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The article proposes a model for assessing the potential strength of a composite material based on modern fibers
with brittle fracture.

Materials consisting of parallel cylindrical fibers that are quasi-statically stretched in one direction are simulated.
It is assumed that the sample is not less than 100 pieces, which corresponds to almost significant cases. It is known that
the fibers have a distribution of ultimate deformation in the sample and are not destroyed at the same moment. Usually
the distribution of their properties is described by the Weibull-Gnedenko statistical distribution. To simulate the strength
of the composite, a model of fiber breaks accumulation is used. It is assumed that the fibers united by the polymer ma-
trix are crushed to twice the inefficient length — the distance at which the stresses increase from the end of the broken
fiber to the middle one. However, this model greatly overestimates the strength of composites with brittle fibers. For
example, carbon and glass fibers are destroyed in this way.

In some cases, earlier attempts were made to take into account the stress concentration near the broken fiber
(Hedgepest model, Ermolenko model, shear analysis), but such models either required a lot of initial data or did not
coincide with the experiment. In addition, such models idealize the packing of fibers in the composite to the regular
hexagonal packing.

The model combines the shear analysis approach to stress distribution near the destroyed fiber and the statistical
approach of fiber strength based on the Weibull-Gnedenko distribution, while introducing a number of assumptions
that simplify the calculation without loss of accuracy.

It is assumed that the stress concentration on the adjacent fiber increases the probability of its destruction in ac-
cordance with the Weibull distribution, and the number of such fibers with an increased probability of destruction is
directly related to the number already destroyed before. All initial data can be obtained from simple experiments. It is
shown that accounting for redistribution only for the nearest fibers gives an accurate forecast.

This allowed a complete calculation of the strength of the composite. The experimental data we obtained on car-
bon fibers, glass fibers and model composites based on them (CFRP, GFRP), confirm some of the conclusions of the
model.
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B cratbe npennoxkeHa Moaenb sl OLEHKU MOTEHIHAIbHON IPOYHOCTH KOMIIO3UIIMOHHOIO MaTepHasa Ha OCHO-
BE COBPEMEHHBIX BOJIOKOH, Pa3pyIIAOIINXCs XPYIIKO.

MonenupyroTes: MaTepraibl, COCTOSIINE U3 HaPaJUICIIbHBIX [UIHHAPHYCCKUX BOJIOKOH, KOTOPBIE KBA3HCTATH-
YECKH PAaCTATHBAIOTCS B OJHOM HAmpaBieHUH. lIpeamonaraercs, 9to B BeiOopke He MeHble 100 mTyK, 94To cOOTBET-
CTBYET NMPAaKTUYSCKH 3HAYMMBIM CiIydasiMm. MI3BECTHO, YTO BOJIOKHA MMEIOT pa3dpoc MmpeaenbHOi nedopmaniy B BbI-
0opke W paspymiatoTcs He oJHOBpeMeHHO. OObIYHO pa30poc MX CBOWMCTB OMKCHIBACTCS pacnpenelieHueM BeiiOymia—
I'nenenko. Jlas MOIEIMPOBAHMS MIPOYHOCTH KOMIIO3HTA HCHOJB3YCTCS MOJEIbh HAKOIUICHHS Pa3PHIBOB BOJIOKOH.
IIpenmnomnaraercs, 4To BOJOKHA, O0BETUHEHHBIC MAaTPUIICH, IPOOATCS N0 YABOECHHOI HeaekTHBHON IMHBI — pac-
CTOSIHHSI, HA KOTOPOM BO3PAacTalOT HAIMPSDKEHHUSI OT TOPLA Pa30pBaHHOIO BOJIOKHA 10 cpeauero. OfHAKO Takask MOJEIb
CHJIBHO 3aBBILIACT MIPOTHO3 POYHOCTH KOMITO3UTOB C XPYIKUMHU BoJOKHaMu. Hampumep, Tak pa3pyniaroTcs yriepos-
HBIC U CTCKJIAHHBIC BOJIOKHA.

B psizsie ciaydaeB paHee MeNalUCh MOMBITKH YYECTh KOHICHTPAIUIO HAMPSDKEHUI OKOJIO Pa30pBaHHOTO BOJOKHA
(mozens XemkemnecTa, MOIETb EPMOIICHKO, CIBUTOBO# aHAIN3), OMHAKO TAKHE MOJICIH TPEOOBAIM HIIM OYCHb MHOTO
HCXOMHBIX TaHHBIX HJIM HE COBIANAIU C dKcIepuMeHToM. Kpome TOro, Takme MOJAENH HICATH3UPOBAIH YIAKOBKY
BOJIOKOH B KOMITO3UTE JI0 PETYJIIPHOMN reKCaroHalnbHOH yIaKOBKY.

