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Abstract—New polymer composite materials (PCMs) were obtained based on a mixture of phenol–formal-
dehyde and phthalide-containing phenol–formaldehyde resole-type binders reinforced with polyoxadiazole
fiber, and their tribological properties were investigated. A study was made of the effect of the content of the
phthalide-containing phenol–formaldehyde polymer in the two-component mixture of binders on the hard-
ness of the surface layer and the tribological and thermofrictional properties of the PCM in various systems
of dry friction on steel. It was shown that the resulting PCMs are superior in tribological and thermofrictional
properties to PCMs based on phenol–formaldehyde or phthalide-containing phenol–formaldehyde resole-
type binders.
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The active development of modern knowledge-
intensive technologies places increased demands on
the performance of equipment of various specializa-
tions (transport, mining and processing complexes,
power equipment, engineering structures, etc.). The
use of parts made from polymer composite materials
(PCMs) in machines and mechanisms is one of the
efficient ways to increase the service life and energy
efficiency of equipment. Therefore, in recent years,
there has been a steady trend toward replacing metal
elements of friction systems with polymer ones,
including in equipment operating under extreme con-
ditions of high loads [1, 2].

Phenol–formaldehyde (PF) resins are widely used
as binding components of fiber-filled antifriction
composite materials. This is due to the higher perfor-
mance of tribotechnical products made from PCMs
based on them in comparison with other thermoset-
ting (e.g., epoxy) and thermoplastic (polyamides,
polypropylene, polycarbonate, etc.) polymers [3–6].

Improving the methodology for stabilizing the pro-
cesses of friction of fiber-reinforced PCMs based on
PF binders is a current direction in tribological
research. Tribotechnical products made from PF
composites reinforced with polyoxadiazole (POD)
fiber are characterized by significantly higher heat and
abrasion resistance in comparison with PF composites
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based on cellulose, carbon, polyamide, and polyara-
mid fibers [7–10]. These composites belong to the
class of “antifriction organoplastics.”

A promising approach to creating new wear-resis-
tant organoplastics with improved thermal, strength,
and tribological properties is the chemical modifica-
tion of the PF binder with a rigid-chain polymer. A
resole-type PF binder containing a phthalide group
was chosen as a modifier (Fig. 1), which was first
obtained in 1967 by Korshak, Sergeev, and Shitikov
[11, 12].

FF-40 phthalide-containing resole-type PF binder
is characterized by the increased strength and thermal
characteristics and high coke numbers, as well as
improved tribological properties in comparison with
the resole-type PF binder containing no phthalide
group [11–13].
1

Fig. 1. Structural formula of a resole-type PF binder based
on phenol, phenolphthalein, and formaldehyde (FF-40).
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Fig. 2. Dependence of (1) the gelatinization time of bind-
ers and (2) the microhardness of the surface of pressed
PCMs on the content of FF-40 phthalide-containing
component in the mixture with the PF binder. 
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To create new antifriction materials suitable for use
in various dry friction systems, this work was aimed at
obtaining PCMs reinforced with POD fiber based on
a two-component mixture consisting of a PF binder
that is conventionally used in the production of sheet
organoplastics and a heat-resistant rigid-chain phtha-
lide-containing PF binder. The tribological and ther-
mofriction properties of the obtained PCMs were
investigated.

EXPERIMENTAL
The binders used were FEL-03 resole-type

PF resin (TU 2221-026-48090685-2014), FF-40 resole-
type phthalide-containing PF resin (its synthesis
method was described previously [12]), and their mix-
tures in the ratios (wt %) 70 : 30 and 30 : 70. These
ratios were chosen on the basis of the results of prelim-
inary studies, which showed that PCMs based on a
two-component binder comprising phenol–formal-
dehyde (PF) and phenolphthalein–formaldehyde
(FF-40) polymers in a ratio of 50 : 50 have unsatisfac-
tory tribological properties.

The gelatinization time was determined in accor-
dance with GOST 901-2017 (clause 7.6) at T = 150°C.

