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Abstract: Carbon-carbon composite materials (CCCM) are characterized by high heat resistance and
thermostability for which they, in most of their physical and mechanical characteristics, can be
attributed to the most promising materials. Approximately 81% of all carbon-carbon composite
materials are used for the manufacture of brake rotors for aircraft, 18% — in space rocket technology,
and only 1% — for all other areas of application. This study discusses calculations of the strength,
rigidity, and stability of a frame made of carbon-carbon composite materials. It is known that the
strength of CCCM based on high-strength carbon fibers is higher than the strength of a composite
material based on high-modulus carbon fibers obtained at various processing temperatures. The stress-
strain behaviour (SSB) of the material is carried out. Among the special properties of CCCM are low
porosity, low coefficient of thermal expansion, maintaining a stable structure and properties, as well as
product dimensions.

Key Words: carbon-carbon composite materials, stress-strain state, finite element model, physical and
mechanical parameters, composite materials.

1. INTRODUCTION

One of the most important problems of creating modern aircraft structures is to reduce their
weight while maintaining strength and rigidity. The development of radiation-resistant, heat-
resistant, lightweight materials from CCCM allows increasing the efficiency of the use of
structural elements of the frame type [1], [2], which are used in the design of modern aircraft.
In terms of the strength, rigidity and heat resistance of materials, special attention of designers
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is drawn to carbon-carbon composite materials [3], [4]. Such materials have the highest
specific strength and rigidity up to temperatures of 2800°C [5], high heat resistance, impact
resistance, corrosion resistance, resistance to radiation exposure and low-temperature
coefficients of linear expansion [6], [7]. The use of CCCMs in the hot-end components of
modern aviation equipment reduces the weight of the structure [8], [9]. To create promising
support frames, trusses, it is necessary to make strength calculations and confirm them
experimentally. The mechanical strength of solids is determined by the strength of the
interatomic bond [10], [11]. Of the natural bodies, diamond has the highest hardness, in which
there are carbon-carbon interatomic bonds. Carbon-carbon bonds are also present in
graphite [12]; it has a layered structure [13]. There are strong carbon-carbon bonds inside the
layers. These bonds are used to create high strength materials. One of the important problems
of creating designs of aviation, aircraft and rocket engines is the development of new materials
used for the manufacture of the most loaded parts operating under high temperatures [14].

Various methods of studying materials with complex properties are described in
researches of Y. Duan et al. [15], A. V. Babaytsev and L. N. Rabinskiy [16], L. N. Rabinskiy
and O. V. Tushavina [17], N. A. Bulychev et al. [18], V. A. Zagovorchev and O. V. Tushavina
[19], [20], M. Sha et al. [21], P. F. Pronina et al. [22], E. L. Kuznetsova et al. [23]. This study
provides calculations for strength, stiffness, and deformation.

2. METHODS

The cowling is a mesh cylindrical shell formed by a system of spiral, annular and longitudinal
ribs made by winding from a carbon fibre impregnated with a binder mesh shell, four access
windows of a trapezoidal shape are provided. At the ends of the scowling, there are docking
frames [24], [25]. The structure of the side frames is formed by alternating layers of carbon
fibre composite based on a unidirectional carbon tape impregnated with a binder, and tapes of
unidirectional material forming a system of grid shells. The height of the side frames — 65 mm,
the thickness — 25 mm. The general view of the prototype frame is shown in Figure 1.
1

Fig. 1 — General view of the prototype frame

The prototype frame consists of cowling — 1, crossbars — 2, base — 3, and fasteners — 4.
The frame structure includes 2 molded crossbars.
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The thickness of the crossbar — 7 mm. The crossbar is attached to the grid shell by an
adhesive joint.

The crossbar is fixed to the cowling by a bolted connection 4, to the base of the frame —
by a rivet connection. Base 3 is made by molding from epoxy prepreg [26], [27].

