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A review to enrich the literature concerning the effect of various plasmas on the tribological behaviour of polymers and
monitor the developments of plasma for the modification of polymer surfaces over recent decades using up-to-date data.
A comparative study of plasmas was conducted to identify the most useful and efficient ones which facilitate optimal
improvements with regard to the characterizations of polymer surfaces and tribological properties. The studies included
in this review strongly suggest that (besides Plasma-Immersion Ion Implantation, PIII) atmospheric plasmas (dielectric
barrier discharges, DBD) are an effective technique in terms of modifying the characterizations of polymer surfaces
thereby enhancing the tribological behaviour of polymers under different operating conditions that extends the operating
life of elements within the machine.
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1.

Introduction

The term tribology originates from two Greek words,
namely τ ριβω (tribo), a verb which means “I rub”; and
the suffix -logy which is derived from λωγια (logia)
which can be translated as “study of” or “knowledge of”.
This word was introduced by the British scientists Bowden, Tabor [1] and Jost in 1964 [2]. Luke Mitchell, a
professor of lubrication, observed the problems caused
by increasing the level of friction exerted on machines
[3]. Tribology is the science which studies the principles and applications of friction, wear and lubrication
[4]. Friction and wear are widespread phenomena in our
daily lives. Processes that result in friction occur when
moving surfaces are in contact with each other [5]. Friction is a consequence of two main non-interacting components (adhesion and deformation) and can be considered as an approach for all materials including polymers.
Polymers are nonpolar materials that exhibit unique tribological behaviour, and some of them possess good selflubrication characteristics, examples of which are stated
in [6, 7]. The rapid development of industry was accompanied by the urgent need to decrease the size of equipment which in turn leads to a higher degree of friction and
enhanced rates of wear to be exerted on the elements of
machines. This prompted the evolution of several surfacemodification techniques, in particular for polymers, to diminish the disadvantages of friction and wear. The alteration of surface properties such as hydrophilicity, chemical composition and roughness lead to inevitable changes
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in tribological behaviour which provided an opportunity
for researchers to govern such behaviour with regard to
polymers. Therefore, specific techniques have been developed over the last few years to modify the surfaces
of polymers to improve frictional behaviour and adhesive bonding performance. A lot of chemical and physical
techniques have been developed to treat the surfaces of
polymers. Chemical techniques are the processes which
deal with wet or chemical reactions on surfaces, for instance, wet etching, grafting, acid-induced oxidation and
plasma polymerization. Physical techniques deal with the
modification of physical surfaces such as corona discharge, ion or electron beams, photon beams, plasma discharge and oxidizing flames [8].
Experimentally, the chemical treatments of polymer
surfaces exhibit some disadvantages such as localized
corrosion and environmental pollution. In contrast, physical treatments have been adapted recently to modify the
surface of polymers [9]. One of the most effective techniques to modify the surfaces of polymers are plasmas
which facilitate changes in the properties of polymer surfaces by several processes, for instance, cleaning, ablation, crosslinking and surface chemical functionalization
[10].
Recently, plasma surface treatment was referred to as
the most accepted method of modifying the surface of
polymeric materials due to its remarkable stability concerning the enhancement of surface properties compared
to conventional techniques, in particular, atmospheric
plasma treatment which has the ability to operate under
ambient atmospheric conditions (in terms of temperature
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and humidity) and does not require a vacuum [9,11]. The
literature often suggests that plasma treatment may improve the hydrophilicity of polymers [12–16], which has
also been demonstrated in our previous works [17–19].
Even though plasmas often increase the surface roughness of polymers [15, 20, 21], some studies have proven
that a decrease in surface roughness might occur after
shorter treatment times [16, 22].
The present study attempts to review the tribological
aspects of polymeric materials treated by various plasmas and compared to their pristine surface behaviour by
taking into consideration the influence of plasmas on the
characteristics of polymer surfaces which vastly governs
the tribological behaviour of polymers. Finally, plasma
types that may currently be recommended to utilize and
reinforce the tribological properties of polymers are highlighted.

2.

