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Abstract. This article reviews the study of influence of carbon fabrics modification on the strength of carbon fiber reinforced
plastic. Two types of epoxy compound Etal Inject SLM of “cold curing” and Etal Inject-T of “heat curing”, nitric acid HNO3
of concentration 60 %, carbon fabric of Toho Tenax/Aksa 3k-1200-200 were used in the study. Comparisons of the strength
properties of carbon plastic on these compounds were given. The best result was obtained on Etal Inject-T with tensile
strength — 1000 MPa and in compression — 425 MPa. Carbon fabric modification was carried out by grafting carboxylated
groups treated with HNO; to the carbon fiber surface. The treatment time in acid varied from 0.5 to 6 minutes. The
compressive strength by 17 % from 425 MPa to 497 MPa has been established to increase when carbon fiber by HNOs; is
modified for from 0.5 min to 2 min, then the strength decreases enlarging the treatment time. The decrease in strength is
associated with a supersaturation of the surface of the fibers with carboxyl groups, which were destroyed during heat
treatment. Thus, the surface oxidating of carbon fabric is the most effective method of increasing its adhesion to epoxy resin and the
strength of carbon fiber. The functional groups formed during the oxidation process allow for a tight cross-linking of the epoxy
matrix with carbon fiber. It was previously found that the strength of carbon fiber increases with the modification of epoxy resin with
oxidized carbon nanotubes. An assumption is made about a uniform mechanism for strengthening carbon-fiber reinforced plastic due
to chemically active functional groups, both on the surface of carbon fiber and on the surface of carbon nanotubes.
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KOMIPYJITAHBI X KETUILAIPYAIH KOMIPIIJIACTUK BEPIKTIJIII'THE 9CEPI TYPAJIBI

