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Abstract. The paper presents a numerical simulation of the contact interaction of fibrous polymer
composite materials in a finite element ANSYS package and studies the friction coefficients for
cells with wear of 0%, 25%, 50% and 75%. To predict the coefficient of friction of composites it was
proposed to use the method of mechanics of composite materials — the method of local approximation.
With the help of numerical simulation, the fields of distribution of normal stresses and contact stresses
in the contact zone were obtained and the corresponding conclusions were drawn.
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AnHoTanus. B pabore mpencTaBieHO YHCICHHOE MOACTHMPOBAHWE KOHTAKTHOTO B3aWMOJCHCTBHS
BOJIOKHHUCTBIX TOJINMEPHBIX KOMIO3UITHOHHBIX MAaTEPHAJIOB B KOHEUHO-JIeMEHTHOM makete ANSYS
1 Hcce0BaHbl KO3 OUIIMEHTH! TpeHUs UIst stueek ¢ u3nocoM 0, 25, 50 u 75 %. st nporHo3upoBaHus
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k03 uIMEeHTa TPEHHUsT KOMIIO3MUTOB OBUIO MPEJIOKCHO HKCIIOJAb30BaTh METOA MEXaHHKHU
KOMIIO3UIIMOHHBIX MATEPUAJIOB — METOM JIOKAJIbHOro npudamxkeHus. C MOMOIIBIO YHCICHHOTO
MOJICJIMPOBAHUSl TIOJYUEHBI IIOJISI paclpesesieHuss HOPMAaJbHbIX HAINpsS)KEHUH U KOHTAKTHBIX
HanpsiKEHUM B 30HE KOHTAKTA U CJIeJIaHbl COOTBETCTBYIOLIUE BHIBOJIBI.

KiroueBrie ciioBa: KOB(I)(bI/IIII/IGHT TPEHUS, BOJIOKHUCTBIC KOMIIO3UIIMOHHBIC MaTCPUaAJIbl, HOJITUMEPHBIC
KOMITIO3UIIUOHHBIC MaTcpualibl, 4YHUCICHHOC MOJACINPOBAHUC, KOHTAKTHBIC HAINPSIKCHUA, METON
JIOKaJIBHOI'O HpI/I6J'II/I)KeHI/ISI, OJHOHAITPAaBJICHHBIC KOMIIO3ULIMOHHBIC MaTepuaibl, TETparoHaJlbHasa
CTPYKTYpa, CyX0o€ TpCHHC, TpHGOHOFI/I‘leCKI/Ie XapaKTCPUCTUKHU.

Hutuposanue: Ilankun, /J.JI. YnciaeHHoe MomenupoBaHHE KOI()(UIMEHTOB TPEHHS OJHOHANPABICHHBIX BOIOKHHCTBIX
KOMIIO3UTOB TeTparoHansaoit crpykrypst / JI.J1. [Tankun, A.A. Yexankus // XKypn. Cu6. penep. yH-Ta. TexHHKa H TEXHOIOT U,
2021, 14(2). C. 198-206. DOLI: 10.17516/1999-494X-0300

Introduction

For the development of modern engineering to develop new materials with improved properties
of materials considering a number of factors and their purpose. In the case of tribological materials in
the friction units of structures, it is necessary to know their tribological characteristics of the materials,
for example, the coefficient of friction of the material.

For the development and creation of composite materials and the calculation of structures from
them, corresponding theoretical knowledge is required, based on the mechanics of homogeneous
bodies and considering their structural heterogeneity. For this, mathematical models and methods
for solving problems in the mechanics of structurally heterogeneous bodies have been developed.
Methods mechanics predict properties of composite materials of different structures. In various works,
the forecasting of elastic, elastic-plastic and viscoelastic properties, stiffness and strength properties,
fatigue life characteristics and other characteristics of composite materials is displayed [1-3]. Thus,
they are acceptable for predicting any properties of materials that are used in structures for various
purposes. Therefore, the method of mechanics of composite materials can be used to predict the
tribological characteristics of the material.

In the case of the application of tribotechnical constructions, the materials must have high tribological
characteristics. When using composite materials in friction nodes, their tribological characteristics are
not real material properties, but depend on the system in which these composite materials should work
[4-7]. Modern works are devoted to the experimental study of the tribological characteristics of materials.
In an experimental study, it is necessary to consider the geometry of the contact pair, the kinematics of
the movement of the tribocouple, the presence and type of lubricant, etc. The study of the tribological
characteristics of composite materials must consider many factors that affect them.

The article discusses a model of contact interaction of unidirectional fiber composites of fibers in
order to study the tribological characteristics of the coefficient of friction of the material. The subject of
study of this work is to study the coefficient of friction of a unidirectional fiber composite from a position
of the mechanics of composite materials. The object of the study are unidirectional fiberglass and carbon

composites, which constitute the polymeric material reinforced with continuous fibers in one direction.

