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Abstract. A structural-phenomenological mathematical model was developed for the engineering description of the properties of an
epoxy nanocomposite based on ED-20 resin, ETAL-45M hardener, and multi-walled carbon nanotubes. The aim of the study was to
establish the trends in flexural strength, Charpy impact toughness, Brinell hardness, and gravimetric wear loss as a function of nanofiller
content, as well as to assess the applicability of the model to both unreinforced and glass-fabric-reinforced composites. It was shown
that, for the unreinforced system, the addition of carbon nanotubes up to 1.0 phr results in an increase in flexural strength, Charpy
impact toughness, and Brinell hardness. At a filler content of 1.5 phr, the flexural strength decreases slightly, which indicates the
existence of an optimal filler-content range. For the glass-fabric-reinforced composite, reinforcement was found to be the dominant
factor governing the improvement of mechanical properties. The model takes into account nanofiller content, the degree of its
distribution within the matrix, rheological constraints, and the structural features of five-layer glass-fabric reinforcement. The practical
significance of the work lies in the possibility of using the proposed approach for the preliminary selection of composition and
processing conditions for epoxy nanocomposites with a specified combination of mechanical and tribological characteristics.
Keywords: epoxy composite, carbon nanotubes, ED-20, ETAL-45M, mathematical model, dispersion, composite materials, physical
and mechanical properties.

their agglomerates, and the nature of interfacial

Introduction adhesion. This is confirmed by studies devoted

Current research in the field of epoxy resin to the preparation of epoxy compositions modified
modification is aimed at improving their perfor- with carbon nanotubes, as well as investigations of
mance characteristics and expanding their applica- masterbatches and low concentrations of nanomod-
tion areas through the targeted alteration of struc- ifiers in epoxy systems [4, 5]. It was also shown
ture and interfacial interactions. A review of the in [6] that changes in the elastic-strength properties
chemical modification of epoxy oligomers empha- and impact toughness of epoxy composites are
sizes that variations in chemical structure and net- governed not only by CNT content, but also by the
work topology represent one of the principal ap- quality of their distribution within the matrix. Sim-
proaches to controlling the viscosity, thermal ilar conclusions were reported in [7], where, for
stability, and strength characteristics of epoxy ma- compositions containing multi-walled carbon
terials [1]. Studies [2, 3] indicate that hybrid ap- nanotubes, the mechanical properties and fracture
proaches combining elastomeric modifiers, rigid toughness were found to depend on the morphol-
nanoparticles, and high-aspect-ratio carbon fillers ogy of the dispersed phase and the degree of filler
are of the greatest practical interest. agglomeration. The sensitivity of the final proper-

In studies involving the use of carbon nano- ties to the selected dispersion route has also been
tubes as fillers for various matrices, the principal demonstrated in recent comparative studies of
challenge remains the achievement of their uniform CNT/epoxy systems processed by different disper-
distribution. In the preparation of CNT-filled sion methods [8].
epoxy composites, attention should be paid not In contemporary literature, the rheological
only to nanotube concentration, but also to the method aspect is regarded as an independent design con-
of incorporation, the presence of surfactants, straint for low-filled CNT-containing epoxy com-
the dispersity of the introduced nanostructures and posites. For epoxy systems, an improvement in
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strength and fracture toughness cannot be consid-
ered sufficient if the composition loses processabil-
ity during mixing, degassing, and mold filling.
Studies on the effect of diluents on the rheological
and technological properties of epoxy composites
show that even a slight variation in composition
may sharply reduce viscosity, alter porosity, and
affect the final structure of the material [9]. This is
consistent with the general concept of structural-
rheological design of epoxy nanocomposites, in
which CNT content must be considered together
with the efficiency of their dispersion and the ac-
ceptable level of viscosity variation in the polymer
matrix. This approach is strongly supported by
publications on the fracture mechanics of polymer
nanocomposites, which emphasize that a high filler
dispersity alone does not guarantee an optimal
combination of composite properties unless pro-
cessability is also taken into account [10]. In situ
investigations of cross-linking CNT-thermosetting
epoxy systems further confirm the close relation-
ship between filler distribution, network formation,
and rheological response [11]. Similar conclusions
follow from recent studies addressing the com-
bined effect of carbon nanotubes and nanosilica
on the rheology of epoxy systems [12].

