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1. Introduction

One of the most effective ways to improve modern 
structures is the introduction of new high-strength and 
high-modulus composite materials into production. Thus, 
in pumping technology, polymer compositions  are in-
creasingly being used for the manufacture of impellers. An 
impeller with complex geometry can be made of polymer 
materials by technological processes of pressing and injec-
tion molding [1–3]. 

Despite the widespread use of filled polymers in many 
areas of human economic activity and numerous works 
devoted to the study of their physical and mechanical char-
acteristics, the mechanical properties of these materials can 
hardly be considered sufficiently well-known.

The description of such materials is associated with great 
mathematical difficulties, since they have a high anisotropy 
of deformation properties, a significantly inhomogeneous 

layered structure and considerable shear compliance. Unlike 
the properties of traditional materials, the technology of 
which is well developed and stable, the properties of compos-
ites are quite sensitive to small changes in the technological 
regime, and the technological techniques themselves are 
very diverse. In principle, the design of the material, product 
and technological process should be a single whole [4–7].

In particular, there is no general theoretical approach to 
predict the influence of the filler on the deformation behav-
ior and the mechanism of destruction of composites, which 
often creates significant difficulties in the development of 
new materials with specified mechanical characteristics and 
requires a large number of experiments that do not always 
give positive results. These circumstances determine the rel-
evance of studies of the mechanical properties of filled poly-
mers using computer-aided design systems. The main advan-
tage of using such systems is the possibility of multi-variant 
design of the composition of material with specified mechan-
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The paper presents the results of computer 
modeling and prediction of the mechanical prop-
erties of composite materials with a polycarbon-
ate matrix filled with short glass inclusions. At the 
micro-level, the influence of the volume of inclu-
sions on the mechanical properties of the designed 
composite based on polycarbonate matrix is stud-
ied in the DIGIMAT (France) program. It was 
found that with a ratio of the sizes of inclusions in 
the range of 468÷60, the particles have a needle 
shape, and the material with such inclusions has a 
higher stress limit and elastic modulus than with a 
shape coefficient less than 50. The components of 
the fiber orientation tensor were also determined, 
at which the values of computer modeling are in 
good agreement with experimental data. The influ-
ence of the size of the finite element grid on the 
characteristics of the composite at the macro level 
was studied, and recommendations were given for 
choosing the size of the face of the finite element. 
The adequacy of computer models was confirmed 
by the results of field tests. The paper presents the 
results of testing flat samples made by injection 
molding technology. Mechanical tests were carried 
out for three variants of samples made of compos-
ite material based on a polycarbonate matrix with 
10 %, 20 % and 30 % inclusions. The discrepancy 
between the experimental and computer results for 
samples with 10 %, 20 % content of short chopped 
fibers is explained by the influence of technologi-
cal factors on the properties of the material at the 
macro-level.

The conducted research allowed us to develop 
a computer modeling technique used at the stage of 
development of polymer composites based on ther-
moplastic matrices with short glass inclusions

Keywords: composite material, polycarbonate, 
short glass fibers, DIGIMAT, elastic modulus

UDC 62-251
DOI: 10.15587/1729-4061.2021.243149

Received date 06.09.2021

Accepted date 19.10.2021

Published date 29.10.2021



Materials science

31

ical properties, and reducing the cost of both the production 
process of the part from composites and its cost. 

It should be noted that at present, the creation of a good 
competitive product, including from composite materials, is 
impossible without the use of computer technologies for vir-
tual product development (or VPD technologies). Given the 
complexity of the task, modeling and analysis of composite 
structures should be carried out with the involvement of the 
most modern engineering analysis systems (or СAE systems) 
implementing the finite element method (FEM) [8–11].

2. Literature review and problem statement

Various techniques based on analytical and numerical 
methods of thermophysics and mechanics of composite materi-
als are currently used to model and predict the physical prop-
erties of composite materials. In [12], the mechanical, thermal 
and electrical properties of multifunctional CNT/polymer 
nanocomposites are calculated using numerical and analytical 
models depending on the material parameters and processing 
factors. The influence of the content and size of inclusions was 
determined in the paper. The methods of numerical analysis 
created by the authors are applicable only for modeling compos-
ites containing nano-inclusions whose dimensions and shape 
are much different from those of glass inclusions.