Materials and Methods

One of the main characteristics of tribological material is a coefficient of friction which is defined

by the law Amontons-Coulomb [8]:
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Fop = kN (1)
where N —normal reaction force, k — coefficient of friction, F,,, — friction force.

The Amonton-Coulomb law (1) was originally formulated for homogeneous materials and did
not consider the influence of the structure of the material. But if we assume that the law of friction is
applicable at the level of the components of the composite structure, then the methods of mechanics
of composite materials make it possible to predict the effective tribological characteristics of the
composite.

The paper considers the contact problem for an inhomogeneous medium, the model of contact
interaction of a fibrous composite with a tetragonal arrangement of fibers (Fig. 1). The periodicity cell
is rectangular. At the interface fiber-matrix condition of strain compatibility and condition of perfect
contact at the interface between steel-composite.

For an inhomogeneous medium it is assumed that the periodicity cell averaged field structural
stress and strain correspond to the macroscopic.

The method of local approximation. The local approximation method uses the short-range effect
in the interaction of inhomogeneities and is based on the principle of locality. The essence of the
method is to replace the periodic problem with a boundary value problem for a domain containing a

finite number of inclusions [1]:
o, (r)=0,
0 (F) = AF)& 4 (F)8; + 2p1(F)e; (F), @
| . _
gij(r) = E[Mi,j(r) +uj,i(r)]'

Elastic Lamé constants in the physical equations are piecewise-homogeneous periodic functions,

and macrostresses will correspond to structural stresses at the boundary of the periodicity cell:

oy (F)

0= Sy 3)

This follows from the equivalence volume and surface conditions and averaging uniform stress
distribution on the surface of the periodicity cell. Method uses a low-order effect, the periodicity of
the lateral boundaries of the cell in the plane of contact is not moved. Matrix and fiber material are

considered homogeneous and isotropic.

Mafrix

Fig. 1. Model of contact interaction of a unidirectional fibrous composite with an elastic deformable body
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Research Methodology. The following technique is used to determine the effective friction
coefficients of composites. For this, a periodicity cell (Fig. 2) is allocated in the composite material,
which is located at the interface between the steel support and the contact. At the upper boundary of
the selected cell, compressive stresses are applied (Fig. 2) so that the fibrous composite material is
pressed against the steel support and contact interaction occurs in the steel-composite friction pair.
In two-dimensional modeling of the stress state in the steel-composite contact zone, a finite element
mesh with four nodes (Plane 182) was used, as well as the ideal contact condition at the steel-composite
interface. The contact stresses during the FEM analysis are determined for each edge adjacent to
the steel-composite contact line of the final element on a rib belonging to the contact line. Using the
law of friction (1) for the components of the structure of a unidirectional composite allows one to
determine the friction force in individual sections of the contact line corresponding to the edges of the
finite element mesh. Within the edge of the final element, contact interaction is carried out either for
a steel-fiber pair or for a steel-matrix pair. The obtained contact stress elements, the frictional force is

determined by the total:

E,, =;F,Lp. @)

The law of friction (1) holds for a fibrous composite at a macroscopic level, then the friction force

in a steel-composite pair can be expressed as follows:
Fmp = kFN = kGyS (5)

where o, — preassigned stress; 8 — contact size; k — coefficient of friction of the composite material.
The effective coefficient of friction of a unidirectional fibrous material with a tetragonal structure for

a steel-composite pair can be obtained from relations (4) and (5):
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Fig. 2. The principle of locality in the problem of contact interaction of a unidirectional fibrous composite with
a deformable body
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Theresulting ratio is significantly different from the recommended for evaluating the tribotechnical

properties of composites mixtures:
k= V[kl + V2k2 (7)

where V1, V> — volume fractions of fibers and matrix; &y, k, — friction coefficients steel-fiber and steel-

matrix.

Results

As the objects of modeling unidirectional fibrous polymer composite are used carbon fiber
and fiberglass based on an epoxy matrix (Table 1). The cell size of the periodicity is taken equal to

6.28 microns.

Table 1. Elastic properties and coefficients of friction of materials

Materials Young'z}r;l:dulus, Poisson's ratio fggtigicézn;tzgl
Epoxy resins [9, 10] 4 0,34 0.12
Carbon fiber VMN-4 [9, 11] 270 0,28 0.15
Fiberglass C-Glass [9, 11] 70 0,22 0.5
Steel [9, 11] 200 0,25 -

The fiberglass diameter is assumed to be 6 pm in size, while the volume fraction of fiberglass in
the fiberglass periodicity cells will be considered equal to 71.5%. For carbon fiber, the fiber diameter
will be 5.26 microns with a volume fraction of 55%. The periodicity cell size is 6.28 pm.

At the upper boundary of the periodicity cell, stresses are set 6, = 100 H/x>.

