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Wccnenyetcs onTuMmsaumns MakpoCTPYKTYpbl AN OOCTUXEHUS] CTabunbHO HU3KOTO KO3d-
hvLMeHTa TEMNOBOIO PacLUMPEHUS dy KOMMNO3WTa C YrNepoaHbIMU BOIOKHAMU. [1ns orpaHuyeHust
obnacTu noucka npeanoxeHo HeobxoAMMOe YCroBUE CYLLECTBOBaHMS JoKarnbHbIX MUHUMYMOB
ay, BblpaXeHHOoe Yepes3 paamychl runepcdep B NMPOEKTHOM MPOCTPaHCTBE YrioBOW OpueHTauum
cnoes, npeobpasoBaHHOM anroputmom PCA. AHanua BapuaHTOB CTPYKTYpbl, XapaKTepuayto-
LLIMXCS HU3KUM 0, NOKa3blBaeT pasfmyHyo YCTOMYMBOCTb K BApUATUBHOCTM CBOWCTB €AMHUYHOIO
crnosi KomnoauTa. BeinonHeHa MHorokputepuanbHasi onTuMusaums. LieneBbiMu yHKUMAMY SB-
naTca MatemMaTuyeckoe oxugaHue E(ay) n aucnepcusa Var(ay). AHanu3 [NapeTo-ppoHTa n
OyHKLMIA NMOTHOCTU pacnpenerneHnsi BEPOSITHOCTM MO3BONSAET OLEeHWUTb AOCTMKUMOCTb pacyeT-
HOTO Oy NPV 3afaHHbIX YCMOBUSIX BapuaTUBHOCT CBONCTB €AMHUYHOTO CIos KOMMo3uTa.

MccnenoBaHa BO3MOXHOCTb YMEHbLLUEHUSI AUCTIEPCUN pachpenenenmnst a, nyteM mMoaudu-
KaLumu NonMMepHON MaTpuLbl MHOFOCTEHHBIMU YriepofHbIMU HaHoTpybkamun (MYHT) B ycnosu-
SIX [e30pMeHTaLmMn apMUPYHLLMX BONIOKOH U BapuaTMBHOCTU CBOWCTB eavHUYHoro crnosi. Moau-
hvKaumMa MUKPOCTPYKTYPbl MOMMMEPHOrO KOMMO3ULIMOHHOTO MaTepuana Mo3BONsieT CHU3WUTb
Var(ay) Ha 91,61 % npu o6beMHoM cooTHoweHun MYHT go 1 %. Tpebyemble TepmomexaHuye-
CKve CBOWCTBa AOCTUraloTCs NyTeM onpeaeneHnst OpueHTaumMm aHU30TPOMHbIX CIIOEB.

Ha ocHoBe nony4YeHHbIX ONTUMAaribHbIX CTPYKTYP Oblnv M3roTOBMEHbI 06pasLbl yriennacTu-
Ka ¢ obbemHbIM copepxxaHnem MYHT O, 1 n 2 %. MNpoBepeHa ckaHWpytoLas aNekKTPOHHas MUK-
pockonusi ¢ ucnosnb3oBaHnem FE-SEM Hitachi S-5500 gns npoBepky ogHOPOAHOCTM pacnpene-
NIeHUs1 1 COBMECTUMOCTM 3nokcuaHon matpuubl 1 MYHT. N3amepeHue ay BbIMOMTHEHO C MOMOLLIbIO
TepmomMexaHunyeckoro aHanusaTtopa TAlnstrumentsQ400. ViaMepeHHble 3HaYeHUs O, HaxoauTCs
B AuanasoHe ot 6,2-10° go 1,98:107 1/ K.

Moaxon K onTMMU3aUMU CTPYKTYPbI, NMPEANOXEHHbIN B 3TON CTaTbe, MO3BOMSET MONy4uTb
HaBOp peLLeHNil Co CTaBUMBLHO HIU3KUM G, B AvanasoHe 4o 1-107 1/K. Mpeo6pasoBaHue NpoekT-
HOro MpOCTpaHCTBa YrNoBOW OpUEHTaLMU CIOEB U OrpaHuveHne obracTu moucka Mo3BONWUMO
COKpaTWUTb AManasoH paccMaTpuBaeMbix pelueHunii Ha 83,9 %.
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NUMERICAL AND EXPERIMENTAL STUDY ON CFRP STRUCTURE
OPTIMIZATION FOR COEFFICIENT OF THERMAL EXPANSION

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

Reshetnev University, Krasnoyarsk, Russian Federation

ARTICLE INFO ABSTRACT

This paper explores the optimization macrostructure to reach a stable low coefficient of
thermal expansion ay of a composite with carbon fibers. To limit the search area, a necessary
condition for the existence of a, local minima is proposed, expressed in terms of the radii of
hyperspheres in the design space of the angular orientation of the layers transformed by the PCA
algorithm. The analysis of the structure variants characterized by low ay shows different sustain-
ability to lamina properties variability. Multi-criteria optimization was carried out. The objective
functions are expectation E(ay) and variance Var(ax). The analysis of Pareto fronts and probabil-
ity density functions make it possible to estimate the reachability of the calculated o, under given
conditions of lamina properties variability.