In [13], the mechanical properties of composite materi-
als made of three different types of polymer resins (name-
ly, DM411 epoxy-vinyl ether, poly-pyrizophthalic P2000 
and poly-terephthalic P115A) were studied. Such materials 
contained different concentrations of magnetite (Fe3O4) 
in the functional fillers and had different particle sizes. In 
conclusion, it should be noted that such a material exhibits 
anisotropic behavior, and its elastic modulus increases de-
pending on the concentration and size of magnetite particles 
in the filler. The results of the study on the influence of fiber 
orientation on the properties of the composite material were 
not presented in the work.

In [14], the properties of an untreated polypropylene com-
posite filled with wollastonite with the addition of silicone 
rubber and maleic anhydride were studied. In the course of 
the study, it was found that the addition of 5 % rubber to 
polypropylene composites containing wollastonite at various 
compositions of 10 %, 20 %, 30 % and 40 %, in general, pro-
vided increased rigidity, impact strength with incision and 
bending strength, but reduced impact strength without inci-
sion, tensile strength and bending modulus. The research is 
purely experimental in nature, although at the present stage, 
full-scale experiments should be preceded by multivariate 
computer design in order to reduce economic costs.

To evaluate the mechanical properties of highly porous 
ceramics, numerical calculation methods based on the ap-
plication of the finite element method for modeling realistic 
representative fragments of fibrous structures are used in [15]. 
The structures presented in the form of a spatial “frame” of 
fibers or filamentous crystals were presented in the structure 
of a representative fragment, but the results of computer mod-
eling at the macro level were not presented and the influence 
of particle size and shape on the mechanical properties of the 
composite at the macro level was not clarified.

The author of the work [16] studied the deforma-
tion-strength properties of a composite material based on an 
ethylene copolymer and  silica gel particles of various sizes. 
It is found that with an increase in particle size, mechanical 

properties deteriorate, which is associated with the type of 
defects formed during particle separation. In this work, only 
the influence of size on the mechanical properties was stud-
ied, and the shape coefficient was not taken into account.

In [17], the influence of the filling parameter of compos-
ites with biofibers was studied. This paper presents a nu-
merical analysis of composites reinforced with natural fiber 
(from renewable sources) to assess the mechanical behavior 
of biocomposites and elucidates the role of micromechanical 
analytical models.

In [18], the mechanical and thermal properties of polymer 
composites reinforced with glass microbeads were studied un-
der temperature conditions. Lightweight microporous compos-
ites have been developed for advanced mechanical systems. The 
paper did not provide conclusions on how the particle shape af-
fects the composite properties, studies were conducted only for 
spherical inclusions, while needle shapes give different results.

The author’s work [19] was devoted to the study of the 
mechanical properties of composite materials based on poly-
olefins and mineral particles. The studies were carried out 
with various fillers of dispersed-filled composites based on 
thermoplastic polymers, depending on the concentration, size 
and shape of the particles of mineral fillers. The conclusions of 
the work were based on analytical and experimental studies.

Without suppressing the role and significance of the 
above works in the study of the mechanical properties of 
composite materials, I would like to note one drawback – the 
lack of a clear methodology for computer modeling of the 
properties of the designed composite materials. In today’s 
rapidly developing high-tech production, the design of the 
material, product and technological process should be a 
single whole. Thanks to the appearance of СAE systems, the 
designer is given the freedom to effectively use materials, 
and the creative side of the design process is enhanced. 

3. The aim and objectives of the study

The aim of the work is to design a composite material 
with specified properties for the production of a centrifugal 
wheel of a multi-stage pump. The designed material with low 
water permeability under loading must withstand a stress 
level of 85 MPa with elastic deformation of 0.03 %. 

To achieve this aim, the following objectives are accom-
plished:

– to investigate the influence of the shape of filler par-
ticles on the deformation behavior of composite materials;

– to investigate the effect of the content of rigid particles on 
the change in the main mechanical parameters of composites;

– to investigate the influence of fiber orientation on the 
mechanical properties of composites based on a polycarbon-
ate matrix and glass inclusions, to investigate the influence 
of the finite element grid splitting method on the results of 
modeling the mechanical properties of composites;

– to verify the mechanical characteristics of the com-
posite material determined by numerical and physical ex-
periments.

4. Materials and methods 

4. 1. Theoretical approach 
The theoretical approach to determining the mechanical 

characteristics of two-phase composites is based on the Es-
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helby theory. Eshelby proposed a method for calculating the 
deformation energy of systems containing inclusions. The 
formula obtained by him transforms the usual integration 
over the volume into integration over the surface of a partic-
ular form. According to the theory, the composite consists of 
two components. The indices r and m denote the reinforcing 
inclusion and the matrix, respectively.

