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Abstract. The influence of the matrix mechanical activation, fillers of various
nature and composition on the structure and functional properties of polyte-
trafluoroethylene composites is explored. The greatest increase in wear resis-
tance at preservation of high values of physical and mechanical properties of
PTFE-composites is observed at the synergetic effect of application of the matrix
mechanical activation, fillers, their mixing in two-stage mode and use of a
binary filler of various chemical nature. It is revealed that introduction of the
binary filler increases wear resistance of the developed composites by (2.6–4.1)
times in comparison with two-component composites. The feature of the
developed manufacturing technology of PTFE-composites consists in prelimi-
nary separate preparation of the matrix and fillers before their mixing by
mechanical activation in various modes of the equipment therefore there is an
increase in level of their breaking strength by 1.4 times and wear resistances by
(3.7–6.0) times in comparison with industrial analogs that increases durability of
work of frictional units of the compressor by (1.8–2.3) times.
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1 Introduction

Creation of highly efficient equipment, significant acceleration of scientific-
technological progress and implementation of resource-saving technologies require
the development of new materials for the machines parts, which operate under sliding
friction and have low friction coefficient.

A number of commercially available polymer composite materials (PCM) are based
on polytetrafluoroethylene (PTFE) (for example, flubon, fluvis, etc.). They aren’t fully
realize the potential of composites. These do not allow providing increased require-
ments to the operational resource of products with tribotechnical purposes, which are
parts of the technological equipment and frictional units with various applications
[1–5].
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Technical progress leads to the complication of the using conditions of PCM, as a
result of which they do not meet the necessary requirements. Finally, this makes it
necessary to obtain the new high-molecular substances or modifying of existing
polymers. The first way of PCM quality improving requires high material costs (for the
synthesis of new polymers and the creation of new technological production). The
second way is more cost effective and perspective. Technically, it can be implemented
by modifying polymers.

2 Literature Review

Analysis of carbon-fiber composites modern technology has allowed to identify the
most promising areas of their structural modification at the stage of material manu-
facturing and its processing into products [6–11]. They are based on ensuring the
optimal level of interaction at the interface of the “matrix-filler” phases by the energy
effects with using traditional tooling.

In the case of PTFE, it seems reasonable to modify the polymer by mechanical
activation, which is associated with low energy and metal consumption of equipment,
simplicity and safety of the process [12–14] and the possibility of adding appropriate
functional fillers [15].

The premising for obtaining more wear-resistant materials by the using of
mechanical activation only of the matrix [16] and fillers was the studying of the
properties of materials containing activated ingredients [17–20].

It is proved that composites based on PTFE with mechanically activated compo-
nents significantly exceed in terms of strength and durability the similarly composed
materials, which were obtained by the traditional technology [21–24]. For example, the
wear resistance of PCM’s increases by (6–375) times, the deformation-strength char-
acteristics—1.5 times compared to the properties of the raw material by the processing
of layered silicates for 2 min. It should be noted, that in terms of practical significance,
the proposed PTFE-composites can be implemented in designing of precise bearing
supports [25, 26].

In [27] three methods for improving the compatibility of PTFE with layered sili-
cates have been developed. It was established that joint mechanoactivation of mineral
and polymeric fillers for 2 min results in decreasing of the mass wear rate by 900 times,
with simultaneous improving of the deformation-strength characteristics of PCM by
(20–30)%.

It must be noted that the wear resistance of PCM on the PTFE basis, which are
filled with 2 wt% of basalt fibers (BF) activated (BF) for 2 min in the planetary mill
AGO-2, is increased by 475 times by comparison with unfilled PTFE and in 5 times by
comparison with composites, which contained activated BF [25]. At the same time, the
tensile strength increases by (15–38)% and the tensile elongation—by (20–95)%
compared with the composites containing activated BF.

In [29] have been shown that the usage of 20 wt% mechanically activated BF for
PTFE-based composites contributes to the increasing of the tensile strength by
(35–62.5)% and (8–24)%, in compression—by (57–60)% and (14–22)%, of the elastic
modulus at the stretching—by (1.7–2.2) and (1.4–1.5) times, of the wear resistance—
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by 2.5 times and (5–7)% with decreasing of the relative elongation by 46 and 60%.
These values were compared respectively with the industrial analogues of flubon and
fluvis.

