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Different composite elements including tubular structures are used as support structures in spacecraft optical
systems. The compliance with the specified dimensional stability over a wide temperature range, in particular from
=269 up to 100 °C, is important for the design of tubular structures. The promising method of manufacturing tubular
structures of CM — radial braiding combined with RTM molding method is discussed in this paper. In addition, the pa-
per describes the method of determining the optimal reinforcement technique for a braided perform which allows to
reduce geometrical deflections occurring during a molding process. The impact of the reinforcement technique on the
dimensional stability of tubular structures is illustrated in this paper by the example of several reinforcement tech-
niques and manufacturing methods. The paper also contains the analysis of these techniques and the determination of
the optimal one to comply with the specified characteristics.
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B onmuueckux cucmemax xocmMuyeckux annapamosg 8 Kauecmee ONOPHuIX KOHCMPYKYUL NPUMEHSIOMCS PA3TUYHbLe
KOMNO3UMHbLE dJIeMEHmMbl, 6 MOM Yucie u mpyouamovle. Ilpu npoexmuposanuu mpyouamlx 1eMeHmMO8 aAKmMYya bHbIM
5671eMCsl 6ONPOC 0becnedeHuss 3a0aHHOU pa3MepoOCmaOUIbHOCIU 6 WUPOKOM OUANA30He MeMNEpamyp, a UMeHHO
om —269 oo +100 C. B pabome paccmampusaemcs nepcneKmugHbviil Cnocod u32omogneHus mpyouamsix 21emMeHmos
u3 KM — paouanvnoco niemenus ¢ covemanuu ¢ RTM memooom gpopmosanus. Ilomumo smoeo, 6 dannou pabome u3-
JIOJICEHA MeMOOUKA OnpeoeieHusi ONMUMATbHOU CXeMbl apMUpOBaHUs NIeMmeHOol npedopmbl, NO3GOIAIOWAS CHUZUMb
B03HUKAIOWUE 8 Npoyecce PopMOBaHUs 2eoMempuiecKue OMKIOHeHUs. Bausnue cxemvl apmuposanus na pasmepocma-
OUnLHOCHL MPYOYAMBIX KOHCMPYKYULL PACCMAMPUBAEMCST HA NpUMepe HECKONbKUX CXeM apMUpo8aHusi U Cnocobos
U320MOBNIEHUsL, NPOBOOUMCS AHANU3 IMUX CXeM U OnpedeieHue ONMUMATbHOU 011 0becneuerus: 3a0aHHbIX XapaKmepu-
CMUK.

Knrwouesvie crosa. pasmepocmabunbHOCmb, KOMNO3UMHbLE MAMEPUATbL, CXeMAd APMUPOSAHUsL, npedopma.
Introduction. Composite materials (CM) occupy a  strength, stiffness, low coefficient of thermal expansion.
significant part among materials used in the manufacture ~ The use of CM in spacecraft design has made it possible

of spacecraft structures. Their advantages over traditional to significantly reduce the weight characteristics
materials are the combination of such properties as high  of modern spacecraft, and it has expanded the capabilities
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of designers in the search of new solutions and design
features in the development of a spacecraft body,
assemblies and critical parts.

A distinctive feature of CM structures is that the
material and structure are manufactured simultaneously.
Therefore, the technological features of the production of
the material, which make it possible to provide the
specified parameters, are taken into account in the process
of developing a composite structure. Thus, the CM
manufacturing technology is an integral part of a
composite structure design process.