The thickness of the base — 4 mm. Four holes with a diameter of 180 mm are cut in the
base of the frame.

A collar with a height of 46 mm and a thickness of 4 mm is formed along the inner radius

of the base. The attachment of base 3 to the cowling is carried out by means of a glue-
mechanical connection.

3. RESULTS

The prototype frame is subject to the axial compressive forces T.r = 10000 kgf, evenly
distributed over the sites, in accordance with the load distribution shown in Figure 2.
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Fig. 2 — Load distribution

INCAS BULLETIN, Volume 13, Special Issue/ 2021



Sergei 1. IVANNIKOV, Yana A. VAHTEROVA, Yuri A. UTKIN, Ying SUN

80

Stress-strain behaviour of the materials used in the design of the prototype frame. The
stress-strain behaviour of the frame construction materials is given in Tables 1-3.

Table 1 — Stress-strain behaviour of carbon-fibre composite

;eor. Parameter description Value

1 Tensile strength in the direction of reinforcement o1, MPa (kgf/mm?) 1205 (123)

2 Moduluszof elasticity in the direction of reinforcement £, hPa 141.8 (14450)
(kgf/mm*)

3 Modulus of elasticity in the transversal direction E>, hPa (kgf/mm?) 5.97 (609)

4 Compreszswe strength in the direction of reinforcement o1, MPa 533 (54.3)
(kgf/mm*)

5 Shear modulus in the reinforcement plane G, HPa (kgf/mm?) 4.89 (498)

6 Poisson's ratio ti> 0.29
Table 2 — Stress-strain behaviour of carbon-fibre composite based on unidirectional carbon tape impregnated with
a binder

Iieor' Parameter description Value
1 Tensile strength in the direction of reinforcement o1, MPa (kgf/mm?) 1032 (105.2)
2 Moduluszof elasticity in the direction of reinforcement £, hPa 120 (12250)
(kgf/mm*)
3 Modulus of elasticity in the transversal direction E>, hPa (kgf/mm?) 9.86 (1005)
4 Compreszswe strength in the direction of reinforcement o1, MPa 461 (47.0)
(kgf/mm*)
5 Shear modulus in the reinforcement plane G, HPa (kgf/mm?) 3.92 (400)
6 Poisson's ratio 11, 0.145
Table 3 — Stress-strain behaviour of carbon-fibre composite based on epoxy prepreg
Ser Value
No. Parameter description part “Base” | . part .
Crossbar
1 | Breaking tensile stress along the base o1, MPa (kgf/mm?) 561 (57.2) 540 (55.0)
2 | Breaking tensile stress along the weft o>, MPa (kgf/mm?) 458 (46.7) 319 (32.5)
3 | Modulus of elasticity along the base E1, HPa (kgf/mm?) 54.9 (5596) | 64.1 (6534)
4 | Modulus of elasticity along the weft E,, HPa (kgf/mm?) 50.7 (5168) | 65.2 (6646)
5 | Breaking tensile stress during compression along the base o1,
MPa (kgf/mm?) 567(57.7) | 622(63.4)
6 | Breaking tensile stress during compression along the weft o,
MPa (kef/mm?) 500 (51.0) | 500(51.0)
7 | Shear modulus in the reinforcement plane G, HPa (kgf/mm?) 10.7 (1091) | 4.36 (444)
8 | Poisson's ratio when stretched along the baseu» 0.23 0.15
9 | Poisson's ratio at tension along the weft 1o: 0.12 0.12
10 | Breaking tensile stress in shear in the reinforcement plane s,
MPa (kgf/mm?) 336 (34.3) | 218(22.2)

Calculation of the stress-strain behaviour (SSB) of a prototype frame by the finite element
method. The general view of the finite element model (FEM) is shown in Figure 3.
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<,

The FEM includes:

— beam end elements that model a system of spiral, annular, and longitudinal ribs of a mesh
structure, cowling frames, and the base collar.