The reduction variance opportunity of ay distribution by modifying the polymer matrix with
MWCNTSs under conditions of reinforcing fibers disorientation and lamina properties variability is
investigated. The microstructure modification of the polymer composite material allows to reduce
the Var(ax) by 91.61% with a volume rato of MWCNTs up to 1 %. Requirement
thermomechanical properties are reached by determining the orientation of anisotropic layers.

Based on the obtained optimal structures, specimens of CFRP with 0, 1 and
2 vol.% MWCNTs were made. Scanning electron microscopy using FE-SEM Hitachi S-5500
was performed to check the uniformity of distribution and compatibility of the epoxy matrix and
MWCNTSs. The measurement of ax is determined using a TAlnstrumentsQ400 thermomechanical
analyzer. Measured ay of specimens is in the range from 6.2:10° to 1.98-107 1/K.

The structure optimization approach proposed in this paper makes it possible to obtain a set
of solutions with a consistently low ay in the range up to 1-107 1/K. The transformation of the
design space of the layers’ orientation angles and the limitation of the search area allowed to
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reduce the range of solutions under consideration by 83.9 %.
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Introduction

The size changes control is very important in some
applications, for example, in space structures. Zero thermal
expansion materials is needed in structures subject to tem-
perature changes such as a backplane support structure for a
large space telescope, antenna booms, solar array frames
and etc. Unlike classical materials, composite laminates can
be designed in such a way as to reduce the coefficients of
thermal expansion (CTE) in the desired direction to a speci-
fied value. This can be done by the appropriate sequence of
laminate layers, the angular orientation of each layer and the
microstructure properties control.

The structure optimization problem of a composite ma-
terial to obtain the specified mechanical and
thermomechanical properties has repeatedly attracted the
attention of researchers [1-9]. To reduce the CTE value of
CFRP, the researchers design a new kind of multi-
functional curing agent for epoxy resin [10] or add inorgan-
ic particles such as carbon nanotubes, aluminum nitride,
silicon dioxide, and so on [11-18]. There is increasing in-
terest in combining reinforcement scales of nanoscale rein-
forcements with traditional micron-sized fibers [19; 20].
The authors of the work [21] evaluated the feasibility of
using multi-walled carbon nanotubes (MWCNTs) for the
control of coefficients of thermal expansion of composite
materials. The use of MWCNTs aligned axially was shown

to be effective at controlling a, of polymer composites. The
authors theoretically calculated the MWCNT volume frac-
tion at which a, of composites based on different type of
material and containing MWCNTSs become zero. In particu-
lar, the authors determined the MWCNT content necessary
for zero coefficients of thermal expansion to be about
10 vol.% in the polymer materials at temperature range of
=5 °C to 85 °C. Inorganic compounds with negative ther-
mal expansion (ZrW;,0yg, ScF3;, MngsCoGe, Smj;75Cq) can
be used to compensate and control the CTEs of CFRP [22—
29]. But for many inorganic NTE compounds, their CTE are
small in magnitude or the effective temperature window is
narrow [30; 31].

The orientation of fibers in composites may result in an-
isotropic thermal expansion has a small or even negative
CTE value [33; 34]. Although the task of the composite’s
macrostructure optimization is complicated by the high sen-
sitivity of the theoretically achieved near-zero coefficients
of thermal expansion to the lamina properties variability,
which inevitably present in practice due to disorientation of
reinforcing fibers, and various degrees of cure, volume frac-
tion, residual moisture and etc. However, to date, the litera-
ture has not considered the possibility of obtaining a hybrid
composite with zero a,, reinforced with carbon fibers in
combination with MWCNTs, with an estimate of the densi-
ty function of the probability distribution of o, under the
conditions of lamina properties variability and its disorien-
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tation. This paper first describes the methodology of obtain-
ing a layered composite with near zero a, based on estimate
E(a,) and Var(o,) as target parameters. Possibilities of re-
ducing the variance of the target parameter by means of an
integrated approach to determining the optimal orientation
of layers of hybrid composites with different volume con-
tent of MWCNT is considered. A detailed description of the
calculation procedure for the target parameters using ran-
domly generated lamina’s orientation angle error and lami-
na properties variability is presented in the next session. The
results section discusses the possibility of reducing the
Var(o,) using MWCNTs, analyzing the Pareto-optimum
front curves. Further, the experimental estimates of o, of the
composite are reported in detail.

1. Material and methods

This section details the specific materials, calculation
and manufacturing processes used to create the car-
bon/epoxy laminated composites with a stable low coeffi-
cient of thermal expansion. This article analyzes composites
with a symmetrical sequence of layers [+ 60y, ..., = 0;]s. A
total number of layers is 28 and a thickness of each layer is
0.152 mm. In this study, carbon fibers with following
thermomechanical properties are used: E;=430 GPa, E,=14
GPa, v1,=0.2, v53=0.46, v3=0.2, G;,=8.78 GPa, G»;=2.1
GPa, G,3=8.78 GPa, 0,=-0.9-10° K™, ,=6.8-10° K'[13].
The matrix is mixture of epoxy resins based on bisphenol A
and epichlorohydrin as well as aromatic and aliphatic
diamines with following properties: E;=3.1 GPa, v,=0.3,
0,m=65-10° K™ [13]. As a nanoscale filler, we consider mul-
ti-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. Its Young’s modulus and
coefficient of thermal expansion at the room temperature
are taken to be 1000 GPa and -12-10° K™ [21; 35; 36], re-
spectively.

