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Introduction. The response of composite materials to the im-
pact of a certain kind of load is difficult to predict, therefore,
research in this area has often been neglected. The work objec-
tive was to study the influence of the wave effect on the tensile
strength of polymer composites of a fibrous structure.
Materials and Methods. In the tests, samples of multilayer
materials of various thicknesses with continuous, long and
short fibers that form a fabric, as well as a layered structure,
were used. The number of layers corresponds to the resistance
to the applied loads. Fibers of glass, carbon, kevlar, or their
combinations were used. Isotropic materials — epoxide, polyes-
ter and vinyl ether — were used as binders.

Research Results. The tensile test results of homogeneous
samples and samples of fibrous structure are obtained. In this
case, the values of fiber angle varied. The stability of their
intercomparison test results is established. The dependence of
the maximum tensile stresses 6,,,,, MPa, (on the vertical axis)
on the fiber angle 0,,,, is obtained. These stresses for a fibreless
material amounted to 250 MPa. Normal and tangential stresses
acting perpendicular to the fibers, as well as shear stresses of the
layered material, are calculated. As follows from the analysis
of the dependences for the significant tensile stresses and from
the study on refraction in the section of the sample damage, it
was established that the shear stress Ty, was the cause of the
fracture. Using an equation providing the compensation for the
angle of inclination 6 = 45, it was determined that the shear
stress of the polyester is t,, = 35 MPa. This was the stress that

caused subsequently the destruction of the samples.

* The research is done within the frame of the independent R&D.

Bseoenue. Peaknysi KOMITO3WIIMOHHBIX MaTepuajoB Ha BO3-
JIEHICTBHE ONpPEAETIEHHOTO poJa HArpy30K TPYIHO IPOrHO3H-
pyemMa, IO3TOMY HCCIEHOBaHHSM B 3TOW 0ONacTH He ymems-
JIOCh JOJDKHOTO BHMMaHU. llenbio HacTosIeil paboTsl ObLIO
U3yveHHe BIMSHUS BOJIHOBOTO 3 deKTa Ha Ipeael IPOIHOCTH
IPU PACTSHKCHUU IOJMMEPHBIX KOMIIO3UTOB BOJOKHHCTOH
CTPYKTYPHI.

Mamepuanet u memoovi. B HCHBITAHUSIX HCHOJIB30BAIUCH
00pas3Ibl MHOTOCIIOHHBIX MaTepPHAIOB Pa3JIMYHOM TOJIIMHEI C
HETIPepBIBHBIMY, JUIMHHBIMUA M KOPOTKMMH BOJIOKHaMH, 00pa-
3YIOIIUMH TKaHb, a TAK)KE CIOUCTYIO CTPYKTYpy. Uncno cioes
COOTBETCTBYET CONPOTHBIIEMOCTH IIPHUIOKEHHBIM Harpys-
KaM. [IpuMeHsUINCh BOJIOKHA CTEKIa, yriepoja, KeBjlapa Wi
nX KoMOMHanuu. B kadecTBe CBA3YIOMNX HCIOJIB30BAIH H30-
TPOTIHBIE MAaTEPHANBI: STMOKCHA, MOMMI(pHP ¥ BHHUIOBBII
3¢wup.

Pesynomamer uccnedosanusa: IlomydeHsl pe3ynbTaThl HCIIBITa-
HHS Ha pacTsDKEHHE TOMOTEHHBIX 00pasloB M 00pasloB BO-
JIOKHUCTOM cTpyKTyphl. IIpu 3TOM BapbHpOBaIMCh 3HAYCHUS
yTJIa HaKIOHA BOJIOKOH. YCTaHOBJIEHA CTAOMIBHOCTH PEe3yilb-
TaTOB UCIIBITAHUS IIyTEM UX B3aUMHOTO cpaBHeHHUs. [loydyeHa
3aBUCHMOCTh MAaKCHMAJbHBIX HANPSKEHUH TMPH PACTSHKEHUN
Omax, MIIa, (Ha BepTHKAIBHOI OCH) OT yIijia HAKJIOHA BOJOKHA
Omax- OTH HampsDKEHUS Ui MaTeprana ¢ Oe3BONHOBBIMHU
BoJIokHamu coctaBmwid 250 MITa. Paccuntanbl HOpManbHbIe U
KacaTellbHble HaNpsDKEHMs, JeHCTBYIOIIUE NEepIEeHIUKYIIPHO
BOJIOKHAM, a TAaKXKe HANPSDKEHUS CIOMCTOTO MaTepHaia IpH
casure. B pesynbprare aHamu3a 3aBUCUMOCTEH AJIsL XapakTep-
HBIX HANPSDKEHUH NIPH PacTSDKEHUH U HCCIISIOBaHUS pedpak-
MM B CEYCHHH pa3pyIleHUs OOpa3loB YCTAHOBJIEHO, 4YTO
TIPHYMHON Pa3pyNIeHHUs SBISAETCS HANPSKEHHE CABATA Tyy. C
IIOMOIIBIO YPaBHEHUsI, KOTOpOE MO3BOJSAET KOMIIEHCHUPOBATh
yron HakioHa 0 =45°, Obuto ompemeneHo, YTO 3HAYCHHE
HaNpPSOKEHHS CJIBMTa TOJIMACTEPA Ty, = 35 MIla. D10 M ecTh
HalpsDKEHWe, KOTOPO€ BIOCIEJCTBHH SIBHJIOCH IPHYNHOM
paspyleHus oopasIos.