B Mozenu 00beIMHEHBI TTOXO0 CABUTOBOTO aHANN3a K PACIPEACIICHUIO HANIPSDKCHUH OKOJIO pa3pyLICHHOrO BO-
JIOKHA M CTAaTUCTHYECKHI MOAXOM MPOYHOCTH BOJOKOH HA OCHOBE pacmpeieneHus BeitOymma—T HeqeHKO, MPU ITOM
BBEJICH DS/l IPE/OIOKCHHH, YIPOIIAIOMINX PacdeT 0e3 MOTepH TOYHOCTH.

Ipenmosaraercst, 9T0 MEPEHANPSDKCHHE HA COCCOHEM BOJOKHE YBEIHMUYMBAET BEPOSITHOCTH €r0 paspyIlCHUs
B COOTBETCTBUH C pachpeieieHreM BelOyuia i YuCIo TaKUX BOJOKOH C MOBBIIICHHOW BEPOSTHOCTBIO pa3pylICHHS
MPSIMO CBSI3aHO C YHCIIOM YK€ pa3pylICHHBIX 10 3TOro. Bce MCXO/HBIE TaHHBIE MOTYT OBITh MONYYESHBI M3 MPOCTHIX
aKcriepuMenToB. [lokazaHo, 4To y4eT mepepacipeiesieHus TOIbKO Ha OmKaiiiie BOJIOKHA [aeT TOYHBIN MPOTHO3.

3TO NO3BOJIMIIO MIPOBECTH MOJIHBII pacyeT MPOYHOCTH KOMIO3HUTA. DKCIEPUMEHTAIbHBIC JAaHHbIC, OJIYyICHHBIC
HAMH Ha YIJIEPOJHBIX BOJOKHAX, CTEKIISIHHBIX BOJOKHAX U MOJEIBHBIX KOMIIO3UTaX HA UX OCHOBE, KAYECTBEHHO IO
TBEPIKIAIOT BBIBOIBI MOJICIIH.

KnroueBbie ciioBa: yriiepo/HbIe BOJIOKHA, MOJYJIb YIIPYTOCTH, Ae(OpMalsi IPH PACTSHKEHUH, CKOPOCTh 3ByKa
HccnenoBanue BbINOIHEHO NpH (pHHAHCOBOI nopnepxkke PODU B pamkax HayuHoro nmpoekta Ne 18-47-860015/19.
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1. Introduction

Recently, the production of high-strength fibers and composite materials based on them has
sharply increased. The area of their application is expanding, and such materials are being used in new
industries. Wind power and construction have been added to the traditional aerospace applications of
composites. New fibers are being developed, including nanosized ones, and the properties of materials
cannot always be predicted on the basis of conventional standards; therefore, the study of micromech-
anisms of deformation and fracture of composites is very important [Mikhailin, 2013].

In this paper, we investigate fibrous materials from parallel high-strength and high-modular fi-
bers, united by a polymer matrix. In such composite materials, in contrast to ceramic or metal compo-
sites, the mechanical properties of fibers and matrices differ greatly, and to achieve the properties, it is
necessary to ensure joint work. The ultimate strength of the fibers ranges from 2 to 7 GPa, the modu-
lus of elasticity is 70 to 500 GPa, the ultimate deformation is 1 to 5 %, the majority of high-strength
fibers are deformed almost linearly to failure. The tensile strength of the matrix that joins the fibers
together ranges from 20 to 90 MPa, the modulus of elasticity is 1 to 5 GPa, the deformation diagram
usually has a plastic section after 3—5 %.

For practical applications, materials with multidirectional layers or braided materials are im-
portant. They are made by laying out prepreg, infusion or winding, but even in this case, the layer with
the 0° direction plays a significant role in the rigidity and strength, therefore, the prediction of the
strength of such a layer is very important [Matthews, Rollings, 2004; Gorynin, Nemirovskii, Vlasko,
2017].

To predict the properties of unidirectional fiber composites, several alternative approaches are
used, for example, calculations are performed according to the mixture rule without taking into ac-
count statistical properties, when the mechanical properties of fibers and the matrix are averaged.
A variant of the calculation is possible when the properties of the matrix are not taken into account at
all due to the huge difference in the values of the properties. A case is possible where the composite is
considered to be an anisotropic solid [Vasiliev, Morozov, 2013].

However, this approach is insufficient, and models have emerged that describe the layered or fi-
brous structure of materials. Layered models are important because most real-world materials are
formed from layers. In addition, layered models often provide good quality predictions. In particular, it
is possible to analytically calculate the stress field in a layered structure, but most layers have up to
20 fiber diameters, and in this case the ultimate properties are determined by the fibers and it is neces-
sary to know the micromechanism of destruction. In addition, most modern high tenacity fibers are
produced as filaments rather than individual filaments [Daniels, 1945].

For quite a long time, the strength of composites has been described using the concept of accu-
mulation of fiber breaks and the concept of an ineffective length, one at which stresses are transmitted
from the break to adjacent fibers. These are calculations based on the Rosen model (elastic calcula-
tions) [Argon, 1978] or calculations based on the Kelly model (calculations for the case of plasticity)
[Kelly, Tyson, 1965]:

o= RE—fg, (1
T
where R is the radius of the fiber, E; is the elastic modulus of the fiber, ¢ is the ultimate deformation,
and 7 is the yield stress of the matrix.

