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RESUMO

Os compositos de fibra baseados em matrizes poliméricas sdo um componente essencial na criagdo da
técnica robusta. Devido aos varios fatores, o design da engenharia aeroespacial deve consistir em materiais de
alta durabilidade, resisténcia ao calor e ter outras propriedades qualitativas. Os problemas associados a
destruigdo de compdsitos de fibras foram relevantes em todas as etapas do desenvolvimento da tecnologia. A
variedade de fibras de refor¢co e ligantes de polimero, bem como esquemas de refor¢o, permite controlar
direccionalmente a resisténcia, rigidez, nivel de temperatura operacional e outras propriedades dos materiais
compdsitos poliméricos. Este artigo discute o método de determinagéo experimental das propriedades mecénicas
de materiais compésitos poliméricos a base de fibra de carbono, incluindo a determinagédo da tenacidade as
fissuras entre camadas sob carga sob condi¢des de rasgo, usando o método Direct Bonded Copper (DCB) € a
tenacidade as fissuras sob condicdes de cisalhamento transversal usando o método End-notched flexural test
(ENF) e resisténcia entre camadas. Sao apresentados os resultados dos testes de amostras de materiais
compdsitos poliméricos com refor¢go de carbono com diferentes densidades de superficie. Foi estabelecido que
tais caracteristicas como resisténcia entre camadas e resisténcia a fissuras sdo os parametros importantes e
determinantes da durabilidade. Foi determinado que o esgotamento da durabilidade de camadas individuais do
composito nem sempre afeta o estado atual de tensdo de toda a estrutura e as vezes é dificil de detectar
experimentalmente, mas pode afetar significativamente o comportamento adicional do objeto em estudo, desde
que a zona de fissura progrida. Foi estabelecida a resisténcia entre as camadas das amostras com valores
experimentais variados. Os dados experimentais foram utilizados para identificar os pardmetros dos modelos de
Crack Closure Technique (VVCT) e Cohezive Zone Model (CZM) utilizados para descrever o desenvolvimento
de fissuras nos compdsitos considerados.

Palavras-chave: fibra de carbono, parémetros de resisténcia as fissuras, tenacidade as fissuras, resisténcia
entre camadas, polimero.

ABSTRACT

Fiber composites based on polymer matrices are promising structural materials that meet high
requirements for strength, reliability, durability, and hardness. Therefore, composite materials are widely used as
structural materials for aerospace products. The problems associated with the destruction of fiber composites
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were relevant at all stages of technology development. A variety of reinforcing fibers and polymer binders, as well
as reinforcement schemes, allow directional control of strength, stiffness, level of working temperatures and other
properties of polymer composite materials. This article discusses a methodology for experimental determination
of the mechanical properties of carbon-based fiber-reinforced polymer composite materials, including the
determination of the interlayer fracture toughness under loading under separation conditions using the double-
cantilever beam method (DCB) and the fracture toughness under transverse shear conditions using the ENF
(End-Notched Flexure) method and interlayer strength. The test results of samples of polymer composite
materials with a carbon reinforcing filler with different surface densities are presented. The experimental data
were used to identify the parameters of the VCCT (Virtual Crack Closure Technique) and CZM (Cohesive Zone
Model) closure models used to describe the development of cracks in the composites under consideration. It was
found that the parameters determining the strength of layered composites are such characteristics as interlayer
strength and crack resistance. It was found that the decrease in the strength of individual layers of the composite
does not always affect the current stress state of the entire structure, which is often difficult to detect
experimentally, but can significantly affect the further behavior of the object under study provided that the crack
develops further.

Keywords: carbon fiber, crack resistance parameters, fracture toughness, interlayer strength, polymer.

