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NOTEHLUWUAI UCMNMOJIb3OBAHUA OOHOCTEHHbIX U MHOIOCTEHHbIX YITIEPOAHbIX
HAHOTPYBOK U YITMEPOOHbLIX HAHOBOJIOKOH B KAHECTBE MOOAU®UKATOPOB
NMONMUMEPHOW MATPULIbI, CMIOCOBHbIX YBEJIMYUNTb PASMEPOCTABUNbHOCTb

N TEXHOJIOTMYECKYO YCTONYMBOCTb KOMNO3ULIMOHHOIO MATEPUANA

N.B. O6BepTKUH, K.A. NMNace4yHuk, A.1O. Bnacos

Cvbumpcknin rocynapCTBEHHbIN YHUBEPCUTET HayKu M TEXHOMOMIA MM. akagemmka M.®. PewwetHesa, KpacHosipck, Poccust

O CTATbE AHHOTAUWA

B paHHol paboTe n3yyaeTcst BNUsiHUE YIMepoAHbIX HaHOYACTUL, TakuX Kak yrnepoaHble HaHo-
BonokHa (YHB), ogHocTeHHble yrnepoaHble HaHOTPyoku (OYHT) M MHOrocTeHHble yrnepoaHble Ha-
HOTPYBKM (MYHT), Ha BENMYMHY MaTeMaTU4ecKoro OXuaaHUs U aucnepcum kopobrieHnst NnacTuH u3
BOJIOKHUCTOTO KOMMO3WLIMOHHOTO MaTepuana. Bbinu paccMoTpeHbl namuHaThl ¢ Ae3opueHTaumel

Mony4yena: 4 mas 2021 r.
MpuHsaTa: 10 gekabps 2021 r.
Ony6nukosaHa: 30 gekabps 2021 r.

Krioyeebie croea: BOJITOKOH KaK aCMMMETPpUYHbIE, U ANs OLEHKN KOpOoOneHns Ucnonb3oBany MoAerb, NpeanoXeHHyo

Dano u Hyer. MonyyeHHble pe3ynbTaTel NOATBEPXAAIOT, YTO AoOaBNeHNe YrnepoaHbIX HaHOYaCTuUL, B
HaHOKOMNO3NTEI, YrnepoaHbie KavecTBe moamdukaTopa B MOMMMEPHYIO MaTpuly BOSIOKHUCTOrO KOMMO3WLIMOHHOIO Marepuana
HaHOTPY6KM 1 HAHOBOMOKHA, NO3BOMSIET YBESMYUTL Pa3MepOoCTabUibHOCTL (MaTeMaTMyeckoe OXuaaHue cpeaHeKBaapaTUYHOTO
TEPMOMEXaHN4YECKNE XapaKkTePUCTUKN, oTkroHeHunst (CKO)) 1 TexHONOrM4eckyro yCTOMYMBOCTb CXEMbl apMUPOBaHUS (Qucrnepcusi BbIGOPKM
aHanuTnyeckoe moaennposaHve, CKO KOMMO3ULMOHHOM nnacTuHbl). Matematuyeckoe MoAenvMpoBaHWE KOpPOONeHWs MnacTuHbl C
TepPMUYECKUIN aHanms. Y4HETOM BO3MOXHOM Ae30pVEeHTaLMMN BOMOKHA MOKa3arno CHUXEHWe aucnepcumn kopobnenus Ha 12,6 n

Ha 26,6 % npu moaudukaumm OYHT n MYHT coOoTBETCTBEHHO. JKCMEPUMEHTaNbHO OnpeaeneHbl
KO3 DULIMEHT NHENHOIO Tepmmyeckoro pactumpenus (KITP) HaHOCTPYKTYpypOBaHHOW NONMMEPHOA
MaTpuubl ¢ pasnuyHbIMK HanonHutensimm. OBHapyXeHo, YTo yrnepogHble HaHomogudukaTopbl 60-
nee 3peKTUBHBI KaK KOMMNEHCATOPbI TEPMUYECKOrO paCLLUMPEHUsT MONMMEPHOW MaTpuLbl B KOMIO-
3MUMOHHBIX MaTepuanax, apMUMpPOBaHHbIX YrepPOAHbIMU BOMOKHaMK, YeM B MONMMMEPHOWN MaTtpuue
6e3 makpoBonokoH. [lobasnenve 0,05 % YHT, 1 % MYHT B anokcuaHyto cMOny Nno3BONsiET CHU3UTb
KITP Ha 9,7 n 15,4 % cootBeTCTBEHHO. B TO e Bpems gobaBrneHue aHarormyHoro Konmyectsa
HaHOYacTUL, B MONMMEPHYH MaTpULLy BONOKHMCTOrO KOMMO3WLMOHHOTO Matepuana cHukaetcst KINTP
norepek BornokoH Ha 15,56 n 35,8 % cooTBeTCTBEHHO. Ha OCHOBaHWM MOMYyYEHHBIX Pe3ynbTaToB
Obinn noctpoeHsl 3aBucumMocTy KITTP B TpaHCBepcarnbHOM HanpaBieHWn NMOSIMMEPHOrO0 KOMMNOo3nLUm-
OHHOro MaTtepuana, Matematuyeckoe oxugaHme CKO n aucnepcus Boibopkm CKO TouHOCTU dhopMbl
KOMMO3ULMOHHOM MNAaCTUHKW OT KOHLEHTpaLmmn MoaudmkaTopa. Ha ocHoBaHWUM NONyYeHHbIX AaHHbIX
MOXHO CAenaTb BbIBOA, YTO Af1S1 CHYUXKEHWS] MaTeMaTUUYEeCKoro OXnaaHusa U aucnepcum Kopobnenus
KOMMO3ULIMOHHOIO MaTepuana cylecTByeT 3pekTvBHas KOHLEHTpaLWS, yBEINIMYeHNe KOTOpOW He-
LienecoobpasHo, HECMOTPS! Ha AarnbHelLee cHukeHre KITP B TpaHcBepcansHOM HanpaBieHnu.

