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MECHANICAL CHARACTERISTICS DETERMINATION OF

AIRCRAFT WING CARBON PLASTIC PANEL

VY po6oTi mpeAcTaBIeHO METOUKY PO3PAXYHKY MEXaHIUHUX XapaKTEPUCTHK Oa-
raTolapoBUX KOMIIO3UTHUX IMaHenel. byna migiOpana onTumanbHa MOCIIIOBHICT
BHMKJIQJKH MOHOIIApiB. MexaHiuyHa MOBEAIHKA KOMIIO3HIli BH3HAYAETHCS CIIIBBiJ-
HOIIICHHSIM BJIACTUBOCTECH apMYIOUHX €JEMEHTIB 1 MaTpHIl, a TaKOXX MIIHICTIO
3B’s13Ky Mik HUMHU. Cepel HalBaXKITUBIIIUX BUMOT, IO BHCYBAIOTHCS JI0 KOHCTPYK-
I CyYacHUX JIITAJIbHUX aIrapaTiB, MOJKHA Ha3BaTH MIHIMAJIIbHY Macy, MaKCUMaJlb-
HY JKOPCTKICTh 1 MIIIHICTh BY3J]iB, MAKCUMaJIbHUN pecypc poOOTH KOHCTPYKIIii B
YMOBAaX €KCILTyaTallii, BUCOKY HaJIMHICTh. 3a JOIMOMOTOK pO3pO0JIeHOT METOIUKH,
OyIJ10 BU3HAUEHO MPYKHI BJACTUBOCTI KOMIIO3UTHOT'O MaTepiaiy i3 pisHUMHU KyTaMHu
BUKJIQJIKK 11apiB. [IpuBeeHo po3paxyHKH MEXaHIYHUX XapaKTEPHCTUK BYTJIEILIAC-
TUKOBHX TIAHEJIEH 13 BYIJICCTPIYKHU Ta BYTJICTKAHUHHU.

The paper presents the method of calculating the mechanical characteristics of
multilayer composite panels. The optimal sequence of laying out monolayers was
selected. The mechanical behavior of the composition is determined by the ratio of
the properties of the reinforcing elements and the matrix, as well as the strength of
the connection between them. Among the most important requirements for the
designs of modern aircraft, we can mention the minimum weight, the maximum
stiffness and strength of the nodes, the maximum service life of the structures in
operational conditions, and high reliability. With the help of the developed
methodology, the elastic properties of the composite material with different angles
of laying layers were determined. Calculations of the mechanical characteristics of
carbon-plastic panels made of carbon tape and carbon fabric are given.

Introduction

In connection with the wide use of various composite materials, especially

in aircraft construction, there are very relevant and important tasks of
developing methods for assessing the strength of composite materials, creating
mathematical models of deformation, developing methods for experimental
research of deformation and strength properties of structural composite
materials, as well as evaluating dangers of technological and operational defects
arising in structural elements.

Composite materials bring a lot of useful things to aviation - they increase

the strength of parts, reduce their weight and susceptibility to corrosion, and also
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allow to reduce the number of parts. It is known that a composite material
consists of a high-strength filler oriented in a certain direction and a matrix.

A variety of fibers and matrix materials, as well as reinforcement
schemes, used in the creation of composite structures, which allows us to
purposefully adjust the strength, stiffness, level of operating temperatures and
other properties by selecting the composition, changing the ratio of components
and the microstructure of the composite [1 - 3, 7].

High-modulus carbon fibers are used for the manufacture of aircraft parts.
Polymeric carbon plastics are characterized by low density, high modulus of
elasticity, low thermal and electrical conductivity, low frictional wear and high
damping capacity. By orienting the fibers at an angle to each other, it is possible
to change the damping capacity of carbon fiber plastics to a large extent and to
rebuild parts from the resonance mode without changing their geometric shapes
[41 - 6].

Creation of monolayer packages

To identify any monolayer in a package of monolayers, the layer
orientation code is used, which defines [3]:

— angle of inclination of the monolayer to the basic axis of the monolayer
package X;

— the number of monolayers having a given angle of inclination;

— exact arrangement of monolayers.

Each monolayer is marked with a number showing the orientation of the
monolayer in degrees between the direction of its fibers and the X axis. Fig. 1
shows the standard orientation of monolayers 0°, + 45 °, -45°1 90 °.

a0
a0 +45°

i +45

N 0

45’

monolayer
o —= X
package axis
J—<5

Fig. 1. Index of standard orientation of monolayers
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Adjacent monolayers are divided by a diagonal line if their tilt angles are
different. Monolayers are written sequentially from the front surface of one
monolayer to another using parentheses.

