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Abstract

This work is devoted to the study of the conditions of effective performance of triad couplings of parts
made of polymeric composite materials. The stress state of the material is associated with the characteristics of
the accumulation of dislocations, the energy of activation of their movement. The average stress, friction stress is
determined. Based on this, expressions for estimating critical stresses and loads on tribocouple parts are
obtained. The distribution of the force on the tribocoupling of parts is determined taking into account the quality
characteristics of the friction surfaces, modulus of elasticity and Poisson's constant of the components of the
polymer composite material. This problem is considered for tribocouples of parts of various kinds.

Expressions for calculation of nominal pressures at different types of contact of material of details of
tribocoupling are received, and also the equations on which it is possible to estimate in them values of nominal
critical pressure are resulted.

The conditions for efficient operation of tribocoupling of parts made of polymer composite materials are
clarified. It is determined that a significant increase in the nominal critical pressure on the tribocoupling is
possible with the use of high-modulus fillers, the modulus of elasticity of which is greater than the modulus of
elasticity of the polymer matrix.

Key words: polymer composite material, macroheterophase material, high modulus filler, tribocoupling
of parts, matrix, filler, stress field, elastic contact, critical pressure, nominal pressure

Introduction

The efficiency of using tribocouples of parts made of macroheterophase polymer composite materials
depends on the content of the filler, its size, shape, nature and tribological properties of the structural
components of the composite material and the strength of the bond between them.

Today there is no single theory of reliability and efficiency of tribotechnical polymer composites and
methods of substantiation of their optimal composition and structure. Existing methods for predicting the
composition and structure of composites cover some cases due to practical application, but they do not take into
account different types of contacts, the presence of an elastic component, which is achieved during the correct
running of parts and critical pressure on the triad. There is also no criterion by which it is possible to assess a
degree of efficiency of the triad couplings of systems and units of machines, parts of which are made of
polymeric composite materials with high-modulus fillers.

Literature review

The use of tribocoupling of parts made of polymeric composite materials (PCM) has shown their
effectiveness in increasing the durability of systems and units of machines [1-3]. However, there is a problem of
optimizing the composition of polymer composites from the content of fillers, the distribution of stress fields in
the polymer matrix, the geometric shape and concentration of the filler and the development of methods for
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evaluating the efficiency and reliability of such tribocouples [4,5].

Specific features of the work of PCM with a macroheterogeneous structure necessitate the analysis of the
stress-strain state (SSS), which occurs under load conditions during operation [6-8] by friction forces. There is a
need to take into account different types of triangular parts and different types of contacts of their work surfaces.
The same amount of deformation of the components of PCM can lead to brittle destruction of one component, to
viscous — the second component and tired — the third component [7]. The strength characteristics of each of the
components of the PCM are decisive. Research on SSS of surface layers reinforced with PCM [8] revealed the
need to take into account the interaction of neighboring contour and actual contacts in the process of sliding
friction. In the scientific literature, this issue is insufficiently studied and not all types of wear in the conjugation
of machine parts are considered [9,10]. PCM chipping and exfoliation processes should also be considered. Note
that in the implementation of such performance properties of materials as their wear resistance, the task is
complicated by the significant dependence of stresses on the volume ratio of components, their size, shape, as
well as design features of conjugate parts and properties of working (technological) environment.

The authors of [11-14] the main cause of destructive processes in the surface layers of PCM is SSS,
which occurs as a result of contact stresses and deformations under the influence of loads on the tribocoupling of
parts. This leads to a detailed study of the features in the surface layers of the materials of the tribocouples of
parts. The study of the peculiarities of PCM in the process of functioning of three-part couplings allows to
approach unsolved problems from a single position. The use of physical and mathematical models [7,8] is
appropriate, and VAT estimates are carried out by load distribution in different types of contact by polarization-
optical and other methods [9]. Attempts to compare the wear resistance and SSS of the surface layers of PCM
made in [11]. According to research conducted in [15], there is a need for relaxation of local maximum stresses
in the surface layers of tribocouple parts. It was found that with increasing volumetric content and filler size, the
intensity of wear of parts decreases. However, the influence of these factors on the value of the maximum
tangential stresses in the PCM is not sufficiently clarified [4,16].