1.1. Calculation procedure

The search for the local minimum of a, expectation and
variance as objective functions is performed by two ways:
1. combination of PCA and gradient descent method and 2.
NSGA-II. Searching algorithm was performed using “scikit-
learn” to program PCA algorithm and multi-objective opti-
mization framework “pymoo” [37] to program NSGA-II in
Python. The mathematical expectation E(a,) and the vari-
ance Var(o,) are determined from the assumption of the
variability of lamina properties and its disorientation. We
assumed the standard deviation of properties equal to s=2, 4
and 10 percent of the value of the mathematical expectation.
The sample of possible disorientation of layers was formed
from the assumption of a normal distribution with parame-
ters: £=0, 0=2.

The solutions to the optimization problem are the local
minima of the nonlinear non-convex objective function in
the design space of the layers’ orientation angles for com-
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posites with different microstructure modifiers. The objec-
tive function is nonlinear and non-convex, so the result of
the gradient method strongly depends on the initial set of
variables. Therefore, the gradient descent method must be
repeated for different initial values of the angles. For the
rational choice of initial values, the necessary condition for
the existence of a local minimum in the vicinity of a certain
point of the design space of angles meeting the requirement
0, < 1107 was formed using the PCA algorithm.

1.1.1. PCA and gradient descent method

The creation of the necessary condition for the exist-
ence of a local minimum was carried out in several stages
for composites with different volume contents of MWCNTSs
(Vent=0, 1 and 2 %). The goal is to limit the search area of
local minima. First, a representative sample of the stacking
sequence of composite layers corresponding to a uniform
distribution of the angles of each layer was formed for a
composite with 0, 1 and 2 vol.% MWCNTs and the corre-
sponding a, were determined, according to CLT. The uni-
form distribution is constructed in the range from -90° to
+90° and with the number of elements 10°. Using the PCA
algorithm, two principal components were identified in the
initial design space of the orientation of the layers. Next, the
data is marked according to the condition E(a,) <1-107 and
the area of the variables value satisfying this condition is
defined as a k-sphere with radius R in the new reduced PCA
space. Consequently, the first stage of necessary condition
for the existence of a local minimum can be written in term
a new vector of principal components x=(x,..., x;). Princi-
pal components are linear combinations of initial features
with coefficients, which can be represent as a set of size k of
n-dimensional vectors of weights wyy=(w,..., w,)@ for
k=1, ..., i corresponding to numbers of principal compo-
nents of the reduced space and n=1, ..., ¢ corresponding to
numbers of initial features. The first stage of necessary con-
dition:

DX <R )

Condition (1) reduces the initial sample of the angle
combination for stacking sequence. The subsequent reduc-
tions were performed by re-determining the principal com-
ponents of the already reduced sample and determining the
radius R;, where j numbers of iteration. Accordingly, in gen-
eral terms, the stages of implementing the necessary condi-
tion for the existence of a local minimum can be written as a
sequence of conditions:

k k k
inu)z <R’ A ZXfZ)Q <R; /\...Z:)cl.(’)2 SRJZ.. ?2)
i=l i=l i=l

The angular orientation of the layers 6=(0,, ... 0,) is

expressed as a scalar product of matrices X and W, where x;
corresponding to coefficients of the principal components
for a specific data point satisfying the requirements.
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The formulated necessary conditions were used to form
from the design space of the layers’ orientation a sample of
initial values of the angles to search for a local minimum of
E(a,). The sample of the initial angular orientation of the
layers consisted of 10° elements. Further, for each element
of the sample, a local minimum of the expectation function
was found by the gradient method. The Var(o,) was calcu-
lated for each local minimum.

E(0,)=/(£6,,....26,) , (3)

0,=6,, -\ VE(a,). 4)

t

This method was repeated for composites with 1, 2 and
4 vol.% MWCNTs. The comparison of E(c,) and Var(a,) is
performed in chapter 3. Stiffness tensor and a, of carbon
nanotube reinforced composites are modeled using the Mori —
Tanaka theory based on Eshelby’s inclusion theory.

1.1.2. NSGA-II

The construction of the optimum Pareto front showing
the variance of CTE as a function of mathematical expecta-
tion was performed using the NSGA-II algorithm. For this
problem we choose a population size of 10* and with only
30 offspring population size in each generation. The initial
population consists of solutions with the lowest variance
value obtained by the gradient method. A running perfor-
mance metric [38] was used to assess the convergence and
diversity of a generation set of non-dominated solutions.
This metric can provide a generation-wise performance pro-
file so that a more detailed understanding of the algorithm’s
performance. The running metric shows the difference in
the objective space from one generation to another.