The fabric reinforcing filler was made of Arselon
heat-resistant antifriction POD fiber (Russia), the
properties and role of which in the friction of phenol–
formaldehyde composites were studied in detail in
other works [7–10].

All test specimens were made using the same
technology by compression pressing (T = 160°C, Рsp =
300 kgf cm–2 , holding time τ = 1 min/mm of speci-
men thickness) from prepregs with a binder content of
40 wt %.

Surface microhardness was determined with a
PMT-3 microhardness meter (Russia) at a load of 50 g.
Friction tests of the PCMs were carried out on an
I-47 end friction machine (Russia). Two types of steel
counterbodies were used:

(i) three-ball counterbody: balls 5.0 mm in diame-
ter, manufactured in accordance with GOST 3722-81,
Ra = 0.02, Psp = 10 MPa;

(ii) bushing with end surface ∅22 × 12 mm, made
of 30CH13 steel in accordance with GOST 5632-2014,
surface polished to Ra = 0.2, Rsp = 0.043 MPa.

The specimens were tested for 30 min at a rotation
speed of 0.5 m s–1. The mass wear of all specimens was
determined with an accuracy of 0.0001 g by weighing
on an analytical balance before and after testing.

The thermofriction properties of the specimens
were studied on the I-47 end friction machine with a
heating element located around the point of contact
between the counterbody and the specimen. The spec-
imen was heated from room temperature to 180°C at a
rate of 10 K/min. The tests were carried out at a rota-
tion speed of 0.5 m s–1 and a load of 0.17 MPa. Tem-
perature measurements in the friction contact zone
were made continuously at a distance of 1 mm from
the surface of the counterbody using a thermocouple.

RESULTS AND DISCUSSION
For the development of multicomponent systems,

the determination of the gelatinization time is an
important technological step. With an increase in the
content of FF-40 phthalide-containing binder in the
mixture with the PF binder, the gelatinization time
increases (Fig. 2, curve 1). The gelatinization time for
FF-40 and PF binders was 118 and 94 s, respectively.
The gelatinization time in the case of FF-40 binder is
longer because its macromolecule contains a bulky
phthalide fragment, which is unreactive under the
given processing and operating conditions, complicat-
ing the crosslinking of the thermosetting polymer and
promoting the formation of a sparsely crosslinked
polymer structure [11–13].

The study of the microhardness of the surface of
the PCM specimens obtained by compression press-
ing under the same conditions showed that, with an
increase in the content of FF-40 phthalide-containing
binder in the mixture with the PF binder, the surface
microhardness decreases (Fig. 2, curve 2). It can be
assumed that this is due to the sparsely crosslinked
structure of the macromolecules of the two-compo-
nent binder, which is less rigid than the crosslinked
structure of the PF binder.

The study of the tribological properties of the
obtained PCMs was performed by ball-on-disc and
bushing-on-disc tests. At the initial stage of friction
(up to 30 min), the nature of the reinforcing fibers has
minimal effect on the friction coefficient since the
surface of the fabric specimens is covered with a layer
of a polymer binder [10].
DOKLADY CHEMISTRY  Vol. 514  Part 1  2024
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Fig. 3. Dependence of (1) the friction coefficient and the
amplitude of its variation and (2) the wear of the PCM on
the content of FF-40 phthalide-containing component in
the mixture with the PF binder during dry friction with a
steel-ball counterbody. 
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Fig. 4. Dependence of (1) the friction coefficient and the
amplitude of its variation and (2) the wear of the PCM on
the content of FF-40 component in the mixture with the
PF binder during dry friction with a bushing counterbody. 
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Figure 3 illustrates the results of the study of the tri-
bological properties of the PCMs by ball-on-disk test,
which can ensure a sufficiently high pressure and a
minimum contact area in the friction system. In this
test, the development of frictional heating is mini-
mized [14, 15]. The PCM based on FF-40 phthalide-
containing binder has higher values of friction coeffi-
cient μ and wear I than the PCM based on the PF
binder, which may be due to the reduced hardness of
the surface layer, leading to the localization of POD
fibers on the surface and a change in the friction
mechanism [10]. Note that the dependence for the
two-component binder is different: the introduction
of FF-40 phthalide-containing resin into the
PF binder of the PCM significantly reduces the fric-
tion coefficient and the amplitude of its variation. The
best tribological performance was achieved at a con-
tent of FF-40 phthalide-containing binder of 30 wt %
in the mixture with the PF binder (Fig. 3).

