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RESUMO

O efeito da nano-modificacdo de plastico reforcado com fibra de carbono no estado de tensao-
deformacéo residual apoés a moldagem foi investigado. Devido a alta anisotropia das propriedades fisico-
mecanicas, o resfriamento resulta em encolhimento das camadas do composito irregular quanto as espessuras
e direcbes. Isso leva a deflexdes residuais e tensdes internas nas pecas compostas. No trabalho, uma técnica
de estimacdo da influéncia de varios fatores fisicos € mecéanicos em estresses e tensbes residuais foi
desenvolvida. Com base nos dados obtidos, recomendacdes podem ser feitas para criar uma estrutura
composta racional e métodos para reduzir tensbes residuais e curvaturas. O principal fator que leva a
ocorréncia do estado de tensdo-deformagao residual é a anisotropia das propriedades da fibra de carbono, na
qual as propriedades de rigidez e temperatura da camada unidirecional nas dire¢gées longitudinal e transversal
diferem significativamente. Dependendo da estrutura da embalagem e das caracteristicas dos componentes da
monocamada (fibra e ligante), deformagdes lineares das camadas podem causar flexdo do painel (flexao,
torcdo) e o aparecimento de tensbes térmicas residuais. Sdo apresentados os resultados da modelagem
analitica e numérica de deformacdes residuais em painéis com esquema de reforgco assimétrico.

Palavras-chave: fibra de carbono, nano-modificagcdo, modelagem, deflexdo, estado de tensdo-deformacao.

ABSTRACT

The influence of nanomodification of carbon plastic on the residual stress-strain state (SSS) after
molding has been studied. Due to the high anisotropy of the physical and mechanical properties, the non-
uniform thickness and direction of shrinkage of the composite layers occur during cooling. This leads to the
emergence of residual deflections and internal stresses in the composite parts. A method for estimating the
influence of various physicomechanical factors on residual stresses and deformations has been developed.
Based on the data obtained, recommendations can be made for the creation of a rational structure of the
composite and methods for reducing residual stresses and curvatures. The main factor leading to the formation
of residual SSS is the anisotropy of properties of carbon plastic, in which the rigidity and temperature properties
of the unidirectional layer in the longitudinal and transverse directions are significantly different. Depending on
the structure of the package and the characteristics of the components of the monolayer, linear deformation of
the layers can cause panel curvature and to residual temperature stresses. The results of analytical and
numerical modeling of residual deformations in panels with an asymmetric reinforcement scheme are
presented.
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AHHOTALNA
WccnepoBaHo — BnMsSiHME  HaHOMoOAMMMKALMM  YITIENnacTMKa Ha  OCTaTOYHOE  HamnpsiKeHHo-
aedopmnpoBaHHoe coctosiiue (HOC) nocne dopmoBaHms. B cuny BbicokOW aHu3oTponuu  ou3smKo-

MEXaHWUYECKUX CBOMCTB MpW OXNaxAeHWU NPOUCXOAUT HEpaBHOMEpHasi MO TONLUHE M HanpaBlieHnsaM ycajka
CrioeB KOMMO3uTa. 3OTO MPMBOAWUT K MOSIBIEHMIO OCTATOYHbIX MPOTMGOB U BHYTPEHHMX HAMPSPKEHUA B
KOMMO3UTHbIX AeTansx. B pabote paspaboTaHa MeToAuKa OLEHKW BIUSIHUS PasfNYHbIX (DU3NKO-MEXaHNYECKMX
(haKTOpOB Ha OCTaTOYHble HanpskeHua W Aedopmauun. Ha ocHoBe MOMyYeHHbIX AaHHbIX MOryT ObITb
COCTaBleHbl pPeKkoMeHZauMu Mo CO3OaHuio pauvoHanbHOW CTPYKTYPbl KOMMO3UTa M METOAaM CHUDKEHUS
OCTaTOYHbIX HaMNPSHKEHUA U KPpMBU3H. OCHOBHBLIM (DAKTOPOM, MPUBOASLIMM K BO3HWKHOBEHMIO OCTaTOYHOrO
HOC, aBnseTca aHM30TPONUS CBOWCTB YrnennacTuka, y KOTOPOro ecTKOCTHble U TemnepaTypHble CBoOWCTBa
oOHOHAamMpaBrneHHOro crnosi B MNPOAOSIbHOM M MOMEepPeYHOM HanpaBneHusX 3HauuTenbHO oTnu4atTca. B
3aBWCMMOCTU OT CTPYKTYpbl MakeTa W XapakTepUCTUK KOMMOHEHTOB MOHOCHOSI (BOJIOKHA W CBA3YHOLLErO)

NUHeVHble aecdopMaumMmM CroeB MOryT BbI3blBaTb WCKPUMBIIEHUE MNaHENN
MpenctaBneHbl

OCTaTOYHbIX TEMMNepaTypHbIX HanpsKEHWH.