Currently, Russian and foreign specialists are working
on the creation of space observatories. Modern space
observatories are designed to undertake studies of various
types of objects in the Universe with ultra-high sensitivity
(in single-telescope mode) and record high angular
resolution (in ground-space interferometer mode) in the
millimeter and infrared wavelength ranges. The ultra-high
sensitivity of a space telescope operating in deep vacuum
and ultra-low temperatures is achieved by actively
cooling the mirror system and receiving equipment to the
temperature of 4.5 K. The record resolution of the
cryogenic space telescope is achieved by its joint work
with large ground-based telescopes in interferometer
mode in an ultra-long working orbit in the vicinity of the
L2 Lagrange point in the Sun — Earth system that is
located at the distance of 1.5 million km from the Earth.
In this case, the distance between the Earth and the space
observatory will reach 2 million km. The space
observatory includes a two-mirror cryogenic space
telescope with a main parabolic mirror with a diameter of
10 m deployable in the specified orbit, consisting of 24
deployable lobes and a stationary central mirror of 3 m in
diameter. This telescope is installed on the space platform
through a transitional truss and central power structures:
reflector supporting truss, cooling support and
unrefrigerated container. The working ranges of the
wavelengths of the cryogenic space telescope are 0.02-3
mm and 0.3—16 mm and they determine the requirements
for the cryogenic space telescope precision and the space
platform: the accuracy of the working surface (standard
deflection) of the main parabolic mirror (after its opening)
is 10 um; the accuracy of orientation and stabilization of a
space platform with a cryogenic space telescope should be
no worse than 1 "and 0.2", respectively [1].

The quality of data obtained from outer space
depends, among other things, on the accuracy of the
mutual positioning of the components of the telescope
(including the counter-reflector relative to the reflector).
The layout chart of the shape and size-stable tubular
elements (rods) in the structure of the space observatory,
providing positioning of the reflector and counter-
reflector, is shown in fig. 1.

To ensure the functioning of the telescope in case of
failure of orbital alignment mechanisms, the supporting
elements of a counter-reflector structure must ensure the
accuracy of the position of the main elements of the
optical system after launching spacecraft into orbit. The
design of a supporting tubular structure should exclude
the occurrence of deformations leading to twisting around
its longitudinal axis by more than 1' in the operating
temperature range.
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To ensure the structural rigidity at the stage of launch-
ing, it is advisable to fix screen lobes to the telescope
counter-reflector [2]. Based on the task of the supporting
tubular structure of a counter-reflector, they need to have
high strength and stiffness characteristics, such as:

— elasticity modulus in the direction along its axis
of a supporting tubular structure must be at minimum
200 GPa;

— ultimate compression strength in the direction along
the axis must be at minimum 800 MPa;

— the coefficient of linear thermal expansion along the
axis of a supporting tubular structure should be no more
than 0,8x10-6| 1/°C in the temperature range from minus
269 to plus 100 °C.

Thus, one of the main elements being investigated in
this work are tubular structures — rods made of composite
material with high requirements for rigidity, strength, and
shape stability.

The overview of the methods of manufacturing
tubular structures. The analysis of the factors influencing
dimensional stability. Currently, the main methods for the
manufacture of tubular structures made of CM are:

—contact molding with the laying of a resin-
impregnated fibrous canvas on the mold;

— winding resin-impregnated fiber onto a cylindrical
shape;

— pultrusion or molding of shaped products by pulling
a fiber through a polymer bath and a gage die hole;

—radial braiding in combination with RTM
technology [3-8].

Radial braiding is the most suitable method to
manufacture tubular products that meet specified
parameters. The product is usually obtained by braiding
the mandrel. Unlike threads during winding, during radial
braiding threads are intertwined. This ensures that the
braided part resists twisting and shearing.

The result is a seamless design with high structural
integrity. In the course of its development, the technology
of the braiding process has shown its advantages, such as
reducing production costs due to the mechanization of the
process and reducing the share of manual labor, the
possibility of using it in serial production. The braiding
process is shown in fig. 2.

Typical reinforcement of braided preforms can be
biaxial and triaxial (fig. 3, @). At triaxial braiding (fig. 3, b),
the third thread is added in the longitudinal direction,
along the braiding axis.