1.2. Materials characterization

1.2.1. Materials, composites manufacturing
and specimen preparation

Composite material based on resin with 0, 1 and 2
vol.% MWCNTs was obtained. Before the introduction of
MWCNTs into the epoxy resin, the functionalization was
performed to add functional oxygen-containing groups to
the surface of the modifier. The chemistry modification
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 col-
lected and dried on calcium chloride and silica gel.

The MWCNTs were weighed and mixed with the epoxy
resin to achieve final target weight fractions of 0.114 and
0.227 %. The homogenizer IKA T18 was used to mixing.
After dispersion, the mixture was degassed under vacuum
for 10 min and the curing agent was added to the dispersion
and mixed using high-speed propeller agitator. Layers of

UD carbon fibers were manually laid on the mold in com-
pliance with the calculated stacking sequence and impreg-
nated with dispersion. After curing the polymer at 120°C for
12 hours, 5 samples with dimensions of 5x15 mm were cut
from composites with 0, 1 and 2 vol.% MWCNTs.

1.2.2. Scanning electron microscopy

The morphology of prepared material was characterized
by the Scanning electron microscopy using FE-SEM Hita-
chi S—5500 instrument (Japan) operating at 5 kV. The com-
posite specimens were delaminated after freezing in liquid
nitrogen for 2 min. Before examination, the composite sam-
ples were glued to a support and to minimize sample charg-
ing coated with platinum by magnetron sputtering during 1
min at the current of 10 mA and in a vacuum of 810 Bar
in argon atmosphere. To view the hierarchical morphology
of the composites, fracture surfaces were imaged.

1.2.3. Thermomechanical analysis

The coefficient of thermal expansion of the manufac-
tured samples was determined using a TAlInstrumentsQ400
thermomechanical analyzer. The tests were carried out in
two stage. The first stage consists in heating at a heating
rate of 5°C/min up to 100°C and subsequent isothermal ex-
posure for 350 min in a nitrogen environment to stabilize
the size of the samples as a result of removing the remain-
ing moisture. The second stage consists of cooling to 40°C,
isothermal exposure for 20 min and subsequent heating to
100°C to measure a,. The second stage was several times
repeated to obtain a stable measurement result.

2. Results
2.1. Calculation results

2.1.1. The result of applying the necessary
condition for near-zero CTE

Fig. 1 shows the result of identification the two main
components of the layer orientation space for a composite
with native resin (with 0 vol.% MWCNT) using the PCA
algorithm. Labeling the data of the initial sample in accord-
ance with condition E(a,)<1-10" makes it possible to identi-
fy a pattern in the angular orientation of the layers, ex-
pressed in the components of the reduced space.

The sequential reduction of the initial sample by the
definition of the principal components of the variable space
and the determination of acceptance region as a circle with
radius R leads to the formation of the necessary condition
for the existence of a local minimum satisfying the condi-
tion E(a,)<1-107. The range of acceptable values of varia-
bles can be indicated by a circle with a radius of 2.48-3.02
and radius of hypersphere 2.17-2.66 in case of 2 and 7 prin-
cipal components, respectively.
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Fig. 1. CTE of multilayer composite as a function of layer
orientation in the design space with two principal components

The distribution density R of the hypersphere surface
satisfying the condition E(a,)<1-107 is shown in the Fig. 2.
Fig. 3 shows the coordinates of the vectors w;. For the com-
posite considered in this paper, the necessary condition for
the existence of a near-zero o, can be formed as a weighted
sum of vectors of principal components whose number is
equal to the number of initial variables:

k
2 2 2
RIS XI<R], (%)
i=1
0=xw,
0.8 . o, >le-07
e a, <1e-07
> 0.6
2
© 0.4
a

Hypersphere radius

Fig. 2. Distribution density R of the hypersphere surface
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Fig. 3. Heatmap of principal components for a data set
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Using the gradient method, the layer orientations for lo-
cal minima and the corresponding variance are determined.
Comparison of the found points of the design space indi-
cates different variability of the objective function (Fig. 4).
The vast majority of E(a) are in the range 1-10°~1-107 and
are uniformly distributed in the space of variables. Under
the conditions of a given a priori variability of properties (),
Var(a,) is equal to 1:10"°~1-10™"*, The obtained samples of
the sequence of layers for the native composite and
composites with 1, 2 and 4 vols.% are used as the initial
population for the genetic algorithm of multicriteria
optimization to find the Pareto front of expectation and
variance.

]

1.0e-07

1.0e-08
1.0e-09

1.0e-14

1.0e-15

1.0e-16

Fig. 4. E(a,) (a) and corresponding Var(a,) (b) under conditions
of variability of lamina properties and its disorientation for the
native composite

2.1.2. NSGA-II

Fig. 6 shows a comparison of the Pareto fronts obtained
using the NSGA-II algorithm for various cases of a priori vari-
ability of the properties of the composite lamina. The final so-
lutions (Vent=0, s=2 %) in the objective space for native com-
posites is slightly convex Pareto fronts, which in the area from
7.78:107 to 8.09-10"° demonstrate an almost linear relation-
ship between the CTE expectation and its variance.
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In the range from 8.09-107° to 1.73-10™"%, the variance 10 %, the average variance of the Pareto front increases by
increases sharply, asymptotically approaching the ordinate 85 %. Visualizations of the running performance metric
axis. Pareto optimal solutions for composites with 1 vol.% demonstrate convergence during an early phase of the algo-