(M3rmb, KpyTKy) M MOsIBIEHUe

pe3ynbTatbl aHalMTU4YECKOro 1 4YUCIeHHOoro

MOAENUPOBaHUSA OCTaTOYHbIX AedhopMaunin B NaHENAX C HECUMMETPUYHON CXEMOW apMUPOBaHUS.

KnioueBble cnoBa: yareniacmuk,
deghopmMuposaHHoe CoCmosiHUe.

HaHoModuguKayus,

modenuposaHue, npoaub, HarnpsKEeHHO-

INTRODUCTION

Nowadays, nanomodified carbon plastics
are widely used in the aviation industry. Their use
makes it possible to obtain a strong and rigid
structure having a considerably smaller mass, as
compared to a metal analog. In addition, the
technology for creating complex products from
nano-modified carbon fiber reinforced plastics is
often cheaper and more practical due to the lack
of many intermediate operations, which
significantly reduces labor input and production
costs. The possibility of changing the structure of
carbon fiber makes it possible to maximize the
use of the advantages of such materials and
optimize the design for mass, rigidity and strength
parameters (Budiman and Zuas, 2015).

One way to reduce residual stresses and
deformations is nanomodification (Kuznetsova et
al., 2018; Kuznetsova et al, 2015). The
introduction of nanoscale particles in the
composition of the composite or its components
(fiber or binder) allows not only to increase its
physical and mechanical properties but also to
improve the residual stress-strain state. This
problem has been discussed (Vasiliev et al.,
1990; Molodtsov et al, 2000; Artemiev et al.,
2015; Dudchenko et al., 2009; Zhuo et al., 2017).
A considerable number of works are devoted to
the determination of residual deformations, the
main of which are (Zhuo et al., 2017; Lurie et al.,

2011; Astapov and Kornev, 2009; Afanasyev et
al., 1980; Blagonadezhin, 1995; Blagonadezhin
and Indendaum, 1979; Kyung et al., 2002; Lurie
etal., 2012).

The main task is to determine the degree of
influence of the parameters of nanomodification
on residual SSS. To this end, work was carried
out to determine the residual SSS using the

previously proposed model for the
thermoelasticity of a layered composite. Effective
physical and mechanical properties are

determined on its basis (Malmeister et al., 1980;
Nemirovsky, 1978; Sibgatullin and Sibgatullin,
2008; Tabanyukhova, 2012; Fedotov, 2012;
Shaldyrvan, 1980; Yankovsky, 2012; Yankovsky,
2010).

Natural samples were fabricated, as well as
elementary samples to experimentally determine
the physicomechanical properties of the
composite. To verify the data, the calculated and
experimental deflections were compared.

MATERIALS AND METHODS

Consider a multi-layer panel made of a
polymer composite having anisotropy due to the
asymmetry of the properties of the packet
structure over the thickness. The panel under
consideration is free from load and fastening.

We introduce the coordinate system 1,2,3
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(Figure 1), connected with the direction of the
reinforcement. For unidirectional material, the
axis 1 is aligned with the direction of the fibers,
for the woven — the axis 1 coincides with the
direction of the warp thread. Axis 2 is
perpendicular to the axis 1 and lies in the
reinforcement plane. The axis 3 is directed along
the thickness of the layer and is orthogonal to the
plane of the layer. For the panel, we introduce the
coordinate system x, y, z so that the x, y-axes lie
in the reinforcement plane, and the z-axis is
directed along the thickness of the packet.

In the general case, six internal force
factors appear in the panel: N x, Ny, Nxy, Mx,
My, Mxy (Figure 2).

The physical relationships, in this case, will
have the following form Equation 1. Where

T T T H H H
N/ ,N/,N,,N N ',N —  linear

forces caused by temperature deformation (index
T ) and initial tension of layers (index n );

MXT,MyT,MxyT,MXH,M),H,MX},H _
moments caused by temperature deformation
(index T ) and initial tension of layers (index n);
B ,C

mn’

linear

mn’ mn

— generalized rigidity of the

e .
packet ( m, n = 1,2,3); — linear
deformation of the packet in the reduction plane;

k.\"k_;k.