Plasma Modification of Plastic Surfaces

Plasma can be defined as a chemically active media. The
composition of plasmas varies depending on the way they
are generated and their working power. Plasmas produce
either low or very high temperatures and according to the
heat they generate they can be termed as cold or thermal
plasmas. Thermal plasmas, especially arc plasmas, were
widely industrialized by the aeronautic sector in particular. Cold plasma technologies have evolved in the microelectronics industry, but they have a limited use due to
their vacuum equipment. There have been many attempts
to transpose plasmas to work under atmospheric pressure
without the need for a vacuum. The research has led to
various sources that are described in [23].
It is known that plasma is the fourth state of matter and it is more or less an ionized gas that constitutes
about 99 % of the universe. Plasma consists of electrons, ions and neutrons; these constituents may exist in
fundamental or excited states. From a laboratory point
of view, plasma is electrically neutral. However, it contains some free charge carriers thus is electrically conductive [24, 25]. The degree of plasma ionization can range
from small values, e.g. 10−4 − 10−6 for partially ionized
gases to 100 % for fully ionized gases. In a laboratory,
two types of plasma can be generated; the first are hightemperature plasmas which are also referred to as fusion
plasmas, the second are low-temperature plasmas or gas
discharges [26].

2.1

Classification of plasmas

Plasmas can be differentiated into several groups depending on the energy supply and amount of energy transferred to them since the properties of a plasma change depending on electronic density or temperature as presented
in Fig. 1 [23]. There are two major plasma groups - the
first are thermal equilibrium plasmas and the second are
those not in thermal equilibrium. Plasmas that consist of
Hungarian Journal of Industry and Chemistry
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Figure 1: 2D classification of plasmas (electron temperature versus electron density) [28].

particles (electrons, ions and neutral species) of uniform
temperature are known as thermal equilibrium plasmas,
for instance, stars and fusion plasmas. Usually they are
termed as “local thermodynamic equilibrium plasmas”
which is abbreviated to LTE. High temperatures typically
ranging from 4,000 K to 20,000 K are required to obtain
thermal equilibrium plasmas. Otherwise, plasmas that are
not in thermal equilibrium, abbreviated as non-LTEs, will
be formed, for example, interstellar plasma matter [25].
LTE and non-LTE plasmas can be distinguished according to the gas pressure the plasma is subjected to. A
high gas pressure is indicative of many collisions in the
plasma and it could be argued that just a few collisions
occur in the plasma when the gas pressure is low, for example, dielectric-barrier discharge and atmospheric pressure glow discharge plasmas. More details about types,
sources and applications of plasmas can be found in [27].

2.2

Influence of plasmas on the surface characteristics of polymers

Different types of plasma treatments have exhibited potential changes in the physical and chemical surface characteristics of polymers. The variation in wettability is a
fundamental parameter that controls adhesion, lubrication and/or interactions with molecules. The formation
of polar groups at the surface following plasma treatments, such as carbonyl, carboxyl and hydroxyl groups,
enhances the surface energy. The enhancement of wettability following plasma treatment can be a combined
effect of surface functionalization and an increase in surface roughness. When surface grafting occurs relatively
quickly, an increase in surface roughness has mainly been
observed following longer treatment times [21]. Depending on the selection of adequate parameters, different
types of plasma treatment are used for either enhancing
as well as diminishing adhesion or surface hardness.
Experimentally, Tóth et al. [29] observed a significant
improvement in the surface hardness of ultra-high molecular weight polyethylene (UHMWPE) following nitrogen
plasma ion implantation (NPII). The hydrogen plasma
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Figure 2: F/C atomic ratio vs. voltage.