The statistical properties of fibers from bundles are described based on the Daniels model and the
Weibull-Gnedenko distribution [Orlov, 2014]. This model assumes that the fiber is a chain, the break-
age probability of which depends on the fiber length and on the defectiveness parameter m. The prob-
ability of fiber breakage f(x) is described by the formula

f(x)=1-exp —L(ij ; )

X0
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where L is the bundle’s length, x is the deformation of bundle, and m and x, are the strength distribu-
tion parameters of the fibers.
In this case, the load carried by the fiber bundle, P(x), is described by the expression

P(x)=E ¢ exp{—L[iJ ] , 3)
o

where L is the bundle length, Eis the elastic modulus of the fiber, ¢ is deformation, and m and & are
the parameters of the fiber strength distribution.
Regardless of the type of distribution, the expression for the load looks like

P(x)=E-x-(1-f(x)), 4

where Eris the elastic modulus of the fiber and f{x) is the probability of destruction in the range from 0
to x.

In the case of distribution (3), the maximum strength of the bundle will be described by the ex-
pression (5) and the average strength is described by the expression (6) [Nemez, Strelyaev]:

1 1/m 1
Pm(x) :E‘C"O (ﬁj exp(__j, (5)

m

where Eris the elastic modulus of the fiber, and m and & are the strength distribution parameters of the
fibers:

—1/m
Kf(m) =%, 6)
f((+2)
m

where K is the ratio of the strength of the bundle to the average strength of the fibers and m is the
strength distribution parameter of the fibers.

Formula (6) makes it possible to relate the starting strength of the fibers and the average strength
of the fibers in the Weibull distribution.

These models are united by the assumption that the strength of the composite is the same as that
of a bundle of reinforcing fibers at a doubled ineffective length (Fig. 1).

Fig. 1. Scheme of ineffective length. 1 — torn fiber, 2 — adjacent fibers, 3 — distribution of deformations in the
matrix; A — ineffective length

Different models solve the problem of calculating the ineffective length and taking into account
the redistribution of stresses in the region of a broken fiber or a group of fibers in different ways.
A separate issue is forecast, that is, experimental determination of the ineffective length and determi-
nation of the parameters of the Weibull distribution for fibers.
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A number of models assume that, after a fiber breaks, the stresses are evenly distributed to all
other fibers; such models are called GLS. These models take into account the likelihood of multiple
breaks and evolve to the concept of Critical number of breaks (CNB) or critical defect and are calcu-
lated by the Monte Carlo method. Different models interpret the size of the critical defect (CNB) dif-
ferently, GLS models only give an overestimated strength limit. In the case of using the CNB concept,
such models are close to the macromodels of a crack in an anisotropic solid [Vanegas-Jaramillo et al.,
2018].

The exact calculation of the stress field in a fiber composite is difficult, since it requires
knowledge of the elastic parameters of the fiber and matrix. Although such attempts have been made,
shear analysis (SLA) models have been widely developed, which assume that tensile loads are carried
only by fibers, and shear loads are carried only by a matrix, and this approach neglects Poisson's ratios
of both. The model was proposed by Hedgepeth [Hedgepeth, 1961]. Within the framework of this
model and its development, various versions of the calculation of shear fields have been proposed
[Argon, 1978; Smith et al., 1983; McClintock, 1969; Kopiev, Ovchinsky, 1974]. These models are
called LLS.

In the mid-1990s, LLS models began to take into account fracture statistics [Smith et al., 1983].

Methods for determining the ineffective length by studying a single fiber in a composite [Curtin,
2000] and a method for determining the properties of a matrix when pulling out individual fibers
[Kopyev, Ovchinsky, Pompe, 1976] were developed separately. In this case, the experiment on a sin-
gle fiber, in principle, cannot take into account the interaction of neighboring fibers. Figure 2 shows
the arrangement of adjacent fibers in the computational models.

Fig. 2. Arrangement of adjacent fibers in computational models

An overview of the current state of the models is given in the article by Mishlaevsky [Mish-
naevsky, Brondsted, 2009].

It follows from this review that most of the articles refer to binders and fibers developed be-
fore 2000, models based on mathematical modeling and Monte Carlo methods require more input data,
and the result is weakly tied to experiment, the work of Soviet and Russian authors completely
dropped out of the review.

Smith's model [Swolfs et al., 2013] calculates the size of a fiber cluster, at which its growth be-
comes irreversible, based on statistics and an assumption about the stress on the nearest fibers. In our
opinion, this approach does not take into account both shear deformations in the cluster itself and the
redistribution of stresses beyond the nearest fibers in the composite. As shown by McClintock
[McClintock, 1969], in the case of plasticity in the layer, the stress distribution is strongly softened.

2020, T. 12, Ne 3, C. e559—-e573
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Ermolenko's model [Ermolenko, 1985] combines the concepts of shear analysis near the fiber and
the stress distribution in an anisotropic body with averaged characteristics.