Adjacent monolayers having the same angle are indicated by a numerical
subscript. The subscript "T" in parentheses indicates that the complete set of
monolayers is given. If adjacent monolayers have the same but opposite angle,
the corresponding "+" or "-" signs are used. Counter-clockwise angles are
considered positive.

Sometimes, instead of the negative angles of the first quadrant, the
positive angles found in the second quadrant are used. For example, instead of
the designation of the angle -45°, the notation is used 135°.

Dependence of stresses and strains for different coordinate systems

For a plane stress state when the axes are rotated by an angle ¢° (fig. 2),
the dependence of the acting stresses in the coordinate systems of the monolayer
and the package of monolayers has the form

o, ¢c ¢ -2-s-c| (o
o,r=|s* ¢ 2:s-Cc|-q0,¢,
] [8:C -s-c cf-5" ] |1,
o, 2 s 2-s-¢c] (o
c,p=| 8 ¢ -2-s-c|lyo,,
T,) |-s-¢ s-c cf-s5° | |1,

where ¢ = cosg®; s =sing°,
G,, G,, T, — are the stresses acting in the monolayer,

o, Oy T,, — are the stresses acting in the monolayer packets.

y1

tape fabric

basis direction

Fig. 2. A monolayer rotated by an angle ¢° with respect to the
coordinate system of the monolayer package
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The dependence of deformations in the coordinate systems of a monolayer
and a package of monolayers has the form

g c S s-C £,
2 2

g, r=| S c —S-C |98, f,

Y] |[-2-s-c 2:s-c cP-s?| |y,

where g, €,, y;, —are the monolayer deformations,
& €, Txy — are the package of monolayers deformations.

Calculation of elastic characteristics of composite multilayer material

Each individual layer (monolayer) consists of unidirectional fibers that
determine the direction of the layer, and a matrix that provides normal and
transverse stiffness of the layer. Such a monolayer is orthotropic because it has
two mutual axes of symmetry. Its characteristic feature is that normal stresses
acting along the axes of orthotropy do not cause shear deformations, and
tangential stresses - elongations. Hooke's law describing the stress-strain
relationship for a unidirectional monolayer in a flat stress-strain state has the
form:

o, cl c) o g
G, :Cgl ng 0 |-7&, (s

TlZ 0 0 Cgﬁ ny

where ¢,, 0,, 1,, — are the stresses acting in the monolayer;

€, €5, V4, — are the monolayer deformations;

C, — are the coefficients of the stiffness matrix of the monolayer, which
are determined as:

0 _ E, . o Epy o By,
C11 - ’ C12 - o ’
1-py, - Hy I-pypmy I-py,-py
E
ng = : ; Cge =G, ,
1-py, -y
where E;, E, are the longitudinal and transverse modulus of elasticity of the
monolayer;

Gy, is the monolayer shear modulus;
I, is the Poisson’s main ratio;



105
Mexanika enemenmie KOHCMPYKUIIU

W, Is the second-order Poisson's ratio, which is determined from
Maxwell's relation:

W, E,=n, By

Typical elastic characteristics of monolayers of carbon tape and carbon
fabric are presented in Tab. 1.

Table 1
Elastic characteristics of the monolayer
monolayer Moduli of elasticity and shear, Poisson's ratios
MPa
E, E, G, Hip Hop
carbon tape 143000 8400 5600 0,36 0,02
carbon fabric 65000 63000 6500 0,070 0,068

If the loading of the monolayer does not occur along the orientation axis,
then it is in the state of layer-by-layer loading as part of the composite package.
Then Hooke’s law takes shape:

¢ ¢ 0
O, Chi C) Cp €y
_| o ¢ o |.
G, = Cs G Ci €y
¢ 0 ¢
Tyy Ces Cx Cg Yy

where the coefficients of the stiffness matrix of the monolayer rotated by an
angle @°

Cl=V,+V, - -cos2¢p+V,-cosdp;

C,=V,-2-V,-V;-cosdop;

C2 =0,5-V, -sin2¢+V, -sinde;

C,, =V, -V, -cos2¢p+V, -cosdp;

Cy =0,5-V, -sin2¢ -V, -sin4g;

Ces =V, =V, -cosdop.
Here, the independent coefficientsV,, V,, V3 and V, are determined:

V,=(3-C%+2-C +3-C, +4-C5)/8;

(Clol _ng )/2;
(C101_2’C102 +C§2 _4'Cge)/8;
(C-2.Cl+Cy+4-CS)/8.