The problems of determining the stress field in an iso-
tropic ellipsoidal inclusion extracted from a matrix, plasti-
cally deformed and re-placed in it, were solved [20]. Later, 
the average stress field in the matrix was derived taking 
into account the mutual influence of ellipsoidal inclusions. 
Based on the theory [20], the elastic modulus for fibrous 
and dispersed-hardened composites with an isotropic matrix 
was calculated. This model takes into account the Young’s 
modulus of the first and second kind, the Poisson’s ratio of 
the filler and the matrix, and the inclusion shape coefficient 
0<ζ<∞. Equations (1)–(6) define five independent constants 
corresponding to the Young’s modulus, the shear and volume 
modules, and the Poisson’s ratio of the composite material.
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Expressions for the coefficients A1, A2, …, A and the com-
ponents of the Eschelby tensor Sigkl, depending on the shape 
of the inclusions and the elastic characteristics of the phases, 
can be found in [20]. The elastic coefficients introduced in 
this way are effective values that determine the macroscopic 
elastic properties of the material.

4. 2. Method of computer modeling of the mechanical 
properties of the designed composite

The proposed methodology includes three main stages 
of modeling using the DIGIMAT software package. The 
DIGIMAT software package is almost the only software in 
the world that uses a micro-level approach to determine the 
characteristics of composite materials. The initial data for 
DIGIMAT are the properties, topology and volume/mass 
content of each phase, as well as the microstructure of the 
composite material. Based on these data, a mathematical 
model of the material is constructed at the micro-level, which 
is sensitive to the properties of each phase and microstructure, 

and the required mechanical, thermal or electrical character-
istics of the composite material are determined (Fig. 1).

The software package allows modeling a wide range of 
multiphase materials and applying an integrated approach 
to the design of composite structures: from the development 
of materials and conducting virtual tests of samples, to mod-
eling the manufacturing technology and obtaining the final 
characteristics of the structure.

The MSC DIGIMAT MF module was used to implement 
modeling on a micro-level approach. The initial data were:

– mechanical characteristics of glass fiber;
– mechanical characteristics of the matrix material;
– size of glass inclusions;
– shape of glass inclusions;
– percentage of fiber reinforcing particles.
Since the new composite material will be used for the 

production of centrifugal wheels of a multi-stage pump, wa-
ter absorption coefficients were estimated at the initial stage 
of the matrix material analysis, for polycarbonate – 0.36 %.

The data for modeling are summarized in Table 1.
To date, there are a large number of companies that supply 

chopped fiberglass with various geometric properties. For 
the virtual experiment, fiber brands were used, the geometric 

characteristics of which are summarized in Table 2.
Based on the literature data [12–15] devoted to 

the study of dispersed-filled composites based on 
thermoplastic polymers, it can be concluded that 
their properties are determined by the content and 
shape of particles. One of the significant factors af-
fecting the mechanical properties of the composite 

is the orientation of fibers in space. The indicator of this 
parameter is the orientation tensor T.
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where aij is the components of the orientation tensor corre-
sponding to the directions along the x, y, z axes.

Table	1

Mechanical	data	for	a	numerical	experiment

Parameters Values

Elastic modulus of polycarbonate, MPa 2,360

Density of polycarbonate, kg/mm3 1.14∙109

Lower yield strength of polycarbonate, MPa 75

Brinell hardness of polycarbonate, MPa 95

Elastic modulus of glass, MPa 72,000

Glass density, kg/mm3 2.54∙109

Glass Poisson’s ratio 0.22
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Fig.	1.	Micro-level	approach	for	determining	the	
characteristics	of	composite	materials
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Table	2	

Geometric	parameters	of	short	fiberglass	[22]

Fiberglass grade Fiber diameter, microns Fiber length, mm

ECS 11–4.5–560A 11–0.011 mm 4.5–4,500

ECS 13–3–552B 13–0.013 mm 6–6000

CS 7938 50 microns 3,000 microns

The parameters that determine the mechanical proper-
ties of composites are implemented in the program interface 
through the following values:

– “Mass fraction” – mass content of inclusions, cases of 
10 %, 20 %, 30 were considered %;