MWCNTs form front characterized by a decrease in the rithm (Fig. 5).
average variance of the sample by 91.61 %. The Pareto

front found for a composite with 2 vol.% MWCNTs is dis- :Zi?.’o

continuous, the average variance of which decreased by 233

70.48 % compared to the native composite. 1=250
With the growth of a priori variability of the lamina .

properties to s=4 % and s=10 %, the Pareto front acquires a of

pronounced convex shape and a significant increase in the 10"

variance of the objective function is observed. With an in-

crease in the a priori dispersion of properties from 2 to 4 %,

the average variance of the Pareto front increases by 72 %.

The Pareto front found for a composite with 2 vol.% o .

MWCNTs is concave in the range from 4107 to 1-107. ; p " - e pn o

With a decrease in E(o,), the variance increases sharply, Generation
asymptotically approaching the ordinate axis. With an in-

. .. . . Fig. 5. The running performance metric
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Fig. 6. Pareto fronts of two objective functions: expectation of coefficient of thermal expansion and variance
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Probability density functions for a, of the composite is
close to the normal distribution. For the experimental evalu-
ation of the calculated sequence of layers, several specimen
of material were made. Scheme 1: native composite with the
following stacking sequence [+ 15.7, £ 86.2, £ 12.4, £ 58.7,
+13.4, £ 23.0, £ 48.9],. Scheme 2: composite with 1 vol.%
MWCNTs with stacking sequence [+ 10.8, £42.1, +25.6,
+24.1,+£40.7, £ 16.1, + 84.8],. Scheme 3: composite with 2
vol.% MWCNTs with stacking sequence [+ 72.6, £ 1.8,
+2.7, £1.5, £7.8, £0.7, £ 13.2],. Calculated values of ob-
jective functions for Scheme 1: E(a,)=-1.78-107,
Var(o,)=1.7-10"°. Scheme 2: E(a,)=2.3-10%, Var(o,)=
= 6.37-10"'%. Scheme 3: E(a,)=7.4:10", Var(0,)=6.05-10""°.
Measured a, is presented in chapter 2.3.

2.2. Composite microstructure characterization

Fig. 7, a, shows the cryo-fracture surface of the
multiscale composites with carbon fibers and 2 vol.%
MWCNTs dispersed in epoxy matrix. MWCNTSs are ran-
domly distributed in the polymer matrix to form zones with
different volume contents of nanoparticles (Fig. 7, b, and 7, ¢).
The approximate concentration of MWCNTSs in the ag-

T" T T
10.0um

o i e
1.00um

3mm x30.0k SE 04/10/2021

c

S-5500 3.0kV 1.3mm x20.0k SE 04/10/2021

S-5500

glomerates is up to 8 % (Fig. 7, d). The fracture surface
demonstrates brittle fracture in areas with a low volume
content of nanoparticles (Fig. 7, ¢) and a large surface
roughness for MWCNTs agglomeration zones (Fig. 7, d).
The higher magnification image in Fig. 7, b, shows MWCNTs
on the fracture surface that are relatively short and shows min-
imal nanotube pullout, suggesting a relatively strong interac-
tion between MWCNTs and the epoxy matrix.

2.3. Thermomechanical analysis

Measured a, of specimen is in the range from 6.2:10"
to 1.98-107. The size change demonstrates a non-linear na-
ture, which is explained by the complexity of measuring
small a,, due to factors such as the unevenness of the tem-
perature field around the measured specimen and the loss of
residual moisture, which are invisible when measuring large
modulo a,. In order to reduce the influence of the factors, a
long exposure time was used before and after the tempera-
ture change to stabilize the specimen size. Fig. 8 shows a
complete measurement cycle consisting of two stages. The
first stage is desorption of residual moisture. The second
stage is sequential heating and cooling to measure the a,.

rrrrrrrTorTd
2.00um

I I 1
1.00um

Fig. 7. Cryo-fracture surface of the multiscale composites with carbon fibers and 2 vol.% MWCNTs

120



Haceunux K.A., Obsepmxun U.B., Bracoe A.1O. / Becmuux [THUITY. Mexanuxa 3 (2023) 114—123

Scheme 3
0.04
r370
—0.21 t 360
3
N ¥4
[ L
-0.4 350 -
v r340+=
£-06 ©
o [
o r330 &
£ -0.81 £
£ 320~
[w}
=1.0
r310
-12 t 300
0 100 200 300 400 500 600
Time, min

Fig. 8. The cycle of measuring o, of CFRP

Fig. 9 shows the measured change in the size of the
composite after stabilization of its dimensions due to mois-
ture loss. Scheme 1: a,~6.2:10®. Scheme 2: 0,~1.39-107.
Scheme 3: o,~ 1.98-10".

Discussion and conclusions

As shown in the Fig. 6, optimization problems of
minimizing the o, function is actually a multi-criteria
optimization, the objective functions of which are the
mathematical expectation FE(a,) and variance of
mathematical expectation Var(a,). This approach makes it
possible to analyze the Pareto front and probability density
functions for the a, in order to assess the reachability of the
calculated values under given conditions of property
variance.