immersion ion implantation (HPIII) treatment of the surface of UHMWPE induces amelioration in terms of the
scratch resistance, temperature, mean surface roughness,
oxygen content, and surface hardness, while the surface
slope and elastic modulus often decreased, but it is possible to enhance these characteristics upon treatment. Low
values of temperature and mean roughness favour the reduction of the surface slope [30]. In parallel, the nanomechanical, chemical and wear properties of the UHMWPE
surface have been significantly enhanced following treatment with helium plasma immersion ion implantation
(HePIII). Over the ranges of the parameters, the surface
hardness increased by up to six times, whereas the loss in
volume following multipass decreased by up to about 2.5
times [31].
In a related study, the influence of nitrogen plasma
immersion ion implantation (NPIII) on the surface of
UHMWPE was investigated as well. The results suggested a relative increase in surface hardness, macroscopic temperature and mean surface roughness, while
the loss in volume decreased. However, the elastic modulus decreased or maybe even increased depending on the
actual parameter set applied in the process. According to
the parameter range studied, a reduction in wear rate is
strongly dependent on thermal effects [32]. A statistical
study by Tóth et al. [33] that revised the literature of engineering plastics treated by plasma-based ion implantation
(PBII) and plasma-based ion implantation and deposition
(PBIID) concluded that there is a rapidly trending in the
number of related publications. As a consequence, the effect of nitrogen plasma-based ion implantation (NPBII)
on poly(tetrafluoroethylene) (PTFE) was discovered by
Kereszturi et al. [34]. The study observed that the F/C
atomic ratio significantly decreased in an inverse relationship with the voltage as shown in Fig. 2. Meanwhile the
surface roughness increased inversely with the voltage
and correlated directly with fluence as shown in Fig. 3.
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Figure 3: Mean surface roughness of PTFE vs. fluence and
voltage.

Although a clear relationship between wear volume and
the main process parameters was not observed, in general this was improved following treatment along with
an increase in surface roughness and O/C atomic ratio.
Furthermore, the water contact angle recorded increased
under low voltages and high fluences.
Atmospheric dielectric barrier discharge (DBD) plasmas enhance the wettability and surface roughness of
polypropylene (PP) proportionally to an increase in the
duration of plasma exposure [35]. Also, the surface
roughness of PP increases linearly with the exposure
time of atmospheric DBD plasma due to degradation
of the polymer surface and the formation of nodulelike features. These nodules are shaped by highly oxidized short fragments of polymer which are referred to
as low-molecular-weight oxidized materials (LMWOMs)
in the literature [15]. In a subsequent study, Kostov et
al. [36] reported that modifications in terms of the surface of different engineering plastics, such as polyethylene terephthalate (PET), polyethylene (PE) and PP could
be achieved by atmospheric pressure plasma jets (APPJ).
The primary aim of this research was to identify the optimal treatment conditions as well as compare the effect of APPJs on another source of atmospheric pressure plasmas, e.g., DBD on the characteristics of polymer surfaces. As a consequence of APPJ treatment the
surface roughness is increased as shown in Fig. 4. However, nodule-like structures were produced as well, but
were much smaller compared to those constituted in the
previous study when the polymer was treated by DBD.
This was attributed to the higher degree of polymer degradation during DBD treatment. The adhesion strength of
PP and perfluoroalkoxy alkanes (PFAs) has been significantly enhanced due to atmospheric plasma treatment under several gas flows. The characteristics of the surface
introduced hydrophilic functional groups where the level
46(2) pp. 1-11 (2018)
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Figure 6: Water contact angles of various materials after
treatment.
Figure 4: AFM images of PP (a) untreated; (b) 30 s
treated; (c) 30 s treated and washed; (d) 60 s treated; (e)
60 s treated and washed. All treatments were conducted
with sample reciprocations using a signal amplitude of 10
kV, frequency of 37 kHz and Ar flow of 1.3 l/min.

of improvement changed in proportion to the duration of
the treatment as illustrated in Fig. 5 [37]. Although atmospheric pressure glow (APG) discharge plasma treatment is moderate in terms of energy characteristics, APGderived fluoropolymers exhibit similar surface properties
under conventional low-pressure plasmas [38]. Treating
metals and polymers by a cold arc-plasma jet under atmospheric pressure leads to a superficial improvement in
hydrophilicity and a decrease in the water contact angle
of these materials as shown in Fig. 6 [39].
On the other hand, the literature shows that modifications to the surface of aromatic polymers by dielectric
barrier discharge (DBD) can achieve a substantial degree
of chemical functionalization on the polymer surface by
applying relatively low or intermediate levels of power
without suffering severe topographical damage [40]. The
surface modification of a PET film by an atmosphericpressure plasma in combination with different gas flows
promptly improved its hydrophilicity and was followed
by hydrophobic recovery after longer durations [41]. In
parallel, significant changes in the morphology and reactivity of PET surfaces have been observed [42,43]. When

