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The most important target of this study is to develop a method to compare the materials’ degradation
due to thermal fatigue and temperature variation between the carbon nanotube wire and unidirectional
carbon fiber/epoxy composite (UCFEC). In the presented study, by using experimental results data,
thermal fatigue life of carbon nanotube wire and unidirectional carbon fiber/epoxy was compared after
being exposed to temperature variation in space. This process was done by using a new analytical
method that models the material strength deterioration as a function of temperature variation in low
Earth orbit thermal cycles. Based on the relations that were obtained by using recommended analytical
method, the carbon nanotube wire offered less thermal fatigue strength degradation equal to 6.608%
after being subjected to 1,200,000°C temperature variation in comparison with unidirectional carbon
fiber/epoxy composite thermal fatigue strength degradation. Therefore, it seems that carbon nanotube
wire shows better thermal fatigue resistance. The results of this comparison may be used to determine

the suitable carbon material for space missions based on thermal fatigue life.
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INTRODUCTION

Polymer materials can be used in many applications
such as films, fibers, sheets, and coatings (Song et al.,
2013). These forms may be applied to produce clothing,
carpets, ropes, and reinforcements (Song et al., 2013). In
application of carbon and nanomaterial, a few works are
submitted by Saleh (2016, 2017, 2018), Saleh et al.
(2017), and Gaddafi and Saleh (2017). Among the
characteristics of carbon fibers, low densities, high
thermal and chemical stabilities can be mentioned
(Huang, 2009). This material can be applied in many
industries such as aerospace, turbine blades, etc. Other
characteristics of these materials are high strength and

lightweight (Wilkerson et al., 2007). Furthermore, carbon
fibers may be applied in composites to manufacture the
flaps, aileron, and landing gear doors (Voicu, 2012).
Further investigation on composite materials properties
are also performed by Chow et al. (2016), Meszaros and
Turcsan (2014), and Jo and Lee (2014).

Recently, unidirectional carbon fiber/epoxy composite
(UCFEC) and carbon nanotube (CNT) wire have been
applied in many industries like aerospace. To make sure
that the aerospace structure is safe and reliable, fatigue
life of UCFEC and CNT wire in space needs to be
estimated because thermal fatigue in space is one of the
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important issues that affects space structures.

Thermal fatigue occurs while thermal cycles exist. A
great example for thermal fatigue in space is satellite that
rotates around the planets. These satellites while rotating
around the planets pass through the planets’ shadows
which may be extremely cold, and sun illumination which
is extremely hot. As a result of the full rotation around the
planet, a thermal cycle appears to affect the structure.
These thermal cycles may cause crack initiation and
propagation in aerospace structures. Thus, thermal
fatigue analysis of space structures is really important to
prevent crack initiation, propagation, and fracture in
space environment. In order to predict the long-term
durability, recently, “crack closure detection using
photometrical analysis is submitted by Savkin et al.
(2015) and “durability and integrity studies of
environmentally conditioned interfaces in fibrous
polymeric composite: critical concepts and comments” is
provided by Ray and Rathore (2014).

In assessment of the damage in different materials,
“‘canary approach for monitoring BGA interconnect
reliability under temperature cycling” is presented by
Chauhan et al. (2012), “thermal fatigue and hypothermal
atomic oxygen exposure behavior of carbon nanotube
wire” is provided by Misak et al. (2013), and
“‘determination of material parameters for discrete
damage mechanics analysis of carbon-epoxy laminates”
is developed by Barbero and Cosso (2014). Furthermore,
in the area of obtaining analytical evaluation methods for
determining mechanical properties of different materials,
a few works are submitted by Anvari (2014, 2016a, b,
2017a, b, c) and Adibnazari and Anvari (2017).

Some of the cited studies have investigated the fatigue
life of composite laminates. Nevertheless, it appears
that there are a few works in this area that can
clearly illustrate the thermal deterioration in CNT wire
and UCFEC. In addition, it seems that there is no work to
compare the thermal fatigue life of these two materials in
space.

