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Abstract  For the polymeric materials, changing of the temperature causes changes in mechanical and tribological 
properties of sliding pairs. The goal of the present study was to determine the change in Young's modulus 
and kinetic friction coefficient depending of the temperature. Three thermoplastic polymers, PA6, PET and 
PEEK, were tested. These materials cooperated in sliding motion with a C45 construction steel disc. As part 
of the experiment, the Young's modulus tests (by 3-point bending method) and kinetic friction coefficient 
studies (using pin-on-disc stand) were carried out. The temperature range of mechanical and tribological tests 
was determined at T = –50°C±20°C. Comparing the results of mechanical and tribological properties, there is  
a tendency to decrease the coefficient of friction as the Young's modulus increases while reducing the working 
temperature.

Słowa kluczowe: polimery, moduł Younga, współczynnik tarcia, niska temperatura, tribologia.

Streszczenie  Zmiany temperatury w przypadku materiałów polimerowych są przyczyną zmian własności materiału,               
a co za tym idzie i właściwości tribologicznych par ślizgowych. Tematem podjętym w niniejszym artykule 
jest określenie zmiany modułu Younga oraz współczynnika tarcia kinetycznego materiałów polimerowych 
współpracujących ślizgowo ze stalą w zależności od temperatury. Do badań wykorzystano polimery termo-
plastyczne: PA6, PET oraz PEEK, które współpracowały ślizgowo ze stalą konstrukcyjną C45. W ramach 
eksperymentu zostały przeprowadzone badania modułu Younga (3-punktową metodą zginania) oraz badania 
współczynnika tarcia kinetycznego (wykorzystując stanowisko typu pin-on-disc). Zakres temperatury badań 
mechanicznych i tribologicznych określony został na poziomie T = –50°C±20°C. Porównując wyniki badań 
własności mechanicznych z właściwościami tribologicznymi, można zauważyć tendencję do zmniejszenia 
wartości współczynnika tarcia wraz ze wzrostem modułu Younga podczas obniżania temperatury otoczenia.

* Wrocław University of Science and Technology, Faculty of  Mechanical Engineering, Department of Machine Design 
and Tribology, ul. Łukasiewicza 7/9, 50-371 Wrocław, Poland, e-mail: anita.ptak@pwr.edu.pl.

INTRODUCTION

Polymers have found their place in many fields of 
technology and science as well as in various areas  
of everyday life. Their application depends on many 
factors, including mechanical strength, heat resistance, 
chemical resistance, sometimes their appearance (for 
example when transparency is required), or their price. 
Many of the polymers are exposed to low temperatures. 
For some of them, there is no permanent loss of 

properties, because, after heating, they return to their 
original conditions. The stiffness of polymer increases 
and the impact strength decreases [L. 4]. The possibility 
of using polymers at low temperatures depends on the 
type of load, vibrations, and impacts that may damage 
the components. In the case of low temperatures, one 
should be careful with the use of modifying additives 
(fillers), because they usually increase the brittleness of 
the materials.
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In contrast to metals, polymeric materials exhibit 
a significant dependence of properties on temperature. 
This is due to the specific structure of polymers and the 
related mobility of macromolecules [L. 4]. Temperature 
is regarded as a parameter having a big influence on 
the properties of materials, in particular, thermoplastic 
polymers, because it is related to their viscoelasticity.

The sensitivity of polymers to changes in 
the environment creates many difficulties for the 
constructors. Due to its multi-molecular structure, 
polymers easily change their mechanical, chemical, or 
rheological properties. 

It is very difficult to maintain the same properties 
by the polymers, especially during changing the 
temperature. This is due to the release of the segments 
of molecules allowing their movement at a precisely 
defined temperature. Moving chains can freeze during 
cooling. Then the behaviour of the polymer changes 
to intrachain vibrations, which significantly affects the 
properties of the material [L. 5]. 

Therefore, it can be conclude that the polymer 
properties at lower temperatures strongly depend on the 
chemical composition of the material [L. 4, 6], although 
the opinions are divided, because a different position is 
presented by author [L. 13].

While the subject of increased temperature is 
relatively frequent in the literature, information about the 
effect of reduced temperature on the material properties 
is missing. The results of the research are published 
mainly in temperatures reaching the cryogenic level  
[L. 1, 2, 5, 6, 13, 14] than in conditions reflecting the 
climate prevailing in most of the world.

The literature described that there is a dependence 
of the coefficient of friction and wear on low temperature, 
but this is still an area that has not been researched 
enough and the results obtained so far are not conclusive.

Scientists interested in the subject of low temperature 
in tribological tests confirm that, as the temperature 
decreases, the coefficient of friction decreases and the 
resistance to wear increases [L. 6, 9, 13].