Coefficients V; and V, characterize the average stiffness of the monolayer
under tension and shear, and coefficients V, and V; characterize the degree of

Vz
V3
V4
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anisotropy of the material. Thus, the behavior of a monolayer in a flat stress-

strain state is characterized by four independent elastic constants: E;, E2, Gy,

u,, for reinforcement angles 0° i 90°; V4, V,, V3, V, for reinforcement angles ¢°.
Elastic characteristics of a monolayer rotated by an angle ¢°:

AC _ AC
EX N ¢ ¢ ¢ 27 ny N ¢ ¢ ¢ 2
sz ) Cee - (Cze) C11 ) C22 - (ClZ)
_ AC . Cp-Co —Cis - Cos
a ¢ ¢ ¢ 27 ny N ) ¢ ¢ 2
C11 ) C66 - (C16 ) C22 ’ Cee - (Cze )
where AC is the determinant of the stiffness matrix
Ci Cp Gy
AC =det|C, C;j, Cj |
Cs Csx Ces
Changes in the modulus of elasticity and shear of the carbon tape (Tab. 1)
depending on the angle ¢° are presented in fig. 3, and Poisson’s ratios are

presented in fig. 4. Changes in modulus of elasticity and shear of carbon fabric

(Tab. 1) depending on the angle ¢° are presented in fig. 5, and Poisson’s
coefficients in fig. 6.
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Fig. 3. The modulus of elasticity Fig. 4. Poisson’s ratios of carbon
and shear of carbon tape tape depending on the

depending on the angle ¢° angle ¢°



Mexanika enemenmie KOHCMPYKUIIU

107

0.80
70000
Ex Ey .
60000 * f o Hxy Hyx
\ / 060 A N
50000 \ / 050 // \\
40000
\ / 040
30000 \ / 0.30 / \
NG NI / \
0.20
20000
/ N Gy
10000 / \ / = / \\
i i 0.00
0 0 10 20 30 40 50 60 70 90
0 10 20 30 40 50 60 70 80 920 ©°
o
Fig. 5. The modulus of Fig. 6. Poisson’s ratios of carbon
elasticityand shear of carbon fiber depending on the angle

fiber depending on the angle ¢°

Determination of elastic characteristics of carbon fiber for all angles ¢

Monolayer stiffness matrix coefficients
E, B 65000
1-u,-n,, 1-0,07-0,06785

= 65310 (MPa);

C), = _El& = 1y, - CY, =0,06785- 65310 = 4431 (MPa);

E, 63000
1-w, pn, 1-0,07-0,06785

Co = G,, =6500 (MPa)

=63301 (MPa) ;

independent coefficients are

V, =(3-C; +2-C, +3-CJ, +4-Cg; ) /8=

=(3-65310 +2- 4431+ 363301+ 4-6500) /8 = 52587 (MPa);
V, =(C}, —C3,)/ 2= (65310 - 63301) / 2 =1005 (MPa) ;
V,=(Cf-2-C,+Cj5,-4-Cg ) /8=

— (65310 — 2- 4431 + 63301 4-6500) /8 =11719 (MPa);

V, =(C%—2-C,+Cj,+4-Cg,)/8=

= (65310 - 2- 4431+ 63301+ 4-6500) /8 =18219 (MPa).

Coefficients of the stiffness matrix of a monolayer rotated at an angle
(Po - 450
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C.. =V, +V, -cos(2-45°) +V, - cos(4 - 45°) =
=52587 +1005- cos(2 - 45°) +11719- cos(4 - 45°) = 40868 (MPa) ;

Cy=V,-2-V, =V, -cos(4-45°) =

=52587 —2-18219-11719-cos(4 - 45°) = 27868 (MPa) ;
C.. =0,5-V, -sin(2-45°) +V, -sin(4- 45°) =

=0,5-1005-sin(2-45°) +11719-sin(4 - 45°) =502 (MPa) ;
C,> =V, =V, -cos(2-45°) +V, - cos(4 - 45°) =

=52587 —1005- cos(2 - 45°) +11719- cos(4 - 45°) = 40868 (MPa) ;
C,e =0,5-V, -sin(2-45°) -V, -sin(4- 45°) =

=0,5-1005-sin(2-45°) —11719-sin(4 - 45°) =502 (MPa) ;

Cee =V, =V, -cos(4-45°) =18219 11719 - cos(4 - 45°) = 29937 (MPa).

Determinant of the stiffness matrix is

cl cb cF 40868 27868 502
AC =det|C2 C! C|=det| 27868 40868 502 |=
ck ch5 co 502 502 29937

=2,67445-10" (MPa)®.
Elastic characteristics of a monolayer turned at an angle ¢° = 45°

13
e AC | 267M500° L0
C5.CH5—(C5)  40868-29937-502
13
- AC 267445-10° 1o (Mpay-

’ co.c* _(01465)2 40868 - 29937-502°
AC 2,67445-10"

ny T~ 45 45\2 2
C¥.C*—(C7)* 40868-40868-27868
_Chr-Ce-Cp-Cy 27868-29937-502-502

45 ~45 5 4086829937 —502° =0.68.
sz ’Cee _(Cze) ' N

=29930 (MPa) ;

ny

Similarly, the elastic characteristics of a monolayer rotated at other
angles @° are determined. The values of the modulus of elasticity and shear
depending on the angle ¢° in the polar coordinate system are presented in fig. 7,
and Poisson's ratio in fig. 8.