The connection between the wear process of PCM and their mechanical properties is given in [6, 17]. The
results of wear resistance studies of PCM with homogeneous and heterogeneous structure show that in the first
case it is lower than in the second due to faster equalization of contact pressure. The phenomenon of spontaneous
installation and maintenance of the stationary mode of wear of PCM is also revealed. This is due to the existence
of feedback. Based on the ideal conditions of sliding contact, in [5] with the help of friction surface models,
tribotechnical characteristics of PCM with different structure and different composition were calculated.

The current results of research [4-6] do not allow to fully assess the effectiveness of the triad coupling of
parts and the nature and amount of wear. There is a need to connect them with the types of contacts and the
conditions of contact.

It was found that in the operation of tribocouples of parts, elastic and plastic deformation of their
materials are the main processes that initiate the emergence and development of physical, chemical and
mechanical processes in the surface layers of PCM [17]. It is shown that in the PCM the main part of the load is
received by the filler. Reinforcing fillers prevent the movement of dislocations in the matrix, which is subject to
plastic deformation, limiting it [3]. Strengthening of PCM is carried out by increasing the content of the filler
and reducing the distance between its particles. In [9] it was found that depending on the structural state of the
PCM, the magnitude of the accumulated plastic deformation is not the same, which causes a different course of
relaxation processes. The type and dispersion of filler particles (carbides, borides, oxides, intermetallics) in the
polymer matrix, which are barriers to plastic deformation, significantly affect the inhibition of the relaxation
process, but it is not known how the degree of dispersion of the filler affects the properties of PCM, filler — for
stress relaxation, wear process and efficiency of triboconjugation of parts in general.

Purpose

The aim of this work is to identify the conditions for the effective operation of various truboconjugations
of parts made of macroheterophase polymer composite materials with high modulus filler, taking into account
different types of contact.

Results

Using different combinations of PCM, regarding the variation of high-modulus fillers in the polymer
matrix, it is possible from a macroscopic point of view to ensure the predominant presence on the friction
surfaces of parts of one or another type of contacts. Analytical methods for estimating the optimal structure of
such PCM have not yet been developed. To determine the allowable force in heavy-duty tribocouples of parts
made of macroheterophase PCM, one of the efficiency indicators can be the critical pressure, the value of which
is estimated at the beginning of plastic deformation, brittle fracture or setting of friction surfaces. This uses the
fact that in macroheterophase PCM the nature of deformation and fracture is similar to the nature of deformation
and fracture of single-phase materials.

It is quite clear. that in tribocouples of parts made of materials of macroheterophase structure, the contacts
of the two surfaces of polymeric materials are the least effective. These materials should be used in reinforced
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form and provide such structures and composition that the share of space occupied by the contacts of two plastic
materials was minimal, and with high-modulus fillers — maximum.

The quantitative efficiency of different types of contacts can be assessed by assuming that the main
mechanism of setting of PCM materials is the formation of a common degree on the surface of physical contact.
In this case, the stress created by the accumulation of dislocations in the area of the sources of dislocations,
which is located beyond the contact boundary at a distance |, is:

1
a,:af+5(a—af)(|s/|d), @)
where o; —friction stress; |, — length of the sliding strip; 1; — distance to the cluster of dislocations.

If with increasing current voltage the value o reaches the value o, at which the source of dislocations
begins to work, we can assume that o, =¢, o =0, Where & is the average voltage; o, — critical value of
voltage. In this case, the value of the critical voltage is equal to:
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The value of the average voltage can be determined from the equation:

. 1/2
= [?’bdvﬂj exp(Uq/3k,T), (3)

where o; <o ; Iy <<l;.

where by — constant, characterizing the degree of deformation, 0.2%, of this material; & — the rate of
relative deformation of the material; V — activation volume; k, — became Boltzmann; T — absolute temperature;
U, — dislocation motion activation energy.