At biaxial braiding, the braiding angle can vary from
10 to 85 degrees. Parts with small braiding angles are
characterized by high axial strength and rigidity, while
parts with large braiding angles have high circumferential
strength.

This technology allows us to braid any type of
reinforcing material — carbon fiber, glass fiber, aramid
fiber, natural fiber, etc., as well as to combine various
types of fibers [9-12].

The RTM molding method is the process of impreg-
nating a reinforcing material with a binder substance that
is injected under excessive pressure (up to 10 bar) into a
closed rigid mold. The process allows us to achieve high
precision manufacturing of parts. This method makes it
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possible to manufacture parts with volumetric filling with
a reinforcing material 55 + 5%. The scheme of the
method is shown in fig. 4.

One of the most important indicators of the shape sta-
bility of tubular structures is the minimization of their
rotation along the axis.

In theory, a properly designed tubular structure with
an ideal reinforcing structure should not twist when ther-
mally loaded. However, in practice, it is almost impossi-
ble to obtain such an element. Twisting of tubular struc-
tures can occur both due to structural and technological
imperfections.

Constructive imperfections include deflection from
symmetry in the laying, the presence of additional ele-
ments, etc. Accordingly, the most advanced design is a
cylindrical tubular structure without fittings and flanges
with a constant wall thickness and balanced quasi-
isotropic laying. However, in this case, it will be impossi-
ble to obtain required axial physical and mechanical char-
acteristics and a low CLTE (coefficient of linear thermal
expansion). As a rule, when designing a supporting tubu-
lar structure, it is necessary to find a reasonable compro-
mise between stiffness, strength, CLTE, shape stability,
integrity, and manufacturability.

Fig. 1. Layout chart of the supporting tubular structure in the construction of space observatory

Puc. 1. Cxema pacrosnoxeHus OIOPHOro TpyOoUYaToro seMeHTa
B KOHCTPYKLUH KOCMHYECKO# oOcepBaTopun

Fig. 2. Process of radial braiding of a tubular structure

Puc. 2. Iponecc miereHus: TpyO4aToOro >IeMeHTa
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| braiding angle

Fig. 3. Type of braiding:
a — biaxial braiding; b — triaxle braiding

Puc. 3. Bunpl mieTeHus:
a — IAByXOCHOE IUICTEHUE; O — TPEXOCHOE IJICTCHHE
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Fig. 4. RTM molding method diagram

Puc. 4. Cxema merozna popmoBanus RTM

Even if the design of a tubular structure has no flaws,
certain deflections necessarily occur during its manufac-
ture. The deflections may include:

— unevenness and deflection from a given angle of re-
inforcement;

— uneven filling ratio;

— difference in properties of reinforcing fibers from
different batches;

— the influence of molding equipment during heating
and cooling.

The manufacture of a shape-stable tubular structure
requires solutions that are clearly verified at every stage.

In this work, the following main proposals of a con-
structive and technological nature are made:

— the layers of the reinforcing structure of a supporting
tubular structure must have a symmetrical — balanced
triaxial structure;
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— technological slope for mandrel extraction should be
minimal;

— the reinforcement scheme should provide the least
sensitivity of shape stability to technological deflections,
while maintaining the required physical and mechanical
characteristics;

— deflections from the nominal reinforcement angle
and the filling factor should be minimized;

—when designing supporting tubular structures, it is
necessary to take into account the probability of micro-
cracking during thermal cycling [13-15].

Developing a method for calculating the
deformations of a supporting tubular structure when
subjected to thermal loadings. The purpose of the
calculation is to determine the optimal reinforcement
scheme in which the effect of structural and technological
imperfections on the value of the angle of twisting of a
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supporting tubular structure relative to the longitudinal
axis will be minimal.