AHHOTALUUA

BOMOKHMCTbIE  KOMMNO3UTbI Ha OCHOBE MOMMMEPHbIX MaTpuL, SABMSATCA  NEPCNeKTUBHBIMM
KOHCTPYKUMOHHLIMW  MaTtepuanamMmu, OTBEeYalolMMN BbICOKUM TpeboBaHUSAM K MPOYHOCTM, HaAEXHOCTW,
AOMNroOBEeYHOCTU, TBEPAOCTU. [103TOMY KOMMO3ULMOHHBbIE MaTepuarnbsl HalWu WWUPOKOe NPUMEHEHNE B KavecTBe
KOHCTPYKLMOHHBIX MaTtepuanoB ANnd M3genuin aspokocMmuydeckon oTpacnu. [lpobnembl, cBsidaHHble C
paspylleHMeM BOJIOKHUCTbIX KOMMO3UTOB, Obln akTyanbHbl Ha BCexX 3Tanax pasBUTUS TEeXHOMNOruu.
Pa3Hoobpa3ne apMupyroLLmMx BOSTIOKOH M NOMMMEPHbIX CBA3YIOLLMX, @ TakkKe CXeMbl apMUPOBAHUS NO3BOMSAOT
HanpaBfeHHO KOHTPONMPOBaTb MPOYHOCTb, XXECTKOCTb, YPOBEHb paboumx TemnepaTyp W Opyrve CBOWCTBa
NOMNMMEpPHbIX KOMMO3MLMOHHLIX MaTepuanos. B gaHHon ctatbe paccMoTpeHa MeToamKa aKCnepuMeHTarnbHOro
onpegeneHns MexaHN4eCcKMx CBOWCTB BOMOKHWCTbIX MOMMMEPHbIX KOMMO3WLMOHHBIX MaTepuarnoB Ha OCHOBeE
yrnepoaHblX BOJSIOKOH, BKHOYaloLWas onpeaefieHne MeXCroeBOW BA3KOCTW paspyLUeHUs Mpu HarpyxeHun B
YCINoBUsIX OTpbIBa MO MeToAdy ABYyXxKoHcomnbHou 6anku (DCB — Double Cantilever Beam), BA3KOCTU pa3pyLUeHus
B ycroBusix nonepeyHoro casura no metogy ENF (End-Notched Flexure) n mexxcnoeBon npoyHocTu. [NpuBeaeHsi
pesynbTaThl UCMbITAHUI 06Pa3LOB NOMMMEPHbLIX KOMMO3ULMOHHBIX MaTepuanos C yriepoaHbIM apMUPYIOLLUM
HanomnHUTenem C pasnMyHoON MOBEPXHOCTHOW MMOTHOCTbIO. PesynbTaThl 3KCNEepUMEHTanbHbIX  AaHHbIX
MCNoMb30BaHbl ANA UAeHTUdUKaLUM napaMmeTpoB Modenen 3akpbltua BupyTansHon TpewuHsl VCCT (Virtual
Crack Closure Technique) u ko3e3anoHHon 30Hbl CZM (Cohesive Zone Model), ncnone3oBaHHbIX 45151 ONUcaHus
pasBUTUSA TPELUMH B paccMaTpuBaeMbIX KOMNO3UTax. YCTaHOBEHO, YTO ONpeaensowMMm NPOYHOCTb CHOUCTLIX
KOMMO3NTOB NapameTpamu SBNSITCA Takne XxapakTepUCTUKN Kak MeXCrioeBasi MPOYHOCTb N TPELLMHOCTOMKOCTb.
BbIno ycTaHOBNEHO, YTO CHWXEHWE MPOYHOCTU OTAENbHLIX CMOEB KOMMO3WTa He Bcerga BNUSIET Ha Tekyllee
HanpspkeHHOe COCTOsIHME BCEeW KOHCTPYKLMM, HYTO 3a4acTyio TPyAHO OOHapy>XnTb IKCNEepUMEHTaNbHO, HO MOXeT
CYLLECTBEHHO MOBMUSATb Ha danbHenlee nosBedeHne uccrnegyemoro obbekTa npu ycroBuM AanbHeunLero
pasBUTUS TPELLMHBI.

KnioueBble cnoBa: y2/1epo0HOe G0/I0KHO, fapamempbl MPEeWUuHOCMOUKOCMU, 6513KOCMb  Pa3pyueHus,
MexXcrioliHasi MPOYHOCMb, NOUMEP.