Similar to equation (3), the amount of friction stress is determined:
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Given expressions (3) and (4) in equation (2), we obtain:
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Taking the critical load P, proportional o, , we have:
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where C, — is the coefficient that takes into account the shape and size of the contact irregularities of the
working surfaces of the parts.

The lack of data on the values of C,, Iy, by, bdf » Ug, Uof does not allow to determine the specific
value of the critical load P, for a given triad of parts. From equation (16) it follows that the value P, of is

greater the greater the energy of mation of dislocations U, and UOf .

Analysis of the influence of the structure and phase composition of PCM on the quality parameters of
friction surfaces showed that when contacting tribocouples of parts made of macroheterophase composites, it is
possible to provide the required share of friction surface area. In this case, you should use the laws of contact
established for tribocoupling of the first kind, when single-phase material is in contact with single-phase. At the
same time, the presence on the friction surface of areas with different composition of contact materials leads to a
redistribution of contact pressures between contacts of different types. This causes a change in the critical load
on the triad coupling of parts, and hence the coefficient of friction and wear resistance.

It is found that while ensuring the process of minimal wear and stabilization of the friction force, it is
necessary to create such conditions when in the process of operation of tribocouples of parts on their friction
surfaces an elastic contact is realized. Note that in the simplified calculation of the triad of parts with PCM in the
first approximation, the following is taken into account:

— materials of tribocouples of the corresponding details consist of matrices Mz and M and fillers H;; and
Hyj;

— the number of fillers in the material of the first part is i, and in the second — j;
—all parts of the total friction surface are real in triad conjugation;
— the structure of the PKM and the mutual orientation of the details of the triad coupling ensure the
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independence of the fraction of the area occupied by one type of contact from their displacement along the
direction of friction;

— the relative volume content of the filler in the surface layer of the parts is constant, the effect of their
self-lubrication is absent, and secondary structures are not formed.

In the case of flat surfaces, with a nominal contour area of contact, the proportion of the area occupied by
a particular type of contact is found by the expressions:

n m
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We assume that the nominal area of the entire friction surface is equal to A,. The area occupied by
contacts of the corresponding type (their nominal area) can be determined by multiplying the components of the
system of equations (7) by A, .

Since the friction surfaces of the parts conjugations are pressed by the force N, the different types of
contacts account for the forces: Ny _y, . NMerj v Nm,—h,j NHH—sz . The equilibrium condition of the

friction surfaces in the General case has the form:
m n m n
NMI_MZ +ZNM2*H21 +ZMM2*H1i +ZZNHli*H2j =N. (®)
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Equation (8) makes it possible to obtain the equilibrium condition for any particular case of tribocontact

with PCM material. For example, if both triad coupling parts are made of matrix single-phase materials M1 and
M, respectively, then Ny,-m, = N.In the case of contact of single-phase material M; with multiphase M, +

H,; , the equilibrium condition will look like:

m
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When estimating the forces Ny _y, ., NMerj: Ny, -n,, and NHer-’ assume that the micro-
] 1 J

irregularities on the friction surfaces are deformed elastically and are located on a rigid base. There is no mutual
influence of conjugate surfaces of parts, as the contact of nominally flat surfaces is considered. Convergence of
friction surfaces under the action of force N in this case can be determined from the equation:

a= 3Nk (Rme1X1C + R, Tc—n [(Elc(l_/”ZZc ))+ Eac (1—;1120) Prc T pZC) 7 ’ (10)
4qcp1cp2c Elc EZCaCbC (Vc ~7ec )ﬂ(g Ve~ 7cha

where N, — the force acting on the contacts; Rmaxl , R — the maximum height of the irregularities

max.,

in the contact areas of the surfaces of the first and second parts of the tribocoupling; b., v, — parameters of the

reference curve of the equivalent surface; pi., Py, Ecr Epcr fhe, #p, — respectively, the radii of curvature of
the vertices of micro-inequalities, the modulus of elasticity of Jung and the Poisson's ratios of the materials of
the first and second parts of the tribocouple; y, kg, — coefficients that depend on the shape of the protrusions;

5 . . . .
ﬂ(? Ve _7°j — beta function; g, — the number of protrusions per unit area of the equivalent surface; ¢, — the

proportion of the friction surface area in the corresponding types of contacts of expression (7) ¢; A, — nominal

area of friction. Note that the number of equations of the form (10) is equal to the number of types of contacts in
this triad of parts.