Figure 5: Effect of gas blowing on wettability of PFA film.
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exposed to air the processing parameters, such as discharge power, processing speed, processing duration, and
electrode configurations, affect the nature and scale of
changes to the surface. In general, longer durations (low
processing speed and a high number of cycles) and high
levels of power induced greater changes in the surface
wettability of the polymer [44].
Among the various environmental gases studied, air
and oxygen yielded the highest levels of hydrophilicity,
while argon and nitrogen resulted in lower degrees of hydrophilicity of the PET surface [45]. Cold atmosphericpressure plasmas (surface dielectric barrier discharge SDBD) improve the oxygen and nitrogen contents of PET
[46]. In comparison to PET, the effects of plasma treatment on polyether ether ketone (PEEK) have been studied
less frequently, but also lead to enhanced degrees of hydrophilicity and adhesion [47] due to the incorporation of
functional groups and greater surface roughness following DBD [48]. The hydrophilicity, which is governed by
the oxygenation of PEEK following DBD in the air, also
recovered after several months through loss of the structurally related functional groups, but it remained more
stable than other non-aromatic polymers [49]. Nylon 6
(PA6) exhibited a reduction in surface roughness, and an
increase in the O/C and N/C ratios due to diffuse coplanar surface barrier discharge (DCSBD) plasma treatment
in two different gas flows (nitrogen and oxygen). However, the oxygen DCSBD plasma was more efficient in
terms of modifying the surface compared to the nitrogen equivalent [16]. Also, plasma treatment enhances the
contact angle and alters the surface topography of Nylon
66 (PA66) [50]. Plasma pre-treatment of the surface of
the biopolymer Poly L Lactic Acid (PLLA) leads to the
formation of pits in the crystalline phase accompanied by
a mild increase in surface roughness [51].
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3.

3.1

5

Tribology of Plasma-treated polymer
surfaces
Friction of polymers

Many studies have dealt with the tribology of polymers
[52, 53]. Hardness and the elastic modulus are governed
by the penetration depth, maximum load and strain rate
[54]. Microcuttings are a consequence of ploughing, and
they may exacerbate the friction force under specific conditions. Friction that results from elastic hysteresis is
known as the deformation component [55, 56]. “The mechanical component results from the resistance of the
softer material to "ploughing" by asperities of the harder
one” [57]. The adhesive bonds generated between the surfaces in the frictional contact are referred to as the adhesion component. The adhesion component is higher than
the deformation (mechanical) equivalent [58]. The friction force is equal to the sum of the adhesion and deformation components as shown in Eq. 1 [59]. From this,
the reason for polymer transferred layers forming on the
metal counterface during frictional contact can be determined. The transferred films are an essential factor which
must be taken into consideration whilst estimating the tribological behaviour of polymers [53]. The effect of load,
sliding velocity and temperature on friction are also important parameters that could influence the tribological
behaviour of the polymer:
Ff =Fa +Fd [N]

(1)

where Ff represents the friction force, Fa the adhesion
component, and Fd the deformation component of friction. Under low loads, Ff ≈ Fa since Fd is far smaller
than Fa .

3.2

Wear of polymers

Wear is the undesirable removal of layers from the surface of a material. Wear occurs when two materials come
into contact as a result of movement. Mechanical stress,
temperature and chemical reactions directly influence the
characteristics of the surface layer. Polymers are sensitive to these factors due to their particular structure and
mechanical behaviour. The interface temperature can be
significantly higher than the temperature of the environment. The wear of some polymers, that were examined by
Lancaster [60] whilst being slid against steel, was found
to be influenced by temperature with regard to polymers
that the pass is minimum at the characteristic temperature. The accurate classification with regard to the wear
of a polymer is not a trivial matter due to the highly diverse nature of such mechanisms [53, 61, 62]. However,
abrasion, adhesion and fatigue are the three most common types of polymer wear that occur during the sliding
process.

Figure 7: Pin-on-disc tribological test system : 1) base
frame, 2) pin holder, 3) loading head, 4) positioning rail,
5) rotating steel disc.

