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A conventional method for controlling the tribo�
logical characteristics of both thermoplastics and ther�
mosets is to fill them with various nano� or micromod�
ifiers [1]. This problem is generally solved by complex
experimental selection of polymer matrices and con�
tents and types of modifying additives to make a trade�
off between the main tribological parameters: friction
coefficient, wear resistance, and bearing ability of rub�
bing surfaces. Such an approach allows one to create
composite materials far superior in properties to base
polymers, but requires one to perform much investiga�
tion because of the necessity to ensure the controllable
action of fillers on various levels of the structural orga�
nization of the polymer matrix.

Another method is radiation modification, which
improves the tribological properties of polymers owing
to cross�linking of polymer chains [2, 3]. However,
this method is not always efficient. In some cases,
improvement of tribological characteristics is reached
by a change in the initial molecular and/or supermo�
lecular structure [4, 5]. The advantage of unfilled poly�

mer materials is the simplicity of their production,
whereas their disadvantages are relatively low values of
allowable pressure and wear resistance.

An alternative solution of the problem of improving
antiwear properties of materials while preserving their
antifriction properties can be severe plastic deforma�
tion technologies. It was determined [6, 7] that one of
the severe plastic deformation technologies, equal�
channel multiple angular extrusion (ECMAE), yields
semicrystalline polymer products with high strain–
strength properties and new functional characteristics.
In particular, while their plasticity is preserved on the
level of the initial material, their hardness and strength
are higher by a factor of 2–7 and are slightly anisotro�
pic, and a biaxial invar effect is also observed (very low
–(5–7) × 10–6 K–1 and slightly varying values of the
linear thermal expansion coefficient over a wide tem�
perature range). The obtained result is due to the for�
mation of a biaxially oriented structure consisting of a
network of intertangled fibrils, which is aligned with
the extrudate axis. In this case, one can expect a syn�
ergistic effect of improvement of the strain–strength
and tribological properties of extruded polymers.

In this work, this was demonstrated for the first
time by the example of Nylon 6, which is widely used
as an antifriction polymer material.

In ECMAE, a cylindrical polymer extrusion billet
is forced through a die that has several channels of the
same diameter, which intersect at given angles [8]. In
a die used in this work, inclined extrusion channels
could be alternated with vertical ones, and simple
shear could be performed with varying the spatial ori�
entation of the simple shear direction and the shear
planes, i.e., along various deformation routes [6]. We
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chose the D + C deformation route, in which pairwise
connected inclined deformation channels lie in per�
pendicular planes rotated around the vertical axis at a
pitch of 90° and are separated by vertical channels (see
detailed description in [7]). Tests were made on com�
mercial rod specimens of Nylon 6 (Ertalon 6 SA,
Quadrant). The extrusion rate was 0.6 × 10–3 m/s, the
extrusion temperature was 150°C, the cumulative
strain was , and the strain rate was ΔΓ1 = 0.83,
which corresponded to the optimum process condi�
tions [6].

The friction coefficient fс was determined with an
MTU�2K7 reciprocating microtribometer [9]. The
tests were performed under normal conditions accord�
ing to the GOST (State Standard) 8.395�80 without
lubricant. The counterbody was a ShKh15 steel
4.7 mm in diameter. The tests were carried out at loads
of 100, 250, 500, 750, and 1000 mN, a relative rubbing
velocity of 2.5 mm/s, a double stroke length of 10 mm,
and a rubbing path of 10.0 m.

The linear wear rate of materials was estimated by
testing on a 2070 SMT�1 friction and wear testing
machine (shaft–sleeve friction pair). The pressure at
the friction joint was varied within the range 0.25–
2.75 MPa, and the linear rubbing velocity was 0.5 m/s.
The material of the counterbody is steel 45
(GOST 1050�88) with a hardness of 45–48 HRC and
a surface roughness of Ra = 0.32 μm. The coefficient
of mutual overlap of the shaft–sleeve friction pair was
0.125. Wearing�in was performed at a pressure of
0.25 MPa and a rubbing velocity of 0.5 m/s until a
contact formed throughout the friction surface. The
friction temperature of the specimen was monitored
with a chromel–copel thermocouple at a distance of
1 mm from the friction surface.

8.5ε =

The absolute linear wear rate was found as

where Δm is the wear of the material in time Δt, g; ρ is
the density of the material being worn, g/cm3; Sa is the
friction surface area of the piece being worn, cm2; and
L is the rubbing path, cm. L was calculated as

where v is the rubbing velocity, cm/s; Δt is the wear
time, s.