– “Fixed aspect ratio” – coefficient determining the par-
ticle shape of inclusions, in our case, the particle length-di-

ameter ratio = = 468,187,60;f

f

l
k

d
– “Orientation tensor” – fiber orientation tensor, three 

cases were considered

a11=a22=0.5; a33=0,

a11=a22=0.33; a33=0.34,

a11=a22=0.5; a33=0,

a11=0.8 a22=0.2; a33=0,

the remaining terms of the orientation tensor are zero;
– “Shape” allows you to change the shape of inclusions, 

we have chosen an elliptical shape of inclusions. 
At the second stage, the results of the numerical cal-

culation are processed and averaged over the volume of a 
representative fragment to obtain an estimate of the effec-
tive stiffness and strength of the material. The DIGIMAT 
FE module is used to generate three-dimensional models. 
This module is designed for modeling effective physical 
and mechanical properties of composite materials based on 
various analytical and numerical methods. The DIGIMAT 
FE module allows you to build three-dimensional models of 
inhomogeneous materials with a complex structure.

To construct a representative fragment of fibrous material 
in the DIGIMAT FE system, it is necessary to set the follow-
ing microstructural parameters: the relative volume content of 
fibers, their diameter, length and orientation. It is necessary 
to choose the size and shape of the representative fragment. 
In further calculations, we will use fragments of only a cubic 
shape with the size of faces d. The orientation of the fibers is 
unchanged and can be considered equally probable in all di-
rections (isotropic distribution) or equally probable in a given 
plane (for the case of transversal isotropy) or determined by 
a tensor whose components set the probability of orientation 
of the fibers in different directions. As a result of the system 
operation, a representative fragment is created (Fig. 2, b), 
which satisfies the initial requirements for the microstructure 
parameters introduced.

Fig. 2 shows the change in the phase structure of a repre-
sentative element depending on the change in the quantita-
tive fraction of inclusions.

The task of obtaining estimates of the statistical parame-
ters of the distributions of local properties is associated with 
the need for numerous repeated calculations of the stress-
strain state of the model material in the vicinity of randomly 

selected points with the specified parameters of the calcula-
tion scheme. In this regard, one of the main disadvantages of 
the finite element method becomes particularly acute, namely, 
significant time spent on preparing the initial data for calcula-
tion, especially on constructing finite element grids.

A total of 6 “quasi-regular” finite element grids were 
considered. Their main characteristics are shown in Table 3.

Table	3	

The	breakdown	scheme	of	the	representative	level

Scheme No. mf Nf Nfe

1 10 % 30×30 115,000

2 10 % 50×50 125,000

3 10 % 70×70 147,000

4 20 % 30×30 27,000

5 20 % 50×50 125,000

6 20 % 70×70 343,000

In Table 3, mf – the quantitative content of inclusions, 
Nf – the faces of the element of the finite element grid, Nfe – the 
elements of the grid.

Fig.	2.	Representative	element	with:		
а	–	mf=10	%;	b	– mf=20	%;	с	– mf=30	%

а

b

c
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Fig. 3 shows representative elements with different 
partitioning schemes into a finite element grid accord-
ing to the data in Table 3.

In Fig. 3, it is seen how the element of inclusions changes 
from the size of the partition, and in the future the size will 
affect the rigidity of the entire representative volume.

5. Results of the study of the mechanical characteristics 
of composite materials

5. 1. Influence of the inclusion shape coefficient 
on the mechanical properties of composites based 
on a polycarbonate matrix

According to the raw materials of short glass 
chopped fibers available on the market, the dimensions 
of which are shown in Table 2, a numerical analysis 
was carried out at the micro-level, the properties of 
composites from a polycarbonate matrix with a filling 
of 10 %, the parameter of the fiber length-diameter 
ratio was the value kr=467.187.60. Fig. 4 shows the di-
agrams of the deformation resistance of the composite 
material with the data given above.

When the polycarbonate is filled with 10 % glass fi-
ber, with a particle shape coefficient kr=467, the upper 
limit of stress during deformation is 0.03 % σ=92 MPа, 
at kr=187, σ=91 MPa, at kr=60, σ=91 MPa.

Considering that the maximum stress values are 
achieved with a shape coefficient kr=467, further 
virtual and experimental studies are carried out 
with a composite of polycarbonate matrix and short 
glass fibers with a particle size ratio “Fixed aspect 
ratio” equal to the value kr=467.