For the triaxial reinforcement scheme 0+¢°, where ¢
is the angle of symmetric oblique fibers, the following
problems were solved:

1) the angles of rotation of a supporting tubular struc-
ture relative to the longitudinal axis are determined for the
angles of oblique symmetrical fibers 5-90 ° with an error
of the braiding angles of longitudinal and oblique fibers
equal to 0.5 ° and 1.0 ° for their ratios of 7, 15 and 20 %,
and for temperature gradients —100/+20, —100/+100
and +20/-269 °C;

2) the dependences of the longitudinal modulus of
elasticity, strength and coefficient of linear thermal ex-
pansion (CLTE) on the ratio of longitudinal and oblique
symmetric fibers for the optimal reinforcement angle
were determined;

The design of a supporting tubular structure is shown
in fig. 5.

The calculation was carried out in the Femap with NX
Nastran program. The finite element mesh of the models
of the supporting tubular structure is shown in fig. 6. The
temperature loading was set in the form of a temperature
difference and fixing along one of the ends with a restric-
tion of 6 degrees of freedom (rigid restraint) was per-
formed.

To calculate a supporting tubular structure, the shell
elements PLATE and LAMINATE from the Femap with
NX Nastran finite element library were used.

PLATE is a combined flat shell element (fig. 7, a) that
bears membrane, shear and bending loads. It is used for
any structures consisting of thin plates or shells.

Setting the desired direction of material properties is
carried out by rotating the axis of orientation of the Xm
material.

LAMINATE (layered) is similar to an element of type
PLATE and consists of one or more layers (fig. 7, b). It is
used for modeling multilayer composite plates and shells.
The internal coordinate system is similar to the elements
of the PLATE type. Setting the desired direction of mate-

rial properties is carried out by rotating the axis of orien-
tation of Xm material properties.

The direction of the Z axis is taken as the zero direc-
tion of fibers (fig. 7). Counterclockwise direction is taken
as a positive angle.

The following model of a composite with a reinforc-
ing filler made by the radial braiding method was taken.
The wall of the supporting tubular structure with total
thickness h consists of n layers. One layer conventionally
represents interlaced fibers with the orientation of 0°
(along the generatrix of the cylinder) and +¢° (oblique
fibers) and has a total thickness t. Each of the n layers of
thickness t was divided into 5 more sublayers with an
average sublayer with the orientation of 0° and extreme
sublayers + ¢ ° to balance the package (fig. 8, a).

To take into account the volume ratio of longitudinal
and oblique fibers vf0 and vfe %, respectively, the thick-
nesses of sublayers were set in proportion to this ratio:
0,01-vf0-t — 0° sublayer; 0,01-vf0-t — sublayers +¢ °.

The scheme for determining the angles ¢ of symmetric
oblique fibers and the deflection error A is shown
in fig. 8, b.

The characteristics of carbon fiber-reinforced plastics
with M46] fibers and the characteristics of carbon fiber-
reinforced plastics with T300 fibers are presented in table.

Calculation of the axial twist of a supporting
tubular structure depending on the reinforcement
error. Let us determine the angles of rotation of a
supporting tubular structure relative to the longitudinal
axis for different angles of reinforcement with the axial
fibers M46J and oblique fibers T300, depending on the
error of braiding angles, the ratio of longitudinal and
oblique fibers, and the temperature gradient.

The wall thickness of the supporting tubular structure
is & = 3.5 mm. The number of layers n = 14.

To take into account the ratio of longitudinal and
oblique fibers equal to 93 and 7 %, respectively, the
thicknesses of the sublayers were set in proportion to this
ratio: 0.2325 mm — 0° sublayer; 4x0.004375 mm -
sublayers +o °.