Publication [L. 2] showed that, below the 
temperature T = -70°C, the static and kinetic coefficient 
of friction is not so significantly dependent on the 
temperature, while, above this temperature, the values 
of coefficients strongly depend on the set operating 
temperature. Large discrepancies and difficulties in the 
correlation of low temperature investigations results are 
caused by many factors. Different process parameters 
(for example unit pressure or sliding speed), a different 
method of polymer processing, even small differences in 
construction can affect the results. Literature describes 
that one of the most important factors influencing the 
results of research is the cooling medium [L. 6, 13].

The properties of materials as well as the preparation 
of samples for testing are also not insignificant. In work 
[L. 8], the author clearly emphasized the relationship 
between geometrical parameters and the tribological 

characteristics of the materials studied. In the works  
[L. 3, 7, 10, 11, 12], however, the effect of the friction 
process on the polymer sliding surface has been 
described. It includes, among others, the characteristics 
of the change in microhardness, which, according to 
the authors, led to the strengthening of the surface layer 
(both, at room and low temperature).

RESEARCH  METHODS

The strength and tribological investigations were carried 
out in a climate chamber with setting and controlling 
temperature and relative humidity (Fig. 1). The 
temperature range for testing has been set within the 
limits of T = -50°C to T = 20°C, and the research was 
done every 10°C. The polymers used in the experiment 
are typical thermoplastic polymers with practical 
application in sliding nodes of machines and devices: 
PA6, PET, and PEEK. All polymer samples before 
strength and tribological investigations were placed into 
the climatic chamber for at least 1 hour. It was aimed at 
stabilize the temperature of the whole sample. 

Fig. 1.  Climatic chamber
Rys. 1.  Komora klimatyczna

Mechanical properties investigations

Strength analyses, enabling the calculation of the 
Young's modulus, were made using the three-point 
method for bending on the basis of the PN-82/C-89051 
standard. The samples made for testing had the shape 
of 10x4 mm beams. During the tests, the sample was 
evenly loaded to a maximum force equal to F = 20 N, 
the load was maintained for a time t = 20 s, and then 
the sample was evenly unloaded until the load was 
completely removed. The value of the Young's modulus 
was calculated according to the accepted standard from 
the following formula:

                                       (1)



109ISSN 0208-7774 T R I B O L O G I A  3/2018 

For each material, the test was repeated three times 
using a new sample each time. The obtained results 
were subjected to statistical calculations (mean, standard 
deviation, and confidence level).

Tribological properties investigations

Tribological tests were performed at the research 
stand based on the pin-on-disc method (Fig. 2) and 
placed inside the climatic chamber (Fig. 1). Polymeric 
samples had the shape of pins with a diameter of 8 mm. 
During tribological tests, selected polymeric materials 
collaborated in the sliding mode with the construction 
steel C-45 of ~40HRC hardness and of Ra ≈ 0.5 surface 
roughness. For the tests, constant values of unit pressure 
p = 1 MPa and sliding speed v = 1 m/s were selected. 
During temperature stabilization, these materials 
remained in a constant relative motion at the lowest 
possible speed. This allowed preventing the polymer 
sample from freezing into the steel disc. The velocity was 
v = 0.05 m/s. The measurement time of the coefficient 
of friction resulted in the final friction distance equal 
to s = 1000 m. For each material, the test was repeated 
three times and all obtained results were subjected to 
statistical calculations (mean, standard deviation, and 
confidence level).

Fig. 2.  Pin-on-disc couple – view of the contact geometry: 
1 – polymeric pin, 2 – steel disc

Rys. 2.  Para typu pin-on-disc – podgląd geometrii styku:  
1 – polimerowy trzpień, 2 – stalowa tarcza

FINDINGS

The results of strength analysis for each material are 
shown in Tables 1, 2, and 3. The graphic interpretations 
are presented on Figs. 3,  4, and 5.

Obtained results of strength tests clearly show 
the increase of Young’s modulus with decreasing 
temperature. These changes are visible for all tested 
materials in the entire set temperature range. Young’s 
modulus for PEEK was characterized by the highest 
value of the module, while its highest growth was 
characterized by PA6 (almost 100%).

The findings of tribological research, i.e. the kinetic 
friction coefficient depending on temperature, are 
presented in Table 4 and Figs. 6, 7, and 8.