© nNHnNny

© O6BepTkMH UBaH BnagummpoBuY — H.c., e-mail: +79632609742@yandex.ru, |.: 0000-0003-4895-5757.
MaceyHuk Kupunn ApHonbaoBuY — H.c., e-mail: pasechnik.kirill@gmail.com, !.2: 0000-0001-6245-1630.
BnacoB AHTOH KOpbeBuY — K.dp.-M.H., gou., e-mail: vlasov.anton@gmail.com, |.: 0000-0002-6360-7382.

Ivan V. Obvertkin — Researcher, e-mail: +79632609742@yandex.ru, |.2: 0000-0003-4895-5757.

Kirill A. Pasechnik — Researcher, e-mail: pasechnik.kirill@gmail.com, /.2: 0000-0001-6245-1630.
Anton Yu. Vlasov — CSc in Physical and Mathematical Sciences, Associate Professor,

e-mail: vlasov.anton@gmail.com, !': 0000-0002-6360-7382.

DTa cTaThsl JOCTYIHA B COOTBETCTBHU ¢ ycioBusMu jmueHsun Creative Commons Attribution-NonCommercial 4.0 International
Eroen (0 BYNCAD
BY NC

This work is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License (CC BY-NC 4.0)




Obsepmxun U.B., [laceunux K.A., Bracos A.1O. / Becmuux I[IHUITY. Mexanuxa 4 (2021) 98—110

THE POTENTIAL OF USING SWCNTS, MWCNTS AND CNFS CAPABLE OF INCREASING
THE COMPOSITE MATERIAL DIMENSIONAL AND TECHNOLOGICAL STABILITY
AS MODIFIERS OF A POLYMER MATRIX

I.V. Obvertkin, K.A. Pasechnik, A.Y. Vlasov

Reshetnev Siberian State University of Science & Technology, Krasnoyarsk, Russian Federation

ARTICLE INFO

ABSTRACT

Received: 04 May 2021
Accepted: 10 December 2021
Published: 30 December 2021

Keywords:

Nanocomposites, Carbon nanotubes
and nanofibers, Thermomechanical
characteristics, Analytical modeling,
Thermal analysis.

In this study, the effect of carbon nanofibers (CNN), single-wall carbon nanotubes
(SWCNTs) and multi-wall carbon nanotubes (MWCNTSs) on the warpage expected value and
warpage dispersion of a plate made of a fibrous composite material are investigated. Laminates
with fiber disorientation were considered as asymmetric and the model proposed by Dano and
Hyer was used to evaluate the warpage. The results obtained confirm that the addition of carbon
nanoparticles as a modifier to the polymer matrix of a fibrous composite material can increase the
dimensional stability (the mathematical expectation of the standard deviation) and the technologi-
cal stability of the reinforcement scheme (the variance of the standard deviation of the composite
plate). Modeling of the warpage of plate, taking into account the possible disorientation of the
fiber, showed a decrease in the warpage dispersion by 12.6 and 26.6 % with the modification of
the SWNTs and MWCNTSs, respectively. The coefficient of thermal extension (CTE) of a nanos-
tructured polymer matrix with various fillers were experimentally determined. It was found that
carbon nanomodifiers are more effective as compensators for the thermal expansion of the poly-
mer matrix in composite laminates reinforced with carbon fibers than the polymer matrix without
macrofibers. The addition of 0.05 % SWCNTSs, 1 % MWCNTSs to the epoxy resin reduces the CTE
by 9.7 and 15.4 %, respectively. At the same time, the addition of a similar amount of nanoparti-
cles to the epoxy matrix of the fiber composite reduces the CTE in the transverse direction by
15.56 and 35.8 %, respectively. On the basis of the obtained results, the dependences of the
transverse CTE of the polymer composite material, the mathematical expectation of the standard
deviation, and the variance of the standard deviation of the composite plate form accuracy on the
concentration of the modifier were constructed. According to the obtained data, it can be con-
cluded that in order to reduce the mathematical expectation and the variance of the warping of
the composite material, there is an effective concentration, the increase of which is impractical,
despite the further decrease in the transversal CTE.

© PNRPU

Introduction

Continuous demand for light weight, cost-effectiveness,
high strength, dimensional stability and accuracy of prod-
ucts from polymer-matrix composites (PMCs) is the driving
force behind the search for new materials. The discovery of
carbon fillers made it possible to make a quantum leap in
the creation of nanocomposites. Carbon nanoparticles such
as nanotubes and nanofibers are materials with a unique
structure and an unusual combination of properties, such as
high strength and flexibility, high Young’s modulus and a
negative CTE [1-11]. The unique properties of materials
allow them to be highly effective modifiers for polymer
matrices directionally changing their mechanical and ther-
momechanical characteristics [9, 12, 13].

The paper investigates the effect of carbon modifiers on
the warpage of the composite material. Modifiers have a
high Young's modulus, a low CTE and high polymer-
modifier affinity. The hypothesis of increase in the techno-
logical stability of composite material reinforcement
schemes when using modified resin is also tested. In addi-
tion, it is necessary to pay attention to the change in techno-
logical properties of modified polymer matrix, in particular,
to the study of their rheology, as well as to the extent of the
effect of nanoparticles dispersion and morphology on the

rheology of the polymer material. The dispersion rheology
plays an important role in nanocomposites processing due to
the large increase in the system viscosity with increasing of
the nanomodifier concentration [11-40].