Tyiingeme. Makanaga, KOMipTEKIUIACTUK OEPIKTIK KaCHETiHE KOMIPTEK MAaTachbIHBIH MOIM(HUKALMACHIHBIH OCEPiHiH 3epTTeyiepi
KenTipinreH. Exi Typii SHOKCHITI KOMITAYHA — «CYBIK KaTaWTburran» OTan Wmkekr SLM KOHE «BICTHIK KaTaWTBUFaH» OTaj
Nuxext-T, 60 % koromanran a3or HNOz kpimkeiibl, Toho Tenax/Aksa 3x-1200-200 mapkanbl KeMipTeri KEHEN Marachl
naiganaHbUIIbl. ATanFaH KOMIIAYHATAapAarbl KOMIPIUIACTHKTIH OEPIKTiK KaCHETTepiHe CANBICTBIPY KYpri3inai. EH jxoFapbl HoTIKe
1000 MIIa co3y ke3inne xone 425 MIla kpicy 6epiktik mekrepingeri Otan Umkekt-T ansiaabl. Kemipyinass! xeTinagipy kemipreri
TamuslKTapbHbIH Oetine HNO3 enyenren kapOOKCHIIIGHTEH TONTHI €Ty YKOJIBIMEH icKe achIpbuiibl. KpIKpIIga exiey yakbitsl 0,5
MHHYTTaH 6 MHHYTKa JeHiHri apanbikra skanractel. HNO3 kemipreri TammbrsH 0,5 MUHYTTap 2 MEHYTKA JeHiH KeTUHipy Ke3iHae
KpIcyFa Oepikrimik meri 17 %-ra, 425 MIla-gan 497 Mlla-fa neifiH apTaThIHBI aHBIKTAIABL, OPMEH Kapail yaKBITTHI apTTBIPFaH
caifpiH OepikTimik TemeHaed Oacraiiapl. BepikTik KacHeTiHIH TOMEHAEYl TalIIBIKTapAbIH KapOOKCHII TONTapMEH KaHBIFYBIMEH
0ailJTaHBICTHI STFHU TEPMUSUIBIK OHZEY Ke3iHae Oy3purranablkTaH. OchUiaiiia KeMipTeKMaTaHbl TOTHIKIIEH OHJAEY YPIICi, SITOKCHATTI
IIAfbIpFa aAre3usChIH KAKCAPTHIN KOMIPIUIACTUKTIH OEPIKTIriH apTa Tycipeai. DMOKCHATTI MaTPUIACHIMEH KOMIPTEK TaNIIBIKTap/IbI
TBIFBI3 OaillaHBICKA OCBI OeJICeH/Ii TONTap MyMKIHIK Oepe/i. DNOKCHATTI MAHBIPIBIH MOAN(UKAIMAIAY Ke3iH/Ie KOMIpIUIACTHKTIH
OEpIKTIri YIFasTBIHBI pacTajabl, SFHH KOMIPTEK TaJIIBIKTap OETTepi MEH HAHOTYTIKIIEe OeTTepiHaeri XUMUSUIBIK OeNCeHAl TonTap
apKachIHIA.
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Pe3tome. B cTathe npencraBieHHBI HCCIEOBAHUS BIMSHUSA MOIU(UKAINY YTIIETKaHU Ha IPOYHOCTH yriemnactuka. Mcmone3zosancs
SMOKCHUIHBIN KOMIAyH[ ABYX BUAOB — JTan MxekT SLM «Xon0qH0ro oTBepKAeHIs» U OTai UmkekT-T «ropsayero oTBEpKICHUA»,
asorHas kuciaora HNOs xonnenTpammu 60 %, yrnepogaoe moixotHo Mapku Toho Tenax/Aksa 3x-1200-200. [TpuBeneHs! cpaBHEHUS
IIPOYHOCTHBIX CBOWCTB YIJIEIUIACTHKAa HA JTHUX KommayHpaax. Jlydmmid pesynprar mosydeH Ha Otan Mmkekr-T ¢ mpenenmamu
npoyHocTH Ha pactspkerne — 1000 MITa n Ha cxxatne — 425 MIla. Momudukanuro yrileTkaHH OCYIIECTBIISUIN ITyTeM IPHBUTHS K
MIOBEPXHOCTH YTJIEPOJHOTO BOJIOKHA KapOOKCHIIBHBIX rpymi, o6paboranueix B HNOs. IIponomkurensHOCTE 00pabOTKH B KHCIIOTE
BapbupoBaiu oT 0,5 10 6 MUH. YCTaHOBJIEHO, YTO MPH MOAUHUKALUH yriaepoaHoro BoiokHa HNOs3 B Teyenue ot 0,5 MuH 110 2 MUH
IpejielT MPOYHOCTH Ha cxkaThe Bo3pacTaeT Ha 17 % c 425 MlIla no 497 MlIla, nanee ¢ yBenuueHueM BpeMeHH 00pabOTKH MPOYHOCTh
cHkaeTcs. CHIDKEHHE ITPOYHOCTH CBSA3aHO C MEPEHACHIIIEHHEM TOBEPXHOCTH BOJIOKOH KapOOKCUIBHBIMU TPYMIIAMU, KOTOpPBIE TIPH
TepMuueckol 00paboTke paspymaroTcs. TakuMm o0pa3oM, MOKa3aHO, YTO OKHCIHTENbHas oOpaboTKa MOBEPXHOCTH YIJIEPOAHOM
TKaHM SBIsIeTcsS HamOosee S(QEKTHBHBIM METOJOM IOBBIIICHHS €€ aire3Wd K SIOKCHAHOH CMOJIe M IPOYHOCTH YIJICIUIACTHKA.
OyHKIMOHANBHEIE TPYIIIE], 00pa30BaHHBIE B IIPOIECC OKHUCICHNS O3BOJIAIOT 00ECTICUUTh IUIOTHYIO CIIMBKY STTOKCHIHOM MaTPHIBI
C YIIIepoIHBIM BOIOKHOM. [ToATBep kIeHO, YTO MPOYHOCTH YIIICIIACTHKA YBEININBACTCS IPH MOAN(DHKAIIMN STOKCHIHOW CMOJIBI 32
CYeT XMMHUYECKM AaKTUBHBIX (YHKIMOHAJIBHBIX TPYII, KaK HA IOBEPXHOCTH YTJIEPOAHOTO BOJOKHA, TaK M Ha ITIOBEPXHOCTH

YIIEPOIHBIX HAHOTPYOOK.