It was shown in [30] the intensity of PTFE wear resistance can be reduced to the
value of 3 � 10−7 mm3/N m by the using of the activated nano-sized char with a
content of 0.18 wt%. Besides, the wear resistance increases to the level of 10−8 mm3/
N m in the case of PTFE 20 wt% filled with a-Al particles. Additionally, the research
methodology presented below can significantly complement the approach presented in
the research work [31, 32].

Thus, the mechanoactivation technology preparing of PTFE matrix and fillers has
the perspective of being an effective technological method and ensures the creation of
composites with predictable characteristics.

The objective of the paper is studying and improving of the mechanoactivation
technology of preparing PTFE and fillers with various chemical natures for forming the
perfect structure and the required level of functional properties of fluoroplastic
composites.

3 Research Methodology

As the matrix, we used powder-like industrial PTFE of the trademark F-4 «O» (GOST
10007-80).

As the fibrous fillers, we used fragments of carbon fiber (CF), made from the
carbon fabric UTM-8-1s (TC 48-20-17-77) and the basalt fiber (BF) [DSTU B V.2.7-
94-2000 (GOST 4640-93)].

As the dispersed fillers, we used kaolin of the trademark KS-1 from the Prosyansky
deposit, graphite of the trademark C-1 (TC 113-08-48-63-90), and coke foundry car-
boniferous of the trademark KL-1 (TC 322-00190443-61-94).

PTFE powder was prepared by the mechanical activation in the dry state in the
high-speed mill MRP-1M at the rotation speed of working bodies of the mill
n = 9000 min−1 for s = 5 min.

Mechanical activation of the fillers was carried out in the high-speed mill MRP-1M
under the following modes: for the fibrous fillers—at the rotation speed of working
bodies n = 7000 min−1 for 9 min; for the dispersed fillers—at the rotation speed of
working bodies n = 7000 min−1 for 5 min.

The mixing of ingredients of the compositions was carried out in the two-stage
regime: mechanical activation of the matrix PTFE; mechanical activation of the filler
under the selected mode; introduction of activated PTFE to the activated filler (1:1 by
mass) and their joint mixing (n = 7000 min−1, s = 5 min); introduction of the rest of
the formulation amount of activated PTFE and joint mixing (n = 7000 min−1,
s = 5 min).

Samples of the tested materials were obtained by the technology of cold pressing of
composition (pressing pressure Ppr = (50.0–70.0) MPa) followed by the slow sintering
of the tableted workpieces in the air at 365 ± 5 °C at the rate of heating-cooling
40 °C/h.
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The methodology of examining the properties of the composite included deter-
mining of density q (kg/m3), strength at break (destructive tension at destruction) rb

(MPa), relative elongation at break d (%) and wear intensity I � 10−6 (mm3/N m) as
the basic data about material, which determine its workability.

Testing for the strength and the relative elongation at break was carried out on the
ring samples ø50 � ø40, height 10 mm, using the rigid semi-disks in accordance with
GOST 25.603-82 at the tensile machine MP-05-1 at the rate of movement of grippers
10 mm/min and the load of 100 kgf.

The density q (kg/m3) of the samples was determined by the method of hydrostatic
weighing in accordance with GOST 15139-69.

The study of the wear intensity was carried out at the standard friction machine
2070 SMT-1 according to the scheme “partial insertion–shaft” in accordance with
GOST 11629-75. A counter-body was a roller ø48 mm, made of the steel 45 (HRC 45,
Ra—0.72 lm). The partial insertion was made of the examined material and repre-
sented a 16 mm wide sector from the ring ø80 � ø60 mm, height 9 mm.

The magnitude of the wear of the samples was determined gravimetrically by
analytical scales with accuracy to 10−5 g and recalculated to the wear intensity by the
known methods. When evaluating intensity of the PCM wear, a mean-square error was
regulated by the errors in measurement of the sample’s mass, velocity and duration of
friction and did not exceed 5%.

The degree of crystallinity and parameters of the crystal lettuce of the designed
composites were determined by using the radiographic method (the diffractometer
DRON-4-07), using the filtered Co Ka radiation (of wavelength 0.179 nm), focusing
by Bragg-Brentano h–20 (2h is the Bragg angle).