Particular attention is paid to fracture tough-
ness and the energy dissipation mechanisms of
nanocomposites during fracture. For epoxy matri-
ces, this group of properties is especially sensitive
to the micro — and nanoscale structure of the mate-
rial. References [7, 10] show that small additions
of CNTs are capable of redistributing stresses in the
composite, altering the crack propagation path,
causing local crack arrest, and promoting crack-
bridging reinforcement. At the same time, the liter-
ature emphasizes the nonmonotonic nature of the
observed effect: after the optimum content of a car-
bon nanostructured filler, in particular CNTSs,
has been reached, the beneficial contribution may
decrease because of filler-particle agglomeration,
the formation of defective regions, and deteriora-
tion of interfacial stress transfer [5-7]. Therefore,
in the mathematical description of the properties of
epoxy nanocomposites, it is necessary to account
not for a linear dependence, but for an extremal de-
pendence of their physical and mechanical properties
and tribological characteristics on CNT content.

In addition to strength and deformation char-
acteristics, increasing attention is being devoted
to the tribological properties of epoxy materials.
Studies addressing the influence of modifier dis-
persity on the wear resistance and adhesive proper-
ties of epoxy polymers show that, for coatings and
service-loaded materials, not only the chemical na-
ture of the filler but also its size scale and distribu-
tion pattern are of major significance [13]. Numer-
ous studies devoted to the use
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of multi-walled CNTSs in epoxy composites con-
firm a pronounced improvement in tribological
characteristics, including a reduction in wear rate
and an increase in hardness, at low filler concentra-
tions [14]. This is of fundamental importance for
the practical use of epoxy nanocomposites, since it
makes it possible to develop mathematical models
intended for the selection of composition and pro-
cessing conditions while accounting for the need to
ensure not only specified mechanical characteristics
but also the tribological performance of the material.
Studies on modified epoxy binders confirm
the high sensitivity of properties to the chemical
nature of the filler and to curing conditions [15].
Investigations of core-shell elastomeric particles
show that they are capable of increasing the ductil-
ity and durability of adhesive epoxy systems while
maintaining an acceptable glass-transition temper-
ature [3, 16]. Recent studies of epoxy and epoxy-
based CFRP systems modified with core-shell rubber
nanoparticles indicate that such particles remain
effective even in reinforced composites, where
their contribution is superimposed on the effect
of laminate architecture [17]. Therefore, the devel-
opment of an extended design model for an epoxy
nanocomposite containing CNTs and elastomeric
particles appears methodologically justified.
Publications devoted to composites based
on carbon nanostructures and thermoplastic or self-
healing components show that combining CNTSs
with an additional viscoelastic phase makes it pos-
sible to solve several tasks simultaneously: to in-
crease resistance to crack initiation and propaga-
tion, to reduce sensitivity to microdamage, and to
broaden the range of practical applications of the
material [18]. At the same time, recent studies on
CNT-filled epoxy-carbon fabric composites
demonstrate that nanomodification may also im-
prove the tribological behavior of reinforced sys-
tems [19]. Similar conclusions have been reported
for woven glass/epoxy hybrid nanocomposites,
where the final properties were shown to depend on
both the fabrication method and the type of epoxy
matrix [20]. An analysis of the literature in this
field confirms the expediency of formulating
a “composition-structure—property” model in which
CNT content, dispersion characteristics, rheologi-
cal constraints, and the presence of additional mod-
ifiers are considered as interrelated factors. For the
development of epoxy nanocomposites with im-
proved performance characteristics, this approach
appears to be the most justified and is consistent
with the general trend of current research [1, 2, 9].
The aim of this study is to develop a struc-
tural-phenomenological ~ mathematical  model
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suitable for the design of an epoxy nanocomposite
based on ED-20 and multi-walled CNTs, and to
verify its adequacy for nanocomposites without ad-
ditional modifiers.