The coefficient of mutual overlap during friction
with the bushing counterbody is 1, which almost cor-
responds to the actual operating conditions of parts
made of PCMs, since they are widely used in the pro-
duction of plain bearings, bushings, liners, etc. The
tribological tests of the PCM based on the PF binder
(Fig. 4) demonstrate a fairly high amplitude of varia-
tion of the friction coefficient (from 0.19 to 0.33) and
increased wear (1.2 mg). At the same time, in the case
of PCM based on FF-40 phthalide-containing binder,
despite the higher friction coefficient (0.3), the fric-
tion process is stable (the amplitude of variation of the
friction coefficient ranges from 0.28 to 0.32), and wear
is 0.3 mg. The minimum friction coefficient (0.21) is
achieved in the system dominated by the PF binder,
and the minimum wear (0.2 mg) is reached in the sys-
tem dominated by FF-40 phthalide-containing binder
(Fig. 4).
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Thus, regardless of the type of friction test (ball-
on-disc or bushing-on-disc), the PCMs based on the
mixtures of FF-40 phthalide-containing binder and
the PF binder have better tribological properties than
PCMs based on single-component FF-40 or PF binder.

Analysis of the dependences of the thermofriction
properties of PCMs (Fig. 5) shows that a higher degree
of intermolecular crosslinking of the PCM matrix
based on the PF binder under the test conditions neg-
atively affects its tribological properties (Fig. 5, curve
1): the friction coefficient is less stable and reaches
maximum values (more than 0.8) at 140–160°C. With
a further increase in temperature, the friction coeffi-
cient sharply decreases, which may be due to an
increase in the wear rate of a harder and more brittle
matrix, as well as a higher intensity of fatigue wear with
the formation of a “third body” (friction transfer
mechanism) [16].

The process of friction of the PCM based on FF-40
phthalide-containing binder (Fig. 5, curve 2) and its
mixtures with the PF binder containing FF-40 (30 and
70 wt%) (Fig. 5, curves 3, 4, respectively) is character-
ized by higher stability and lower friction coefficient in
comparison with that of the PCM based on the
PF binder. This indicates not only the high thermal
stability of the phthalide-containing PF binder, but
also its ability to create a positive gradient of mechan-
ical properties [14] during friction of PCM under con-
ditions of dynamically increasing ambient tempera-
ture.

CONCLUSIONS
This work was the first to study the effect of the

composition of a two-component mixture of phenol–
formaldehyde and phthalide-containing phenol–
formaldehyde resole-type binders on the hardness of
the surface layer and the tribological and thermofric-
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Fig. 5. Temperature dependence of the friction coefficient of the PCMs based on (1) the PF binder, (2) FF-40 phthalide-con-
taining, and their mixtures containing (3) 30 and (4) 70 wt % FF-40. 
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tion properties of a PCM reinforced with polyoxadi-
azole fiber. It was shown that phthalide-containing
phenol-formaldehyde oligomers are efficient as mod-
ifying additives that provide a controlled, scarcely
crosslinked structure of industrial phenol–formalde-
hyde binders. The obtained PCMs have improved tri-
bological and thermofrictional properties in compari-
son with PCMs based on phenol–formaldehyde or
phthalide-containing phenol–formaldehyde resole-
type binders. The results of the study are important in
the development of PCMs with properties controlla-
ble over a wide range due to the use of multicompo-
nent binders.
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