** E-mail: imad.antypas@mail.ru, amerkarnoub@gmail.com, alexey-a2@mail.ru
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Discussion and Conclusions. The tensile stresses of the com-
posite material decrease with increasing the fiber angle in
certain areas. The destruction of all fiber samples occurred
when the shear stress reached a value approximately equal to
the shear stress at which the destruction of samples made only
from a binder material happened. When the specimen broke,
the fracture mode had the form similar to the shear failure;
besides, at the moment of fracture, the object having a rectan-
gular shape, being deformed at an angle, took the form of a

parallelogram.

Keywords: composite material, binding material, fibrous ma-
terial, filler, structure defect.
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Obcyscoenue u 3axnoyenusa: HanpsokeHUs! MPU pacTSHKEHUU
KOMITO3UTHOTO MaTepuaja YMEHBIIAIOTCS C YBEIHYCHHEM
yIJla HaKJIOHA BOJIOKOH B OIIPEZCNICHHBIX 30HaX. PaspymieHne
BCEX 00pa3loB BOJOKHA HACTYNMaJO TOr[A, KOTAA BEIHYMHA
HaNpsDKEHHS CIIBUTa JOCTHIaNa 3HAYCHUS, IPHMEPHO PABHOTO
BEJIMYMHE HANpPSOKCHUS CIBUIA, NMPH KOTOPOM IIPOUCXOJHIO
pa3pylieHne oOpasIoB, M3TOTOBICHHBIX TOJNBKO M3 CBSI3YIO-
mero Marepuana. I[Ipu paspsiBe o0pasia Gpopma pazpyrieHus
UMeNa B, aHAJIOTMYHBIA pa3pyIICHHIO NP CIBUTE, IPHYEM
B MOMEHT pa3pyIlIeHHsS OOBEKT, UMCIOIIUHA MPSIMOYTOJIbHYIO
¢dhopmy, nehopMHUpYCH IO YIIIOM, IPUHUMANT (OpMy Mapai-

JiejaorpaMmma.

KiloueBble cj10Ba: KOMIIO3UTHBIA Marepuai, CBS3YIOIIMHA
MarepHal, BOJOKHUCTBIA MaTepHal, HalOIHHUTENb, ACPEKT

CTPYKTYPBHL.

Odpasey ona yumuposanua: Brivsaue BoaHOBOTO dddexra Ha
mpezieNl MPOYHOCTH BOJIOKHA IIPH HCHBITAHUSX KOMIIO3UTHOTO
Marepuaia Ha pactspkeHue WM. P. Aatubac [u np.] Bectauk Jlos-
CKOro roc. TexH. yH-ta. — 2019. — T. 19, Ne 4. — C. 310-316.
https://doi.org/ 10.23947/1992-5980-2019-19-4-310-316

Introduction. The studies employed composite materials widely used in construction. Samples of various
thicknesses from multilayer materials containing continuous, long, short fibers and fibers forming the fabric were used.
The number of filler layers corresponded to the resistance to the loads applied. Fibers of glass, carbon, kevlar, or their
combinations with binders were used. Binding materials are designed to develop adhesion bonds between fibers, to pro-
tect them from the environment and load distribution., Isotropic materials such as epoxide, polyester and vinyl ether
were used as binders [1].