Materials and Methods

ED-20 epoxy resin and ETAL-45M hardener
were used as the binder at a mass ratio of 100:50.
Multi-walled CNTs with a diameter of 10-30 nm
and a length greater than 2 pm (JSC “ZAVKOM,”
Tambov) were introduced in amounts of 0.5, 1.0,
and 1.5 phr per 100 phr of resin. To ensure uniform
distribution of CNTSs in the epoxy resin, the result-
ing system was preliminarily subjected to ultra-
sonic dispersion for 30 min (power 2 kW, fre-
quency 22 kHz). During dispersion, the
temperature of the treated system was not allowed
to exceed 30 °C. The resulting system was then
passed through a three-roll mill for further treat-
ment aimed at stretching CNT bundles and redis-
tributing CNT agglomerates within the epoxy ma-
trix, while adjusting the roll gaps. At the first
processing stage, the gaps between the rolls were
30:15 pum; at the second stage, they were 15:5 um.
During the subsequent treatment of the
ED-20-CNT system, pressure was applied progres-
sively in the range of 2—12 N/mm?.

To destroy residual agglomerates of carbon
nanomaterials, increase the uniformity of their
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distribution throughout the epoxy resin volume,
and improve wetting of the filler surface by the ma-
trix, the system was again subjected to ultrasonic
dispersion for 10 min. After the hardener had been
added, the composition was vacuum-treated and
cured at room temperature.

The glass-fabric-reinforced composite mate-
rial consisted of a laminate of 5 glass-fabric plies,
with each successive ply laid at an angle of 45° rela-
tive to the previous one. Impregnation with the na-
nomodified composite was carried out layer by layer.

The samples were subjected to physical and
mechanical characteristics testing. Brinell hardness
was measured in accordance with ISO 2039/1-87
using a preliminary load of Fo = 9.8 N, a test load
of Fm =961 N, and a ball diameter of 5.0 mm. Flex-
ural strength was determined by the static three-
point bending method on a universal testing ma-
chine UTS 101-5 using rectangular specimens
(1ISO 178:2010). Charpy impact toughness was de-
termined in accordance with ISO 179-1:2010.
Gravimetric wear under abrasive friction was de-
termined in accordance with 1SO 9352:2012. De-
pending on the type of test, 7 to 10 replicates were
performed for each composition. The tables present
the mean values of the measured properties and the
characteristic scatter intervals of the series.

Table 1.

Properties of the unreinforced ED-20/ETAL-45M/CNT system

CNT, phr Flexural strength, MPa | Charpy impact toughness, ki/m? Brinell hardness, MPa Gravimetric wear
VHT, IIpouHocTs pu Y napHast BI3KOCTb 110 Tsépaocts N0 loss, g

Macc. 4. m3rube, Mlla Ilapmwm, kJx/m? bpunemto, MIla Becosoii m3HOC, T
0.0 60£2.0 55+0.7 191+7 0.0050 + 0.0007
0.5 68 +4.0 76+11 192+ 6 0.0034 + 0.0005
1.0 75+£4.0 12.0+14 196 +7 0.0032 = 0.0002
1.5 72+£35 11.0+13 201+7 0.0027 = 0.0002

Table 2.

Properties of the glass-fabric-reinforced composite with an ED-20/ETAL-45M/CNT matrix

CNT, phr Flexural strength, MPa Charpy impact toughness, kJ/m? Brinell hardness, MPa
YHT, macc. 4. TIpounocts mpu u3rude, MIla Y napnas Ba3kocTh no Llapmu, kJx/m? Teépaocth no bpunemtio, MIla
0.0 126 £4.0 220+14 248 £ 5
0.5 133+£5.0 24.0+2.0 250£5
1.0 135+5.0 27.0+2.2 253 +5
15 142 £ 6.0 26.0+ 2.0 255+5

