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Abstract

The objective of this article is to present a composite material as a reusable element applied to the aerospace sector. The material is
proposed to be part of a two-stage rocket, which will be subjected to both a thermal load due to liftoff and an axial load. For this, the
material was simulated through a stress test following the ASTM standard and thermal expansion was studied through three theories.
The answer was analyzed using two software: firstly, we used MATLAB® to analytically model the stress test and we focused on de-
termining which would be the best proportion based on the rule of mixtures; likewise, we studied the effect of thermal expansion
and proposed a cycle (takeoff-landing), in which material wear was considered as residual stress. The result of this first analysis was to
obtain the best ratio (fiber-matrix) to subsequently model it in ANSYS®. In this software, the material was modeled defining itself as a
laminated composite; we studied the difference between the number of sheets. Similarly, we analyze the material from an axial load
test and adding the thermal load. As a result, it was found that the theoretical material could achieve maximum performance using
four fiber sheets. Analytically calculated strains were analyzed through the mixture rule in MATLAB® and compared with those cal-
culated numerically in ANSYS®. From this comparison, an accuracy of 99 % was obtained using a polymeric composite laminated
with four fiber sheets.

Keywords: Composite material, reusable, modeled, theoretical, strain.

Resumen

El objetivo de este articulo es presentar un material compuesto como elemento reutilizable aplicado al sector aeroespacial. Se pro-
pone que el material sea parte de un cohete de dos etapas, mismo que estara sometido tanto a una carga térmica debido al despegue
como a una carga axial. Para ello, el material se simulé a través de una prueba de tension siguiendo la norma ASTM y se estudié la
dilatacion térmica a través de tres teorfas. La respuesta fue analizada utilizando dos softwares: Primero se usé MATLAB® para mode-
lar analiticamente la prueba de tensién y se determiné cudl serfa la mejor proporcién basdndose en la regla de las mezclas, asi mismo,
se estudio el efecto de la dilatacién térmica y se propuso un ciclo (despegue-aterrizaje) en el que se contempl6 un desgaste del
material como esfuerzo residual. El resultado de este primer andlisis fue la obtencién de la mejor proporcién (fibra-matriz) para pos-
teriormente modelarlo en ANSYS®. En este software se modeld el material definiéndose como un compuesto laminado, asimismo se
estudio la diferencia entre el nimero de ldminas. De igual forma, se analiz6 el material a partir de una prueba de carga axial y se
sumo la carga térmica. Como resultado, se observé que el material teérico podria alcanzar un rendimiento méximo utilizando cuatro
l&minas de fibra. Se analizaron las deformaciones calculadas analiticamente a través de la regla de las mezclas en MATLAB® y se
compararon con las calculadas numéricamente en ANSYS®. De dicha comparativa se obtuvo una precision de 99 %, utilizando un
compuesto polimérico laminado con cuatro laminas de fibra.

Descriptores: Material compuesto, reusable, modelado, teérico, deformacién.
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INTRODUCTION

Composite materials are very important for aeronautic,
automotive, and energy industries today, due to their
capability to modify their mechanical, chemical, and
electrical properties in a personalized way to reach a
specific application (Askeland et al., 2011). However,
metals are the main used materials, they occupy more
than 80 percent of the structural mass of an aircraft
(Mouritz, 2012); aluminum is used due to its low
weight, accessibility, effortless manufacturing, ductili-
ty, and fracture toughness, they are mainly used in the
aircraft skin, lower brim and control panels (Campbell,
2006). Titanium helps in motor parts, holding structu-
res, and landing gears as it has high strength, fatigue,
fracture, and corrosion resistance (Bhattacharjee et al.,
2017). Talking about steel, it is limited to a total of 5-8 %
of the structural weight, it is used only for critical struc-
tural components, and this to ensure the structural inte-
grity as it has high strength resistance, high elastic
module, and it can withstand fatigue, fracture and high
temperatures (Bhat, 2018).

Currently, polymer composite materials are used in
aerospace, and continuous fiber and sandwich-type
composites are used the most (Jayakrishna et al., 2018).
These materials are valuable by their low density ins-
tead of metals while maintaining high resistance and
stiffness, fatigue resistance, corrosion resistance, and
tolerability. On aircraft are popularly used in part of
wings, fuselage, empennage, and control surfaces, whi-
le in launch vehicles have been used as propellant tanks
framework (Henson, 2018).