Figure 1 illustrates the dependence of the friction
coefficient fс of Nylon 6 on the rubbing path. It is seen
that fс varies with time similarly for both the initial
Nylon 6, and the polymer subjected to ECMAE.
However, in the deformed Nylon 6, equilibrium fс val�
ues are established half as fast as and their magnitudes
at a rubbing path of 8–10 m are lower than those in the
initial polymer (Table 1). The difference in dynamics
of the change in the friction coefficient can be due to
features of structural rearrangements in the initial and
oriented polymer on the surface of the friction con�
tact. In the first case, fс rapidly plateaus, which indi�
cates the completion of processes of the formation of
the so�called transfer film and the orientation of poly�
mer chains on the surface of the specimen along the
slip direction. In the second case, equilibrium fс values
are established for a longer time because of the neces�
sity of reorientation of ECMAE�modified, biaxially
oriented molecular chains in the slip direction.

ECMAE also influences the wear resistance of
Nylon 6 (Table 2). The linear wear rates I of the initial
Nylon 6 and the ECMAE�modified polymer increase
with increasing loads at low loads (0.25–1.25 MPa).
With a further increase in the contact pressure, the
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Fig. 1. Dependence of the friction coefficient fc of the (a) initial and (b) ECMAE�modified Nylon 6 specimens on the rubbing
path at loads of (1) 100, (2) 250, (3) 500, (4) 750, and (5) 1000 mN.
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wear rate of the initial polymer abruptly increases,
whereas I of the deformed polymer does not signifi�
cantly change throughout the studied load range. Note
also the fact that the deformed specimens can with�
stand much higher contact loads for longer loading
times (Table 2).

It is known that there exist two wear mechanisms,
which differ in scale of delaminated (decomposing)
structures: the mild wear mechanism involving the
pulling of fibrils from lamellar structures of crystalliz�
ing polymers and the severe wear mechanism based on
the development of lamination wear similar to the pro�
cess described in the delamination theory of wear [10].
Lower wear resistance at low loads and extremely high
wear resistance at high loads of the deformed Nylon 6
in comparison with the initial polymer are indicative
of the formation of a structure that favors the mild
wear mechanism and inhibits the severe wear mecha�
nism.

Our results demonstrated [6, 7, 11, 12] that
ECMAE leads to a decrease in the porosity, and also to
the destruction of the lamellar structure and to the for�
mation of a fibril network oriented along and perpen�
dicular to the longitudinal axis of an extrudate.
ECMAE�modified polymers have higher crystallinity
and larger crystallites [13]. One can assume that the
lower wear resistance of the Nylon 6 extrudates at low
loads is due to the abrasive mechanism of wear, which
is caused by the presence of larger crystallites, by a
lower fraction of the amorphous phase, which reduces
the mobility of crystallites and complicates their reori�
entation in friction, and by the presence of fibrils per�
pendicular to the friction surface. The elevated rigidity
of extrudates improves the wear resistance at high
loads. It is known that an increase in the wear of poly�
mers correlates with their yield point [14], which for
the ECMAE�modified Nylon 6 exceeds that of the
initial polymer by a factor of 2–2.5 [6].

It is also seen from Table 2 that the wear rate of the
deformed Nylon 6 also changes weakly at elevated
temperatures in the friction zone (up to 180°C). Such
a behavior can be brought about by high heat resis�
tance of extrudates. As we showed previously [6], this
is related to the formation of fibrils forming a dense
network of physical nodes, which favors an increase in
the heat resistance of deformed polymers [15]. The
fact that the wear rates of the deformed polymers are
low and vary weakly at elevated temperatures demon�
strates their stability in the contact region and a low
intensity of the removal of the polymer material from
the tribo�contact region, which suggests their high
heat resistance.

Thus, severe plastic deformation by equal�channel
multiple angular extrusion is a promising approach to
creating antifriction polymer materials with improved

wear resistance, load capacity (high allowable contact
pressure), and heat resistance. It was shown by the
example of Nylon 6 that ECMAE causes a decrease in
the friction coefficient by 15–20% and in the linear
wear rate by three orders of magnitude at high loads
(1.75–2.75 MPa) in comparison with the initial poly�
mer. In this case, the maximum allowable working
pressure doubles and the reached linear wear rates are
preserved also at elevated temperatures.
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