KnroueBble c10Ba: yriemiacTik, yriaepoaHOe BOJIOKHO, MOAU(MHUKALHS, TPOYHOCTb.

Introduction. CFRP is widely used as
engineering materials (EM). A combination of
properties such as high specific strength and
rigidity, high wear resistance and resistance to
aggressive media differ them from standard EM.
Hardening of CFRP is known to be carried out by
modifying epoxy resin, carbon fiber (CF) or their
interphasal activity [1, 2]. We investigated the effect
of surface modification of carbon fiber by oxidation
on the strength characteristics of CFRP of the three
methods of hardening. Assuming the fact that the
surface of carbon fiber is chemically inert and has
insufficient adhesion, therefore, adversely affect the
strength of CFRP. To ensure a strong adhesive bond
between carbon fiber and polymer, it is necessary to
oxidize them in order to bring to the surface, for
example, oxygen-containing surface complexes,
which are formed as a result of oxidative treatment,
either in the gas phase or in the solutions. The
treatment gives three types of sperfacial oxides:
acidic, basic and neutral. Treating with different
oxidating solutions is one of the methods of
distribution of acidic superfacial oxides (carboxyl
and carboxyl-carbonate, phenolic and lactone
groups) to the surface [3-5].

The method of functionalization of carbon
nanotubes is equivalent to the oxidation of carbon
fibers [6]. As a rule, oxygen-containing acids and
based on them mixtures are most commonly used as
oxidizing agents: HNOs;, HNOs+ H,SO, etc. As a
result of this treatment, depending on the type of an
oxidant, carboxylic acids — COOH, carboxylic
hydroxy acids — COOH and OH groups are
activated on the surface of the carbon fiber [7].
Carboxyl and hydroxyl groups are formed on the
surface in the process of treatment with a mixture of
acids HNOs+ H,SO.. Carbon fiber modification
with nitric acid is written as:

O
CF —C

OH

Adhesion at the interface of the carbon
fiber-polymer matrix is determined by the following
factors: 1) chemical bonds between the surface of
the carbon fibers and the polymer matrix; 2)
physical bonds due to van der Waals forces, which
are less durable than chemical bonds. The chemical
interaction of the modified CF with epoxy resin
without a hardener can be written in the following
form [8-10].

As provided by the above chemical reaction,
the CFRP production treated in HNOj3 consists of
three stages:

1) carbon fiber activation by COOH group
cultivation on the surface (when treating with nitric
acid, carboxyl groups are formed)

2) carbon fiber secondary activation (new
bonds formation) with epoxy when placed modified
carbon fiber in a liquid epoxy resin without a
hardener;

3) interaction with the epoxy group and the
formation of a cross-linked polymer by adding a
hardener to the epoxy resin.

Search by references revealed only a few
papers to the subject under discussion, since there
were few studies regarding the modification of the
carbon fiber surface treatment with nitric acid.

The authors [11] carried out the carbon fiber
oxidation by HNOs; when heated (90 °C) for 1.5 h,
after processing the surface of the fiber became
more rough and the oxygen concentration increased
significantly after surface treatment, which
improved the adhesion between the fiber and the
matrix. In [12], the surface of carbon fibers was
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changed using the method of chemical modification
with nitric and hydrochloric acids. Analysis of the
average tensile strength of carbon fibers of the
original and treated with hydrochloric and nitric
acids, shows that the strength values decreased with
an increase in the oxidation time from 5 to 20
minutes (from 2143 MPa to 1531 MPa). However,
this property was found to be significantly reduced
in samples treated with nitric acid than in treated
with hydrochloric acid, which is explained by the
oxidizing properties of the nitric acid.

In [13], the effect of modified carbon fiber on
the strength of CFRP was studied, the data are
provided in Table 1. Reviewing Table 1, the acidic
treatment of carbon fiber in a solution of nitric acid
at its boiling point makes it possible to increase the
shear strength of CFRP in 1.5-2 times. Enlarging the
time of carbon fiber processing diluted with HNO3
leads to the strength of CFRP increases
continuously; in case of treating with concentrated

O

HNO;, the strength passes a maximum level.
However, these data do not determine the
appropriate mode of carbon fiber treatment in the
nitric acid, which gives carbon fiber maximum
strength.