Results and Discussion

In the general formulation of the mathemat-
ical model for designing an epoxy nanocomposite,
the design variables are taken as the mass fraction
of multi-walled carbon nanotubes, xcnt, the mass
fraction of core-shell elastomeric particles, X, and
the processing method affecting the uniformity of
CNT distribution in the matrix, which is character-
ized by the index D . In the present study, the case
corresponds to a composite with x¢s = 0.
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The mass fraction of carbon nanotubes rela-
tive to the total mass of the reactive composition is
determined by:

Xenr = 100-Meyr /(Mg + M +m

1)

where Myesin IS the resin mass, Mhardener 1S the hard-
ener mass, and ment is the nanotube mass.

The quality of CNT distribution in the epoxy
matrix is described by the dimensionless index D.
This index decreases with increasing CNT content

resin hardener CNT )
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because of the higher probability of secondary
agglomeration and depends on the intensity of me-
chanical and ultrasonic treatment [5, 7]:

D = D,(method )-exp(—k, Xyt ),
D,,<D<D,,

min —

Here, Do (method) is the initial value of the
distribution index determined by the selected filler

distribution procedure; k,is the agglomeration

sensitivity coefficient characterizing the rate of de-
terioration in distribution quality with increasing
carbon nanotube content. The viscosity of the reac-
tive composition before gelation is considered as a
processability constraint. In the general model, it is
written in multiplicative form, taking into account
core-shell elastomeric particles and the percolation
contribution of carbon nanotubes:

(2)

n= Uo'eXp(ae Xes ) fCNT (XCNT ) D) (3)
= X,/ D,D_.
X, = X,/ max(D,D,,) @
f(:NT :1+b1'D'XCNT P +b2'
‘H (XCNT _Xc)(( CNT — )/X ) ©)

where 7o is the base viscosity of the initial binder,
aq is the coefficient describing the effect of the
elastomeric modifier, x. is the effective threshold
of carbon nanotube network formation. Function
(5) describes the influence of CNTs on the varia-
tion of the system characteristics; coefficient b;
characterizes the intensity of the sub-threshold con-
tribution, coefficient b, characterizes the intensity
of the above-threshold contribution, and H is the
Heaviside function.

The Heaviside function is used to specify the
threshold nature of the process. In the present
model, it activates the above-threshold term only
when the carbon nanotube content reaches the ef-
fective threshold. This form reflects the rapid in-
crease in viscosity after the system reaches the re-
gion of network organization of nanotubes [6, 8].
The parameters p and q define the nonlinearity of
the concentration dependence of the function fenr:
the exponent p refers to the pre-threshold region,
whereas q refers to the above-threshold region,
where the effects of spatial carbon nanotube net-
work formation become significant.

Since no additional elastomeric modifier
was used in the experimental part of the work, the
coefficients were identified for the particular case
Xes = 0. The property responses are given in the
form of smoothed functions with moderate non-
monotonicity, reflecting the competition between
reinforcement and agglomeration:
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O e (X)=0p+ A, X —B_ X2 (6)
8o (X)=ap+ A X = Byx2 (1)
W (x) =W,-exp(—k,,X)
(8)

.[1+ aw-eXp(((X - Xp) / )2)}

In Egs. (6)—(8), x denotes the CNT content,
expressed in parts by weight per 100 parts by
weight of resin. This functional form provides a
physically plausible interpretation of the observed
trends: an increase in strength and impact tough-
ness up to an optimum region followed by satura-
tion, as well as a decrease in wear after the initial
zone of structurally unstable behavior has been

overcome. Here, oy, (X) and aq,(X) represent

the flexural strength and Charpy impact toughness
of the unreinforced composition, respectively; oo
and ap are the corresponding properties of the ini-
tial unmodified matrix; and As, Bs, Aa, and B, are
fitting coefficients. In the wear equation, W, corre-
sponds to the wear of the initial matrix, ky charac-
terizes the exponential decrease in wear with in-
creasing CNT content, ay defines the amplitude of
the local deviation, x, specifies the position of this
deviation along the concentration axis, and Sy char-
acterizes its width.