The cost of products from polymer composites depends mainly on the cost of the ingredients and the number
of production stages. Violations of technological regulations causes deviations from the required structure of the mate-
rial, the formation of various kinds of defects. At that, a wavy shape of the fibers is implemented (Fig. 1), the uniformi-
ty of the heterogeneous structure is violated. All this causes deterioration in the complex of mechanical-and-physical
properties of the composite [2].

Resin-rich zone

Fig. 1. Formation of waves in the fibers caused by the lack of structure of composite materials

A number of disadvantages of the reinforced composites are largely associated with impurities and flaws in the
product. Flaws are formed in the process of curing the binder, which, initially being in a state of viscous flow, translated
gas inclusions in the form of bubbles into the volume of the composite under the gravity die casting. Heterogeneity of
the concentration of fibers and the binder in the bulk of the material occurs due to the presence of functional additives
or additional filler, for example, sand (Fig. 2).

Fig. 2. Cross section of composite material containing a number of bubbles
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Ha puc. 3 nmoka3aHo, 4TO BOJHOBAsI OPUEHTAIMS BOJOKOH MOXKET PAcIioiaraThesi B INIOCKOCTH TKaHH, 110 CTPYK-
Type aHAJIIOTMYHOI (UOPO3HOH, a Takke B IVIOCKOCTH CILIETEHHBIX BOJIOKOH. DTU BOJIOKHA 0OECIeUMBAIOT CTaOUIIb-
HOCTb CTPYKTYpPBI IIPU TPAHCIOPTUPOBKE, 00pabOTKe, a Takke OOJEryaroT TEXHONOTHYECKYI INPOHHIAEMOCTh CIOEB
KOMITO3UTHBIX MaTepHajoB. DTO MO3BOJSIET COCAMHATH BOJOKHA B TPYIITBI MPOJOIBHO MM NEPIEHANKYISIPHO IPYT K
nIpyTy [3], 9TO He MPEmATCTBYeT 0Opa30BaHMIO HEOOIBIINX BOJIH B TKaHH.

a) b)
Fig. 3. Waves located in the layer plane:

a) section of the composite; b) spatial structure

Spatial wave structures (Fig. 4) are implemented using textile equipment. These structures are able to take the
final shape of a product made from a composite material. Then, such a structure is impregnated with a binder, and the
product is mold using one of the known methods.

Fig .4. The location of waves in spatial fibers

In [4, 5], a method for testing spatial fiber structures with various components and in the presence of defects is
described. The formation of the wave configuration of fibers in such materials can have both negative and positive ef-
fects on the properties of composite materials. In [6], a theoretical and practical search is conducted. It considers the
nonlinear behaviour of composite materials reinforced with unidirectional fibers, in which waves are observed that arise
under the action of tensile loads and pressure.

The work objective is to study the effect of waves on the tensile strength of a composite material consisting of
polyester and fiberglass, to analyse the arising stresses, and to study the destruction of the sample due to various factors.

Analytical research. A composite material with a long-fibered filler can resist heavy load acting along the fi-
bers, which follows from Fig. 5, a. However, a load that does not correspond to the direction of the fibers is distributed
between them and the binder. This load depends on the angle between the direction of its action and the direction of the
fiber orientation. To determine the stresses acting perpendicular to the fiber and along it, the authors used the coordi-
nates obtained by rotating the x-y-z general coordinates by an angle 0 about the z axis [7] (Fig. 5, b).
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Fig .5. Interlocal coordinates of material plates: a) with straight fibers, b) with fibers at an angle.

If an infinitesimal volume element (Fig. 6, @) is removed from the general coordinates and rotated through an
angle 0, then, using equations (1), (2) and (3), we can determine the normal and tangential stresses developed in the new
position (Fig. 6, b) [8].

O,/ :Ux:—ay+@c0529 + Ty, sin 20, (1)

Tylyl = = % sin26 + Tyy COS 20, )
__ox+oy | O0x—0y .

0, ==+ =205 26 — Ty sin 26. (3)

_l;f;cy JS/ k.: T A
Yoo :
— T g\ <

a) b)

Fig. 6. Stresses of an infinitely small volume element:
a — in the general coordinate system, b) in the coordinate system at an angle

In the case of the wave configuration of the fibers, the stress state of the material is most dangerous at the max-
imum value of the angle (0,,,) since normal stresses are oriented perpendicular to the layer of the reinforcing filler. If
we consider an infinitesimal element in this state (Fig. 7), then after calculating the stress values from equations (1), (2),
(3) and comparing their values, we can establish causes of the sample failure.