References of [11-13], provide the
modification significantly affects the mechanical
properties of carbon fiber and CFRP. However,
these works do not provide a more detailed
description with an indication of the comparative
data of the hardening efficiency of various types of
carbon modification on the strength of carbon fiber,
there are no specific data about the compositions of
modifying additives, the conditions of their
application.

Considering the fact that the production of
carbon fiber has no unique technological standard,
due to the raw material and technological
differences, the data from different authors is
obtained with differing strength characteristics.

0

'

— CH,— CH —CH, —™ cF —C |
0o0— CH,— C|H — OH (1)

&
CF—C_ +

OH
[0
CH,

Table 1 - The effect of carbon fiber treating by nitric acid on the fiber and CFRP properties [13]

Acid Treatment Fiber properties The CFRP strength in
time — shear, MPa
Specific Roughness The content of
surface, m2/g factor COOH-groups
X102, wt.%

Not treated 0,40 1,21 0,64 38
Diluted 6 0,62 1,88 - 54
24 0,71 2,16 - 78
High 05 121 367 : 77
concentration 10 120 364 10 58
6 1,03 3,27 1,7 50
15 1,20 3,64 1,7 55
24 1,03 3,12 1,85 54

The process optimization and the study of
oxidative treatment of carbon fiber are obviously of
interest in order to control the surface, increase the
adhesive interaction of the carbon fiber with the
epoxy resin, and the strength of CFRP. However,
these issues are actually not investigated. This study
is aimed to a testing study of the oxidizing process

70

of surface treatment of carbon fiber by the nitric
acid and the determination of the appropriate
composition of the epoxy resin to increase the
strength of CFRP.

Testing and the methods of research. To
find the solution to the task, the CFRP patterns were
shaped as plates without modification and with
modification of CF. The main components of CFRP



are carbon fabric, epoxy resin and its hardener.
These elements form a set of basic CFRP
characteristics. To obtain CFRP plates, the
following components were used: 1) matrix of
plates: epoxy compounds Etal Inject SLM of “cold”
curing and Etal Inject-T of “hot” curing [14, 15]; 2)
reinforcing components of the plates: carbon fabric -
Twill 2/2 3K-1250-200 of twill weave.

In [6], a description of the CFRP
production, modified CNTs of the Taunit-M brand
(TS 2166-001-02069289-2006, LLC
NanoTehCenter) is provided. Modified CNTs were
introduced into the liquid ER and mechanically
stirred was dispersed by ultrasonic treatment for 1
hour.

A solution of HNO; was used to modify the
CF surface. The percentage and density of HNO;
was carried out using a hydrometer.

When measured by hydrometer, the density of nitric
acid was 1369 kg/m3, which corresponds to 60%
HNO:s.

The process of modifying carbon fabric
patterns was carried out with a slow shutter speed in
60% HNO; solution for 0.5 to 6 minutes. After
which the fabric was repeatedly washed with
distilled water and dried at 110 °C for 1.5 hours.
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Under experiments to produce carbon fiber
plates the method of manual molding was applied
with mechanical pressing. The process of manual
molding consists of several stages:

1 A laying form is prepared where the glass
plate was used. A separating layer was applied to the
laying form, which allows, later, to separate the blank.
Separating alcohol of Loctite 330 NS brand was used
as a separating layer.

2 Carbon fabric of the required size is laid out in
layers into the form.

3 A binder component is prepared (when
preparing the Etal Inject SLM compound, the
components of the compound are mixed at room
temperature, and the Etal-Inject-T compound is heated
at 45 °C for 60 minutes before mixing).

4 Each layer is impregnated with epoxy resin

using a brush or soft roller (Figure 2 a).