For the first time in history, polymer nanocomposites
were studied in [25]. Since then, there have appeared many
works devoted to the manufacture and study of the proper-
ties of polymer nanocomposites. The authors of the study
[41] investigated the modification of epoxy resin with mul-
tilayer nanotubes aligned in a magnetic field, and they suc-
ceeded in reducing the CTE of the epoxy resin by 11.6 %
with random distribution of the modifier and by 12.6 and
10.8 % in the direction of alignment and perpendicular to
the direction of alignment in a magnetic field, respectively.
The authors of [23] also studied the effect of the volume
fraction of MWCNTs on the nanocomposite CTE. They
determined that the nanocomposite CTE tends to decrease
with increase in the volume fraction of carbon nanotubes.
The CTEof composites containing 0 (epoxy resin), 8.5,
104, 14.1, 21.2, and 27.0 volume % of MWCNTS is
7.0-10°; 0.4-107°; —0.6-107; ~1.4-107; -0.5-10" and —
0.7-10°°, respectively. It was shown in [42] that the addition
of 1% of carbon nanofibers into epoxy resin increases
Young's modulus and flexural strength by 26 and 20 %,
respectively, and decreases the nanocomposite CTE by

99



Obvertkin 1.V., Pasechnik K.A., Vlasov A.Y. / PNRPU Mechanics Bulletin 4 (2021) 98-110

53 %. The authors of [1] were able to increase Young's
modulus by 11 % and decrease the CTE by 32.5 % adding
1 percent of carbon nanofibers for weight (length 30 mi-
crons, diameter 20—80 nanometers) into epoxy resin. The
authors of [13] were able to increase Young's modulus by
9 % and decrease the CTE of the nanocomposite by 23.7 %
adding 1 percent of MWCNTs for weight (length 0.5-2 mi-
crons, diameter 8—15 nanometers) into epoxy resin.

Another important factor in the effectiveness of the
modifier is the interfacial interaction between the nanofiller
and the epoxy matrix. Numerous methods such as function-
alization of nanofillers, ultrasonic treatment, and homogeni-
zation are used in an attempt to improve bond strength or
interfacial adhesion. It was found that the agglomeration of
carbon nanoparticles dramatically reduces the mechanical
properties of the fabricated nanocomposites. Because of the
small size and high aspect ratio of nanoparticles, individual
carbon nanoparticles are usually twisted and therefore do
not exhibit as high efficiency as possible. Therefore, with-
out effective dispersion and establishment of strong chemi-
cal affinity with the polymer matrix, it is impossible to
transfer the properties of carbon nanoparticles to the fin-
ished product. Although, according to the data of research-
ers [26], the functionalization of carbon nanotubes reduces
their mechanical properties.

At the macrolevel the classical lamination theory (CLT) is
most often used to assess the emerging macrostresses in lami-
nated composites [29]. This theory also makes it possible to pre-
dict the shape of laminates after curing. It is although important
to remember that the classical lamination theory has a number of
limitations, in particular, it does not take into account such im-
portant factors as the effect of the cooling rate and changes in the
matrix properties during the curing process [28].

To assess the stresses arising in a polymer composite, sev-
eral theories are used, such as elasticity solution [30-32], cyl-
inder theory [33-50], Eshelby theory [39] and energy method
[40]. The Mori-Tanaka’s model [51, 57, 54] is used in this
work to assess the effective elastic properties of the polymer
matrix reinforced with nanoparticles [54—71]. CLT is used to
assess the effective elastic properties of the composite. The
models [58, 71] are used to assess CTE of composite.

Modeling of the warpage of composite material taking
into account the fibers disorientation was carried out in [73,
74]. To assess the shape of composite materials the authors
of [73] use CLT with the assumption that the structure of
the material with disorientated layers will be close to a
symmetric one. In [74] the finite element method was used

to model the laminate shape. In this paper we consider dis-
orientated laminates as asymmetric ones and use the model
proposed by Dano and Hyer [61].

Previous studies have shown that reducing the warpage
of the composite material can be achieved through the use of
nanomodifiers. But none of the previous works, as far as the
authors know, experimentally studied the effect of nanoaddi-
tives on the technological stability of reinforcement schemes.

In this paper, we consider composite laminates with
quasi-isotropic reinforcement schemes, which have theo-
retically near zero warpage, due to the fact that the thermal
stresses in these materials are balanced. However, the pres-
ence of reinforcing fibers disorientation causes to warpage.
Modification of the polymer matrix in order to reduce the
difference between the thermomechanical properties of the
components allows to reduce the effect of fiber disorienta-
tion on the dimensional stability and technological stability.
The purpose of this study is to study the effect of carbon
nanomodifiers on dimensional stability as the mathematical
expectation of the standard deviation of the composite plate
form accuracy and technological stability as the variance of
the standard deviation of the composite plate form accuracy,
taking into account the disorientation of reinforcing fibers.
The influence of the selected modifiers on the viscosity of
the epoxy matrix, depending on the concentration and func-
tionalization, is also studied. The functionalization was per-
formed to add functional oxygen-containing groups to the
surface of the modifier.

1. Experimental procedure
1.1. Materials

Manufactured by “INUMIT” CJSC two-component ep-
oxy system T67 containing a mixture of epoxy resins based
on bisphenol A and epichlorohydrin as well as aromatic and
aliphatic diamines was used as the modified resin.

TUBALL ™ SWCNTs from OCSiAl company with an
average outer diameter of 1.6 = 0.4 nm and length of more
than 5 um [5], multi-walled carbon nanotubes of the “Taunit”
series of the Nanotech Center LLC with an outer diameter of
20-50 nm and length of more than 2 pum [45], as well as car-
bon nanofibers from 50 to 250 nm with fiber length of up to
0.5 mm obtained at the Institute of Catalysis named after
G.K. Boreskov SB RAS, Russia [46] were used as modifiers
of the polymer matrix in this work. A comparative overview
of various carbon nanomodifiers is given in Table 1.

Table 1
Review of the characteristics of carbon nanomodifiers

Property MWCNTs SWCNTs CNFs
Diameter (nm) 5-50 [14]; 13-36 [17,18]; 12,5 [8] 0.6-0.8[14]; 1,6 + 0.4 [3,4,5,7] 50-200 [19,20]
Length (um) 1,8-10,99 [1718] 5[3,4,5] 100 [19,20]
Young’s modulus (GPa) 1000 [14]; 270-970 [17, 18]; 800 [8]; 1280 [21] 1500 [14]; 790 [7] 240 [6]
Tensile strength (GPa) 10-60 [15]; 63 [22] 50-500 [15] 2.92[19,20]
CTE —1,2-10°[23]; -1,02-10; -0,72-10 > [10] —2-10°[24] —0,41-10°[1]; -1-10°[2]
Thermal conductivity (W/m-K) 3000—6000 [16] 3000—6000 [16] 1950 [19,20]
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Table 2

Properties of materials used to calculate the properties of modified epoxy resin and composite materials based on it.