To account for the effect of wear on the friction coefficient in a pair of steel-composite simulated
four tetragonal cell configurations in the contact zone. Figure 4 shows the breakdown of the contact
zones into finite elements and the distribution of normal stresses relative to the steel-composite contact
plane for a full-fledged periodicity cell (Fig. 3, a), as well as for cells with 25% wear (Fig. 3, b), 50%
(Fig. 3, ¢) and 75% (Fig. 3, d).

Figures 4 and 5 shows the distribution of contact pressure for unidirectional fibrous composites:
fiberglass reinforcement with a volume fraction of 71.5% (Fig. 4) and the carbon fiber reinforcement
with a volume fraction of 55% (Fig. 5).

The distribution of normal contact stresses has a significant heterogeneity even in the steel-matrix
interaction (Fig. 4, a and 5, a), the presence of a more rigid inclusion in the form of glass or carbon fiber
causes a change in structural stresses in the steel-matrix contact zone by 4..5 times . When half the
cell is worn (Fig. 4, c and 5, c), the contact stresses in the steel-fiber pair are distributed fairly evenly,

and in the steel-matrix contact zone the stress level is much lower. Perhaps the most interesting are the
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Fig. 3. The mesh of finite elements and the field of normal stresses (MPa) unidirectional fiberglass with various
wear: a) there is no wear, b) wear 25%, c¢) wear 50%, d) wear 75%

stress distributions with wear by a quarter (Fig. 4, b and 5, b) and three quarters (Fig. 4, d and 5, d) of
the tetragonal periodicity cell, since with an equal length of the steel-fiber or steel contact line -matrix,
a qualitative difference in forms is observed. When a quarter of the cell is worn (Fig. 4, b and 5, b),
the distribution of contact stresses is similar to the distribution at half wear (Fig. 4, ¢ and 5, c), when
almost uniform, the highest stresses arise in the fiber and insignificant stresses in the matrix. When the
cell wears by three quarters (Fig. 4, d and 5, d), with a fairly uniform distribution of structural contact
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Fig. 4. Contact stresses (MPa) in fiberglass with a fiber share of 71.5%: a) there is no wear, b) wear 25%, c) wear

50%, d) wear 75%
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Fig. 5. Contact stresses (MPa) in carbon fiber with a fiber fraction of 55%: a) there is no wear, b) wear 25%, c) wear

50%, d) wear 75%
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Table 2. Results of calculating the effective coefficient of friction of a steel-composite pair

Wear, % Fiberglass friction coefficient CFRP coefficient of friction
FEM analysis (6) Rule mixture (7) FEM analysis (6) Rule mixture (7)

0 0.192 0.12 0.116 0.12

25 0.246 0.427 0.165 0.14

50 0.234 0.481 0.145 0.145

75 0.207 0.427 0.103 0.14

stresses in the fiber and the matrix, a fairly local unloading is observed in the vicinity of the contact
point between the fiber and the matrix.

Table 2 presents the results of calculating the effective friction coefficient of unidirectional
glass and carbon fiber tetragonal structures during numerical simulation using FEM analysis (6) and
according to the rule of the mixture (7) for a steel-composite friction pair. The volume fraction of fiber
in the composite is an invariable parameter and, when calculated according to formula (7), the amount
of wear does not affect the result according to the rule of the mixture. So for fiberglass with a fiber
volume fraction of 71.5%, formula (7) gives an estimate of the friction coefficient of 0.392, for carbon
fiber with a fiber volume fraction of 55%, the friction coefficient according to the mixture rule (7) is
0.137. In [12], it is recommended, instead of the volume fraction of fiber or matrix, to use the relative
fraction of fiber or matrix in the steel-composite contact zone. The calculation results presented in
Table 2 for the mixture rule were also performed using the relative fraction of the fiber or matrix
content in the steel-composite contact zone.

As a result, the contact interaction problem for unidirectional fiber polymer composites of
a tetragonal structure with a uniform elastic body was solved, the change in the effective friction
coefficients for a steel-composite pair during wear, as well as the distribution field of normal and contact
stresses in the structure components of the composite material, were studied, the main conclusions on
work results:

1. The tribological properties of unidirectional fiber composites in the reinforcement plane
substantially depend on the proportion of material wear. The rule of the mixture does not always
allow us to evaluate the change in tribological characteristics with accuracy sufficient for practical
purposes.

2. Tribological properties are determined by the structure of the inhomogeneous material in the
contact zone and the corresponding distribution of structural stress fields. The rule of the mixture,
even modified taking into account the relative fraction of fiber and matrix in the contact zone, does not
allow this feature to be taken into account.

3. Using models of the mechanics of composites allows you to create a heterogeneous structure
with an effective coefficient of friction, the value of which cannot be achieved at the level of the

tribological properties of the individual components of the structure.
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