Using the equilibrium condition (8) and expression (10), we can trace the influence of the phase
composition of the PCM on the amount of pressure that develops in the contacts of each type under the total
force N. For clarity, it is convenient
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— single-phase material A is in contact with the second, (or the same M) single-phase Mo;
— single-phase material M is in contact with multiphase M + H,; ;

— multiphase material A1 + Hy; is in contact with multiphase M2 + H;.

During the operation of tribocouples of parts of the first kind, the external force N is balanced by the
forces on the contacts M; - My, ie Nm,-m, =N Dividing this equality by the nominal area of friction A, we

obtain that in this case the pressure Pu,-Mm, is equal to the nominal pressure P,. To eliminate the adhesion of

materials in the tribocouple of this kind, it is necessary to reduce the force N until P is below the critical
pressure Pch y determined for the contact of the matrix M; with the matrix M, or experimentally by equation
1-M2

Py =Cyog

During the operation of the tribocoupling of the second kind, the pressure in the contacts of different
types in the general case should be different. To estimate it, it is necessary to use the equilibrium condition (9)
and the equation of the form (10).

Solving the system of equations of the form (10), giving values N through Ny, _y, and

M;—H,;
substituting them in equation (9), we can calculate the forces at the contacts of types M; - Mz and My - H,; .

Analytically, a system consisting of expressions (9) and (j + 1) expressions of type (10) cannot be solved.
However, using the appropriate experimental data, it is easy to do with application packages on a PC.

If the tribocoupling of parts of the second kind and the composite consists of a matrix of M and j fillers,
then solving the system of equations (9) and (j + 1) equations of type (4), find the forces at the contacts M - M,
and M1 - H,; by the formulas:

Ny,-m, = : (11)
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IfPCM M, +H,; consists of two phases, j = 1; a,; = ¢; , the equation of the form (10) has the form:
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For two-phase PCM, based on formulas (12) and (13), we have:
2 2
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Solving equations (16) and (9), we find:
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To calculate the nominal pressures in the considered types of contact, we accept: E =P,; En, =XEp,;

En,, =ZEw, 4y, = #w, = Hm, - Taking into account equation (7), we have the following formulas:

x(1+2,) _
Pu._w, =P =Py 19
Mi~M, ™ T2 x(1+ Zl)(l—a21)+(1+ X)Z,011 “Fa (19)

Z,(1+x)
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Analysis of expressions (19) and (20) shows that the triad coupling of parts with PCM will work

effectively under the condition: Ry _y, <R, vy and B, . <P, , for the matrix My and filler H,, .
17 M1-H,,

Given the conditions for the existence of contacts of type M1 - M> and M1 - H,,, equation (19) should be

used at 0 < a,; <1, and equation (20) —at0 < a,; <1.

The use of PCM in the details of tribocouples of the second kind is appropriate in the following cases: x =
Z1; Z1 > x. In the first case, the nominal pressures in the contacts of different types do not depend on the content

of the filler and are equal to the nominal pressure P,, the limit value of which should be below PCrw , and
M1=M2

P, . For this filler, the force N on the tribocouple cannot be increased, because the pressure P, _,,, will

My-Hy
exceed the allowable pressure. It is determined that the use of high-modulus filler is appropriate if you can
change the coefficient of friction in the contact of the filler from one of the matrices, which will be lower than
the coefficient of friction in the contact M; - Mo.