1. INTRODUCTION

To create modern aerospace technology,
materials with high strength, hardness, heat
resistance, corrosion resistance, other
characteristics and combinations of these
properties are required. Fibre composites based
on polymer matrices are promising structural
materials since they have good specific
characteristics of strength and stiffness. These
materials are nowadays increasingly being used
as part of aviation, space, transport, and other
structures (Babaytsev and Zotov, 2019). This is

due to the requirements for weight efficiency of
products, to satisfy which it is necessary to use
materials with high levels of specific properties
(Naghipour et al., 2011; Krayushkina et al., 2016;
Landry and La Plante, 2012). The use of
composite materials in the aviation industry
significantly reduces the material consumption of
structures, increases the material utilisation rate
up to 90%, reduces the number of equipment, and
dramatically reduces the complexity of
manufacturing structures by several times
reducing the quantity of parts included in them.

Nonetheless, there are many problems
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specific to layered composite materials, which limit
their scope (Babaytsev and Zotov, 2019). One of
the main issues that arise in the design of
structures made of polymer composite materials is
ensuring strength under the conditions of
prolonged stress and in the conditions of damage
development. Notably, essential and determining
strength parameters are such characteristics as
interlayer  strength  and fracture  toughness
(Belnoue et al., 2016; Orlov et al., 2003; Nelson
and O'Toole, 2019; Kyanishbayev et al., 2016;
Zhang et al., 2019; Krayushkina et al., 2019). For
a more accurate assessment of strength and
resource characteristics of the material,
sophisticated tests are required, including tests
targeted at determining the parameters of crack
resistance.

To evaluate the stress-strain state of
multilayered structures, we can use the final
parameter of fracture mechanics can be used —
the intensity of energy release — G. To find this
value, the Virtual Crack Closure Technique
(VCCT) method is frequently used (Liu and Islam,
2013; Krueger, 2013; Senthil et al., 2013). At the
same time, the use of interface elements based on
CZM (Cohesive Zone Model) model (Chandra et
al., 2002; Skvortsov et al., 2014; Cornec et al.,
2003; De Borst, 2003; Yang and Cox, 2005; Xie
and Waas, 2006; Harper and Hallet, 2010) makes
it possible to study the nucleation and
development of stratification without specifying the
initial defect and rearrangement of finite element
mesh during its propagation. The inclusion of
temperature effects was considered in (Formalev
et al., 2018; Bulychev and Kuznetsova, 2019;
Makarenko and Kuznetsova, 2019; Hnatiuk et al.,
2019; Formalev and Kolesnik, 2019; Formalev et
al., 2019).

Therefore, resistance to interlayer fracture
is a necessary condition for ensuring the solidity
and operability of layered composite materials
during the operation. Moreover, theoretical and
experimental study of crack
resistance parameters is an urgent problem of
modern composite materials mechanics.

2. MATERIALS AND METHODS

The authors examined carbon-polymer
composite materials with different surface
densities for laying reinforcing filler: 400 g/m?, 600
g/m?, 800 g/m? Reinforcing filler brand Torey
T800, matrix - Poly  (bisphenol-A-co-
epichlorohydrin) Liquid Epoxy resin (Biphend A
type) The characteristics of the materials are
presented in Table 1.

To study the interlayer strength, tests were
performed on three-point bending samples. Tests
were done according to ASTM D2344. The study
of interlayer fracture toughness (fracture
toughness) under loading for tear conditions
under the DCB method was studied according
to ASTM D 5528 on rectangular samples with
preliminary delamination in the middle plane at
one end (ASTM D5528, 2013). This artificial
defect initiated further stratification (Chung and
Blaser, 1980; Kwatra et al., 2009). White paint and
a scale were applied to the side face of each
sample, which is required to identify the crack. The
load on the sample was transmitted through
hinges. Three batches of samples were tested,
10-15 pieces each. Samples were 125 mm long,
25.1 mm wide, and 3.3 — 4.5 mm thick (depending
on the batch) (Figure 1).