In a number of papers, the average fiber strength is taken for comparison with experiment, but
not the strength of the bundle; this assumption introduces a systemic error in the calculations, since the
strength of the fiber bundle is lower than the average strength of the fibers. Note that all modern fibers
that are important for use are produced in the form of complex filaments, and not separate monofila-
ments. Therefore, the use of the properties of individual fibers to predict the properties of a composite
can contain system errors both in terms of determining the elastic modulus and in terms of determining
the strength of monofilaments, since they are damaged when they are removed from a complex yarn
[Zhou, Wagner, 1999; Ermolenko, 1985]. In addition, it was noted that the distribution maximum
shifts upward, as the most fragile fibers disintegrate [Kopiev, Ovchinsky, 1974].

The question of determining the parameters of strength distribution on fibers extracted from
a complex yarn remains ambiguous, since in this case the fibers can be damaged, the number of fibers
is limited, and the distribution approximation is used to determine .

In addition, although in structural materials the fibers occupy a volume fraction of more
than 50 % and are packed quite tightly, the distance between them varies randomly from 0 to 2 diame-
ters, which affects the stress distribution and significantly reduces the value of beautiful theoretical
models with a regular lattice [Ma et al., 2016].

In the present work, we are trying to combine the modified LLS (local stress distribution) model,
taking into account the probability of the Weibull strength distribution of fibers, and we can obtain
data on the distribution parameters from data on testing multifilament yarns from 100 to 1000 fibers.
Figure 3 shows the cleavage of a sample from one complex glass filament after destruction. A photo
taken with SEM (scanning electron microscope). After tensile fracture, the samples were examined
using a JEOL JSM-35 SEM. To eliminate electrization under the action of an electron beam, gold was
deposited on microcomposite samples (microplastics) using a SMARTLAB-R1 laboratory vacuum
system. It can be seen that this is a real composite material, but the accumulation of fiber breaks is not
noticeable despite the fact that the sample failed at a deformation of 3.5 %.

Fig. 3. Chipping of fiberglass VMN after fracture and under tension (photo from the archive of P. V. Mikheev,
taken while working on a dissertation at the Institute of Chemical Physics of the Academy of Sciences of the
USSR)

It should be noted that, when describing the mechanisms of destruction of high-strength fiber, we
exclude from consideration fibers that have an internal structure — aramid and SVM, since, in our
opinion, the mechanism of their destruction in the composite is completely different [Mikheev, Mos-
tovoy, Konyushenkov, 2019]. This approach does not contradict the generally accepted one, since the
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strength of composites based on such fibers with an internal structure is significantly higher than the
strength of untreated threads.

Our modified LLS model, let's call it MLLS, only describes high-strength homogeneous fibers
that form a sharp end when broken

2. Statement of the problem and basic notation

The discrete structure of the composite makes it possible to assume that the stress from the bro-
ken fiber is distributed over 6 nearest fibers (Fig. 2), the concentration on which will be 1.167. In our
model, this means an increased likelihood of destruction. On the other hand, the Weibull model gives
us the number of fibers broken at a given deformation, so it is possible in a differential form to esti-
mate the increment in the number of fibers associated with the concentration

i =) +6f;(x)f(1.167x). (7

The damage accumulation model is based on two assumptions about power-law growth (formu-
la (2)) and the idea that a long thread is a chain. The power function describes the probability of de-
struction of the final link. This probability is presented in formula (8).

0 if x<O,

F(x)=4x"if 0<x<1, (8)
1if x>1.

The strength of the beam without taking into account the concentration is given by the expression
1

This allows us to assume that the element of the chain is precisely the ineffective length, and
formula (2) can be used to calculate the number of broken fibers at the ineffective length if we use m.
In this simplified case, for the probability of fracture, taking into account the concentration on neigh-
boring fibers, one can obtain the expression (10).

F (x)=x"+3-1.155""" - x*™. (10)

If we substitute the expression for the probability in formula (4), then we can numerically calcu-
late the beam deformation diagram for different m.

2.1. Solution of the differential equation for different values of m

However, the solution of the differential equation (6) is more accurate for calculating strength.
We assume that the modulus of elasticity is 1 and the length does not change and is equal to the inef-
fective one.

The drop in strength according to our model will be compared with the numerical solution of the
load distribution on the whole fiber at the same time (GLS).

Consider the Cauchy problem for an ordinary differential equation (ODE) in the case where f{(x)
is a power function.

fi=1'(x0)+6£.(x)f'(1.167x),
Jx)=x",
Ji(x)=0.
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The equation has an analytical solution. The problem can be solved in terms of quadratures if the
exponent m = 2.
In this case, the Cauchy problem has the form

{f,; =2x+16.338xf,,
J1(0)=0.