3.3

Tribological tests of polymers

The tribological behaviour of a specific material is not inherent of its properties as far as strength, elastic modulus,
etc., are concerned. The influence of friction and wear on
the overall performance of a polymer is strongly dependent on the entire configuration of the test. To evaluate the
polymer under operating conditions that occur in actual
structures, test configurations have to simulate the main
sliding mode as accurately as possible in terms of system
pair materials, contact geometry, contact pressure, sliding
motion, sliding velocity, environmental conditions, mechanical stiffness, etc. As a consequence, regular basis
tribo-test systems are assembled from test apparatus that
has yet to be standardized.
Several parameters should be taken into consideration
to select the most favourable test system, i.e. the structure
of the material (macro- or microstructure), contact conditions (whether the contacting bodies possess the same
radii of curvature as in a pin-on-disc test or different radii
of curvature as in the ball-on-disc test), and energy dissipation (sliding temperature) [63]. The real tribosystem
of the elements of a polymer is considered to be the most
dependable test, however, due to its expense and impractical nature the test cannot be conducted regularly.
The scale of tribological tests varies from ‘field tests’
that consist of ‘large-scale simulation tests’ on real components to ‘laboratory tests’ on artificial samples which
are widespread in the field of the tribological research of
polymers due to the small apparatus used and their relatively low cost and versatility with regard to the testing
of various materials under different test conditions, e.g.
pin-on-disc Fig. 7).

3.4

Tribological behaviour of the surface of
polymers treated by plasmas

It is hard to accurately predict the effects of plasma
surface treatment on the tribological behaviour of polymers, due to the multitude of mechanisms that govern
such processes. It can be expected that functionalization,
46(2) pp. 1-11 (2018)
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Figure 8: Tribological behaviour of pristine and NPIII-treated PA6; (a) dry conditions; (b) water lubrication conditions; and
(c) run-out lubrication conditions.

crosslinking and chain scission will affect their chemical
and mechanical surface properties after plasma treatment,
which in turn will alter friction and wear characteristics.
However, it cannot be confirmed whether such alterations
lead to improved tribological properties or not, this can
only be ascertained after the treated surface is tested.
The tribological behaviour of rubber treated by
plasma has been thoroughly investigated, indicating improvements in terms of friction and wear resistance [13].
The pin-on-disc test yields the lower friction coefficient
of PC and PP, whereas PE and PS exhibit larger coefficients of friction after atmospheric plasma treatment
compared to their pristine surfaces. Bismarck et al. [64]
attributed the significant decrease with regard to the friction coefficient of PC either to the most substantial reduction in contact angle or the changes in the chemical
and simultaneously the physical properties of PC after
treatment. On the other hand, the increase in the extent of
crosslinking after atmospheric plasma treatment resulted
in lower levels of friction and wear of PEEK composites
[65], while argon plasma treatment led to a higher friction
coefficient of PET [12].
The effects of Nitrogen plasma immersion ion implantation (NPIII) on PET indicated improvements with
regard to scratch resistance [66]. Kalácska et al. [67]
demonstrated that the benefits of sliding tribological
properties are strongly dependent on the sliding condiHungarian Journal of Industry and Chemistry

tions: a lower degree of friction and enhanced wear performance of PET treated by PIII only occurred in the
presence of low pv factors under dry or water-lubricated
sliding conditions. Five minutes of atmospheric plasma
treatment is sufficient to reduce the coefficient of friction and enhance the wear properties of a UHMW-PE film
under a constant pv factor [68]. In contrast, UHMW-PE
treated by atmospheric pressure gas plasma does not exhibit a significant change in terms of wear properties after
a treatment time of two minutes.
Since the level of wear reduced by half after longer
treatment times, the duration a polymer is exposed to a
plasma plays a major role with regard to the tribological
properties of the treated surface, in particular for UHMWPE [69]. UHMW-PE treated by a cold argon plasma using
dielectric barrier discharge (DBD) supports such a finding since (under dry conditions) an increase in the friction
coefficient with treatment time was observed whereas the
wear volume reduced over the treatment time due to modifications of its surface. Under normal saline (N-saline)
lubrication conditions, wear volume and friction were reduced over the treatment time which is indicative of an
increase in surface wettability and, therefore, enhanced
surface lubrication capability [70]. Sagbas [71] reported
an increase in friction and improvement in the wear properties of conventional UHMW-PE after plasma treatment,
whereas the friction coefficient was unaffected in terms of
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Figure 9: Tribological testing under dry sliding conditions
at 0.5; 1; and 2 MPa; including online measurements of
coefficients of friction, (specific wear and displacement
∆h), and temperature.