Some studies around mechanical and thermal acti-
vity in composites were found, in which by increasing
the fiber length over the thermal conductivity, it was
observed that while longer the fiber, it provides ther-
mal stability and increases the lifetime (Rezaei et al.,
2008). Additionally, other research estimated the ther-
mal conductivity of composites that contain heteroge-
neities (Yu et al., 2013). Studies around simulation were
found, in which a thermo-mechanic model for delami-
nation evaluation was done by applying thermal stres-
ses (Goyal et al, 2015); a simulation about the
reinforcement at a microstructural order, and the volu-
metric fraction to evaluate the thermal coefficient of
conductivity dependence (Godar et al., 2016).

Recent advances declared the use of hybrid compo-
sites reinforced with glass, carbon and basalt fabric,
where commonly methods were used; in this review,
authors joined the study with unidirectional, multidi-
rectional, and biaxial reinforcements (Matykiewicz,
2020). A research about filler-based composites de-
monstrated that hemp natural filler shows good crysta-

llinity characteristics; the mix between the hemp and
silver nanoparticles exposed the maximum tensile test
at 32.03 MPa and a 1.00 W/mK thermal conductivity
(Siva-Kumar et al., 2021). Keeping the same topic,
authors developed a study using micro-bamboo filler
plus graphene nanoplatelets, this composite reached a
maximum ultimate tensile strength of 41.43 MPa at a
crosshead speed of 3 mm/min (Gouda et al., 2020).
Another one in the same direction, set the mix between
mortar and date palm fiber, authors varied the date
palm fiber weight from 0 % to 30 % on size length of
7 mm, they submitted the composites to a three-point
mechanical test and proved that using 6 % of fiber con-
centration, the material will reach the maximum flexu-
ral strength (Benaniba et al., 2020).

Late progresses in modeling composites evidenced
that while increasing the temperature by AT =40 K, the
elastic modulus decreases for short fiber reinforcements
in polymer composites, authors demonstrated this be-
havior by simulation and experimentally (Hao-Zeng et
al.,, 2020). Other researchers developed the failure
analysis of composites, authors used AS4 fibers and
3501 epoxy for their study, the temperature considered
is about
30 °C; to achieve this investigation, they submitted the
material to different strengths and evidenced that it
will fail at 1067.95 MPa for a laminate orientation of
[0° /£ 30° /90°] (Junjie et al., 2020). Also, finite element
analysis was used to determine the thermo-mechanical
properties of composites made of ZrO,, SiC and porous
matrix, authors found more than 70 % of accuracy in
thermal conductivity (Kamran & Sridhar, 2020).

The present work has studied the mechanical strain
and thermal expansion behavior of a polymeric compo-
site material, which is intended to be used in an aeros-
pace fuselage for a reusable launch vehicle, considering
aresidual stress factor for each cycle. A tension test was
selected to evaluate the material, this mechanical pro-
cess has been modeled through MATLAB® software,
followed by studying the effect of temperature and con-
sidering a residual stress analysis which was assumed
will alter the mechanical properties of the material bet-
ween subsequent tension test cycles. It is proposed the
fabrication of this theoretical material through mode-
ling different number of layers, as a laminated compo-
site, this process was analyzed and carried out by Finite
Element Method software with ANSYS®; finally, theo-
retical and numerical results were compared.

COMPOSITE MATERIAL

Composite materials (CM) are the result of mixing two
or more materials or phases, which combine their pro-
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perties. The general classification of the CM is defined
by the matrix type: metallic, ceramic or polymeric
(Chung, 2010). Composites with the metallic matrix are
usually reinforced with ceramic fibers, thus the matrix
provides high-temperature resistance. Ceramic ones
are typically reinforced with metallic fibers to raise the
resistance. Finally, polymeric-type composites are the
most common, they can be made for a specific purpose,
and some of the applications are in the automotive and
aerospace industry (Daniel & Ishai, 2006).

Here it's modeled as a polymeric type CM which is
formed by carbon-fiber 3K (JSA, 1986), acting as the fi-
ber-reinforcement and epoxy resin S2040 (Epolyglas,
2019) as the matrix. These materials are proposed as the
fibers have high elastic modulus and the matrix provi-
de temperature resistance. Mechanical properties were
studied through the rule of mixture, which establishes:

E=V,E+V,E,
VC = Vm Vm + Vf‘/f

Were E and v are the elastic modulus and the Poisson
ratio; it is seen ¢, f and m in both, they are related to the
composite’s fiber’s and matrix’s respectively; V;and V,,
correspond to the volume expressed in percentage for
the fiber and matrix (Askeland et al., 2011).