In the presented research, by applying two
experimental procedures and using a new analytical
method, relations to predict the strength degradation of
UCFEC in various temperature variations are achieved.
By using these relations, material strength degradation
between CNT wire and UCFEC is compared. The results
of this contribution can also be applied for estimation of
strength of UCFEC in different temperature variations.
Therefore, this analytical method might be helpful to
predict the thermal life of UCFEC in space environment,
especially in low earth orbit environment. In this study,
the thermal resistance of UCFEC and CNT wire in low
earth orbit is measured and compared with each other. It
seems that this method is a novel approach of
comparison sine it has not been used in any other works.
According to this approach, material degradation is
measured based on temperature variation which is
applied to estimate the thermal fatigue life.

EXPERIMENTAL PROCEDURES

The experimental procedure (Park et al., 2012) that is mentioned in
this study simulates the Low Earth Orbit (LEO) environment as
satellite rotates around the earth as is illustrated in Figure 1. In this
experiment, polyacrylonitrile (PAN)-based unidirectional Torayca
carbon fibers in the form of prepeg tape is used (Park et al., 2012).
The laminated composite panels were fabricated by stacking
multiple layers of unidirectional prepregs. All prepregs had zero
degree orientation at normal thicknesses of 1.0, 1.5 and 3.0 mm.
Cure temperature and cycle times were 176.7°C for 180 min. A
consolidation pressure was employed throughout the cure cycles
with a full vacuum of 1 bar (107.9 kPa) (Park et al., 2012). The
experiment was performed in an environmental chamber with a
propotional integral derivative (PID) programmable temperature
controller. Test temperature range should be as large as possible to
meet environmental stress screening (ESS) purposes based on the
guideline in MIL-STD-810F (Park et al., 2012). This environment
consists of vacuum thermal cycles of 120°C to -175°C and back
t0120°C (Park et al., 2012). 120°C is related to sun illumination
and -175°C is related to solar eclipse (Park et al., 2012). For
investigation of UCFEC mechanical properties deterioration due
to low earth environment condition, 2000 thermal cycles have
been performed in laboratory (Park et al., 2012). After this
experiment, samples were cut and then dried in a vacuum oven
at 60°C for 24 h to remove moisture (Park et al., 2012). The
standard temperature and relative humidity used in this
laboratory are 23 + 2°C and 50 + 5%, respectively (Park et al.,
2012). The sample dimensions for static mechanical tests are
shown in Figure 3.

In UCFEC sample, all the carbon fibers are parallel imbedded
in epoxy. The UCFEC sample is illustrated in Figure 2 (Park et
al., 2012). In the following sections, the analytical method used
to estimate the crack propagation of UCFEC in LEO
environment is discussed.

Void volume in UCFEC after being exposed to 0, 500, 1000,
1500, and 2000 thermal cycles is indicated in Table 2. With the
application of data in Table 2, equation to estimate the void
volume in UCFEC after being exposed to thermal cycles in LEO
can be obtained. Furthermore, by application of derivative on
void volume with respect to cycle numbers, void volume growth
rate may be obtained. Due to this fact that in this experiment void
volume growth occurs as a result of crack growth, this derivative
may be able to predict crack growth rate in UCFEC sample in
LEO environment.

— 2
Vg =aN“+bN +c O

At the beginning of the simulation experiment (O cycles), the void
volume percent is equal to 0.015, therefore

0.015=a(0)* +b(0) +c @

and at 1000 cycle, void volume percent is equal to 0.0166, thus

0.01798 = a(1000)? +b(1000) +¢ .