vitamin-E-blended UHMW-PE under the same test conditions. However, the wear factor slightly decreased compared to the significant improvement with regard to the
wear properties of conventional UHMW-PE as a consequence of the highly cross-linked nature of conventional
UHMW-PE.
According to the brief review above with regard to
the effect of some plasmas on different polymers, the
ability of plasmas to alter the surface characterization
and thereby the tribological behaviour of polymers is unquestionable. However, the tribological behaviour of the
treated surface depends on several factors such as the
type of plasma, treatment method, exposure time, operating mechanism and lubrication conditions amongst many
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other factors. Kalácska et al. [72] studied the tribological
behaviour of PA6 treated by nitrogen plasma immersion
ion implantation (NPIII) under different conditions (dry,
water and oil lubrication) and various pressure velocity
factors (pv). The results show that the friction coefficient
and specific wear of treated PA6 are lower than that of
the untreated one under dry sliding conditions and low pv
factors, while the friction coefficient, specific wear and
contact temperature of treated PA6 are higher than the
pristine equivalent under high pv factors (Fig. 8a).
On the other hand, the water lubricant reduces the adhesive component of friction after treatment, which was
reflected in the fluctuation of the friction behaviour of the
treated surface (Fig. 8b). However, under continuous oil
lubrication, no difference could be detected between the
treated and untreated parameters, therefore, the run-out
type was preferred in terms of detecting such a difference. Test conditions in terms of run-out oil lubrication
exhibit a lower friction coefficient for treated PA6 than
the pristine equivalent in the presence of low pv factors
as a consequence of an increase in the dispersive component (Fig. 8c).
In contrast, our last work [73] elaborated on the effect of atmospheric DBD plasma on the tribological behaviour of PET under various test conditions (3 “dry”
normal load and “run-out lubrication” constant normal
load conditions). The effect of DBD plasma treatment on
the characterization of the surface was interpreted as an
enhancement of the surface energy and reduction in the
surface roughness due to the melting of surface asperities. However, increasing the surface wettability induces
higher coefficients of friction according to Archard’s theory of friction [74]. The dry tribological test yielded unexpected behaviour where the coefficient of friction of
the treated surface was lower than the pristine equivalent under different pv factors. Also, the specific wear
and the vertical deformation were enhanced. However,
the interface temperature of the treated surface was higher
than the untreated one (Fig. 9). The reduction in the coefficient of friction can be theoretically attributed to the
smaller contributions of a deformation component. In a
related context, a “run-out” oil lubrication test yielded a
lower coefficient of friction for the treated surface due
to a rise in the surface energy after treatment, leading to
a favourable enhancement with regard to the adsorption
of the lubricant as shown in Fig. 10. By using the analysis and comparison of the previously reviewed studies, it
can be said that atmospheric DBD plasma can be an effective technique nowadays for the treatment of polymer
surfaces that aims to reduce friction and improve wear
under dry and run-out lubrication conditions under various pv factors, especially under lower ones compared to
other techniques, e.g. NPIII.

4.

Conclusion

In conclusion, the reviewed research and results have apparently shown the capability of plasmas to modify the
46(2) pp. 1-11 (2018)
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the friction coefficient of PET remained lower than
the pristine equivalent, whilst subjected to different
pv factors. In contrast, PA6 can only sustain low pv
factors if a low coefficient of friction is desired in
the case of NPIII treatment.
• With regard to the aforementioned comparative investigation, atmospheric DBD plasma yielded a
unique reduction in the friction coefficient of PET
throughout the duration of the test under “run-out”
oil lubrication conditions. On the other hand, a slight
reduction in the friction coefficient was recorded
when PA6 was treated by NPIII under the same test
conditions.
REFERENCES
Figure 10: Tribological testing under lubricated sliding
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