The objective function is nonlinear and non-convex
(Fig. 4), so the result of the gradient method strongly de-
pends on the initial set of variables and must be repeated for
different initial values of the angles. The reduction of the

search area for local minima can be reduced by analyzing
the design space with the PCA algorithm and forming the
necessary conditions for the existence of a local minimum.
It is proposed to limit the search area in the project space by
introducing two parameters R; and R,, which are the radii of
the external and internal hypersphere limiting the area of the
design space of the layers’ orientation angles (Fig. 2).

As we can see from the chart presented above (Fig. 6),
the microstructure modification of the polymer composite
material allows to reduce the Var(a,) by 91.61 % with a
volume ratio of MWCNTs up to 1 %. In addition to the re-
quirements for thermal behavior, it is important to consider
more general elastic properties. Resin modification with the
addition of MWCNTs slightly increases the CTE and the
effective stiffness of the lamina in the longitudinal direc-
tion, and significantly reduces the CTE in the transversal
direction, which together causes a change in the optimal
reinforcement architecture — the angle reduction between
the reinforcing fibers direction and the direction of the lon-
gitudinal axis of the material. Consequently, the material
has a large longitudinal elastic modulus, while, due to the
reduction of the CTE of the lamina in the transversal direc-
tion, it has a lower variance of the CTE compared to the
non-modified composite.

The calculated CTEs of unidirectional laminas with
modified and non-modified resin show high convergence
with the experimental data. As a next step, it is necessary to
check the obtained calculated stacking sequence of layers
on a significant series of samples, sufficient to confirm the
stability of the researched parameter. It is important to con-
tinue research on effective reinforcement architectures using
alternative analytical methods of machine learning to find
more complicated stacking sequence.

Scheme 1 Scheme 2 Scheme 3
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. . 0.151 .
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Fig. 9. Measured o, of CFRP

References

1. Anaya L., Vicente W., Pavanello R. Minimization of the
Effective Thermal Expansion Coefficient of Composite Material Using a
Multi-scale Topology Optimization Method. EngOpt 2018 Proceedings
of the 6th International Conference on Engineering Optimization / ed.
Rodrigues H.C. et al. Cham: Springer International Publishing, 2019,
pp- 1055-1060. https://doi.org/10.1007/978-3-319-97773-7 91

2. Zhengchun D. et al. Design and application of composite
platform with extreme low thermal deformation for satellite.
Compos. Struct. Elsevier Ltd, 2016, Vol. 152, pp. 693-703.
https://doi.org/10.1016/j.compstruct.2016.05.073

3. Catapano A., Desmorat B., Vannucci P. Stiffness and
Strength  Optimization of the Anisotropy Distribution for

121



Pasechnik KA., Obvertkin LV., Vlasov A.Y. / PNRPU Mechanics Bulletin 3 (2023) 114-123

Laminated Structures. J. Optim. Theory Appl. 2015, Vol. 167, Ne 1,
pp. 118-146. https://doi.org/10.1007/s10957-014-0693-5

4. Kim D. et al. Topology optimization of functionally graded
anisotropic composite structures using homogenization design
method. Comput. Methods Appl. Mech. Eng. Elsevier B.V., 2020,
Vol. 369, pp. 113220. https://doi.org/10.1016/j.cma.2020.113220

5. Schaedler de Almeida F. Optimization of laminated
composite structures using harmony search algorithm. Compos.
Struct.  Elsevier  Ltd, 2019, Vol. 221, pp. 110852.
https://doi.org/10.1016/j.compstruct.2019.04.024

6. Peng X. et al. Multiple-scale uncertainty optimization
design of hybrid composite structures based on neural network and
genetic algorithm. Compos. Struct. Elsevier Ltd, 2020, Vol. 262,
pp- 113371. https://doi.org/10.1016/j.compstruct.2020.113371

7. Hao P. et al. Efficient reliability-based design optimization
of composite structures via isogeometric analysis // Reliab. Eng.
Syst.  Saf- Elsevier Ltd, 2021, Vol. 209, pp. 107465.
https://doi.org/10.1016/j.ress.2021.107465

8. das Neves Carneiro G., Concei¢do Antonio C. Dimensional
reduction applied to the reliability-based robust design optimization of
composite structures. Compos. Struct. Elsevier Ltd, 2021, Vol. 255,
pp- 112937. https://doi.org/10.1016/j.compstruct.2020.112937

9. Sigmund O., Torquato S. Design of materials with
extreme thermal expansion using a three-phase topology
optimization method. J. Mech. Phys. Solids. Elsevier Ltd, 1997,
Vol. 45, Ne 6, pp. 1037-1067. https://doi.org/10.1016/S0022-
5096(96)00114-7

10. Q.S. Sun, Y.D. Feng, J. Guo, et al. High performance
epoxy resin with ultralow coefficient of thermal expansion cured
by conformation-switchable multi-functional agent. Chemical
Engineering  Journal, 2022, Vol. 450, pp. 138295.
https://doi.org/10.1016/j.cej.2022.138295