This material is also submitted to a thermal gra-
dient, it was followed by three different theories: begin-
ning with the mixture’s theory, the dilatation coefficient
can be calculated by:

a=a,V, +aV,

Where a. is the thermal coefficient of the composite ma-
terial, a. and «,, are related to the fiber and matrix ther-
mal coefficient respectively. The second theory followed
was according to Kerner which establishes that:

m-m fom

a=aV +afo+(af—am)V 1%

Ef B Em

3E E
EV, +EV, +—" !
o 4G

m

Where G, is the matrix shear modulus (Lopez, 2016).

m

The last theory studied is Turner’s who wrote:

aV E +a,V.E
o =—momom TP

‘ EV,+EV,

mom

These theories were used to calculate the deformation
caused by dilatation in the composite material; additio-
nally, the results were analyzed and compared to un-
derstand the stress-strain relation of it under mechanical
tests.

METHODOLOGY

It was submitted the composite material to a standardi-
zed tension test following ASTM D3039 (International,
A., 2017), this test was analytically done, and it was ob-
tained the maximum capacity load to withstand below
the elastic limit, the maximum strain and stress. To fo-
cus on a reusable material, it was established that the
process of charge-discharge should be done more than
one time, consequently, residual stress is assumed to
affect the stiffness of the material:

0,=0,-Eg,

Where ¢, is related to the discharge strain and o, is the
yield stress; the strain depends on the height of the
sample, the maximum load, the load and the elongation
at the yield point (Beer ef al., 2017). A residual coeffi-
cient is calculated from the relation between o, and o,
as:

y

This coefficient is assumed to directly impact on the
Young’s modulus and the Poisson ratio from the se-
cond to the n" launch (L) as:

MODELING

The theoretical material was studied analytically by
means of MATLAB®, in which it was modeled with di-
fferent percentages of fiber to understand and select the
most suitable for the purpose: 20, 40, 60, and 80 percen-
tage of fiber were tested. All models were assumed to
be in a configuration of 0°, considering that all fibers
would be parallel to the applied force. In Figure 1, the
mechanical behavior of each percentage is presented.
Figure 1 exposed that the best relation to use is bet-
ween 40 and 80 of the fiber’s volume, however, for the
next analysis, 60 % was selected and used. The option
of 80 % was completely discarded, despite having ideal
mechanical behavior, it is well known that manufactu-
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ring a polymeric composite material with this relation,
it is unreliable due to the poor adhesive resistance bet-
ween matrix and reinforcement, as it is a small quantity
of the matrix percentage (Askeland et al., 2011).

«108 Stress-strain
—20 % Vs
—40 % V;
—~3 0% V;
S 80%V;
]
o 2
8
b
0
0 0.5 1 1.5 2
Strain %1073

Figure 1. Modeling the composite material through different
fiber percentages

From the first result, it was obtained the maximum load
and the behavior over a reusable purpose, each time it
began again, a factor of 0.85 was considered; it was cal-
culated following the residual stress equation, where a
value of 2 as a safety factor was considered. A similar
process was done to study the material through axial
loading and thermal activity, obtaining the maximum
load, residual stress, and a number of possible cycles to
be applied for a reusable purpose.

ANSYS® was used to understand a manufactured-
like material, it was proposed to use 2, 4, and a maxi-
mum of 6 layers of carbon-fiber 3K; it was followed that
this material had a specific thickness, hence, it could be

«10p  Stress-strain Residual Effect (V} = 60%)

Stress o (Pa)

0 1 2 3 4 5 0 05 1

Strain ¢ Strain e

o — ¢ Residual (V; = 60% Tu)

15

manufactured in a proportion of 40-60 following the
standards of ASTM. Each material was carried to a con-
tinuous axial load and numerically solved through AN-
SYS Structural®.

REsuLts

This section presents the theoretical material modeled
through MATLAB® and ANSYS®. Previously it was de-
fined that 60 % of volumetric fiber fraction was the most
suitable to study and even to manufacture, conse-
quently, all the obtained results are in function of this
value.