Fig. 5. Construction of a supporting tubular structure

Puc. 5. KonCcTpyKnns onmopHOro Tpy04aToro »JIeMeHTa
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Fig. 6. Finite-element model mesh of a supporting tubular structure without flange

Puc. 6. KoneyHo-351eMEHTHAs CETKa MOJICTU OIIOpHOTO pr6anoro aeMenTa 6e3 QmaHua
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Fig. 7. Shell element:
a — PLATE type; b — LAMINATE type

Puc. 7. O00104YCUHBII DIIEMEHT:
a — tuna PLATE; 6 — Tuma LAMINATE
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b

Fig. 8. Single layer scheme, scheme for determining the angles of oblique fibers and errors:

a — one layer; b — location of oblique fibers

Puc. 8. Cxema 0fgHOTO €JI0S, CX€Ma ONPEIENCHHUSI YITIOB KOCBIX BOJIOKOH M IOTPEITHOCTEH:
@ — OJIUH CIIOH, 6 — PacIONIOKEHHE KOCBIX BOJIOKOH

Characteristics of carbon fiber-reinforced plastics used for calculation

Modulus of elasticity Parameter Carbon fiber M46] Carbon fiber T300

Modulus of tension (0°) E,, Pa 2.45E+11 1.25E+11
Modulus of tension (90°) E,, Pa 6.9E+9 7.8E+9
Modulus of shear Gy, Pa 3 9E+9 4.4E+9
Poison's ratio [T 0.87 0.79
Longitudinal strength (0°) 6'p1, Pa 2.16E+9 1.76E+9
Longitudinal strength (90°) o', Pa 45000000 80000000
Compression strength (0°) G g, Pa 980000000 1.57E+9
Compression strength (90°) G py, Pa 0 (no information available) 0 (no information available)
In-plane shear strength 812, Pa 59000000 98000000
Interlaminar shear strength 113, Pa 83000000 108000000
Monolayer thickness 5, m 0.00025 —
CLTE of fiber (longitudinal direction) al, 1/C° —4,E-7 9,E-7

CLTE of matrices (orthogonal direction) a2, 1/C° 3.75E-5 3.75E-5

For the ratio of longitudinal and oblique fibers
equal to 85 and 15 %, respectively, the thickness of the
sublayers: 0.2125 mm — 0° sublayer; 4x0.0375 mm —
sublayers +°.

For the ratio of longitudinal and oblique fibers
equal to 80 and 20 %, respectively, the thickness
of the sublayers: 0.2 mm — 0° sublayer; 4x0.05 mm —
sublayers £¢°.

The total number of layers was 14x5 = 70 in all cases.

The possibility of deflection of longitudinal and
oblique fibers in one direction or in opposite directions
was taken into account.

The calculation results are shown in fig. 9-12.

Determination of the optimal reinforcement
scheme. Based on the analysis of the graphs in fig. 9—12,
the following conclusions can be drawn:

—the swirl angle of the supporting tubular structure
increases when increasing the deflection error of longitu-
dinal and oblique symmetrical fibers;
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—when the longitudinal and oblique fibers are de-
flected in one direction at the reinforcement angles +¢° up
to 40°, the swirl angle of the supporting tubular structure
increases when increasing the proportion of oblique fi-
bers;

—when the longitudinal and oblique fibers are de-
flected in one direction at the reinforcement angles +¢°
more than 40°, the swirl angle of the rod decreases when
increasing the proportion of oblique fibers;

—when the longitudinal and oblique fibers are de-
flected in opposite directions at the reinforcement angles
+¢° up to 70°, the swirl angle of the supporting tubular
structure increases when decreasing the proportion of
oblique fibers;

—when the longitudinal and oblique fibers are de-
flected in opposite directions at reinforcement angles +¢°
more than 70°, the swirl angle of the supporting tubular
element decreases when decreasing the proportion of
oblique fibers;
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—with a certain proportion of oblique symmetric fi-
bers, there are two values of the reinforcement angles at
which the swirl angle of the supporting tubular structure
will be zero for the case of deflection of longitudinal and
oblique fibers in opposite directions;

— at the reinforcement angles +¢° = 60°, it is optimal
if two types of error appear — when longitudinal and
oblique fibers deflect in one direction or in the opposite
direction.