Table 1.  Change in Young’s modulus depending on 
temperature change for PA6

Tabela 1.  Zmiana modułu Younga w zależności od  tempera-
tury dla PA6

PA6
Temp. [°C] Eśr [MPa] ϭ α

20 1982 255 353
0 3301 234 324

-10 3759 321 445
-20 4082 52 72
-30 4270 103 143
-40 4324 140 194
-50 4243 141 195

Table 2.  Change in Young’s modulus depending on 
temperature change for PET

Tabela 2.  Zmiana modułu Younga w zależności od  tempera-
tury dla PET

PET
Temp. [°C] Eśr [MPa] ϭ α

20 3186 197 274
0 3852 55 76

-10 3860 107 148
-20 3763 117 162
-30 3643 71 99
-40 3585 110 152
-50 3671 114 158

Table 3.  Change in Young’s modulus depending on 
temperature change for PEEK

Tabela 3.  Zmiana modułu Younga w zależności od  tempera-
tury dla PEEK

PEEK
Temp. [°C] Eśr [MPa] ϭ α

20 3700 168 232
0 4484 105 145

-10 4547 61 84
-20 4485 167 232
-30 4369 86 119
-40 4269 85 118
-50 4256 181 251

Fig. 3.  Change in Young’s modulus depending on 
temperature change for PA6

Rys. 3.  Zmiana modułu Younga w zależności od  temperatury 
dla PA6
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Fig. 4.  Change in Young’s modulus depending on 
temperature change for PET

Rys. 4.  Zmiana modułu Younga w zależności od  temperatury 
dla PET

Fig. 5.  Change in Young’s modulus depending on 
temperature change for PEEK

Rys. 5.  Zmiana modułu Younga w zależności od  temperatury 
dla PEEK

Fig. 6.  Change in kinetic friction coefficient depending on 
temperature change for PA6

Rys. 6.   Zmiana współczynnika tarcia kinetycznego w zależ-
ności od temperatury dla PA6

The presented findings of tribological tests 
clearly show the dependence of the kinetic friction 
coefficient μk on the temperature. The coefficient was 
decreasing for all tested materials with a reducing of the 
temperature. The smallest friction force was obtained at 
the minimum ambient temperature in the tested range. 
Among the tested materials, PET was characterized 
by the lowest coefficient of friction, in particular,  
at T = -50°C. The largest friction force was noted for 
PEEK.

Fig. 7.  Change in kinetic friction coefficient depending on 
temperature change for PET.

Rys. 7.  Zmiana współczynnika tarcia kinetycznego w zależ-
ności od temperatury dla PET

Fig. 8.  Change in kinetic friction coefficient depending on 
temperature change for PEEK

Rys. 8.  Zmiana współczynnika tarcia kinetycznego w zależ-
ności od temperatury dla PEEK

Table 4.  Values of kinetic friction coefficient depending on temperature change for all tested materials
Tabela 4.  Wartości współczynnika tarcia kinetycznego w zależności od temperatury dla wszystkich badanych materiałów

Temperature
[°C]

Material
PA6 PET PEEK

mk ϭ α mk ϭ α mk ϭ α
20 0.27 0.04 0.04 0.26 0.01 0.02 0.35 0.02 0.03
0 0.30 0.14 0.18 0.20 0.02 0.02 0.39 0.02 0.03

-10 0.32 0.09 0.12 0.21 0.01 0.02 0.37 0.03 0.04
-20 0.34 0.07 0.09 0.21 0.03 0.04 0.38 0.06 0.07
-30 0.35 0.07 0.08 0.21 0.04 0.04 0.37 0.04 0.05
-40 0.25 0.10 0.12 0.20 0.03 0.03 0.34 0.03 0.04
-50 0.23 0.09 0.11 0.14 0.04 0.05 0.24 0.09 0.12
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SUMMARY  AND  CONCLUSIONS 

The strength analyses of polymeric materials at low 
temperature show a significant effect of temperature 
change on the Young's modulus. The obtained results 
allowed determining the characteristics of the Young's 
modulus change in relation to the temperature. These 
characteristics have shown that, with the temperature 
reduction, the Young's modulus increases, especially for 
PA6, in this case, the increase was almost 100%. 

For other materials after exceeding 0°C, the 
Young's modulus value changes to a small extent 
until the minimum temperature is -50°C. It should be 
emphasized that the obtained results are characterized 
by very high repeatability, which was confirmed by the 
applied statistical analysis.

In the case of tribological tests, it was noticed 
that, with a decrease in temperature (in the tested range  
T = –50°C – 20°C), there is a decrease in the kinetic 
friction coefficient μk. Particular attention should be 
paid to the value of the coefficient at T = –50°C, where 

a significant decrease is noticeable in relation to other 
temperature values. The obtained results on the kinetic 
friction coefficient μk were characterized by quite good 
repeatability.

Comparing the results of mechanical and 
tribological properties, one can notice a tendency to 
reduce the friction coefficient as the Young's modulus 
increases while reducing the temperature. Decreasing 
the temperature increases the Young's modulus, which 
may be related to the change in the microhardness of  
the material. The tested polymer materials (PEEK, 
PET, and PA6) in the test temperature range were well 
below the glass transition temperature, which indicates 
a change in the viscoelastic state in the glassy state. 

The materials then increase their hardness, but 
they are not hard enough to increase the coefficient of 
friction. The friction temperature that increases the set 
operating temperature and the deposition of frost on the 
steel surface, which can act as a lubricant during the 
friction process, can play a major role here.
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