5. 2. Influence of the filler volume on the mechanical 
properties of composites based on polycarbonate matrix 
and glass inclusions

Using the MF module and the data given in Table 1, the 
results obtained with the deformation curves of composite ma-
terials with polycarbonate and filled with short chopped glass 
fibers with a particle size ratio kr=467 are shown in Fig. 5.

According to the results of modeling the properties of a 
composite made of a polycarbonate matrix with a glass fiber 
content of 10 %, the upper limit of stresses during deformation 
of 0.03 % reaches the value of σ=90 MPa, the elastic modulus of 
the first kind has the value of E=3,200 MPa, the elastic modulus 
of the second kind G=1,156 MPa, Poisson’s ratio μ=0.35. For 
the 20 % percentage of fibers, the upper limit of stresses during 
deformation of 0.03 % reaches the value σ=120 MPa, the elastic 
modulus of the first kind E=4,029 MPa, the elastic modulus of 
the second kind G=1,498 MPa, Poisson’s ratio μ=0.33. For the 
30 % content of inclusions, the upper limit of stresses during 
deformation of 0.03 % reaches the value σ=150 MPa, the elastic 
modulus of the first kind E=5,060 MPa, the elastic modulus of 
the second kind G=1895, Poisson’s ratio μ=0.32.

Fig.	3.	Representative	elements	with	partitions:		
a	–	dimensions	of	the	FE	grid	element	30×30×30;		
b	–	dimensions	of	the	FE	grid	element	50×50×50;		
c	–	dimensions	of	the	FE	grid	element	70×70×70

а b

c

Fig.	4. Stress-strain	diagram	for	composites	based	on	a	polycarbonate	
matrix	with	inclusions	of	10	%,	size	ratio: kr=467.187.60

Fig.	5.	Stress-strain	diagrams	for	a	composite	material	based	on	a	
polycarbonate	matrix	containing:	green	line	–	10	%	inclusions;	red	

line	–	20	%	inclusions;	blue	line	–	30	%	inclusions
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5. 3. Influence of fiber orientation on the me-
chanical properties of composites based on a 
polycarbonate matrix and glass inclusions

Taking into account the fact given in the liter-
ature review that there is no clear methodology for 
modeling adequate models of the mechanical behav-
ior of composite materials based on polycarbonate 
matrix and glass fibers, the researchers proposed 
to study three options out of nine combinations of 
choosing a component of the fiber orientation ten-
sor. The choice was based on the rule of invariance 
of the tensor terms, as well as the geometric dimen-
sion of the model.

The study on the influence of fiber orientation 
was modeled for a polycarbonate matrix with inclu-
sions whose particle size ratio “Fixed aspect ratio” 
is equal to kr=467, the mass content is 30 %. The 
simulation results are shown in Fig. 6.

Since there is no clear methodology and recom-
mendations for determining the orientation of fibers 
in the literature and in studies on the creation of 
computer models describing the mechanical proper-
ties of composite materials based on a polycarbonate 
matrix and chopped glass short 
fibers, modeling was carried out 
for flat, volumetric and uniaxial 
directions. The diagram shown in 
Fig. 6 shows a large spread of the 
results of the mechanical charac-
teristics of the composite. In the 
future, it is necessary to verify the 
simulation results with the results 
of field experiments. 

The resulting solutions of the 
field of parameters characterizing 
the stress-strain state of the select-
ed fragment of the structure allow 
us to calculate its effective me-
chanical characteristics (Fig. 7).

The results presented in 
Fig. 8 show that the distribu-
tion of the calculated local char-
acteristics of the stress-strain 
state in the calculated domain, 
in contrast to the locally effec-
tive ones, significantly depends 
on the type of partitioning into 
finite elements.

In Fig. 8, the diagrams of the 
deformation resistance of the 
composite material, modeled at 
the macro-level, indicate the ef-
fect of the size of the partition 
on the magnitude of the elastic 
modulus, so for a grid with a size 
of 30×30×30 and 50×50×50, the 
value of the elastic modulus is 
the same, for a grid with a size 
of 70×70×70, the value of the 
elastic modulus differs by 20%. 
The latter value shown in Fig. 8 
correlates with the value of the 
elastic modulus determined in the 
MF module at the micro-level.