For the reinforced material, the model takes
into account that reinforcement was provided by
glass fabric, and the laminate consisted of 5 plies,
each oriented at an angle of 45° relative to the pre-
ceding one. If the orientation of the first ply is taken
as 0° the stacking sequence may be written
as [0/45/90/135/180]. To account for the reinforce-
ment architecture, parameter A was introduced:

A={n=5; 460 =45} 9)

When describing flexural strength, the ply
orientation factor was additionally introduced:

1
1, =—2>.0s"0

n
which is equal to 0.5 for the stacking sequence con-
sidered. The transfer relations for the reinforced
material therefore take the form:
o =C,(A)+4,(A) 7,

flex

(10)

: (O-flex - (70) (11)

ag" =C,(A)+4,(A) *(ag, —3,) (12)

where C, and C, are the baseline coefficients ac-
counting for the contribution of reinforcement,
while s and A, characterize the transfer of the ma-
trix modification effect to the properties of the re-
inforced composite.
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The proposed model was implemented as a
computational algorithm in the MATLAB environ-
ment, which makes it possible to perform paramet-
ric calculations, analyze the effect of CNT content
on material properties, and compare calculated re-
sults with experimental data. The algorithm struc-
ture includes the same main design variables as the
general model: carbon nanotube content, core-shell
elastomeric particle content, and dispersion
method. The software implementation retains the
“dispersion index — viscosity — modulus/strength
and energy characteristics” blocks, whereas the
particular branch xcs = 0 corresponds to the experi-
mentally studied ED-20/ETAL-45M/CNT system.

For the unreinforced matrix, the model satis-
factorily describes the general pattern of property
changes upon carbon nanotube modification. The
coefficient of determination was R? = 0.90 for flex-
ural strength, R? = 0.90 for Charpy impact tough-
ness, and R2 = 0.89 for gravimetric wear loss in
logarithmic scale. The calculated data agree quali-
tatively with the experimental results and correctly
reproduce the direction of property changes with
increasing carbon nanotube content. The remaining
discrepancies may be caused by structural
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Figure 1. Flexural strength of the unreinforced matrix:
experimental mean values and approximating calculated

relationship

Brinell hardness of the unreinforced system
varies within a relatively narrow range from
191+7 to 201 + 7 MPa. This trend indicates that
the effect of CNTSs on resistance to local indentation
is less pronounced than their effect on flexural
strength and impact toughness. In other words,
matrix modification by nanotubes affects fracture-
related characteristics and the energy absorption
capacity of the material to a greater extent than its
local surface rigidity. At the same time, the gradual
increase in hardness with increasing CNT content
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heterogeneity of the composition and by the scatter
of characteristics typical of nanomodified epoxy
systems.

Figure 1 shows that the greatest increase in
flexural strength for the unreinforced matrix is ob-
served at a CNT content of 1.0 phr. A further in-
crease in concentration no longer leads to a propor-
tional increase and is accompanied by saturation of
the response. This behavior is consistent with the
concept of an optimum carbon nanotube content,
beyond which increased agglomeration partly com-
pensates for the reinforcing effect [5-7].

Charpy impact toughness (Fig. 2) increases
more sharply than flexural strength, indicating a
significant influence of carbon nanotubes on frac-
ture mechanisms and energy dissipation. The cal-
culated relationship reproduces the main trend in
Charpy impact toughness as the carbon nanotube
content varies. The greatest deviation between cal-
culated and experimental values is observed in the
region of 0.5 phr CNT, which may be associated
with the increased sensitivity of the material to lo-
cal structural heterogeneity at the initial stage of
modification.

14
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Charpy impact toughness, kKJ/m?
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Figure 2. Experimental and calculated values of Charpy
impact toughness

indicates densification and strengthening of the ma-
trix structure at higher filler concentrations (Fig. 3).