The values of current and voltage in the X-ray tube were 20 mA and 40 kV. The
sample images were taken under the continuous registration mode (speed 1 º/min), the
range of 2h angles is from 10° to 55°.

Planning and processing of the experimental data were performed by the methods
of mathematical planning of experiment and mathematical statistics.

4 Results

The mechanisms of the PTFE-based composites structuring at the different levels are
affected by the energy state of the filler particles surface. In case of the matrix polymer
location in the space, the latter can perform functions of the structure-forming com-
ponent, change size and number of the permolecular structure, which forms the crys-
talline phase of the material.

One should note that the kinetics of structuring boundary layers define the value of
the parameters of the strain-strength and tribological characteristics of the PTFE-based
composites. It can be done by changing the energy parameters of the filler particles,
with using mechanochemical influence.

The following effects are achieved by using the mechanical activation technology
of the PTFE composition components:
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– particles of the PTFE matrix acquire a close form like fibers, what increases the
ability of the composite to form monolithic blocks under cold pressing;

– particles of the composite materials acquire tribostatic charge, which improves the
interaction between the filler and the PTFE matrix, in case of further mixing,
pressing and heat treatment;

– the strengthening effect is due to the total influence of normal and tangential stresses
on the matrix-filler interface, what results in the interaction between macroradical
products created by mechanical activation and the active centers of the filler, the
decreasing of the boundary layer defects due to the filling of the filler particles
surface microscopic irregularities by the matrix of the filler particles on account of
the mechanochemical influence.

The flow chart of the PTFE composites production with mechanically activated
ingredients has been developed (Fig. 1) [31] based on the results of the research.

The specific feature of the developed technology for manufacturing PTFE-based
composites with high performance characteristics is the separate preliminary prepara-
tion of the matrix and fillers before their mixing by mechanical activation under various

Fig. 1. Technological scheme of production of PTFE-composites with mechanically activated
ingredients.
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equipment conditions, as a result the break strength and wear resistance of the com-
position are increased.

The following characteristics of composites based on the activated PTFE and
fibrous fillers are increased as compared with the use of non-activated ingredients: the
tensile strength—by 18.6%, the relative elongation—by 28%, the wear resistance—by
5.4–6.9 times. As for the composites based on the activated PTFE and dispersed fillers:
the tensile strength increased by (12.1–19.3)%, the relative elongation—by (15–
27.6)%, the wear resistance—by (1.3–1.7) times.

The structural-phase state of the developed composites and the effect of fillers with
various natures were investigated by X-ray structural analysis. Its application provides
information on the structural organization of PTFE and the influence of fillers on it.

It was established that adding of the binary filter to the matrix leads to the process
of the structural self-organization of the three-component system (ma-
trix + fiber + dispersed filler) under conditions of its ingredients mechanical activation
and sintering the compressed composition at the higher temperature than the melting
point of the crystalline phase. As a result, an amorphous-crystalline NMS is formed
with reduced crystallite sizes, which is confirmed by X-ray diffraction data (Table 1).

The average crystallite size L determined by the Scherrer formula is *64 nm for
pure PTFE, and varies from 35 to 60 for filled PTFE. This can be explained by the
transformation of the NMS matrix with extended “tapes”, which is characteristic of
PTFE, into a structure with smaller sizes of ordered regions.

Table 1. Dimensions of crystallites by Scherrer and degree of crystallinity of the developed
PTFE-composites.

Composition d, nm 0.719 0.490 0.360 0.2835 0.2455 0.2423 0.2184 DC

2h, ° 14.3 21.0 28.9 36.8 42.7 43.3 48.3

F4CF10BF10
(PTFE + 10%
CF + 10% BF)

48.1 32.6 51.5 34 40.1 41.1 40.5 0.467

F4CF14K6
(PTFE + 14%
CF + 6% kaolin)

36.0 28.1 39.2 41.3 – 36.7 36.9 0.480

F4CF5C15
(PTFE + 5% CF +
15% coke)

40.4 29.0 45.1 26.7 49.6 43,7 40.4 0.489

F4CF15Gr5
(PTFE + 15%
CF + 5% graphite)

35.2 31.8 35.4 29.5 57.4 45.0 41.6 0.418

F4CF20
(PTFE + 20% CF)

40.0 29.6 51.2 31.4 64.7 40.3 44.6 0.406
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In general, the studies of NMS of filled materials on the PTFE basis show that the
layered arrangement of fillers molecules is maintained like in the initial polymer with
the optimal concentration of fillers in the amorphous phase. This suggests that the
crystalline phase of PTFE passes into the amorphous one and self-organizes into a new
relatively ordered structure under a certain level of external energy exposure.