v

x? (."‘,C.’ Xy

— the curvature of the packet in the
reduction plane. Let's write down the relationship
of the deformation of the panel in the reduction
plane with displacements u o, v o (Equation 2).
The relationship between the curvature of the
panel and the angles of rotation of the normal 6 4,
6 , (Equation 3). The relationship of the angles of
rotation of the normal to the deflection w is as

follows (Equation 4), where V x - Vy.
transverse shear. The generalized stiffnesses of
a packet are defined as follows (Equations 5 — 7).
Where e is the coordinate of the reduction plane
(for an asymmetric packet it is chosen arbitrarily);
m n =128 , r = 0,1,2. Let's write the
expressions for the forces and moments caused
by the temperature fields (Equations 8, 9). Where
(Equations 10, 11) Z « is the coordinate of the k-
th layer, reckoned from the reduction plane; N is
b ()

the number of layers; “ - linear stiffnesses of

the k- th layer, reduced to the axes of the panel

X, y)(ij=1,2,3); DT. temperature drop due

—{H —(H
a

—(H
to cooling; ) '3 _ coefficients of
linear thermal expansion of the k- th layer in the
axes of the panel; Similarly, we record the forces
and moments from the initial tension (Equations
12, 183). Where (Equations 14, 15)
—— (k) — (k) — ()

€., »€,3  —initial deformation of the

layers in the axes of the panel. Linear rigidity for
the k- th layer in the case of an asymmetric
packet has the following form Equations 16, 17.
The factor of linear temperature expansion for the
k- th layer, as well as deformation of the layer,
caused by the initial tension, in the axes of the
panel, are determined by the appropriate
transformation (Equations 18, 19). In the above
formulas, m ® and n ® — are trigonometric

functions of the angle of orientation of the layers
()
P with respect to the x-axis of the panel

represented in the Equation 20.

We shall consider a flat panel without initial
curvature with edges free from loading and
fixation, subject to the action of a temperature
field uniformly distributed over the thickness. The
actuating surface coincides with the average
surface. For the orthotropic structure of a

composite B, =B, =0, and the coefficients

C;.C,,,C,,,C,,, D5, Dy, are small and they

can be neglected. Taking this into account, the
physical relationships for the orthotropic structure
of the composite in expanded form will take the
form (Equations 21,22). Thus, it is easy to see
that in the case of the orthotropic structure of the
composite material, the definition of the deformed
state is divided into 2 independent problems of
finding deflections (the components of curvature

K,» Ky) and twist (ny ). The stresses in the

layers are determined from Hooke's law, using
the components of curvature and deformation
obtained from (Equation 1), ie (Equation 23). In
this case, z « is the coordinate of the middle
surface of the layer, thatis, zxk = (Zx—e) —h«/2.

For the transition to stress 0 1, 0 2, T 12 in
the axes of the layer, it is necessary to use the
transformation formulas for the rotation of the
coordinate axes (Equation 24). As we can see
from the physical relationships (1) in multilayer
panels with asymmetrical packing, the layers
subject to tension-compression will cause the
panel to bend. Such complex behavior of panels
in the structure of highly loaded structures can
lead to a decrease in the efficiency of their
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operation.

In addition, the molding of such panels will
be accompanied by the appearance of residual
thermal bending deformations (warpage).

This disadvantage is absent in a panel with
a symmetrical arrangement of layers, i.e. when
the layer ( k) corresponds to the same layer ( Nk
), where N is the total number of layers in the
packet. Taking this into account, let's write down
the expressions for generalized rigidities in the
following simplified form Equation 25. The
coordinate Z « ;s then counted from the mid-plane
e = h /2, and the sum is calculated only for half
the packet. The physical relationships (1) for an
orthotropic panel with load-free edges take the
following form Equations 26, 27.

From Equation 21 it is easy to see that
forming flat panels with a symmetrical structure of
the packet will not lead to their warping.

The algorithm for analyzing the residual
stress-strain state can thus be divided into four
stages:

1) calculation of the stiffness characteristics
of the packet according to Equations 5, 6,15 —19;

2) determination of internal force factors
caused by initial tension and temperature drop
according to formulas Equations 9 — 13;

3) definition of components of deformations
and curvature of physical relationships Equation
1;

4) calculation of stresses in the layers of the
composite with the help of Hooke's law Equations
23, 24.

RESULTS AND DISCUSSION:

For the analytical calculation: the plate is
free from fastening and external power load, the
temperature load is a drop of 100 °C. For the
finite element calculation: the plate is fixed at the
geometrical center of load, the temperature load
— a difference of about 100 °C. The
characteristics of materials used in modeling are
presented in Table 1. Two variants of laying the
composite were considered (Table 2 and Table
3). For each variant of laying, four calculations
were carried out using the properties of the
carbon plastimonolayer from Table 1.

Similarly, 4 calculations were carried out
using the properties of a monolayer of
nanomodified carbon fiber reinforced plastics
from Table 1.

Total calculations conducted to 8 for styling
embodiment [0 10/45 10] and 8 calculations — for
[0 10/90 10].