A significant decrease in gravimetric loss
under abrasive wear is observed for compositions
containing 1.0-1.5 phr CNT. At the same time, the
composition containing 0.5 phr exhibits increased
scatter. This makes it possible to interpret the initial
concentration range as a zone of unstable formation
of the reinforcing structure, in which the change
in the nature of contact with the abrasive has not
yet been fully stabilized (Fig. 4).
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Figure 3. Experimental and calculated values of Brinell

hardness

In the reinforced system, the effect of CNTs
on flexural strength remains consistently positive
over the entire concentration range investigated. In
comparison with the unreinforced matrix, the abso-
lute strength level is substantially higher, which re-
flects the dominant contribution of glass-fabric re-
inforcement to resistance against flexural failure.
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Figure 4. Gravimetric wear loss of the unreinforced matrix

In this case, the introduction of CNTs should be re-
garded as a factor of additional matrix strengthen-
ing within the laminated composite (Fig. 5). At the
same time, the maximum energy-absorption capac-
ity of the reinforced material under impact loading
is achieved at a CNT content of 1.0 phr (Fig. 6).
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Figure 5. Flexural strength of the glass-fabric-reinforced Figure 6. Impact toughness of the glass-fabric-reinforced
composite

composite

Brinell hardness is at a substantially higher
level than that of the unreinforced system. As the
CNT content increases, hardness exhibits a smooth
and almost monotonic rise. This indicates that, in
the reinforced material, resistance to local indenta-
tion is governed primarily by the presence of the
glass-fabric framework, whereas the contribution
of CNTs is additional but stable. Compared with
impact toughness and flexural strength, the varia-
tion in hardness is less pronounced, which points to
a more stable sensitivity of this parameter to
changes in matrix composition (Fig 7).
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For the glass-fabric composite, the agree-
ment between calculated and experimental data
proved somewhat poorer for impact toughness
(R? = 0.64) than for flexural strength (R? = 0.80),
which appears natural. In the reinforced system, the
scatter of the results is determined not only by the
modified matrix, but also by nonuniform binder
distribution within the structure of the reinforcing
filler, local ply orientation, and impregnation qual-
ity. For this reason, transfer relations (11) and (12)
should be regarded as an engineering approxima-
tion rather than a universal law.

Conclusion

The developed structural-phenomenological
model made it possible to relate the composition
of the reactive epoxy formulation, the quality of
dispersion of multi-walled carbon nanotubes, and
the set of performance-relevant material properties
within a unified computational framework.
The goal was to construct a model intended not
for exact reproduction of every individual experi-
mental point, but for an engineering description
of the general trends governing changes in the
properties of the ED-20/ETAL-45M/CNT system
as the nanofiller content varies. The results ob-
tained are consistent with this objective: the model
captures the increase in flexural strength and im-
pact toughness in the range of low and moderate
CNT concentrations, as well as the reduction in
gravimetric wear loss for compositions containing
1.0-1.5 phr filler. The model coefficients were
identified for the particular case of a system without
additional modifiers.

post@uestnik-vsuet.ru

The scientific novelty of the work lies in the
proposed consistent “composition-structure—prop-
erty” framework, in which a structural parameter
characterizing the degree of nanotube distribution
is introduced, and the rheological block
of the model is integrated with the block describing
the mechanical and tribological characteristics
of the material. This approach makes it possible
to consider processability and service properties
not as separate features, but as interrelated charac-
teristics of the same composition. The practical sig-
nificance of the results lies in the possibility of us-
ing the proposed model for the preliminary
selection of CNT content and for formulating
optimization problems related to the composition
of epoxy nanocomposites intended for binders,
coatings, and composite materials.