The fracture toughness under shear
conditions was determined pursuant to
the ENF method according to ASTM D 7075, as in
the experiments described above, on rectangular
samples, at one end of which anon-
adhesive insert was inserted in the middle
plane during production. Three batches were
tested, each containing 10 to 15 samples. The
simulation of experiments on ASTM D 5528
(ASTM D5528, 2013) and ASTM D 7905 (ASTM
D7905, 2013) was done wusing software
packages Simulia ABAQUS and Ansys. The meth
ods used were the VCCT (Virtual Crack Closure
Technique) and CZM (Cohesive Zone
Model). The samples were modelled as
deformable three-dimensional bodies consisting of
two parts of equal thickness.

The virtual crack technique (VCCT) uses
the principles of linear mechanics of elastic
fracture and, therefore, is suitable for tasks in
which brittle crack propagation occurs along
predetermined surfaces. The VCCT technique is
based on the assumption that the strain energy
released when a crack increases by a certain
amount is the same as the energy needed to close
a crack by the same value. A “surface-to-
surface” contact was fixed between the two
halves. The bundle formation zone was modeled
using the VCCT element. To simulate tests
according to ASTM D 7905, the procedure
described above was also applied, except the
boundary conditions (ASTM D7905, 2013). Here
the sample was tested for three-point bending.

Tests on the separation and simulations
using the CZM models. The Cohesive Zone Model
(CZM) is based on the assumption that the ability
to transfer stress between two separated faces
when they are separated from each other is not
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entirely lost, but instead becomes a progressive
event, determined by a gradual deterioration in the
rigidity of the interlayer surface. A strong point of
the CZM method: a model using the CZM predicts
the beginning and describes the delamination
process without having to accept the assumption
that there is a small supposed crack. Weak points:
the need for data that can only be obtained from a
complex set of experiments, as well as high
sensitivity to input parameters, required fine
mesh. The simulation of the experiment was
carried out in a flat setting. The sample was
modelled, consisting of two parts of identical
thickness.

3. RESULTS AND DISCUSSION:

According to tests, it was established that
the interlayer strength of the samples was 37 MPa
(400 g/m?), 35 MPa (600 g/m?), 57 MPa (800 g/m?)
with a variation of experimental values not more
than 10%. The test results of ASTM D 5528 for
determining the fracture toughness under shear
conditions are shown in Figure 2 and Table 2
(ASTM D5528, 2013). Test results
of ASTM D 7905 to determine fracture toughness
in terms of the separation are presented
in Figure 2b and Tables 3, and 4 (ASTM D7905,
2013). The calculation, according to ASTM, was
done by several methods: Modified Beam Theory
(MBT) Method, Compliance Calibration (CC)
Method, Modified Compliance Calibration (MCC)
Method.

Simulation of experiments
implemented according to the methods
of VCCT and CZM provides a good comparison
with the experiment, but only from the beginning of
the growth of the separation. It was not possible to
predict further stratification growth using the
applied techniques. For example, a result of the
calculation by the model CZM rendered the
following dependency (Figure 3).

The model of the cohesive zone is
susceptible to input parameters. For solution
within the framework of this model, it is essential
to know thecrack resistance parameters,
which can only be learned from the experiment on
individual samples by specific methods. This
model also requires a fine mesh and thorough
adjustment of the solver.

4. CONCLUSIONS:
As part of the research, an experimental

and theoretical study of mechanical properties of
composite materials reinforced with carbon filler

was carried out. A feature of the deformation of
spatial structures made of composite materials is
the possibility of the occurrence of not only cracks
due to rupture of fibres and matrix material, but
also the formation of delamination zones during
deformation. As a result, a technique was
developed for doing CRFP tests aimed at studying
the interlayer strength, determining the specific
work of stratification in conditions of the GIC
separation using the DCB method, and under
transverse shear conditions GIIC using the ENF
method. An experimental base was developed;
practical recommendations were arranged for
further research. Samples of carbon fibre with
different densities of reinforcing filler were tested.

As a result of experimental tests, it was
found that the interlayer strength of the samples is
37 MPa (400 g/m?), 35 MPa (600 g/m?), 57 MPa
(800 g/m2) with a variation of experimental values
of not more than 10%. The experimental data were
compared with models of processes of
appearance and development of cracks in the
finite element complexes ABAQUS and Ansys
based on VCCT models, cohesive
elements. Using the VCCT model, it was possible
to obtain only the critical load of the start of the first
crack, further stratification using this model could
not be modelled, the results obtained did not
correlate with experimental data at all.