Material Physical and mechanical properties Thermomechanical properties
) Young’s modulus, GPa: £, =3.17 [65] >
Epoxy resin T67 . . CTE: a,, = 68:10
Poisson’s ratio: v, =0.35[67]
Young’s modulus, GPa: E,, =436 [70]; E,, =14[71]; E,, =14 [71]
Poi i :)/2 [67] 5/46 [73] 3fO 2[67] CTE o, = 09107
Carbon fibersK500 oisson’s ratio: v, , = 0. 3 Vyyr =0. 3V, =0. ’
12f 231 13f o, = 6.810°63, 66]
Shear modulus, GPa: G,,, =8.78 [64]; G,;, =2.1; G;, =8.78 [64]
Young’s modulus, GPa: E,, =290 [68]; E,, =21.8[64]; E,, =21.8[64].
_ . v 2 3 CTE: a,, = 0.56-10°[70];
Carbon fibers IMS65 Poisson’s ratio: v, , = 0.2 [67]; v, , = 0.46 [69]; Visp = 0.2[67] 10-10°° [66]
y ; o = 10
Shear modulus, GPa: G,,, = 12.5[64]; G,,, =8.2; G, = 12.5[64]. Y
Young’s modulus, GPa: Ef =1000 [14] s
MWCNT CTE: o, = -1.2-107[23]
Poisson’s ratio: v, =0.2[56] '
Young’s modulus, GPa: E, = 1500 [13] s
SWCNT : CTE: o, = -2:107 [24]
Poisson’s ratio: v, =0.2[54] :

Some properties of the materials presented in the
table 2 were directly measured in the course of the work,
some information was provided by the manufacturers of
materials, and some data was taken from the research of
other authors who studied these materials or materials
with similar properties.

Carbon fibers IMS 65 are presented in the form of
spread tow fabric. Carbon fiber is spread to a 25 mm width
tape. The fabric has arranging the fibers in the woven struc-
ture in the straightest orientation possible the fiber proper-
ties are used in the most effective way. Due to fabric can
presented as two unidirectional orthotropic layers.

1.2. Equipment and research methods

The researched carbon nanoparticles were functioned to
increase the polymer-modifier affinity.

To increase the adhesion between carbon nanoparticles,
functionalization was performed to add functional oxygen-
containing groups to the surface of the modifier. Two methods
were used in this work for the functionalization of nanoparticles.

According to the first method, the classical Hammers
oxidation method was used to modify the surface with the
addition of functional oxygen-containing groups [43, 44].
400 ml of concentrated sulfuric acid containing 2.5 g of
ammonium nitrate was gradually added into a round bottom
flask containing 5 g of carbon nanotubes. After stirring for
20 minutes, 1.5 g of potassium permanganate was added to
the ice baths while the temperature did not rise, and the
mixture was stirred for an additional 20 minutes. Then the
temperature of the mixture was gradually increased to 40 °C
and held for 30 minutes. Then 700 ml of deionized water
was successively added stirring and kept for 15 minutes.
Then the suspension was treated with hydrogen peroxide
until the appearance of a yellowish hue and the absence
of exothermic reaction. The resulting suspension was
then treated with ion exchange resins, filtered and

washed with a total of 7 liters of distilled water. The re-
sulting modified nanotubes were dried on calcium chlo-
ride and silica gel.

The second method included holding at 35°C for
7 days in methylene chloride under reflux. Then carbon
nanoparticles were sonicated in a water bath in concentrated
sulfuric and nitric acid in a ratio of 3 to 1 for 3 hours after
filtration in vacuum and washing with distilled water. Then
carbon nanoparticles were collected and dried on calcium
chloride and silica gel.

The IR spectra of functionalized and native nanotubes
were measured using a NicoletiS10 FT-IR spectrometer
(ThermoFisherScientific) in the range of wave numbers
400-4000 cm'. Before measurements the samples were
dried at the temperature of 120 degrees for 12 hours to remove
traces of water. The measurement of carbon nanotubes was
carried out in mixture with KBr at room temperature.

Images of carbon nanotubes were obtained using a Hi-
tachi HT7700 transmission electron microscope.

The researched nanocomposites modified with various
carbon nanoparticles were made using sonication technology.
First the epoxy resin was mixed for 30 minutes at 2000 rpm.
Then the mixture was treated with ultrasound (UZDN-A,
kHz 22 + 1.65) for 40 minutes, with a pause every five min-
utes to cool the mixture. During cooling the container with
the mixture was immersed in water. After completion of the
sonication a hardener was added to the mixture and stirred
for 10 minutes. Then air bubbles were removed by de-
gassing the mixture in vacuum for 5 minutes. Then the mix-
ture was cured at the temperature of 80 °C for 3 hours and
at the temperature of 120 °C for 6 hours.

The viscosity of the resulting mixture after the degassing
process was determined on a Discovery Hybrid Rheometers
(DHR - 2) rotary rtheometer at the constant mixture temperature
of 50 degrees and with increasing a shear rate up to 16.4 s .

Samples of a polymer composite material based on
modified resin were obtained using the method of vacuum
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assisted resin infusion molding (VARIM). Metal tooling
was coated with a release agent. Dry carbon fabric was laid
out according to the reinforcement scheme. After laying out
the required number of patterns, the release fabric was laid
out, and the resin supply and discharge lines are installed on
the distribution grid. Next, a vacuum bag was formed, con-
nected to a vacuum pump and degassed for 1 hour at the
temperature of 50 °C. The epoxy resin was mixed in
stoichiometric ratio of 100 / 40.9 resin / hardener. After
that, the reinforcing material is impregnated with resin.
Then the tooling with impregnated reinforcing materials is
cured in vacuum at the temperature of 80 °C for 3 hours and
at the temperature of 120 °C for 6 hours.

After the curing process, the CTE of the manufactured
samples was determined using a TAlnstrumentsQ400 ther-
momechanical analyzer. The tests were carried out with con-
stant heating to 100 °C at a constant heating rate of 5 °C/min.
At least three samples are used for each fillers concentration.