The solution to this problem is

1 8.169x> )
x)=——ée~ —1J. 11
S = (1)
However, for practically important cases, the value of m ranges from 5 to 20.
Obviously, this function grows rapidly with increasing x. Substituting this function into the equa-
tion for P(x), we obtain the following equation:

1 2
P(x)=Ex(1- f, (x)) = Ex(l —m(em’x —1)]. (12)

The function P(x) has a maximum that can be found by equating the derivative of this function to
zero, but in this case an equation is obtained containing simultaneously terms with exponential and
exponential functions, which cannot be solved analytically. Therefore, we will immediately proceed to
numerical calculations on a computer, solving the Cauchy problem for values of m ranging from 2
to 25, and also looking for the maximum of expression (3) also for different values of m.

Let's write a program for calculations using R-Studio. The last operator in this program code is
responsible for displaying all values in the form of a table.

The final data are presented in Table 1.

Table 1. Influence of concentration at different values of m

m 5 6 7 8 9 10 11 12 13 14 15 16

1 | average fiber 0.83 1 0.86 | 088|089 | 09 |091092]092]0.93|093]0.94 | 094
strength

2 | Beam deformation 0.70 | 0.72 |1 0.74 | 0.76 | 0.77 | 0.79 | 0.80 | 0.81 | 0.82 | 0.82 | 0.83 | 0.84
without regard to
concentration

3 | Beam strength 0.58 | 062|065 |0.67 | 070 | 0.71 | 0.73 |1 0.74 | 0.76 | 0.77 | 0.78 | 0.79
without
concentration

4 | Percentage of broken | 0.17 | 0.14 | 0.12 | 0.11 | 0.1 | 0.09 | 0.08 | 0.08 | 0.07 | 0.07 | 0.06 | 0.06
fibers, %

5 | Deformation of the 0.62 | 0.65 | 0.68 | 0.70 | 0.72 | 0.73 | 0.75 | 0.76 | 0.77 | 0.78 | 0.79 | 0.79
beam, taking into
account the concen-
tration for the next
6 fibers (non-
differential form)

6 | Beam strength, tak- 0.53 |1 0.58 | 0.61 | 0.64 | 0.66 | 0.68 | 0.70 | 0.72 | 0.73 | 0.74 | 0.75 | 0.76
ing into account the
concentration for the
next 6 fibers (non-
differential form)

7 | Deformation of the 0.6 | 0.63 |0.66|0.69 |0.71|0.72]0.74 | 0.75| 0.76 | 0.77 | 0.78 | 0.79
beam taking into
account the concen-
tration for the next
6 fibers (differential
view)
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Table 1 (ending)

m 5 6 7 8 9 10 11 12 13 14 15 16
8 | Beam strength, tak- 0.53 1 0.57 |1 0.61 | 0.63 | 0.66 | 0.68 | 0.7 | 0.71 | 0.73 | 0.74 | 0.75 | 0.76
ing into account the
concentration for the
next 6 fibers (differ-
ential view)

9 | Percentage of broken | 7.7 | 6.2 | 54 | 5.1 | 46 | 3.7 | 3.6 | 32 | 28 | 26 | 24 | 23
fibers, %

Since the integration results in rapidly growing functions with an increase in the value of the ex-
ponent m, the value of x in numerical calculations cannot exceed 1.

1.5
- —
& — A
=
®
E 1.0
k2
(A
o
2
205
O
<
O
2
(a9

0.0 —

0.0 0.5 1.0 1.5

Deformation, %

Fig. 4. The probability of failure for m = 5, calculated by formulas (8) and (10)

1.5
- — f
S — h
=
@
E 1.0
k2
[
o
£ 05
o
Na)
e
(=W

0.0

0.0 0.5 1.0 1.5

Deformation, %

Fig. 5. The probability of failure at m = 15, calculated by formulas (8) and (10)

3. Results of numerical modeling of options

Figure 7 shows the dependence of the strength of the composite on m without taking into account
the stress concentration, and according to the models without and with the differential equation.
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18.00 %
16.00 % -
14.00 % -
12.00 % - B Percentage of dried
fibers according
10.00 % - to the GLS model, %
o/ _|
8.00 % B Percentage of dried
6.00 % fibers according
to the MLLS model, %
4.00 % -
2.00 % -
0.00 % -
1 23456728 910111213

Fig. 6. The proportion of fibers destroyed when the maximum load is reached, calculated using formulas (8)
and (10)

B fiber bundle strength
without regard to
concentration

m strength of the fiber
bundle, taking into account
the concentration on the
6 nearest fibers
(non-differential equation)

m strength of a bundle of
fibers taking into account
the concentration of
6 nearest fibers
(differential equation)

1 23456 78 910111213

Fig. 7. Dependence on m of the bundle strength without taking into account the concentration and taking into
account the stress concentration for two calculation methods

4. Comparison of model results with experiment

The prediction of the strength of composites according to MLLS-6 was compared with our data
based on the results of the study of glass fibers and carbon fibers. Also, the forecast for basalt fibers
was compared with the literature data from the works.