Fig.	6.	Stress-strain	diagrams	for	a	composite	with	a	polycarbonate	
matrix,	with	inclusions	with	different	fiber	orientations:		

red	line	–	with	a	volumetric	orientation	a11=0.33,	a22=0.33,	a33=0.34;	
green	line –	with	a	flat	orientation	a11=0.5,	a22=0.5,	a33=0;	blue	line	–	

with	a	flat	orientation	a11=0.8,	a22=0.2,	a33=0

Fig.	7.	Diagrams	of	the	stress-strain	state	of	representative	elements	made	of	a	composite	
material	based	on	a	polycarbonate	matrix	with	chopped	short	fibers	from	finite	element	grid	

dimensions	of	the	elements:	a	–	dimensions	of	the	FE	grid	element	30×30×30;	b	–	dimensions	
of	the	FE	grid	element	50×50×50;	c	–	dimensions	of	the	FE	grid	element	70×70×70

a

b

c
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5. 4. Experimental studies of the properties of com-
posites and verification with mechanical characteristics 
determined by numerical results

Polymer mixtures were prepared on a single-screw ex-
truder with a diameter of 45 mm, L: D=25. The heating is 
electric. The temperature is regulated by thermocouples and 
a thermostat. The extrusion temperature regime is as fol-
lows: Zone I – 260 °C, Zone II – 265 °C, Zone III – 270 °C, 
Zone IV – 260 °C. 

Polycarbonate (data are given in Table 1) and glass fibers 
of the CS7938 brand (data are given in Table 2) were used 
in the experiment. After drying the starting materials at 
105 °C for 4 hours, mixtures of 400 g of polycarbonate (PC) 
and short glass fibers (SGF) with the composition shown in 
Table 4 were prepared. 

Table	4	

Composition	of	the	prepared	polycarbonate	composites

No. PC, % SGF, %

1 100 0

2 90 10

3 80 20

4 70 30

For each variant of the filling capacity of the composi-
tion, several samples were tested, the average values of the 
strength limits are shown in diagram 9.

During the tests, it was noticed that the formation of 
the neck occurs only in the first sample, so only there ey is 
set, i.e. the flow deformation. In all other places, elongation 
occurs at break, since there is no yield deformation. 

Table 5 shows that with an increase in the number of 
short glass fibers, the characteristics of composites improve 
and reach values significantly exceeding the requirements.

Knowing the experimental curves of the stress-strain 
dependence, the elastic modulus of composites for different 
filling options of samples were determined by a technique 

based on the geometric interpretation of this value 
σ

=
ε

tg .E   
 
The results of the experiment are shown in Table 5.

Table	5

Test	results	of	composites	based	on	polycarbonates	
and	short	glass	fibers	

Indicator 1 2 3 4

Et, MPa 1,970 5,240 5,250 6,190

σm, MPa 63.1 125 128 150

The data of the numerical and physical experi-
ments were compared and summarized in Table 6.

Table	6

Comparison	of	numerical	and	field	experiment	results

Indicator 1 2 3 4

Type of ex-
periment

natur model natur model natur model natur model

Et, MPa 1,970 – 5,240 3,200 5,250 4,029 6,190 5,060

σm, MPa 63.1 – 125 90 128 120 150 150

The table shows discrepancies in the results of computer 
and field experiments, which require explanations.

6. Discussion of computer modeling and experimental 
results

Analyzing Fig. 5 for a polycarbonate matrix modeled at 
the micro-level, it can be concluded that the mass content of 
inclusions affects the mechanical properties of composites 
such as strength and stiffness. When studying the influence 
of the inclusion shape coefficient on the mechanical proper-
ties of composites based on a polycarbonate matrix, it turned 
out that if the shape coefficient varies within kr=487÷60, the 
glass inclusions have a needle shape, and below kr=50, the 
inclusions take an elliptical shape, which will significantly 
reduce the values of stresses and elastic modulus. When 
studying the influence of fiber orientation on the mechanical 
properties of composites based on a polycarbonate matrix 
and glass inclusions, the diagram in Fig. 4 shows a large 
variation in the results of the mechanical characteristics of 
the composite. Verification of the numerical calculation with 
a physical experiment indicates the correctness of the choice 
of the volume orientation a11=0.33, a22=0.33, a33=0.34 for 
plates with a thickness of 3 mm. 