The volume ratio of the reinforcing element in the com-
posite material was determined using a Discovery TGAS55
TA Instruments thermogravimetric analyzer (USA).

The flatness of the sample surface was measured using
an Absolute Arm 7520 SE portable coordinate measuring
machine with an external CMS 108 scanner with Geomagic
software (Romer) with a spatial accuracy of + 0.033 mm.

2.3. Mathematical modeling of the effect

of modification with carbon nanotubes on the
physical and thermomechanical characteristics
of the composite material

The Mori-Tanaka’s method was used to estimate the
CTE of the modified epoxy resin [51, 52]. Elements of the
Eshelby Tensor for inclusions with an aspect ratio tending
to infinity are given in [53]. Expressions for calculating the
effective CTE of the modified epoxy resin are given in Ap-
pendix 1. Expressions for calculating the effective Young's
modulus of the modified polymer matrix are given in Ap-
pendix 1. The calculations were based on the characteristics
of the materials shown in Table 2.

Mathematical modeling of the effect of modification
with carbon nanotubes on the mathematical expectation of
the standard deviation of warpage.

Estimation of the mean standard deviation of warpage
is performed according to the model for predicting the
shape of an asymmetric composite material sample pro-
posed by Dano and Hyer [60, 61], based on polynomial ap-
proximation of displacements, extending CLT including
geometric nonlinearity and using the Rayleigh-Ritz method
to minimize the total potential energy. The description of
the model is briefly presented below.

Total potential energy of laminate -

w=[ wd(vol). (1)
Where o is strain energy density.
1
cozzC[jk,s,jek, —o,g,AT. 2)
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Where C,,, are elastic constants, ¢, and g, are strains,
a, is the CTE, AT is the difference between strees-free

and current temperatures as A7 =95 °C. Stress-free tem-
perature is maximum curing temperature equal to 120 °C.
Current temperature is 25 °C.

CLT implies a plane stress strain state, that is, normal
stresses in the z direction and shear stresses not in the plane
of the laminate are assumed to be zero, resulting in the fol-
lowing expression for the total potential energy:

a
2
1. 1, o
I EQllgx + Q128x8y + Q168xy8x +5Q228y +
H

1 3
+Q268xy8y + EQGGS)Z()/ - (Qllax + QlZay + Ql6axy )S,VAT - ( )

_(leax + sz(ly + Q260',W )SYAT -
(Qlﬁax + 050, + 00, )SxyAszdydx.

Where Q, are components of the stiffness matrix of each
layer, Lx and Ly are sample width and length, H is total
laminate thickness. The strain components ¢, ¢, and ¢,

are determined by the expressions:

Sx :82+ka, (4)

.0
g, =g, +zky,

)

_ .0
€, =8, + zkxy.

(6)

The quantities €, &), €, u k., k, k,  are the defor-

v Zxy
mation of the middle surface and the curvature, respectively,
determined by expressions that take into account geometric
nonlinearity in accordance with the theory of von Karman:

ou® 1{ow° ’

L : )
ox 2\ ox
o' 1(ow'Y

82 =+ —1, ®)
oy 2\ oy

o ou’ 6_\/0 ow’ ow’

Fo :E+ ox +E oy’ )
k, :—a(;”zo ——a, (10)
k, =—%:—b, (11)
k, =-2 oW _ . (12)
’ Ox0y

According to the work of Dano and Hyer, the compo-
nents of the middle surface deformation can be approximated
by polynomials of the third order, consisting of the terms the
sum of the powers x and y of which is an even number:
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ag:dl+d2x2+d3xy+d4yz, (13)

8(3 :d5+d6x2+d7xy+d8y2, (14)
c2
g, =2d, +(ab—:+ 2d, + 2d6jxy+
+[%[%+d3]+d10]x2 +(%(b§+ d7)+ dHJyz.
Substituting expressions (13), (14), (15) into equation (3),

we obtain the equation of the total potential energy in the form
of a function of 14 unknowns:

(15)

W =W(a, be,d,,dy,d,,d,,dy,dg,d;,dy,dy,dyy,d,)  (16)

To ensure a state corresponding to the minimum poten-
tial energy, it is necessary:

14 aW
aW:zaTax,. =0. 17
i=1 i

Where x,
(17), it is required:

- a, b,c,d,,d,,...,d,,. To ensure condition

W _

- 0, 18
o (18)

J;
where i = 1, 2, ... 14. This leads to a system of
14 nonlinear equations with 14 unknown constants x,,
the solution of which makes it possible to find the sample
shape of an asymmetric composite material. By sequen-
tial execution of simple algebraic transformations the
system of nonlinear equations is reduced to a system of
3 nonlinear equations with three unknown constants
a, b, c. The Newton-Raphson method is used to solve the
system. The method requires specifying an initial ap-
proximation. The found solution will depend on the
choice of this approximation, especially if the sample
under consideration has more than one stable shape, for
example, bistable samples can have two stable shapes
and unstable one [62]. The resulting solution is stable in
the case of a positive definite Jacobi matrix:

3(arh,.dy) (1

The displacement of the analyzed sample points in the z
direction is assumed to be:

w(x,y) = O,S(a)c2 +by* + cxy). (20)

The standard deviation of warpage:

s:Jﬁiw—w’)i @1)

1=1

where [/ =1...N is the number of control points on the sam-
ple; x and y are coordinates of control points; w, is warpage
at control point /; w' is the arithmetic mean for a sample
of N points.

The mathematical expectation of the standard deviation
of warpage is:

E[s]=3s, P, (22)

where s, is the standard deviation of warpage with the angles
of layers disorientation corresponding to the i design case;
P, is the probability value corresponding to the i design
case. The number n corresponds to the number of place-
ments A" =m*, where k is the number of layers in the sam-
ple, m is the number of discrete steps A0’ in the range from —
0’ to +0' of the expected maximum disorientation angle.
The probability P is equal to the product of the values of the
probability B, (j=1...k) of the disorientation occurrence

within the boundaries of the discrete step A®" of each layer.
The value of the probability P is determined using the
equation for the normal distribution law:

7(9'/7“)2

1
e 7 23
> (23)

b
Bj :J‘a Se'\/_

Where a and b are the boundaries of the discrete step

A®'; o, is standard deviation of the distribution; p is the
mathematical expectation of the distribution. In view of
the previously accepted 6" as the range of possible disori-
entation, we will write 36, ~0'; n is taken equal to 0.