The cohesion area model is susceptible to
input parameters. To solve within the framework of
this model, it is necessary to know the crack
resistance parameters, which can only be learned
from experiments on individual samples by
specific methods. This model also requires a fine
mesh and thorough adjustment of the
solver. Within the framework of this model, it was
possible to track the appearance of the first crack,
and also to trace further development of the crack
within the first three growth stages with an
acceptable error.
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Figure 1. The test process according to ASTM D5528 (2013) and ASTM D7905 (2013)
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Figure 2. a: Test results for determining fracture toughness under the separation conditions (example
for samples of 600 g/m ?), b: Test results for determining of fracture toughness under conditions of
shear (example for samples of 800 g/m 2)
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Figure 3. Simulations of the delamination process by CZM method
Table 1. Mechanical properties of the materials used
Sample E 1 E 2 E 3 G 12, 13_23[ kgf/
Type [ kgf / mm 2] [ kgf / mm 2] [ kgf / mm 2] mm 2]
400 g/m 2 6500 6500 800 0.3 450
600 g/m ? 7130 7130 800 0.3 450
800 g/m ? 7105 7105 800 0.3 450
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Table 3. The results of tests for determining fracture toughness in conditions of the separation

MBT [ kgf MBT corrected [kgf SS[kgf MCC[kgf Min[kgf Load [kgf
Sample
/I mm] / mm] I mm] I mm] / mm ] ]
400 g/m 2
Min 0. 072 0. 053 0. 053 0. 054 0. 053 7. 411
Max 0.112 0.088 0. 086 0. 090 0. 086 11. 597
Middle 0. 088 0. 066 0. 065 0. 068 0. 064 9.003
The
Coetﬁ(')‘]i'e” 16.01 % 16.37 % 1559%  1535%  1595%  15.80%
variation
Standard 5 54, 0.011 0. 010 0.010 0.010 1.422
deviation
600 g/m ?
Min 0. 050 0. 048 0. 048 0. 051 0. 048 5. 065
Max 0. 090 0. 085 0. 086 0. 147 0. 085 7.073
Middle 0.073 0. 065 0. 067 0.077 0. 065 6. 144
The
Coetﬁé‘]i'e” 15.48 % 18. 76% 16.29%  31.09%  18.71%  10.10 %
variation
Standard ) 3,4 0.012 0. 011 0. 024 0.012 0. 621
deviation
800 g/m ?
Min 0. 034 0. 032 0. 029 0. 029 0. 029 5. 303
Max 0. 069 0. 062 0. 051 0. 052 0. 051 9.779
Middle 0. 052 0. 048 0. 041 0. 042 0. 041 7.223
The
Coetﬁ(')‘f"e” 20.88 % 19. 60% 17.44% 1614 % 1744 %  18.78%
variation
gtar.‘d?rd 0.011 0. 009 0. 007 0.007 0.007 1.356
eviation
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Table 4. Test results for determining fracture toughness under shear conditions

Sample label G,C[kgf/mm] . kglefnm ] P [ kgf] P * [ kgf ]
400 g/m 2
Min 0.06 0,053 58,953 69,998
Max 0,085 0.135 71,523 111,926
Middle 0,074 0,090 65,865 80,143
The coefficient of variation 10.90% 27.11% 6.63% 14.93%
Standard deviation 0.008 0,024 4,369 11,964
600 g/m ?
Min 0,090 0.127 48,743 57,810
Max 0.137 0,203 56,515 69,632
Middle 0.109 0.161 52,890 66,096
The coefficient of variation 9.94% 13.75% 4.93% 5.29%
Standard deviation 0.011 0,022 2,606 3,497
800 g/m?
Min 0.06 0,044 73,423 73,423
Max 0.169 0.1 114,840 103,041
Middle 0.115 0,073 96,491 86,913
The coefficient of variation 23.05% 22.19% 12.16% 9.88%
Standard deviation 0,027 0.016 11,730 8.585
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