Fig.7. Infinitely small volume element at the point of maximum fiber inclination angle (0,,,y)

Materials and Methods. The influence of the wave impact on the tensile strength was studied according to
ASTM D 638-90 [9]. Samples of sheet form made of polymer composites containing a reinforcing filler (fiberglass) and
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a binder (polyester) were tested; the hardener content was 2% of the total volume. Samples were prepared through the
gravity die casting [10]. At that, a template consisting of glass plates with dimensions 38 x 25 X 6 mm, which contained
10 layers of fiberglass was employed; and cellophane layers were used as a buffer to prevent adhesion.

During the molding process, a small vibration was used for five minutes. Exposure for curing in the form was
for 24 hours. Exposure to stabilize the structure and properties of the samples in a free state before testing was 25 days.
Using special boards, samples were made without waviness and with the wave orientation of the filler. Moreover, the
latter differed from each other in wave amplitude. Fig. 8 shows the formation of waves in a single board.

Fig. 8. Single Board Wave Formation

Results and Discussion. Tensile tests were carried out for samples with fibers without waviness and with fi-
bers having a sinusoidal half-wave shape at angles of inclination: 6,,,, = 10°, 18°, 22°, 28° and 38°. The stability of the
test results was established through their mutual comparison for samples without filler waviness made on five different
boards. Fig. 9 shows a curve of the tensile stress variation with a change in the angle of inclination of the fiber. In this
case, the tensile stress 6,,,, for a material with waveless fibers was 250 MPa.

300
—— Waveshape fiber
250 -
Stringless fiber
200

150 \
100 \
\\

50

tensile stress, Opmax

10 18 22 28 38
Inclination, 0
Fig. 9. Curve of variation of maximum tensile stresses o, With increasing fiber angle 0,

Using the equations (1) and (3), the normal and tangential stresses acting perpendicular to the fibers, as well as
the stresses of the layered material under shear, were calculated according to the equation (2).

200
| \ " Normal stresses parallel to the fibers
180 “*~ Normal stresses perpendicular to the fibers
160 T == Shear stresses
140
<
= N
s 120 ¢ \
g 100 | "
]
o 80 |
=2 \\‘\
«\ 60 \
20 o
0
10 18 22 28 38

Inclination, 0,

Fig. 10. Curves of changes in the angles of inclination of the wave 6,,,,, with normal stresses parallel to the fibers o, and normal
stresses perpendicular to the fibers oy, as well as shear stresses at shear t,,.
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As aresult of the analysis of dependences for the characteristic tensile stresses in the point position with the in-
clination of fibers 0,,,, and the study on the area of fracture of the samples (Fig. 11), it was established that the shear
stress Ty, is the cause of the fracture. Comparison of this stress with the maximum shear stress of the sample of polyes-
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ter without fibers is given in [10]. The yield strength (c,) was taken equal to 70 MPa. Using the equation (2), which pro-
vides compensation for the angle of inclination 8 = 45°, it was found that the shear stress of the polyester is tp,, = 35
MPa. This is the stress that subsequently caused the destruction of all samples. The equation (2) enables to determine
the deformation of the samples at the breaking point, and also displays deformations and angular displacements proving
that the destruction of the layered material is a consequence of shear stresses.

Fig.11. Refraction in the fracture section

Conclusion. Based on the research results, the following conclusions can be drawn:

1. The tensile stresses of the composite material decrease with increasing the angle of inclination of the fibers
in certain areas. The result showed a coincidence with the earlier studies [11, 12].

2. It was established that the destruction of all fibrous samples occurred upon reaching a shear stress approxi-
mately equal to the shear stress at which the samples made only from a binder were destroyed. This is in agreement
with [13, 14], the data differed only in respect of the stresses developing in the bonding material.

3. When the sample ruptures, the fracture form is similar to shear fracture, and at the moment of fracture, the
rectangular object, being deformed at an angle, took the form of a parallelogram.

4. It is recommended to continue research in this area, the key objectives of which should include studying the
effect of smaller fiber pulsation angles on the tensile strength of a composite material, as well as investigating the influ-
ence of the wave effect on the flexibility coefficient.
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