Determination of the reinforcement scheme that
meets the requirements for the physical and
mechanical characteristics of the material of the
supporting tubular structure. Using the Femap with
NX Nastran program, the dependence of the axial
modulus Ez of elasticity and axial CLTE az on the
volume fraction of oblique symmetric fibers (fig. 13, 14)
was determined for the following design:

— wall thickness of the supporting tubular element h =
3.5 mm;

— number of layers n = 14;

—laying 0+60 ° with axial fibers M46J and oblique
T300, respectively, with the composite volumetric filling
of 60%.

Using the Femap with NX Nastran program, the de-
pendence of the axial modulus Ez of elasticity and axial
CLTE oz on the volume fraction of oblique symmetric
fibers (fig. 15, 16) was determined for the following de-
sign:

—wall thickness of the supporting tubular structure
h=3.5mm;

— number of layers n = 14;

—laying 0 = 4 ° with M46J fibers with a composite
volumetric filling of 60 %.

The following conclusions can be drawn from the
analysis of the graphs:

—laying 0 + 60° with M46J and T300 fibers allows
obtaining the required axial CLTE oz with the fraction of
oblique fibers up to 48 %, but the required axial modulus
of elasticity Ez with the fraction of oblique fibers may
only be up to 20 %;

—laying 0 + 14 ° with M46]J fiber allows to obtain the
required axial CLTE oz with the proportion of oblique
fibers up to 23 % (taking into account technological limi-
tations, the amount of oblique fibers is 50.75 %), the re-
quired axial modulus of elasticity Ez with the proportion
of oblique fibers is up to 75 %;

—laying 0 + 60° with M46J and T300 fibers is less
sensitive to the influence of structural and technological
imperfections on the value of the swirl angle of the
supporting tubular structure relative to the longitudinal
axis;

—laying 0 + 60° with M46J and T300 fibers meets the
requirements for axial modulus of elasticity and CLTE
with oblique fibers up to 20 % and has approximately
2 times less torsion around the longitudinal axis compared
to the laying 0 + 14°.

Corner swirl by deflection longitudinal and o

70

60

50

a0

swirl angle, second

20

Temperature gradient +20/-269 °C

blique fibers in one direction of 0,5 and 1 degrees.

—oT %, rror 0.5 degrees
- 15%, error 0,5degrees
. 20%, error 0,5 degrees
7%, error 1 degrees
15%, error 1 degrees

20%, error 1 degrees

Angle of symmetric oblique fibers, degrees

4.5 9,5 145 19,5 245 295 345 395 445 495 54,5 59,5

Fig. 9. Swirl angle at deflection of longitudinal and oblique fibers in one direction by 0.5 and 1.0 degrees.
Temperature range +20/-269 °C

Puc. 9. Yroxa 3akpyTKu pu OTKIOHEHUH POIOJIBHBIX M KOCHIX BOJIOKOH B OZHOM HarpaieHuu Ha 0,5° u Ha 1,0°.
Juanazon remneparyp +20/-269 °C

542



ABM[H/}MOHHaﬂ U paKkemHo-KoCmMu4ecKkas mexnuka

swirl angle, second
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Diagram of the dependence of the swirl angle and deflection of by longitudinal
and oblique fibers in opposite directions by 0,5 degree.
Temperature gradient +20/-269 °C
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45 95 145 lgis\ 295 345 39 445 495 545 595 645 695 745 795

Angle of symmetric oblique fibers, degrees

7% error 0,5 degree
—m— 15% error 0,5 degree
—a— 20% error 0,5 degree

Fig. 10. Swirl angle at deflection of longitudinal and oblique fibers in opposite directions by 0,5 degree.

Temperature range +20/-269 °C

Puc. 10. Yron 3akpyTKy IpH OTKJIOHEHUH MIPOAOJIBHBIX U KOCBIX BOJIOKOH B IIPOTHBOIOJIOXKHBIX HampasieHUsAX Ha 0,5°.