For each possible combination of disorientation angles we de-
termine the curvature parameters &, k, and &, using the Dano
and Hyer model. Next, we determine the probability density func-
tion p(o) of the deviation of warpage, the true functions of
which are continuous. Due to the finite number of calculated val-
ues of o, we set a discrete range Ac and summarize the values

of the probabilities included in the ranges of calculated cases.
The numerical solution was performed in the Python
software environment according to the presented equations.

2. Results and Discussion
FTIR spectra of native and functionalized carbon
nanoparticles shown in Figure 1 were obtained. The spectra

contain intense bands at 3431 cm™' (stretching vibrations of
the —OH group), which can be attributed to hydroxyl groups

Original MWCNT,

Oxidized MWCNT

Original SWCNT

RYAWA

3000 2000 1000

Wavenumber, cm!

Fig. 1. FTIR spectra of native and functionalized CNTs
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Fig. 2. Image of functionalized (left) and native (right) single-walled carbon nanotubes

and to a trace of water in the potassium bromine tablet used
for analysis. The bands at 1724 and 1736 cm' probably
corresponding to C = O were attributed to stretching vibra-
tions of carboxylic acid groups ((COOH). The bands in the
1250-950 cm ' range are probably related to the vibration
of the C-O bond in a different chemical environment. The
relative increase and partial separation of the bands in this
wave region indicate increase in the number of surface oxy-
gen-containing functional groups [57], which provide elec-
trostatic and chemical interaction of carbon nanoparticles
with a polymer matrix, allowing more uniform distribution
in the volume.

However, a high degree of functionalization causes the
appearance of a large number of defects in graphene layers,
especially in single-walled nanotubes. Figure 2 shows im-
ages of functionalized and native carbon nanotubes, which
demonstrate the absence of the structure inherent in nano-
tubes after their modification.

The viscosity of epoxy systems was investigated at
various concentrations of modifiers. The epoxy resin has
distinct pseudoplastic behavior with decreasing viscosity
whenthe shear rate increases. When carbon nanoparticles
are added, the viscosity of the mixture increases. This
effect is most noticeable at low shear rates, and is par-
tially offset by increasing shear rates. These changes can
be explained by the formation of a randomly distributed
percolationnetwork. Organized structures are destroyed
at high shear rates, which makes it possible to reduce the
viscosity due to the alignment of modifiers in the direc-
tion of flow [47]. Different tendency of modifiers to form
a percolation network explains their different effect on
the dispersion viscosity. Native single-walled carbon
nanotubes are characterized by the greatest influence on
the viscosity of the modified resin from the studied mate-
rials, functionalized multi-walled nanotubes are charac-
terized by the least one.

Figure 3 shows the dependence of the modified epoxy
resin viscosity on the concentration of carbon nanotubes or
nanofibers measured at a constant mixture temperature of
50 degrees. As it can be seen from image 3, even at high
concentration of functionalized MWCNTs the dispersion
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viscosity is low and suitable for processing by such methods
as vacuum infusion and injection molding. Sharp increase in
viscosity with increase in the concentration of native CNTs
is explained by the fact that at a given concentration a per-
colation network is formed. The network prevents the mo-
bility of the polymer chain, which leads to increase in vis-
cosity [48-50]. As Figure 3 shows, functionalized SWCNTSs
have less effect on the rheology of the modified resin,
which may be due to their greater tendency to agglomera-
tion and destruction of the SWCNT structure upon modifi-
cation. Agglomerating into large formations, nanomodifiers
reduce their effective amount in the polymer matrix. To
introduce functionalized SWCNTSs into the resin, we used
the “Solution processing” method [47], since after the dry-
ing stage the CNTs are not dispersed into the polymer ma-
trix during the functionalization of their surfaces by the
Hammers method. The addition of CNFs into the polymer
matrix does not significantly affect its rheological proper-
ties, regardless of the CNFs functionalization. At CNFs
concentration of 10 %, the viscosity of the mixture reaches
0.45 Paxs.

06
05

Viscosity, Pa-c

04
03
02

2l

0,1

02 04 06 08 1 12 14 16 18

The concentration, %
+ native MWCNT e modified MWCNT -+ native SWCNT
= modified SWCNT - native CNF

Fig. 3. Influence of the carbon nanoparticles concentration
on the viscosity of the modified resin

We made samples of the modified resin with various
functionalized and native fillers. The effect of modifica-
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tion with various carbon nanoparticles on the CTE of the
binder is shown in Table 3. Multi-walled nanotubes
modified by the second method turned out to be the most
effective. At the concentration of 1 %, they reduce the
CTE of the polymer matrix by 15.4 %. Native SWCNTs
reduce the CTE of epoxy resin by 9.7 % at the concentra-
tion of 0.05 %.

Native SWCNTs and functionalized MWCNTSs were
used as the most effective modifiers for further research.
Table 4 shows the measured and calculated values for the
selected modifiers.

Samples of fibrous polymer composite material based
on unidirectional carbon fibers and modified and unmodi-
fied epoxy resin were made. The fiber volume fraction in
the unidirectional composite material was determined using
thermogravimetric analysis. The CTE of the material across
and along the carbon fibers was measured. The results are
presented in Table 5.

The calculated data obtained from the research using the
models [59, 72] showed high convergence with the measured
data. To assess the convergence of the calculated and meas-
ured CTE values in the transverse direction, we used the val-
ues measured out-of-plane of the sample in order to neutralize
the possible effect of fiber disorientation during the sample
manufacture.

Taking into account the possible disorientation of fibers
in the plane, mathematical modeling of the warpage of plate
was carried out on the basis of the properties presented in
the table 6. The CLT was used to estimate the effective elas-
tic properties of the composite. The models described in
[59, 72] were used to estimate the effective CTE of the
composite. The samples were made of spread tow fabric
based on carbon fiber IMS 65 and unmodified or modified
epoxy resin and have a reinforcement scheme [0/60/—60].
The samples have thickness 0.24 mm and the size of plate in
the XY plane: 200x200 mm.