An investigation was made of carbon fiber UKN-5000 (410-tex) (5000 monofilaments) and glass
threads VMN (67 tex) (200 monofilaments). The strength was determined under static stretching at
a speed of 5 mm per minute at various lengths from 10 to 500 mm. The tests were carried out using
a ZDM-250 and Zwick/RoellZ010 testing machine at room temperature. The dependence of strength
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on thread length was plotted in double logarithmic coordinates (logarithm of strength versus logarithm
of thread length), since, according to the Weibull model, the dependence in such coordinates is
a straight line [Fudzy, Dzako, 1982].

Glass and carbon filaments consisting of 5000 monofilaments (UKN-5000) were impregnated
with EDT-10 epoxy binder (Dian resin with amine hardener) and cured according to the recommended
mode [Nemez, Strelyaev, 1970]. Thus, a unidirectional model composite — microplastic was pro-
duced. The length of the working zone was 50 mm; to protect the samples from destruction in the
clamps, the clamping part was glued into glass cloth. Then its tensile strength was determined at
a speed of 5 mm per minute on a ZDM-250 tensile testing machine. This test is similar to ASTM
D4018.

In order to detect them, a full cycle of mechanical studies and studies of the fracture surface by
scanning electron microscopy (SEM) was carried out [Swolfs et al., 2013; Curtin, 2000].

Figures 8 and 9 show calculations of the deformation diagram for basalt plastic at m = 5
and m = 15, calculated using the GLS (Pr) model and MLLS-6 models without diffraction (Prl) and
with diffraction (Pr2).

1.0 — pr

— Prl
0.8 — Pr2
0.6

NIZaRN
|

0.0 0.5 1.0 1.5
Relative deformation, %

Composite load, relative units

Fig. 8. Diagrams of deformation of basalt plastic (m = 5), calculated using the GLS (Pr) model and MLLS-6
models without diffraction (Pr1) and with diffraction (Pr2)
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0.0 0.5 1.0 1.5

Relative deformation, %

Fig. 9. Prediction of the deformation diagram of CFRP (m = 15), calculated using the GLS (Pr) model and
MLLS-6 models without diffraction (Prl) and with diffraction (Pr2)
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Figures 10—12 show how the forecast according to our model corresponds to reality.

Figure 10 describes carbon fibers. From the graph, one can determine m and calculate the predic-
tion of the strength of the fiber bundle to the ineffective length. The MLLS-6 model provides a more
realistic description of the strength of the composite, but still overestimates it.

= [gpP
0.9 ° LgPé
—_ a LgPbh
£ / v Lg Sigma
o 0.8
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—
= 07
: //
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§° 04 i -
—
0.3

-1.0 -05 0.0 0.5 1.0 1.5 2.0
Logarithm of the test base (Lg mm)

Fig. 10. Carbon fibers: Pf— fiber strength, Pb — bundle strength, Pc — experimental strength values, Sigma —
ineffective length dependence, LLC Forecast — correction for 6 nearest fibers

Figure 11 describes glass fibers. From the graph, one can determine m and calculate the predic-
tion of the strength of the fiber bundle to the ineffective length. The MLLS-6 model provides a more
realistic description of the strength of the composite, but still overestimates it.
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1 0 ) Lg pC
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<= Y
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2 0.2

-0.20.0 02 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Logarithm of the test base (Lg mm)

Fig. 11. High-strength glass VMN: Pf— fiber strength, Pb — bundle strength, Pc — experimental strength val-
ues, Sigma — ineffective length dependence, LLC Forecast — correction for 6 nearest fibers

Figure 12 describes basalt fibers based on data from [Dalinkevich et al., 2009]. From the graph,
one can determine m and calculate the prediction of the strength of the fiber bundle to the ineffective
length. The MLLS-6 model provides a more realistic description of the strength of the composite, but
still overestimates it.

Table 2 shows the result of simulations for a number of modern carbon fibers: Rovilon (m = 16),
HC-2430 (m =5), UKN-5000 (m = 11), Basalt (m = 15), glass VMN (m = 8).
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Fig. 12. Dependence for basalt fiber: Pf— fiber strength, Pb — bundle strength, Pcl and Pc2 — experimental
strength values, Sigma — ineffective length dependence, LLC Forecast — correction for 6 nearest fibers

Table 2. Forecast strength for a number of industrial fibers

Composite characteristic UV- Glass UKN- Basalt | Rovilon
2430 VMN 5000

1 m 5 8 11 15 16

2 | Average fiber strength 0.83 0.89 0.92 0.94 0.94

3 | Beam deformation without regard to concentra- 0.699 0.76 0.798 0.831 0.838
tion

4 | Beam strength without regard to concentration 0.582 0.675 0.731 0.779 0.788

5 | Percentage of destroyed fibers, % 16.70% | 11.00 % | 8.30 % 6.2 % 59%

6 | Deformation of the beam taking into account the | 0.616 0.701 0.749 0.788 0.795
concentration for the next 6 fibers (Mikheev)

7 | Strength of the bundle, taking into account the 0.535 0.641 0.701 0.752 0.761
concentration for the next 6 fibers (Mikheev)

8 | Deformation of the beam taking into account the 0.6 0.69 0.74 0.78 0.79
concentration for the next 6 fibers (Borisova)