The NMS PTFE with the various fillers adding has huge differences in its physi-
comechanical and tribological properties. The synergistic effect of the matrix and fillers
mechanical activation usage, their mixing in the two-stage mode and the use of the
binary filler with various nature are reflected in the increasing of operational properties
of the developed PTFE composites (Table 2).

The developed technology for producing by mechanical activation of antifriction
PTFE composites with the binary filler has made it possible to increase the wear
resistance of materials by (3.7–6.0) times, the tensile strength by 1.4 times as compared
with the industrial analogue (TU 301-05-16-89).

The operational check of the developed PTFE composites working capacity shows
that the usage of BV as the second filler increases the wear resistance by 3.78 times, the
durability—by 1.46 times; the usage of kaolin—by 6.0 and 1.90 times respectively; the

Table 2. Functional properties of PTFE-composites with fillers of different chemical nature.

Parameter Control Introduction of fillers
F4CF20a F4CF20bb F4CF20c

1 2 3 4 5
Composition, % (mass.)
Polytetrafluoroethylene 80 80 80 80 80 80 80 80
Carbon fiber 20 20 20 10 14 5 15 19
Basalt fiber – – – 10 – – – –

Kaolin – – – – 6 – – –

Coke – – – – – 15 – –

Graphite – – – – – – 5 –

Properties
Density, kg/m3 1840 1980 1990 2269 2213 2144 1706 2030
Strength at break, MPa 14.0 22.1 24.2 20.0 18.7 19.1 17.3 18.5
Relative elongation at
break, %

125 145 154 100 125 116 75 135

Intensity of wear 10−6,
mm3/N m

5.10 16.00 3.50 1.35 0.85 1.25 1.20 1.05

Coefficient of friction on
steel 45

0.29 0.28 0.26 0.25 0.24 0.26 0.26 0.24

aTC 301-05-16-89
bMechanical activation only PTFE
cMechanical activation both PTFE and CF.0
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coke usage—by 4.10 and 1.54 times respectively; the graphite usage—by 4.25 and
1.39 times respectively. These parameters were compared with the industrial material
(TU 301-05-16-89) (Fig. 2).

It was confirmed by the research that the optimal composition of the antifriction
material based on PTFE, with enhanced physicomechanical properties for conditions of
intense wear, contains (wt%): 80 PTFE, 14 BB, 6 kaolin. This material exceeds the
characteristics of the industrial analogue F4BB20 in terms of wear intensity by 6 times,
friction coefficient—by 21%, durability—by 1.9 times.

The rings of the compressor 4GM 2,5 U-3,4/2,8-251, made of the composite
F4CF14KS6, allowed increasing working resource of the equipment of compressor
engineering by 1.8–2.3 times.

5 Conclusions

Optimization of the technological modes of the PTFE composites manufacturing and
processing with the usage of the available equipment allows achieving economically
significant results and increasing their competitiveness in the range of analogs.

The important circumstance of this approach to the PTFE composites technology is
the implementation of the “reasonable sufficiency” principle of the composition
choosing, the ratio of components, the technology of material manufacturing and its
processing into products with specified operational characteristics. This approach
allows providing the optimal combination of deformation-strength, tribological, tech-
nical, economic and technological characteristics of the product. In addition, it allows
creating the production of the material, which is adapted to the industry and practical
application specific conditions.

Fig. 2. Characteristics of the developed PTFE composites: a testing according to the scheme
“partial insertion–shaft” on the friction machine; b testing as part of the compressor 4GM 2,5
U-3,4/2,8-251 in production.
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Managed using of the interaction between the PTFE composites ingredients during
the process of mechanical activation at the different stages of their production and
usage of products from them is a promising method for tribosystems creating, which
operate in their intensive wear conditions.
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