Table 3

Influence of carbon nanoparticles on the epoxy resin CTE

Modifier The most effective concentration, % CTE of modified resin (reduction relative to pure resin)
Native CNFs 4 64,09-10° (7,1 %) £ 1,71-10°
Functionalized CNFs 4 63,10-10° (8,6 %) + 1,53-10°
Native SWCNTs 0,05 62,3-10° (9,7 %) + 1,64-10°
Functionalized SWCNTSs 0,05 64,61-10° (6,3 %) + 0,95-10°
Native MWCNTSs 1 67,98-10° (1,4 %) + 1,42:10°°
Functionalized MWCNTSs 1 58,37-10° (15,4 %) +£0,78:10°°

Characteristics of CNT-modified epoxy resin

Table 4

O o » Predictive Young’s
Test sample Measured CTE, C Predictive CTE, C modulus, E, GPa
T67+0,01 % non-functionalized SWCNTs 66,99-10°+1,59-10°° 66,83-10° 3,281
T67+0,05 % non-functionalized SWCNTSs 62,3-10°+1,64:10° 62,96:10° 3,72
T67+0,2 % functionalized MWCNTSs 65,02:10°+1,7-10° 58,19-10° 3,879
T67+0,4 % functionalized MWCNTSs 63,83-10°+1,57-10° 53,58:10°° 4,539
T67+1 % functionalized MWCNTs 58,37-10°+0,78-10° 47,84-10° 6,414
T67+2 % functionalized MWCNTSs 61,53-10°+0,56-10°° 44.43-10° 9,478
Table 5
Properties of unidirectional composite material
Unidirectional layer of composite based on carbon fiber k500 (Fiber volume fraction 57 %)
Indicators T67 T67+0,05 % unmodified SWCNTs T67+1 % modified MWCNTSs
Calculation Measurement Calculation Measurement Calculation Measurement

L o 06 ~1,192-10°° 16 ~1,197-10°° 106 ~1,10-10°
Longitudinal CTE, a, C —-0,52-10 £0.2610° -0,492-10 £021-10° -0,365-10 £ 02810
Change in the indicator
relative to composite with - -0,38180 7,85
unmodified resin, %

) 33,575-10° 26,572:10°° 21,43-10°+

Transverse CTE, o, C - L 1.61-10° - £ 12610 - 0.19-10°
Change in the indicator
relative to composite with — 20,85 36,17
unmodified resin, %

e o 106 42,735:10°° 106 36,083-10°° 106 27,435-10°°
Out-of-plane, o, C 38,8110 £ 12510° 35,82-10 £ 1.79-10° 27,3910 L 1.14-10°°
Change in the indicator
relative to composite with - 15,56 35,8
unmodified resin, %
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Table 6

Properties of an elementary layer of composite material

Indicators Layer of composite based on carbon fiber IMS65 (Carbon fiber content 47 %)
T67 T67+0,05 % unmodified CNFs | T67+1 % modified MWCNTSs
Longitudinal modulus, £, ,GPa 138.55 138.84 140.27
Transverse modulus, £, ,GPa 11.96 12.25 13.68
In-plane shear modulus, G, ,GPa 4.44 4.88 6.24
Major Poisson’s ratio, v, 0.279 0.273 0.251
Longitudinal CTE, o, C" 0.268-10°° 0.339-10°° 0.608-10°°
Transverse CTE, o, , C' 48.57-10°° 44.83-10°° 34.19-10°°
0,18 size of each sample is equal to 4}, = 2744, with a maxi-
o
0,16 ° mum disorientation angle of 2 degrees. The maximum
0,14 disorientation angle was determined in terms of the de-
- 0.12 pendence of the efficiency of modification of the compos-
% ' ite material polymer matrix with carbon nanotubes, ex-
_‘é 0,10 pressed by decrease in the mathematical expectation of the
£ 0,08 standard deviation compared to the same indicator for the
0.06 composite material based on unmodified resin, on the
maximum disorientation angle. The efficiency of modifi-
0,04 . . -
cation has nonlinear dependence and decreases with in-
0,02

s

a a
0,00 0,05 010 015 020 025 030 035 040
Standard deviation
-8-1% MWCNT -2 0,05 % SWCNT

—— 0%

Fig. 4. Graph of the probability density function

Variation, %

0
0 02 04 06 08 1 1,2 14 16 1,8 2
The concentration, %

-of —— f'=== A02 .- Avar (Standard deviation)

Fig. 5. Graph of the dependence of the variation in the indices
of the standard deviation change sample
on the concentration of multi-wall nanotubes

The warpage were obtained for each combination of
the reinforcing fibers orientations on the basis of the data
presented. The mathematical expectation of the standard
deviation values of warpage is 0.1418 for the unmodified
resin, 0.1372 for the samples based on the resin modified
with single-walled nanotubes, 0.119 for the samples based
on the resin modified with multi-walled nanotubes. It cor-
responds to decrease in standard deviation by 3.24 % and
15.95 % when modified with single-walled and multi-
walled nanotubes, respectively. The sample variance also
decreased by 12.6 % in the case of single-walled nano-
tubes, and by 26.6 % in the case of multi-walled ones. The
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creasing disorientation angle. For single-walled nanotubes,
at the concentration of 0.05 %, the reduction in the modi-
fication efficiency was from 11 % to 5 % with increase in
the disorientation angle from 0 to 2 degrees, and 37 % and
20 % for multi-walled nanotubes with similar increase in
the disorientation angle.

Figure 4 shows the graphs of the probability density
function for the standard deviation of the simulated surface
of a composite plate based on unmodified and modified
epoxy resins, taking into account the fibers disorientation.

Further, on the basis of the models described above we
constructed the relations of the accuracy of the composite
plate surface, expressed in terms of the standard deviation
change, to the concentration of the modifier, taking into
account the possible disorientation of the reinforcing fibers.
When constructing the relations, we relied on the calculated
thermoelastic characteristics of the modified epoxy resins
and did not take into account the decrease in the efficiency
of the modifier with the increase in the concentration in
relation to the epoxy resin CTE. Despite this, the effective-
ness of the modifier in improving the accuracy of the sur-
face decreases with increasing its concentration.