11. S.R. Wang, Z.Y. Liang, P. Gonnet, Y.H. Liao, B. Wang, C
. Zhang. Effect of nanotube functionalization on the coefficient of
thermal expansion of nanocomposites. Adv. Funct. Mater.,2007,
17(1), pp. 87-92. https://doi.org/10.1002/adfm.200600760

12. JK.Ma, T.Y. Shang, L.L. Ren, Y.M. Yao, T. Zhang, J.Q. X
ie, B.T. Zhang, X.L. Zeng, R. Sun, J.B. Xu, C.P. Wong. Through-
plane assembly of carbon fibers into 3D skeleton achieving enhanced
thermal conductivity of a thermal interface material. Chem. Eng.
J., 2020, 380, p. 8. https://doi.org/10.1016/j.cej.2019.122550

13. Obvertkin, I., K. Pasechnik, u A. Vlasov. The potential of
using SWCNTs, MWCNTs and CNFs capable of increasing the
composite material dimensional and technological stability as
modifiers of a polymer matrix. PNRPU Mechanics Bulletin, 2021,
Ne 4, pp. 98-110. https://doi.org/10.15593/perm.mech/2021.4.10

14. K.C.Yung, B.L. Zhu, T.M. Yue, C.S. Xie. Effect of the
Filler Size and Content on the Thermomechanical Properties of
Particulate Aluminum Nitride Filled Epoxy Composites.
J. Appl Polym. Sci., 2010, 116 (1), pp. 225-236.
https://doi.org/10.1002/app.31431

15. CJ.Huang, S.Y. Fu, Y.H. Zhang, B. Lauke, L.F. Li, L. Ye.
Cryogenic properties of SiO2/epoxy nanocomposites. Cryogenics, 2005,
45 (6), pp. 450-454. https://doi.org/10.1016/j.cryogenics.2005.03.003

16. Ghasemi A.R., Mohammadi M.M., Mohandes M. The
role of carbon nanofibers on thermo-mechanical properties of
polymer matrix composites and their effect on reduction of
residual stresses. Compos Part B Eng, 2015, no. 77, pp. 519-27.
https://doi.org/10.1016/j.compositesb.2015.03.065

17. Shokrieh M.M., Akbari S., Daneshvar A. Reduction of
residual stresses in polymer composites using nano-additives.
Residual  Stress  Compos  Mater, 2014, pp. 350-73,
https://doi.org/10.1016/B978-0-12-818817-0.00013-5

122

18. Pan J., Bian L. A physics investigation for influence of
carbon nanotube agglomeration on thermal properties of
composites. Mater ChemPhys, 2019, No. 236,
https://doi.org/10.1016/j.matchemphys.2019.121777

19. Green K.J. et al. Multiscale fiber reinforced composites
based on a carbon nanofiber/epoxy nanophased polymer matrix:
Synthesis, mechanical, and thermomechanical behavior. Compos.
Part A Appl. Sci. Manuf. Elsevier, 2009, Vol. 40, Ne 9, pp. 1470—
1475. https://doi.org/10.1016/j.compositesa.2009.05.010

20. FuS. et al. Some basic aspects of polymer nanocomposites:
A critical review. Nano Mater. Sci. Elsevier BV, 2019. Vol. 1, Ne 1, pp.
2-30. https://doi.org/10.1016/j.nanoms.2019.02.006

21. Shirasu K. et al. Negative axial thermal expansion
coefficient of carbon nanotubes: Experimental determination based
on measurements of coefficient of thermal expansion for
aligned carbon nanotube reinforced epoxy composites.
Carbon N. Y. Elsevier Ltd, 2015, Vol. 95, pp. 904-909.
https://doi.org/10.1016/j.carbon.2015.09.026

22. J.C.Lin, P. Tong, K. Zhang, H.Y. Tong, X.G. Guo, C. Yang
, Y. Wu, M. Wang, S. Lin, L. Chen, W.H. Song, Y.P. Sun. ~ Colossal
negative thermal expansion with an extended temperature interval
covering room temperature in fine-powdered Mn, gsCoGe. Appl. Phys.
Lett., 2016, 109 (24), p. 5. https://doi.org/10.1063/1.4972234

23. V.K. Thakur, Y.Z. Li, H.C. Wu, M.R. Kessler. Synthesis,
characterization, and functionalization of zirconium tungstate
(ZrW,0g) nano-rods for advanced polymer nanocomposites.
Polym. Adv. Technol., 2017, 28 (11),  pp. 1375-1381.
https://doi.org/10.1002/pat.4014

24. T.A.Mary, J.S.O. Evans, T. Vogt, A.W. Sleight. Negative
Thermal Expansion from 0.3 to 1050 Kelvin in ZrW,Og, Science,
1996, 272, p. 90. https://doi.org/10.1126/science.272.5258.90

25. B.K. Greve, K.L. Martin, P.L. Lee, P.J. Chupas, K.W. Ch
apman, A.P. Wilkinson. Pronounced Negative Thermal Expansion
from a Simple Structure: Cubic ScF;. J. Am. Chem. Soc., 2010,
132, p. 15496. https://doi.org/10.1021/ja106711v