In the second case, when Z; > x, the filler can be introduced only in the matrix that has in contact with the
filler less critical pressure Per. If such a matrix is M2. Then, when introducing a filler with Z; > x into this matrix,
the value & <1 and the voltage at the most dangerous contacts M - M> can be reduced several times, which will

increase the nominal force N acting on the tribocouples of parts.
If in one of the details of the tribocoupling of the second kind to enter j — fillers, the feasibility of this
procedure is determined by the same conditions as when introducing one filler (x = Z; i Z; > x). However, so that
the pressure on them does not exceed the critical value when increasing N, you need to control a larger number
of types of contacts.
In order to simplify the previous expressions, we accept: E, =xEy ; E

Hy; = ZiEMl ; EH1i = yiEMl;

g =M, =Hy = Hy and solving together equations (8) and (10), we express the forces on the contacts of
j 1

different types through a set of data: N; x; Zj; Yj; a4 ; ;. Then we have:

n m
X[l—Zallj[l—Zasz
NMl—MZ =N = p = ;
1+x y,al,{ ZaZJ}
N =N
M, —Hy; (]_+ yl)gg ' (21)
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Dividing equation (19) by the area of the surface occupied by contacts of different types, and accepting

N . . . .
E =P, , we obtain expressions for calculating the pressure at the corresponding contacts:

b _p X p _P(1+x)zj_
R T TN ) 23)
=P, (L+x)y; . P P (L+ X)yizj

M,—Hy;

(1+Yi)Q' Hui—Ho; e (yi"‘zjﬁ.

Experimental studies have shown that the tribocoupling of parts will be able to work if the pressure on the
contacts of different types of this type does not exceed the critical value for its constituent materials
tribocoupling of parts.

Using equations (19), (20) and (23), we can quantify the dependence of the critical load on the
tribocoupling of parts on the composition and tribological properties of structural components. As a criterion for
the effectiveness of the filler in PCM, we take the ratio of the nominal critical pressure P ¢ in the triad of parts

made of PCM to the nominal critical pressure P~ of the triad of parts made of the same matrix material.

Assuming that in equations (19) and (20) Py _m, :éPch_M , a PchliH2 =Py, the value of the
! 1
nominal critical pressure for tribocoupling of parts of the second kind can be found by equations:
P Yo, p o Mo (24)

acr acr
& S
The calculation of P, ¢ tribocouples of parts must be performed on both equations. The smaller of the
two obtained values of P, ¢ and will represent the limit value of P4 ¢ on the triad, one of the parts of which is
made of PCM.
We present equation (24) in the form:

P

acr_ _ é : (25)
Cry—m 1
P

acr  _ X . (26)
Chyronr 2

A smaller value i of the ratio can be taken as the value of the criterion of the effectiveness of the
Cly_m
filler for a given critical load.
It was found that the introduction of a high-modulus filler in a polymer matrix with a smaller modulus of

elasticity P, =5P, can significantly increase the value of Pa ¢ tribocoupling of parts, but not higher
173 My-M>p

P, . In tribocouples of parts of the third kind, when two PCM are in contact with the macroheterophase

Ml—H21

acr acr

structure, the criterion of filler efficiency is selected by the minimum value of the ratio

Cry—m Clys—um
calculated for the contacts M-M, M-H and H-H. If a matrix and a filler with different modulus of elasticity are
used in triad couplings of parts with such a combination of contact types, the contacts made of materials with a

acr

will be lower. When E,, = 10E,,

smaller modulus of elasticity will be underloaded and the criterion value

Crym

acr acr

, with the same

~ 4. This value, although lower

and P, ) =5P,, ,, » the criterion

Cry_u ;=08 Crys_y
modulus of elasticity of the matrix and filler, but higher than in layered PCM with other combinations of contact
types.

Conclusions

1. The field of stresses in tribocouples of parts made of polymer-composite materials is considered, taking
into account the properties of friction surfaces. It is revealed that the critical pressure in the tribocouples of parts
is determined primarily by the energy of motion of dislocations in the surface layers of their materials.

2. It was found that to ensure the process of minimal wear in the triad of parts of polymer-composite
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materials should create conditions when in the process of their operation are realized elastic contacts. For the
case of flat conjugate surfaces of details the basic requirements are formulated, expressions for a share of the
areas occupied by this or that contact of the details made of polymeric composite materials are received.