Figure 5 shows the relations f of the standard deviation
change of the composite plate to the concentration of the
modifier, the derivative of f' with respect to the modifier
concentration, the relation of the change in the variance of
the standard deviation sample (AVar (Standard deviation))
to the modifier concentration and the relation of the change
in the calculated transverse CTE of an elementary layer of
the composite material (Aa2) to the modifier concentration.
On the basis of data provided it can be concluded that it is
inappropriate to use modifier concentrations above 1 % in
order to reduce the warpage and the sample variance.
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The samples were made of fabric based on fiber IMS 65
and unmodified or modified epoxy resin and have a rein-
forcement scheme [0/60/—60]. The samples have thickness
0.24 mm and the size of plate in the XY plane: 200x200 mm.
The standard deviation of warpage was 0.1636 for the un-
modified resin and 0.1329 for the resin modified with single-
walled nanotubes, which corresponds to decrease in the stan-
dard deviation of warpage by 18.77 %.

Conclusions

We have measured the rheological properties of dispersion
and thermomechanical properties of the obtained nanocompo-
sites. The most effective modifiers and their concentrations were
determined. For native nanotubes, the effective concentration is
0.05 %, which provides decrease in the CTE of the polymer ma-
trix by 9.7 % with increase in viscosity to 0.83 Paxs. Further
increase in concentration is impossible due to the achieved high
viscosity. For modified MWCNTSs, concentration of 1 % is ef-
fective, providing decrease in CTE by 15.4 % and increase in
viscosity up to 0.23 Paxs. The thermomechanical properties of
nanostructured laminated composite materials were investigated.
It was found that carbon nanomodifiers are more effective as
compensators for the thermal expansion of the polymer matrix in
the fiber/epoxy laminated composites. The transverse CTE of
unidirectional composite material decreased by 15.56 % in the
cases of using native carbon nanotubes and by 35.8 % in the
cases of using functionalized MWCNTSs. Mathematical model-
ing of the warpage of plate, taking into account the possible dis-
orientation of the fiber, showed decrease in standard deviation by
3.24 % and 15.95 % and decrease in sample variance by 12.6 %
and 26.6 % when modified with single-walled and multi-walled
nanotubes, respectively. On the basis of the obtained results, the
dependences of the transverse CTE of an elementary layer of the
composite material, the mathematical expectation of the standard
deviation, and the variance of the standard deviation of the com-
posite plate on the concentration of the modifier were con-
structed. According to the obtained data, it can be concluded that
in order to reduce the mathematical expectation and the variance
of the warping of the plate, there is an effective concentration,
the increase of which is impractical, despite the further decrease
in the transversal CTE. The results obtained confirm that the
addition of carbon nanoparticles as a modifier to the polymer
matrix can increase the accuracy and technological stability of
the fiber composite quasi-isotropic reinforcement scheme.
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Appendix 1

The Mori-Tanaka’s equation for the effective CTE of a
filler-reinforced polymer matrix [55]:

a=a, +7,{C, +(C,-C, ) [(1-7,) 847, 1]}
C; (0, —a,).

Where @, and @, are the CTE of the resin and modifier,
respectively, ¥, is the volumetric content of the filler, C,, is
the stiffness matrix of the resin, C; is the stiffness matrix of

the filler, S is the Eshelby tensor, I is the unit matrix.
Eshelby tensor S for the case of reinforcement with in-
finitely long elliptical cylinder in simplified form is [53]
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SZZ] 1 SZZZZ 52233 O 0
_ S Sun Si 0 0
0 0 0 S, O
0 0 0 0 Sy O
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S O o O
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v is the Poisson’s ratio of the matrix, a and b are the

main and auxiliary semi axes, respectively.

The effective CTE of a polymer matrix modified with
three-dimensionally randomly distributed filler can be de-
termined from the equation:

.1

a’=—-a

3 %n +§'OL22-
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Where a,, and o, are the longitudinal and transverse

CTEs determined from the Mori-Tanaka’s equation.

The Mori-Tanaka’s equation for the -effective
Young’s modulus of a polymer matrix reinforced with
filler [55]:

C:[(I_Vf)'cm+Vf'Cf'A]'[(l_Vf)'IJFVf'AT
A=[1+s.c,"(c,-c,)] "
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BaaromapHocTu. Pabora BbIIOJNIHEHA KOJNJIEKTMBOM Hay4dHOIl Jlabopatopuu «UHTeIIeKTyalbHble MaTepualbl ¥ KOHCTPYKLIUH»
B paMKax TOCyAapCcTBEHHOTO 3aJaHusi MUHHCTEpCTBA HayKH U BEICIIEro oopasosanus Poccuiickoit @enepanyy Ha peann3anuio MpoeKTa
«Pa3paboTka MHOTO(YHKIIMOHAIBHBIX WHTEJUIEKTYaJIbHBIX MATEPHAIOB U KOHCTPYKLHUH Ha OCHOBE MOAMGHUIHMPOBAHHBIX IOJHMMEPHBIX
KOMITO3MIIMOHHBIX MaTepHaioB, CIOCOOHBIX (YHKIMOHUPOBATH B AKCTPEMANBHBIX YCIOBHAX» (ImpoekT Ne ®OD3-2020-0015). 1306pa-
XKECHUS! YIIIEPOIHBIX HAaHOTPYOOK OBUIH MOJTy4YEHBI C IIOMOIIBI0 MIPOCBEYHBAIOIIEro 3IeKTpoHHOro Mukpockomna Hitachi HT7700 B Kpac-
HOSIPCKOM KPaeBOM IEHTPE HCCIIEeI0BATENBCKOro 00opynoBanus denepaabHOTo HCCIEA0BATENbCKOrO HeHTpa «KpacHOspcKuil Hay HBIH
uentp CO PAH».

KondaukT uHTepecoB. ABTOPHI 3asBIISIOT 00 OTCYTCTBUU KOH(IIUKTa HHTEPECOB.
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