9 | Strength of the bundle, taking into account the 0.527 0.63 0.7 0.75 0.76
concentration for the next 6 fibers (Borisova)

10 | Percentage of destroyed fibers, % 7.70% | 5.10% 3.6 % 24 % 23 %

11 | Forecast of strength loss 905% | 933% | 958% | 963% | 96.4%

5. Conclusion

In this paper, a modified load distribution model (MLLS-6) is proposed to describe the fracture

mechanism of high-strength composites under tension. The model is based on the combined model of
Hedgepest and Phoenix (statistical approach to fiber strength). Taking into account the stress concen-
tration only on the nearest fibers allows makes it possible to obtain analytical solutions to the problem
and allows a comparison of the predicted strength with experiment. In this case, the properties of the
binder in the model are expressed only in terms of the value of the ineffective length.
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The forecast is made using the maximum load of the bundle of fibers (complex yarn) and not the
average strength of the fibers, as it is done in some papers.

According to our data, the strength provided by the MLLS-6 model is lower than that provided
by the GLS model, for carbon plastic by 10 %, for fiberglass plastic by 7 %, and for basalt plastic
by 5 %.

The strength values have approached the experimental ones, but still remain higher. This result is
unexpected, since we expected to obtain the lower limit of strength.

We explain this by the fact that the shear yield stress used in calculating the ineffective length
of 30 MPa is taken as an average value, but, like the strength of the fibers, it has a spread, and in some
cases pores and, consequently, an ineffective length is not a constant value either, and increases where
the shear strength limit is less, and, in our opinion, these places become a source of fracture, which
further occurs according to the proposed MLLS-6 model and almost without damage accumulation in
the case of brittle high-strength fibers.

References

Epmonenxo A. @. Mogenb pa3pylieHUs] OTHOHANPABISHHOTO BOJIOKHUTA C YIPYroi marpuuei // Me-
XaHHMKa KOMITO3UTHBIX MaTepuanoB. — 1985. — Ne 2. — C. 247-256.
Ermolenko A. F. Model' razrusheniya odnonapravlennogo voloknita s uprugoj matricej [The model of destruction of

unidirectional fiberglass with elastic matrix] // Mekhanika kompozitnyh materialov [Mechanics of Composite Mate-
rials]. — 1985. — No. 2. — P. 247-256 (in Russian).

Konves U. M., Osuunckuii A. C., [loune B. BrusHue cTaTUCTUYECKOTO PACIIpENENeHUs] MPOYHOCTH
BOJIOKOH Ha HECYIYIO CIIOCOOHOCTH KOMITO3UTHOI'O Marepualia // ®Ou3.-XuM. MeX. Marep. —
1976.— C. 64-70.

Kopyev 1. M., Ovchinsky A. S., Pompe V. Vliyanie statisticheskogo raspredeleniya prochnosti volokon na nesushchuyu
sposobnost' kompozitnogo materiala [Influence of statistical distribution of fiber strength on the bearing capacity of
composite material] / Phys.-chim. mech. mater. [Phys.-chem. fur. matera.]. — 1976. — P. 64—70 (in Russian).

Konves U. M., Osuunckuii A. C. OueHka HecyIei cnocoOHOCTH KOMITO3UIIHOHHOTO MaTepHaa ¢ yJe-
TOM CTaTHCTHUYECKOTO paclpeie]eHns IIPOYHOCTH apMUPYIOIMINX BOJIOKOH // @u3. u XxuM. 00pad.
marep. — 1974. — Ne 4, — C. 97-101.

Kopyev I. M., Ovchinsky A. S. Ocenka nesushchej sposobnosti kompozicionnogo materiala s uchetom statisticheskogo
raspredeleniya prochnosti armiruyushchih volokon [Assessment of the bearing capacity of the composite material tak-

ing into account the statistical distribution of the strength of reinforcing fibers] / Phys. i chim. obrab. mater. [Phys. and
chem. obrb. matera.] — 1974. — No. 4. — P. 97-101 (in Russian).

Muxaitinun FO. A. BONOKHUCTBIE TONMMEpPHBIE KOMIIO3MLMOHHBIE Marepuanbl B TexHuke. — CII6.:
HOII «IIpodeccus», 2013.
Mikhaylin Yu. A. Voloknistye polimernye kompozicionnye materialy v tekhnike [Fibrous polymer composite materials
in engineering]. — Saint Petersburg: TSOP “Profession”, 2013 (in Russian).

Muxeeg I1. B., bepnun A. A. Bnusnue paciieniaenys NoJMMEPHbBIX BOJIOKOH Ha MPOYHOCTH OJTHOHAMPaB-

JICHHBIX KOMIIO3UTOB // MeXaHnKa KOMIO3UTHBIX MatepuanoB. — 2019. — T. 55, Ne 1. — C. 1-10.
Mikheev P. V., Berlin A. A. Effect of splitting of polymer fibers on the strength of unidirectional composites // Mecha-
nics of Composite Materia. — 2019. — Vol. 55, No. 2. — P. 267-274. (Original Russian paper: Mikheev P. V., Ber-
lin A. A. Vliyanie rasshchepleniya polimernykh volokon na prochnost' odnonapravlennykh kompozitov // Mekhanika
kompozitnykh materialov. — 2019. — Vol. 55, No 1. — P. 1-10.)