[Muanazon temmneparyp +20/-269 °C

swirl angle, second
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60

Diagram of the dependence of the swirl angle and deflection of by longitudinal
and oblique fibers in opposite directions by 1 degree.
Temperature gradient +20/-269 °C
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Angle of symmetric oblique fibers, degrees

—+7%, error 1 degrees
—=-15%, error 1 degrees
~4-20%, error 1 degrees

Fig. 11. Swirl angle at deflection of longitudinal and oblique fibers in opposite directions by 1 degree.

Temperature range +20/-269 °C

Puc. 11. Yron 3akpyTKu npu OTKJIOHEHUH MPOJOJILHBIX U KOCBHIX BOJIOKOH B ITPOTHBOIIOJIOKHBIX HarpasieHusx Ha 1,0°.

[Muanazon temmneparyp +20/-269 °C
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Fig. 12. Swirl angle at deflection of longitudinal and oblique fibers in different directions by 1 degree.

Temperature range +20/-269 °C

Puc. 12. Yron 3akpyTKH IIpU OTKJIOHEHUHU NPOJOJIBHBIX U KOCBIX BOJIOKOH B Pa3IMYHbIX HallpaBieHusX Ha 1,0°.

[uanazon temmneparyp +20/-269 °C

Axial modulus of elasticity Ez, Pa
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2,00E+11

E.=200T1TIa
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Volume fraction of oblique symmetric fibers, %
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Fig. 13. Diagram of the dependence of the axial modulus of elasticity £z on volume fraction of

oblique symmetric fibers for braiding scheme 0 + 60° with M46J, T300 fiber types

Puc. 13. 3aBucuMOCTb 0C€BOr0 MOy £z yIIPyrocTH OT 00bEMHOM O KOCBIX CHMMETPUYHBIX

BOJIOKOH [u1s yYKiaaku 0 + 60° ¢ BonmokHamu M46J u T300
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Puc. 14. 3aBucumocts oceBoro KJITP 0z oT 06beMHO# 101M KOCBIX CHMMETPUYHBIX BOJIOKOH
s yknanku 0 £ 60° ¢ Bomoxaamu M46J u T300
3,00E+11
2,50E+11
2,00E+11 - \
E,=200TTIa
& 150411
9
w
2
8
S
w
5 1,00E+11
@
-
(=]
w
3
=
b=
=]
E  5,00E+10
s
0,00E+00
0 5 10 15 20 25 30 35 40 45 S0 55 60 &5 70 75 80 8 90 95 100

Fig. 15. Diagram of the dependence of the axial modulus of elasticity Ez on volume fraction
of oblique symmetric fibers for braiding scheme 0 + 14° with M46J fiber type

Puc. 15. 3aBucumocTts oceBoro Moxyst yunpyroctu Ez or 00beMHOM 101U KOCBIX CUMMETPUYHBIX
BOJIOKOH Ju1s1 ykianku 0 + 14° ¢ Bonmokaom M46]
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Fig. 16. Diagram of the dependence of the axial CLTE oz on volume fraction of oblique
symmetric fibers for braiding scheme 0 + 14° with M46]J fiber type

Puc. 16. 3aBucumocts oceBoro KJITP 0z oT 00beMHOM 1011 KOCBIX CHMMETPUYHBIX BOJIOKOH
qutst ykiaaku 0 = 14° ¢ BosiokHOM M46]

Conclusion. On the basis of the considered methods
of manufacturing supporting tubular structures, in order to
ensure the requirements of shape stability, it is advisable
to use the method of radial braiding in combination with
the RTM technology of molding a product. The analysis
of the considered preform reinforcement schemes shows
that to ensure the specified parameters, the optimal one is
braiding with the fiber laying of 0 = 60° with the volume
fraction of oblique fibers up to 20 %.
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