For typical reinforcement angles, the values of elastic characteristics of a
monolayer of carbon fiber in the coordinate system of a package of monolayers
are presented in Tab. 2.
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Fig. 7. The modulus of elasticity E and shear G for carbon fiber

depending on the angle ¢° in the polar coordinate system

Fig. 8. Poisson’s ratio for carbon fiber depending on the angle ¢° in the

polar coordinate system
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Table 2.

Change in the elastic characteristics of a carbon fiber monolayer
in the coordinate system of a package of monolayers

¢ EX Ey ny Hxy
(MITa) (MIla) (MIla)

0 65000 63000 6500 0,070
15 43583 42795 8082 0,375
30 26255 26088 15743 0,621
45 21864 21864 29930 0,682
60 26088 26255 15743 0,617
75 42795 43583 8082 0,368
90 63000 65000 6500 0,068

Conclusions

The paper presents the method of calculating the mechanical
characteristics of multilayer composite panels. The optimal sequence of laying
out monolayers was selected. With the help of the developed methodology, the
elastic properties of the composite material with different angles of laying layers
were determined. Calculations of the mechanical characteristics of carbon fiber
panels made of carbon tape and carbon fabric are given, and a comparison of
composites made of carbon tape and carbon fabric is made.

References

1. Klyuchnikov Yu. V., Serditov O. T., Dubnyuk V. L. Aviacijni materiali ta yih
tehnologiyi: navch. posibnik / Nacionalnij tehnichnij universitet Ukrayini
«Kiyivskij politehnichnij institut imeni Igorya Sikorskogo», Kiyiv,2022. —
114s.

2. Zhao Qun, Ding Yunliang, Jin Haibo. A Layout Optimization Method of
Composite Wing Structures Based on Carrying Efficiency Criterion // Chi-
nese Journal of Aeronautics. —-N024, 2017. —P. 425

3. Vasilevskij E. T. Sistema eksperimentalnogo obespecheniya rascheta na
prochnost  mehanicheskih  soedinenij  detalejiz  kompozitov  /
E. T. Vasilevskij, A. Z. Dvejrin, Ya. S. Karpov, S. P. Krivenda // Otkrytye
informacionnye i kompyuternye integrirovannye tehnologii. — H.: NAKU
“HAI”, 2010. — Ne 47. - S. 42 — 52.

4. ECSS-E-HB-32-20. Part 1A. Structural materials handbook — Part 1: Over-
view and material properties and applications. (2011), available at:
http://www.ecss.nl/wp-content/uploads/handbooks/ecss-e-hb/ECSS-E-HB-
32-20_Part1A.pdf.



http://www.ecss.nl/wp-content/uploads/handbooks/ecss-e-hb/ECSS-E-HB-32-20_Part1A.pdf
http://www.ecss.nl/wp-content/uploads/handbooks/ecss-e-hb/ECSS-E-HB-32-20_Part1A.pdf

111
Mexanika enemenmie KOHCMPYKUIIU

5. Proektirovanie i konstruirovanie izdelij iz kompozicionnyh materialov. Te-

6.

oriya i praktika: uchebnik /P. M. Gagauz, F. M. Gagauz, Ya.S. Karpov,
S. P. Krivenda; pod obsh. red. Ya. S. Karpova — H.: Nac. aerokosm. un-t im.
N.E.Zhukovskogo “Hark. aviac. in-t”, 2015. — 672 s.

Echavarri’a, C., Haller, P. and Salenikovich, A. (2007), Analytical study of
a pin—loaded hole in elastic orthotropic plates.Composite Structures. vol. 79.
pp. 107 — 112. http://dx.doi.org/10.1016/j.compstruct.2005.11.038.
ECSS-E-HB-32-20, Part 2A. Structural materials handbook — Part 2: Design
calculation methods and general design aspects. (2011), available
at: http://www.ecss.nl/wp-content/uploads/handbooks/ecss-e-hb/ECSS-E-
HB-32-20_Part2A.pdf.



http://dx.doi.org/10.1016/j.compstruct.2005.11.038
http://www.ecss.nl/wp-content/uploads/handbooks/ecss-e-hb/ECSS-E-HB-32-20_Part2A.pdf
http://www.ecss.nl/wp-content/uploads/handbooks/ecss-e-hb/ECSS-E-HB-32-20_Part2A.pdf