5 At the final stage, the CFRP is rolled using
a stiff roller: rolling eliminates air bubbles in the
material.

6 CFRP was cured under pressure of P = 0.02
MPa. A plate with a load was used to apply pressure
(figure 2b).

{}P
Resin-Impregnated

Carbon Fabric | {

% Glass
/ plate
fr

0

a - fabric impregnation with the epoxy resin; b - CFRP curing under pressure

Figure 2 - Manual molding followed by CFRP pressing

Removing the product from the matrix was
carried out only after complete curing, the curing
time of the plates depends on the type of epoxy resin
used. When wusing Etal Inject SLM epoxy
compound, the CFRP cures at room temperature.
The plate curing with epoxy resin of Etal Inject-T
brand was carried out using the following
temperature regime: 4 hours at 150°C and 1 hour at
180°C. To cure CFRP at high temperatures, a SNOL
brand heat chamber with a heating temperature of
up to 220°C was used.

To identify the strength characteristics of
CFRP made of two types of resins, tensile and
compression tests were carried out. Tensile testing

patterns were manufactured according to the
international standard 1SO R527 [16, 18, 19, 20].
Tests of CFRP tensile and compression patterns
were carried out using a universal Shimadzu testing
machine with the Trapezium X embedded software.

The tensile patterns made of carbon fabric
and epoxy resin of two brands (Etal Inject SLM and
Etal Inject-T) have a width of 15 mm £ 0.5 mm, a
total length of 250 mm, and a thickness of 2 mm.
The adhesion area for gripping on a bursting
installation is 50 mm, the surface of this zone, for
better grip, is treated with emery paper to a
lustreless condition. CFRP patterns for compression
tests are made with dimensions: width 20 mm + 0.5
mm, total length 60 mm and thickness 3.2 mm.
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The results and discussion. As a result of
tensile and compression tests, the strength of CFRP
patterns data were obtained with two types of
matrix. To identify the average strength of CFRP,
serial (repeated) tests (from three to five) were
carried out.

Figure 3 shows the results with the average
tensile test for CFRP patterns with Etal Inject SLM
matrix (Figure 3a) and Etal Inject-T (Figure 3). The
tensile strength properties of carbon fiber made of
epoxy compound Etal Inject T are 20% are seen to
be higher than when using Etal Inject SLM resin.

The ultimate strength at failure of a pattern
with Etal Inject-T is 1000 MPa with a relative
deformation of 5.5%, and the complete destruction
of a CFRP patterns with epoxy matrix Etal Inject
SLM occurs at a relative elongation of 10%, the
maximum tensile stress is 833 MPa.

When testing the plates for compression, the
strength characteristics of the patterns with the etal
epoxy matrix Etal Inject-T were also higher than
those of the patterns made of epoxy resin Etal Inject
SLM. Figure 4 shows the results of the compression
tests.

g
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5‘ 700 o rff/T
o 600 g 800
£ s00 S 00 ]
§ 400 [ = g 400 //H
= " v
% 300 / = "fr/f
£ 200 2 200 /
5 100 / 2
Tn u c 0 1 2 3 4 5 6
z 0 1 3 > 7 9 iq-J Deformation under tension (displacement),%
& Deformation under tension (displacement),%
a b
a - Etal Inject SLM patterns; b - Etal Inject-T patterns
Figure 3 - Tensile strength of CFRP patterns using two types of epoxy compound, untreated carbon fabric
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a - Etal Inject SLM patterns; b - Etal Inject-T patterns

Figure 3 - Compression strength of CFRP patterns using two types of epoxy compound, untreated carbon fabric

The strength properties of compressed CFRP
made of epoxy compound Etal Inject-T are found to
be 30% higher than when using Etal Inject SLM
resin. The tensile strength at failure of a pattern with
Etal Inject-T is 425 MPa with a relative deformation
of 8%, and the complete destruction of CFRP
pattern with epoxy matrix Etal Inject SLM occurs at
a relative deformation of 10%, the maximum stress
is 300 MPa. The test results show the effect of the
matrices used on the strength of the CFRP
composite. High strength properties of the
72

composite were obtained using etal epoxy
compound Etal Inject-T. Therefore, it is preferable
to use the compound of “hot curing” Etal Inject-T,
than when using epoxy resin Etal Inject SLM. When
laying and high temperatures of curing up to 150 °C,
the resin retains its viability, and the viscosity of the
resin decreases (becomes more liquid), thereby
impregnating of carbon fabric with the resin
improves, these factors positively affect the
uniformity and quality of the composite. Since,
when conducting tensile and compression tests, Etal



Inject SLM matrix patterns were inferior in strength
indicators to the patterns made from Etal Inject-T
epoxy binder, Etal Inject-T patterns were used for
further serial tests. Table 2 provides the results of
the testing studies of the strength characteristics of
the CFRP as a function of the exposure time of the
carbon fabric in the HNO3 solution.

