For this reason, it is recommended that this 
composite material be used for producing structural ele-
ments operating under high loads. The study has shown 
that the considerably high stresses cause neither drastic 
changes to its microstructure nor generate plastic strains. 
Cast polyamide (PA6-G) with mineral oil is best suited 
for use in light industry. Compared to PTFE with bronze, 
it has lower compressive strength yet similar hardness 
(9.2 HV2 on average). What is more, PA6-G is less ex-
pensive than PTFE. PTFE with bronze is characterized by 
a small pore volume (4.17%), which has a positive effect 
on the strength properties of this composite material. 
Compared to natural Teflon [23], the addition of bronze 
has significantly improved the mechanical properties of 
this composite (hardness and yield stress). PTFE with 
graphite has the least desired properties out of all tested 
materials. It has exceptionally low compressive strength 
(65.3 MPa) and deformability (as proven by the imprints 

left on the surface in hardness testing). These low mecha-
nical properties are due to the material’s structure, par-
ticularly its high porosity (9.16 %). Polyacetal (POM) 
with aluminium (Al) exhibits high hardness (23.3 HV2), 
which is comparable to the results obtained for PE with 
MOS2 and PPS with glass fibre. In addition, it has a 
smaller pore volume. Its compressive strength (194 MPa) 
is, however, considerably lower and thus, generally, quite 
insignificant when compared to the other analyzed plas-
tics. PTFE with MOS2 exhibits considerably high 
compressive strength (208 MPa). In terms of its operating 
properties, it resembles POM with Al. Both composite 
materials perform well in surface treatment. When se-
lecting between the two materials, one must consider not 
only permissible changes in their microscopic structure, 
but also their price (PTFE is more expensive). Polyphe-
nylene sulphide (PPS) reinforced with glass fibre is suita-
ble for use in the machine-building industry. It has the 
highest compressive strength and low deformability un-
der stress amounting to 480MPa. Compared to PE with 
MOS2, PPS has similar porosity (9.1%) yet is less expen-
sive. The results of polyether ether ketone (PEEK) with 
glass fibre are relatively comparable with those obtained 
for the other tested composite materials. It has the lowest 
porosity (2.12 %), which, however, does not significantly 
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improve the mechanical properties of this composite. In 
terms of compressive strength, this material is similar to 
PA6-G with mineral oil and PTFE with bronze. Although 
manufacturers recommend its use for structures operating 
under high loads, the test results reveal that some other 
material should be used for this purpose. The study has 
also demonstrated that all the tested composite materials 
have very good tribological properties that are particu-
larly desired in the design of sliding elements. This is pro-
ved by the low coefficients of friction () obtained for the 
tested friction pairs. The tests have shown that the com-
posite materials reinforced with mineral oil and alumi-
nium oxide (Al2O3 ) retain very good tribological proper-
ties. This is confirmed by the low values of linear wear 
and friction coefficients. Similar results were obtained in 
[2, 4, 8, 10, 12], in which polymer composites were tested 
at room temperature under the loads of 10, 20 and 30 N 
(the best results were obtained for PA6-G with mineral 
oil, out of all tested polymer composites). It has been ob-
served that the tested parameters, i.e. the friction force F, 
the temperature near the friction node T, and the friction 
coefficient , are significantly affected by the applied 
load (10N, 20N, 30N). The coefficient of friction ranges 
between 0.11 and 0.175, which can be regarded as a very 
good result, especially given the fact that the composite 
materials were loaded with a concentrated force exerted 
by a hard material (Al2O3). Therefore, it can be claimed 
that the analyzed composite materials can carry high lo-
ads exerted by a much harder material, while at the same 
time retaining very good tribological properties, even for 
such friction pairs as steel-graphite and steel-glass. On 
increasing the external load, all analyzed operating para-
meters of the friction process increase too. Among the tes-
ted polymer composites, the best results were obtained for 
PA6-G with mineral oil. PTFE-matrix composites – 
despite their good results of the friction coefficient  – 
are less desired than POM with aluminium because their 
use is less cost-effective.  
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