Msmmuioz @., Porunec P. KomnosutHeie Matepuaibsl. Mexanuka u texnosnorus. — M.: Texnocdepa,

2004.

Matthews F. L., Rawlings R. D. Composite Materials. 1st Edition. Engineering and Science. Woodhead Publishing,
16th July 1999. — 480 p. (Russ. ed.: Mett'yuz F., Rolings R. Kompozitnye materialy. Mekhanika i tekhnologiya. —
Moscow: Tekhnosfera, 2004. — 408 p.)

Oprnos A. M. BeposTHOCTH Y TIPHUKJIaTHAS CTAaTUCTUKA: OCHOBHBIC (hakThl. — M.: KHopyc, 2014.
Orlov A. I Veroyatnost' i prikladnaya statistika: osnovnye fakty [Probability and applied statistics: basic facts]. —
Moscow: Knorus, 2014 (in Russian).

Argon A. Statistical aspects of destruction // Composite materials. — T. P. Destruction and fatigue. —
Moscow: Mir, 1978. — P. 201-205 (in Russian).

KOMIIBIOTEPHBIE UCCJIEJOBAHUA U MOJAEJIUPOBAHUE




A modified model of the effect of stress concentration near a broken fiber e573

McClintock F. A. 4™ Symp. High Performance Compos. — St. Louis, 1969.

Curtin W. A. Tensile Strength of Fiber-Reinforced Composites. III. Beyond the Traditional Weibull
Model for Fiber Strengths // J. Compos. Mater. — 2000. — No. 34. — P. 1301-1332.

Daniels H. E. The statistical theory of strengyh of bundles of threads // Proc. Roy. Soc. London. —
1945. — Vol. A183. — P. 404-435.

Dalinkevich A. A., Gumargalieva K. Z., Marakhovsky S. S., Soukhanov A. V. Modern Basalt Fibrous
Materials and Basalt Fiber-Based Polymeric Composites // Journal of Natural Fibers. — 2009. —
Vol. 6, No. 3. — P. 248-271.

Fudzy T., Dzako M. Mechanics of destruction of composite materials. — Moscow: Mir, 1982 (in Rus-
sian).

Gorynin G. L., Nemirovskii Y., Vlasko A. Multiscale simulation of thermal stresses in 3D periodic ani-
sotropic bodies // Proc. of the HEPCM 2017. — AIP Conf. Proc. —2017. — P. 030111.

Hedgepeth J. M. Stress concentrations in lamentary structures / NASA TN D-882. — 1961.

Kelly A., Tyson W. R. Tensile properties of fibre reinforced metals: Copper/tungsten and copper/mo-
lybdenum // J. Mech. Phys. Solids. — 1965. — Vol. 13. — P. 329-350.

Ma Y., Yang Y., Sugahara T., Hamada H. A study on the failure behavior and mechanical properties
of unidirectional fiber reinforced thermosetting and thermoplastic composites / Composites. —
Part B. — 2016. — Vol. 99. — P. 162-172.

Mishnaevsky L., Brondsted P. Micromechanical modeling of damage and fracture of unidirectional fi-
ber reinforced composites: A review Fragmentation model for the tensile response of unidirection-
al composites based on the critical number of fiber breaks and the correction of the fiber-matrix in-
terfacial strength // Computational Materials Science. — 2009. — Vol. 44. — P. 1351-1359.

Nemez A. C., Strelyaev B. C. Strength of plastics [Prochnost plastmass]. — Moscow: Mashinostroenie,
1970 (in Russian).

Swolfs Y., Gorbatikh L., Romanov V., Orlova S., Lomov S. V., Verpoest I. Stress concentrations in an
impregnated fibre bundle with random fibre packing // Composites Science and Technology. —
2013. — Vol. 74. — P. 113-120.

Vasiliev V. V., Morozov E. Advanced Mechanics of Composite Materials and Structural Elements //
3rd Edition: Elsevier. — 2013. — 816 p.

Zhou Z. W., Wagner H. D. Stress concentrations caused by fiber failure in two-dimensional compo-
site // Compos. Sci. Technol. — 1999. — Vol. 59. — P. 1063—-1071.

2020, T. 12, Ne 3, C. e559—-e573





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 15%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA39 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /PDFXOutputConditionIdentifier (FOGRA27)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'RCD'] [Based on 'RCD'] [Based on 'RCD'] [Based on 'RCD'] [Based on 'RCD'] [Based on 'RCD'] [Based on 'RCD'] Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (Coated FOGRA27 \(ISO 12647-2:2004\))
      /DestinationProfileSelector /WorkingCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [595.276 841.890]
>> setpagedevice