A comparison of the data given in Table 6 shows that the 
discrepancy in the values of the elastic modulus is explained 
by the scaling parameters of the breaking equipment, as well 

Fig.	8.	Diagram	of	deformation	resistance	of	10	%	occupancy	with	
the	dimensions	of	the	grid	elements:	red	line	–	30×30×30;		

green	line	–	50×50×50;	blue	line	–	70×70×70

Fig.	9.	Change	in	tensile	strength	(σm,	MPa)	of	
polycarbonate	composites	filled	with	different	

amounts	of	SGF	(%)
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as the influence of technological factors in the manufacture 
of samples, for which there are many confirmations in the 
literature. For example, in [23], the results of the tensile 
strength and elastic modulus of composite materials ob-
tained with different parameters of the technological process 
are presented, the discrepancy of the elastic modulus under 
different modes is 66 %, while the discrepancy of the tensile 
strength values is 5 %.

According to the comparison of the results of numerical 
and full-scale experiments, the average difference between 
the elastic moduli was 40 %, the average difference between 
the strength limits was 7 %. When modeling the effective 
mechanical characteristics for a fragment of the structure 
of a model material at the macro level, it is shown that the 
distribution of the calculated local characteristics of the 
stress-strain state in the computational domain, in contrast 
to the locally effective ones, significantly depends on the 
type of division into finite elements. The value of the elastic 
modulus for a grid with a size of 70×70×70 correlates with 
the value of the elastic modulus defined in the MF module 
at the micro-level, as well as with the values of experimental 
data. Small differences in the results for 20 % and 10 % of the 
composite are explained by the influence of technological 
factors on the structure of the material at the macro level. 
When constructing computer models of composites at the 
macro level, it is recommended to choose the size of the finite 
elements (d/A<0.1), where d is the length of the side of the 
square column element, A is the size of the larger fiber axis.

The paper did not investigate the influence of the modes 
of the injection molding process on the orientation of fibers 
and, ultimately, the effect on the mechanical properties of 
the designed composite. To determine these parameters in 
the future, it is necessary to simulate and predict the pa-
rameters of casting processes in the Digimat-RP/Moldex3D 
module with an assessment of the strength of parts from a 
polymer composition at the macro level in a nonlinear NAS-
TRAN/MARC solver. The adequacy of the results obtained 
should be confirmed by experimental data.

7. Conclusions

1. The coefficient of the shape of glass inclusions does 
not significantly affect the value of the elastic modulus if 
its change is in the range kr=468÷60. In this case, the shape 
of the inclusions is close to needle-shaped and if kr<50, the 
inclusion takes the form of a pronounced ellipsoid and the 
change in mechanical characteristics is significant.

2. For a polycarbonate matrix with a glass fiber content 
of 10 %, the upper limit of stresses during deformation of 

0.03 % reaches the value of σ=90 MPa, the elastic mod-
ulus of the first kind has the value of E=3,200 MPa, the 
elastic modulus of the second kind G=1,156 MPa, Pois-
son’s ratio μ=0.35. For the 20 % percentage of fibers, the 
upper limit of stresses during deformation of 0.03 % reach-
es the value σ=120 MPa, the elastic modulus of the first 
kind E=4,029 MPa, the elastic modulus of the second kind 
G=1,498 MPa, Poisson’s ratio μ=0.33. For the 30 % content 
of inclusions, the upper limit of stresses during deformation 
of 3 % reaches the value σ=150 MPa, the elastic modulus of 
the first kind E=5,060 MPa, the elastic modulus of the sec-
ond kind G=1,895, Poisson’s ratio μ=0.32. 

3. Based on the results of numerical calculation of me-
chanical characteristics and their verification with the exper-
imental results, the components of the fiber orientation tensor 
a11=0.33, a22=0.33, a33=0.34 were determined, at which the 
computer results are most consistent with the experimental 
results of the mechanical characteristics of the designed com-
posite material. The influence of the parameters of the finite 
element grid on the mechanical properties of the composite at 
the macro level is determined. It is recommended to choose 
the size of the finite elements (d/A<0.1), where d is the length 
of the side of the square column element, A is the size of the 
larger inclusion axis.

4. The conducted experimental studies have confirmed 
the correctness of the created computer model, which allows 
us to obtain both reliable estimates of the locally effective 
characteristics of a structurally inhomogeneous composite 
material and acceptable estimates of the distribution of 
local parameters of the stress-strain state. According to the 
comparison of the results of numerical and full-scale exper-
iments, the average difference between the strength limits 
was 7 %. 

Taking into account all the results of the study, it can be 
concluded that the developed method of computer modeling 
of the properties of composite materials based on polycar-
bonate matrix and short glass fibers can be used to predict 
the properties, and its application will reduce the number 
of experiments and the cost of products made of these ma-
terials.
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