3. Efforts on different types of contacts of tribocouples of details taking into account the modulus of
elasticity and Poisson's constant of matrix materials and fillers, share of the areas occupied by this or that type of
contact are considered, and also nominal pressures in them are defined.

4. It is shown that the efficiency of tribocouples made of polymer-composite materials should be
evaluated by the critical pressures at the contact surfaces of parts.

5. It is determined that for the manufacture of both antifriction and friction polymer composite materials it
is more effective to use fillers whose modulus of elasticity is greater than the matrix. In order to increase the
strength of the parts, it is advisable to use tribocoupling of parts of the third kind, and in terms of saving filler —
the second kind.
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Ayain B.B., I'punbkiB A.B., Jlucenko C.B., JliBinpkuii O.M. OOrpyHTyBaHHS yMOB €(EeKTHBHOI
Npane3 aTHOCTI TPUOOCHPSIKEHb JETalielf, BHUIOTOBJIEHMX 3 NOJIMEPHHX KOMIIO3UTHHX MaTepialiB 3
BUCOKOMOYJIbHUMU HAallOBHIOBAYaMHU

[Jana poGoTa mpHCcBsYeHa NOCHIIKEHHIO YMOB €(DeKTHBHOI Mpale3JaTHOCTI TPUOOCIPSIKEHb JeTaieH,
BUTOTOBJICHHX 3 TMOJIMEPHHX KOMITO3UTHHUX MarepianiB. Hampyxkenuil crtan wmatepiamy TmOB'I3aHO 3
HanpyXeHHs TepTsa. Ha OCHOBI LbOT0 OTPHUMAHO BHpPA3W IUIS OLIHKHA KPUTHYHUX HANPY>KEHb Ta HABAHTa)KCHHS
Ha TpUOOCHIpsHKEHHs AeTaneil. BusHaueHo po3momin 3ycwnii Ha TpUOOCHPSDKCHHS IeTaljell 3 BpaxXyBaHHIM
XapaKTePUCTHK SKOCTI MIOBEPXOHB TEPTSI, MOIYJIB MPY>KHOCTI Ta cTajnoi [lyaccoHa KOMITOHEHTIB MOIIMEPHOTO
KOMIIO3UTHOTO Matepiany. L{to 3amaqy po3risHyTO IS TPUOOCTIPSIKEHB AeTalleil pi3HOTO POIYy.

OTpuMaHO BHpa3M Uil PO3paxyHKy HOMIHAJIBHHMX THUCKIB Y PI3HHX THIIIB KOHTAaKTy MaTepialy aeTajien
TPUOOCTIPSKCHHSI, a TaKOXK HaBEJICHI PIBHSHHS, 32 SKUMH MOXKJIMBO OIL[IHUTH B HUX 3HAYEHHS HOMIHAJILHOTO
KPUTHYHOTO THCKY.

3'scoBaHO YMOBU €()eKTHBHOTO (DYHKIIIOHYBAaHHS TPUOOCHPSDKEHHS JETalled 3 MOJIMEPOKOMIIO3UTHUX
MmarepianiB. Bu3HaueHo, 1m0 3HAa4YHE MiABMINEHHS HOMIHAIBHOTO KPUTHYHOTO THCKY Ha TPHOOCHPSDKEHHS
MOXJIBE BUKOPHUCTAHHSIM BHCOKOMOJYJIFHUX HAIlOBHIOBAYiB, MOAYJIb NMPY)KHOCTI MaTepiany SKUX OLIbLINKN 3a
MOJIyJIb TIPYKHOCTI MOJIIMEPHOi MaTPHIIi.

KarouoBi cioBa: momiMepHHH ~ KOMITIO3UTHHH — MaTepiai, Makporerepoda3sHHi  marepiad,
BHUCOKOMOJYJIBHUH HANOBHIOBAadY, TPUOOCHPSDKEHHS JeTaled, MaTpuIls], HANOBHIOBAY, IIOJIC HANpy>KEHb,
NPY>KHUH KOHTaKT, KpUTUYHUN THCK, HOMIHAJIbHUH THCK