Different stacking layers are given in Tables
2-3

The produced plates were measured along
the deflections along each of the four sides. For
this, two extreme points were fixed on an even
surface, the deflection was measured in the
center of the side by a caliper. The results of the
calculations performed with different stacking
options are given in Tables 4-5 An illustration of
these calculations for various types of packing is
shown in Figures 3-4

CONCLUSIONS:

In this paper, the authors propose a
technique for calculating the residual stresses
and deformations of flat panels made from
nanomodified carbon plastics. To calculate the
effective properties of a monolayer, taking into
account the influence of the parameters of
whiskerizing, an approach based on solving the
problem of multilayer cylindrical inclusion was
used. The properties of the interphase zone were
determined on the basis of a model of elliptic
chaotically oriented inclusions. The residual
stresses in the panel were determined using the
classical model of thermoelasticity of layered
composites. As an example, the problem of
determining residual stresses, deformations and
curvatures in a carbon plastic plate reinforced
with viscous fibers, on the surface of which
carbon nanotubes were grown, was considered.
The performed calculations show the possibility,
in practice, of completely eliminating residual
stresses and deformations in materials with
different reinforcement schemes. It is shown that,
based on the proposed model, it is possible to
predict optimal variants of whiskerizing, which
allows lowering the anisotropy of the coefficients
of temperature expansion of the composite. The
results obtained by analytical and numerical
methods are identical. The greatest similarity with
the experimental data is provided by method 4 in

determining the effective properties of a
monolayer.
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Table 1. Physical and mechanical characteristics of materials

No E 1 Ez = G | F16 & E’%B’-?.Zm [MPa]
' [MPa] [MPa] [MPa] " K] ] 2
Carbon plastic 129960 7056 2658 0.593 0.7 42 2214

1 Nanomodified
carbon plastic 135130 19078 8225 0.567 3.4. 44 6085
Carbon plastic 129510 5211 1917 0.596 0.46 42 1632

2 Nanomodified
carbon plastic 129760 6266 2337 0594 0.6 42 1965
Carbon plastic 129500 4730 2050 0.29 0.19 20 1670

3 Nanomodified
carbon plastic 129750 5700 2500 0.29 0.26 20 2010
Carbon plastic 129500 4730 2050 0.29 -104 20 1670

4 Nanomodified 159750 5700 2500 029 -12 20 2010

carbon plastic

Table 2. Stacking of layers [0 10/45 10]

. Number Angle, Layer
No. Material of layers  degrees thickness, mm
1 Carbon plastic 10 0 0.2
2 Carbon plastic 10 45 0.2
Total thickness: 4.1
Table 3. Stacking of layers [0 10/90 10]
. Number Angle, Layer
No. Material of layers  degrees thickness, mm
1 Carbon plastic 10 0 0.2
2 Carbon plastic 10 90 0.2
Total thickness: 4.1

Table 4. Comparison of deflections for options 1-4 and laying [0 10/45 19 with
experiment

1 2 3 4 Experiment
With
Deflection on the long nano 106 66 3.2 > 435
side, mm Without 53 28 4.3 3.2
nano
With
Deflection on the short nano 5.7 3.5 17 28 21
side, mm Without
nano 3.8 2.8 1.5 2.3 2.75
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Table 5. Comparison of deflections for options 1-4 and laying [0 10/90 19 with
experiment

1 2 3 4 Experiment
With
Deflection on the long nano 199 124 56 9.2 5.85
side, mm Without
S 133 10 5 77 595
With
Deflection on the short nano 107 6.7 3 49 4.1
side, mm Without 25 54 27 42 37
nano

Figure 1. Layer and panel coordinate systems
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Figure 2. The geometric model and the emerging internal force factors of a plate with
an asymmetric packet structure
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Figure 3. Summary table of the results for options 1-4 and laying [0 10/45 10]
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Figure 4. Summary table of the results for options 1-4 and laying [0 10/90 10]

PERIODICO TCHE QUIMICA « WWW.PERIODICO.TCHEQUIMICA.COM « VOL 15. SPECIAL ISSUE 1
* ISSN 1806-0374 (impresso) * ISSN 1806-9827 (CD-ROM) « ISSN 2179-0302 (meio eletrnico)

© 2018. Porto Alegre, RS. Brasil

The Periodico Tché Quimica (ISSN: 1806-0374; 2179-0302) is an open-access journal since 2004. Journal DOI: 10.52571/PTQ. http://www.tchequimica.com.
This text was introduced in this file in 2021 for compliance reasons.

© The Author(s)

165

OPEN ACCESS. This article is licensed under a Creative Commons Attribution 4.0 (CC BY 4.0) International License, which permits use, sharing, adaptation, distribution, and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The images or other third-party material in this article are included in the
article 's Creative Commons license unless indicated otherwise in a credit line to the material . If material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation

or exceeds the permitted use, you will

need to obtain permission directly from the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.



	16_KYAW_pgs_153_165.pdf (p.165-177)