Beginning with a pure mechanical study, Figure 2
showed how the material behaves through a number of
finite cycles. It was observed that the material could
withstand about four cycles of the charge-discharge
process, more than that, the material’s properties could
be committed.

The next result was obtained by applying the three
thermal theories previously mentioned, the material
was submitted again to a continuous axial load but as-
suming 130 °C thermal difference activity (Ecker et al.,
2019; 2018), the product is presented in Figure 3.

Figure 3 displayed that the material can withstand
the same four cycles of the charge-discharge process,
but in the fourth, the material had a greater value of
strain compared with pure axial load, this might be a
problem in a possible application. All of them showed

Figure 2. Mechanical response of composite material under a
reusable process

0 —¢ Residual (V; = 60% Ke)

2 0 05 1 15 2 25 8 35 4
0 Straine 0%

Figure 3. a) Composite material studied through Mixture Rule thermal model, b) Turner model, ¢) Kerner Model
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ideal behavior; for these events it was assumed that the
material was isotropic.

From now on, the outcome will be obtained by mo-
deling the manufactured-like material in ANSYS®, fo-
llowing the same methodology, beginning with the
behavior of the axial load applied to the transversal
cross-section of each of the models (Figure 4).

These results showed the mechanical behavior of
the different models. It is seen that the best relation was
obtained in the four-layer model. Strain analysis is
done and shown in Table 1, in which it is observed the
relative error obtained from the theoretical material
modeled in MATLAB®, taken as the real value, and AN-
SYS® modeling as the experimental. Relative error (e)
and similarity (s) were defined as:

e:vexp_vrea/ vexp
s=1-e¢

Thermal activity was implemented in each of the n-la-
yer materials; Figure 5 shows the Mixture Rule method
behavior. In Tables 2, 3, and 4 are collocated all the stra-

in analysis for each method calculating the relative
error by comparing them as before. In the tables, these
acronyms to establish which thermal coefficient theory
were followed: Rule of Mixture (RM), Kernel (Ke), and
Turner (Tu).

It is observed that the strain results of the material
numerically modeled have 93 % of similarity when
compared to the assumption of a homogeneous mate-
rial modeled in MATLAB®. It is seen that a two-layer
material could achieve the reusable process.

Now, by solving a four-layer material, results see-
med to be ideal, it can be observed that the similarity
of the strain values were extremely close, by perfor-
ming a relation between them, 99 % of precision was
obtained. This configuration surely withstands at least
three cycles.

By using a six-layer material, strain results eviden-
ced less similarity than the four-layer studied before, it
reached 98 % compared with the ideal material mode-
led in MATLAB®. Furthermore, this configuration can
withstand all the processes of charge-discharge in a fi-
nite cycle application.

Figure 4. Axial load numerical solutions by ANSYS Structural®: a) two layers, b) four layers, c) six layers

Table 1. Strain values and relative error for each of the n-layer material model

n-layer MATLAB® Strain ANSYS" Strain Relative error %
0 0.001997

2 0.002115 5.89

4 0.001990 0.32

6 0.001963 17

Figure 5. Axial load and thermal strains by Mixture Rule Model, a) two layers, b) four layers, c) six layers
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Table 2. Strains values and relative errors considering thermal models in a two-layer material

Thermal model MATLAB® Strain ANSYS® Strain Relative error %
RM 0.004255 0.004521 6.25
Ke 0.003688 0.003924 6.42
Tu 0.001906 0.002035 6.76

Table 3. Strains values and relative errors considering thermal models in four layers material

Thermal model MATLAB® Strain ANSYS® Strain Relative error %
RM 0.004255 0.004240 0.35
Ke 0.003688 0.003686 0.05
Tu 0.001906 0.001900 0.29

Table 4. Strains values and relative errors considering thermal models in six layers material

Thermal Model MATLAB® Strain ANSYS® Strain Relative error %
RM 0.004255 0.004251 0.09
Ke 0.003688 0.003623 1.75
Tu 0.001906 0.001883 1.22
CONCLUSIONS 1. Physical metallurgy and processing, volume 1: Aerospace

The theoretical composite material showed ideal me-
chanical properties, by modeling in MATLAB®, it was
assumed that it should be isotropic, but after studying
it as a manufactured-like material in ANSYS®, we reali-
zed that the material could behave as ideal, reaching a
maximum of 99.95 % of similarity by comparing the
strain results.
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