As the data provided in Table 2, when the
appropriate processing time of CF by HNOs is seen
to be exceeded, the strengthening effect on the
CFRP drops sharply. This effect arises an
explanation that at a pausing 4 and 6 minutes there
is a supersaturation of the surface of the fibers with
carboxyl groups, which are destroyed during the
heat treatment (drying). As a result, impregnability
of carbon fabric with epoxy resin deteriorates and
the material exploitation decreases sharply. In our
opinion, this effect requires further study.

Table 2 - Effect of modification time on the strength of
CFRP

Curing time, min Compression strength,
MPa
No modification 425
0,5 443
1 462
15 480
2 497
2,5 475
3 450
3,5 434
4 395
4,5 390
5 387
5,5 382
6 380

The effect of the CF modification efficiency
is achieved at a pausing for 2 min in HNOs, the
strength of CFRP increases by 17% from the initial
pattern, from 425 to 497 MPa.

Consider this pattern as an example, to follow
the effect of the CF modification on the stress-strain
state of the CFRP.

Figure 5 provides the curve of the stress-
strain state of the CFRP have a linear temper up to
destruction. Throughout the curve, the slope of the
dependence o(g) increases so far as compression,
i.e., the elastic modulus E increases. The
characteristic rate of deformation degree was in the
range of 10-11% in all cases. A similar effect of
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Figure 5 - Dependence of the CFRP compression strength
with the modified CF in HNOj3 for 2 min

CFRP reinforcement was found during the
modification of CNT, as provided in Table 3 [17].

As provided in Table 3 the original CNTs
are seen to have no affect on the compression
strength of CFRP, the hardening is obtained by
functionalized CNTs. The introduction of a
modified CNT gives hardening from 410 MPa to
426 MPa, the modulus of elasticity E from 14.1 GPa
to 16.3 GPa. Consequently, the oxidation of the
surface of CF or CNT is the most effective method
of increasing their adhesion to epoxy resin and
strength. Functional groups allow for a tight cross-
linking of the epoxy matrix with the CF.

Table 3 Strength properties of CFRP, modified CNT [17]

Pattern Content, % | €5 % O s E;,
MPa GPa
CFRP - 2,9 410 14,1
0,05 - 410 -
Initial CNT 01 - 209 -
0,15 - 409 -
0,05 2,6 417 16,0
Carboxylate
dCNT 0,1 2,6 421 16,1
0,15 2,6 426 16,3

Findings. The effect of two types of Etal
Inject SLM and Etal Inject-T matrices on the
strength properties of CFRP has been studied. The
best result was obtained on Etal Inject-T. The
increase in the tensile strength of CFRP was: 1) in
tensile is 20% from 833 MPa to 1000 MPa, 2) in
compression is 30% from 300 MPa to 400 MPa.

The modes of carbon fabric modification in
the time range from 0.5 to 6 min with a HNO;
solution tor the strength of CFRP are investigated.
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The highest rate of hardening was obtained at a two
minutes processing time. Compression strength of
CFRP is increased by 17% from 425 MPa to 497
MPa. An assumption is made about a single
mechanism for strengthening CFRP due to
chemically active functional groups both on the
surface of carbon fiber and on the surface of CNTSs.

The study was performed within the the target
program of the RBP 008 BR05336383 of the
Aerospace Committee of the Ministry of Defense
and Aerospace Industry of the Republic of
Kazakhstan (ASC MDAI of RK) 2018-2020, “A
technology development of the production of

impact-resistant CFRP for the defense and
aerospace products”.
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