— three-node end elements that model the side shelves of crossbars;

— four-node end elements modelling the mold base, vertical and horizontal parts of
crossbars.
The nature of the loading of the FEM is shown in Figure 4.

Fig. 3 — General view of the FEM

Fig. 4 — Loading scheme of the FEM of prototype frame (T, = 40000 kgf)

The maximum shear stresses in the reinforcement plane of crossbars and base are shown
in Table 4.
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Table 4 — Maximum shear stresses in the reinforcement plane

. Safety margin for
. Maximum
Construction element ) shear stresses
shear stress zon, kgf/mm .
Crossbar (side walls) 4.85 4.6
Crossbar (horizontal section) 0.01 >10
Crossbar (back) 2.06 >10
Base 10.9 3.2

The nature of the distribution of normal stresses in beam elements simulating ribs and side
frames is illustrated in Figure 5.
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Fig. 5 — The nature of the distribution of normal stresses (kgf/mm?) in the ribs and side frames of the prototype
frame

To resist internal stresses generated by the combined effect of temperature gradient and
disruption toads, a carbon-carbon composite limiter must, in general, also possess adequate
compressive, flexural, and shear strengths. The latter two of these properties can be met with
reasonable confidence.

However, carbon-carbon composites do not generally behave well under compressive
stress [28], [29].

This problem is compounded with the trend for lower fiber strength to be coupled with
higher modulus and degree of crystallinity [30], [31].

These high-modulus fibers are precisely the ones that are desirable if the coefficient of
thermal expansion is to be reduced in the x-y plane.

Furthermore, it should be remembered that electrical resistivity will decrease with
increased fiber crystallinity.

The nature of the stress distribution in the three- and four-node elements that model
crossbars and base is illustrated in Figure 6.

Here, the stresses in the direction of the base of the material are shown for the base, back,
and side walls of the crossbar.
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Fig. 6 — The nature of the stress distribution (kgf/mm?) in crossbars and base

Figure 7 shows the deformed state of the prototype frame from a given load. The blue
colour shows the FEM in its original state, and the black colour shows the deformed model.
The maximum axial movement of the frame w = 2.47 mm.

Knowing the axial movement of the prototype frame from a given load, the rigidity of the
structure can be determined by the equation:

T
K=_— (1)
w
K = 0000 . 1043 kef ©)
=247 -3 kgf/mm
\[/R
ST o e
FIESSHEIREE

Fig. 7 — Deformed state of the prototype frame
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As a result of calculating the stability of the prototype frame from the action of the axial
load T,y = 40000 kgf, a critical load value equal to T¢,, = 192000 kgf was obtained.
The stability margin is determined by the equation
T, 192000
=7, 20000 '8 )

Nst

The buckling mode is illustrated in Figure 8. The blue colour in the figure shows the FEM
in its initial state, and the black colour shows it after the loss of stability.

THYA A T
£

Fig. 8 — The buckling mode

The rigidity of the cowling of the prototype frame from the axial compressive force T.r =
40000tf, acting on the structure evenly, calculated by the equation

o _ TL _ 40000500

= = = . 8
o 023 0,87 - 10%kgf (4)

where L = 500 mm — length of the cowling; w; = 0,23 mm — maximum displacement of the
cowling in the axial direction.

4. CONCLUSIONS

The calculation performed in the paper confirmed the operability of the prototype frame design
at the specified operating loads. The necessity of using beam finite elements simulating a
system of spiral, annular, and longitudinal edges of a mesh structure is also confirmed by this
study. It is important to note that for the side shelves of the crossbar, it is convenient to use
three-node end elements, and for the mold base of the vertical and horizontal part of the
traverse, four-node end elements. For the deformed state, displacement plots are calculated,
showing an adequate coincidence of theoretical evaluation and approximate solutions. The
forms of the stability loss correspond to the deformation pattern.
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