Based on the results obtained, it can be con-
cluded that the introduction of 1.0-1.5 phr CNT
into the ED-20/ETAL-45M system provides the
most favorable combination of flexural strength,
impact toughness, and wear resistance. For the re-
inforced material, it was established that the intro-
duction of glass fabric is the dominant factor re-
sponsible for the improvement of mechanical
properties, whereas CNTs provide additional ma-
trix modification and contribute to the increase in
flexural strength and impact toughness within the
laminated composite.
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MaremaTudeckoe MoJeJTUPOBAHNE M IKCIIEPUMEHTAJILHAS OLlEHKA
CBOMCTB 3MOKCUAHOT0 HaHOKOoMMo3uTa JJ[-20 / ITAJI-45M,
MO (UM POBAHHOT0 MHOTOCJIOMHBIMY YIJIEPOAHBIMU
HAHOTPYOKaAMU

AnHoTanms. PazpabotaHa cTpyKTypHO-()EHOMEHOJIOTHYECKasi MaTeMaTudeckass MOJeNb, NpeAHA3HaueHHas [UIl HHXEHEPHOTO
OIIMCAHUS CBOMCTB 3MOKCUAHOTO HAHOKOMIIO3UTa Ha ocHOBe cMouibl D/1-20, otBepaurens DTAJI-45M U MHOTOCTEHHBIX YIIIEPOTHBIX
HaHOTPYOOK. Llenp paboThl cocTosila B yCTAHOBICHUN 3aKOHOMEPHOCTEH M3MEHEHHUS ITPOYHOCTH NPH U3rube, YAapHOU BSI3KOCTH 110
apmu, TBEpmocTH Mo bpuHETI0 W BECOBOr0 M3HOCA NMPH BapbUPOBAHUH COACPKAaHWS HAHOHAIIONHMTENS, a TAKKe B OIIEHKE
MPUMEHUMOCTH MOJENH Ui HEapMUPOBAHHBIX U CTEKJIOTKAHEBBIX KOMMO3UTOB. [lokazaHo, 4TO Uil HEapMHUPOBAHHOW CHCTEMbI
BBCJICHUC YTIICPOIHBIX HAHOTPYOOK B Koym4uecTBe 70 1,0 Macc. 9. MPUBOAUT K POCTY MPOYHOCTH TP M3TUOE, YAAPHOU BSI3KOCTH 110
lapmu u TBEpHOCTH IO Bpunemnto. [Ipu conepkanuu 1,5 Macc. 4. MPOYHOCTH MPH U3TUOE HECKOIBKO CHIKAETCS, YTO YKa3bIBACT HA
HaJIMYUe O0JACTH PAMOHAIBEHOTO COJICPIKAHMS HAMONHHUTENSA. [T CTEKIIOTKAaHEBOTO KOMITO3HIIHOHHOTO MaTepHajia YCTaHOBIICHO,
YTO apMHUPOBaHHE SBISACTCS JOMHHUPYIONMM ()aKTOPOM IOBBIINICHHS MEXAaHUYCCKUX CBOUCTB. MOJEIb YYUTHIBACT COJCPIKAHUE
HAaHOHAIOJHUTEN, CTENEHb €ro paclpelelicHus B MAaTpHIE, PEOJIOTHYECKHE OTPaHMYCHHS H OCOOEHHOCTH ISATHCIOWHOTO
CTEKJIOTKAHEBOTO apMHUpOBaHUs. [IpakTudeckass 3HAYUMOCTh PaOOTHI COCTOMT B BO3MOKHOCTH HCIIOJB30BAaHUS MPEATIOKEHHOTO
MoJXoa Ui MPeABAPUTEIFHOTO BBIOOpA COCTaBa M YCIOBHUII MOMYYCHHUS SMOKCUAHBIX HAHOKOMIIO3UTOB C 3aJJaHHBIM COYETaHUEM
MEXAaHHYECCKUX U TPHOOJIOTHIECKUX XaPAKTEPUCTHUK.

KnwoueBble ci0Ba: STIOKCUAHBI KOMIO3UT, YriepojaHble HaHOTpyOku, IJ1-20, DTAJI-45M, wmaremaThuyeckas MOJEINb,
JUCTICPTUPOBaHKE, KOMITO3UIIMOHHBIC MaTePHAIIbl, PU3NKO-MEXaHHUYCCKUAC XaPAKTCPHUCTHKH.
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