26. Zheng, X., Kubozono, H., Yamada, H. et al. Giant negative
thermal expansion in magnetic nanocrystals. Nature Nanotech 3, 724—
726 (2008). https://doi.org/10.1038/nnano0.2008.309

27. X.Chu, Z. Wu, C. Huang, R. Huang, Y. Zhou, L. Li.
ZrW,0q¢-doped epoxy as low thermal expansion insulating materials
for superconducting feeder system. Cryogenics, 2012, 52(12), pp. 638-
641. https://doi.org/10.1016/j.cryogenics.2012.04.016

28. P. Badrinarayanan, M. Rogalski, H. Wu, X. Wang, W. Yu
, M.R. Kessler. Epoxy Composites Reinforced with Negative-CTE
ZrW,0g Nanoparticles for Electrical Applications. Macromol.
Mater. Eng., 2013, 298 (2), pp. 136-144.

29. Y.Y. Zhao, F.X. Hu, L.F. Bao, J. Wang, H. Wu, Q.Z. Hua
ng, R.R. Wu, Y. Liu, F.R. Shen, H. Kuang, M. Zhang, W.L. Zuo, X.
Q. Zheng, J.R. Sun, B.G. Shen. Giant Negative Thermal Expansion
in Bonded MnCoGe-Based Compounds with NiyIn-Type
Hexagonal Structure. J. Am. Chem. Soc., 2015, 137 (5), pp. 1746-
1749. https://doi.org/10.1002/mame.201100417

30. L.A. Neely, V. Kochergin, E.M. See, H.D. Robinson.
Negative thermal expansion in a zirconium tungstate/epoxy
composite at low temperatures. J. Mater. Sci., 2014, 49 (1),
pp. 392-396. https://doi.org/10.1007/s10853-013-7716-8

31. J. Arvanitidis, K. Papagelis, S. Margadonna, K. Prassides
,AN. Fitch.  Temperature-induced transition and
associated lattice collapse in samarium fulleride. Nature, 2003,
425, p. 599. https://doi.org/10.1038/nature01994

32. K. Shirasu, A. Nakamura, G. Yamamoto, T. Ogasawara, Y
. Shimamura, Y. Inoue, T. Hashida. Potential use of CNTs for
production of zero thermal expansion coefficient composite

valence



Haceunux K.A., Obsepmxun U.B., Bracoe A.1O. / Becmuux [THUITY. Mexanuxa 3 (2023) 114—123

materials: An experimental evaluation of axial thermal expansion
coefficient of CNTs using a combination of thermal expansion and
uniaxial tensile tests. Compos. Pt. A-Appl. Sci. Manuf., 95 (2017),
pp. 152-160. https://doi.org/10.1016/j.compositesa.2016.12.027

33. R.P. Zhu, C.T. Sun. Effects of Fiber Orientation and
Elastic Constants on Coefficients of Thermal Expansion in
Laminates. Mech. Adv. Mater. Struct., 10 (2) (2003), pp. 99-107.
https://doi.org/10.1080/15376490306733

34. Yoon KJ, Kim J-S. Prediction of Thermal Expansion
Properties of Carbon/Epoxy Laminates for Temperature
Variation. Journal of Composite Materials. 2000;34(2):90-100.
https://doi.org/10.1177/002199830003400201.

35. Polymer nanocomposites. MRS Bull, 2007, Ne 32,
pp- 314-319. https://doi.org/10.1557/mrs2007.229.

36. Chang T., Gao H. Size-dependent elastic properties of a
single-walled carbon nanotube via a molecular mechanics model. J
MechPhys  Solids, 2003,  Ne. 51,  pp. 1059-74.
https://doi.org/10.1016/S0022-5096 .

37. J. Blank and K. Deb, pymoo: Multi-Objective
Optimization in Python. IEEE Access, Vol. 8, pp. 89497-89509,
2020. Polym. Adv. Technol., 2017, 28 (11), pp.1375-1381.
https://doi.org/10.1109/ACCESS.2020.2990567

38. Blank, Julian and Kalyanmoy Deb. A. Running
Performance Metric and Termination Criterion for Evaluating

Evolutionary ~ Multi- and  Many-objective  Optimization
Algorithms. 2020 IEEE Congress on Evolutionary
Computation (CEC), 2020, pp. 1-8.

https://doi.org/10.1109/CEC48606.2020.9185546.

(I)l/lHaHCllpOBaHﬂe. Pabora BbINOJIHEHA 3a CYET CpeacCTB HpOl’paMMH CTPAaTEru4eCKOro aKaIeMUYECKOro JIMACpCTBa Cubl'Y wum.

M.®. Pemietnena («[TPUOPUTET-2030»).

KonpaukT nHTEpecoB. ABTOPHI 3asBISIIOT 00 OTCYTCTBHU KOH(MINKTa HHTEPECOB.

Bxuaag ABTOPOB PAaBHOLICHECH.

Financing. The work was carried out at the expense of the Strategic Academic Leadership Program of Reshetnev University ("PRIOR-

ITY-2030").

Conflict of interest. The authors declare no conflict of interest.

The contribution of the authors is equivalent.

123