Furthermore, at 2000 cycles, the void volume percent in sample is,
0.0228. As a result

0.02352 = a(2000)? +b(2000) +¢ @

Thus, by solving the three equations ((2), (3), and (4)), three
unknown quantities (&, b, and c), equation (5) is obtained that
indicates the void volume percent in sample as a function of the
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Figure 1. Vacuum thermal cycling test for the LEO space environment simulation: (A) thermal vacuum
chamber; and (B) thermal cycling temperature profiles.
Source: Park et al. (2012).
cycle numbers. In Figure 4, void volume to total volume ratio in dVv .
sample as a function of Cycle numbers in LEO simulation — "void — (2.566- 9)N +1.7e- 6
experiment is illustrated: dN (6)
V, . =(1.28¢e- 9)N? +(1.7e- 6)N +0.015 dv,, _dD
o = ( INT+( ) (6 W =——=(256e- 9N +1.7e- 6.
dN  dN @)

With the application of equation (5), obtaining void volume in any
cycle number is possible. As an instance, in 3,000 and 4,000
thermal cycles, the void volume is equal to 0.03162 and 0.04228,
respectively. By using partial derivative on equation (5), crack
density growth rate estimation equation is obtained. The results of
this derivative are indicated in equations (6) and (7).

Continuing this approach and using the data in Table 2, a, which
is the crack length equation as a function of thermal cycles is
obtained. In this study, void volume percent is equal to crack
length percent because the voids are induced due to the crack
growth.
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Figure 2. Microscopic observation of unidirectional carbon fiber/epoxy laminates exposed to vacuum
thermal cycling.
Source: Park et al. (2012).
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Figure 3. Sample dimensions (units: mm) for static mechanical tests: (A) ILSS, ASTM D 2344.
Source: Park et al. (2012).

a=(3.1966e —8)N’ + (4.2534e —5)N +0.375

(8) Thus, the crack growth rate relation can be defined as:
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Figure 4. Void volume to total volume ratio in sample as a function of cycle numbers in LEO
simulation experiment.
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Figure 5. Electron micrographs showing different types of damage before and after vacuum thermal cycling: (A) laminate surface at
1500 x magnification showing matrix separation; (B) cross-sectional view at 500 x magnification showing matrix shrinkage; and (C)
cross-sectional view at 1000 x magnification showing fiber-epoxy matrix de-bonding.

Source: Park et al. (2012).

da Because each cycle is temperature variation from 120 to -175°C
—Z =(6.3932e —8)N +(4.2534e —5) _ _
dN ©) and back to 120°C (Karadeniz, 2005), as a result, each cycle is

equal to 590°C temperature variation. Thus, 1°C temperature
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Table 1. Material properties of UCFEC.

Materials Epoxy Carbon fiber
Axial coefficient of thermal expansion (CTE), (1/°C) 43.92e-6 -0.83e-6
Transverse coefficient of thermal expansion (CTE), (1/°C) 43.92e-6 6.84e-6
Axial Poisson’s ratio 0.37 0.20
Transverse Poisson’s ratio 0.37 0.40
Axial elastic modulus, (GPa) 4.35 377
Transverse elastic modulus, (GPa) 4.35 6.21
Axial shear modulus, (GPa) 1.59 7.59
Transverse shear modulus (GPa) 1.59 2.21
Thickness, (mm) 0.50 0.50

Source: Park et al. (2012) and Karadeniz (2005).

Table 2. Void volume property and crack length results of UCFEC (M40J) as a function of vacuum thermal cycling: E(x) + V().

a (Crack Length) (mm) 0.3750 0.4075 0.4150 0.4800 0.5700
Vyoid, (%0) 1.50 £ 0.25 1.63+0.31 1.66 £0.42 1.92+0.51 2.28+0.84
Cycles 0 500 1000 1500 2000

Source: Park et al. (2012).

variation is 1/590 of each cycle. In addition, At Celsius temperature
variation may be determined as At/590.

By imposing this result into equation (8), equation (10) can be
achieved. Equation (10) indicates the crack length as a function of
temperature variation.

a=(3.1966e —8)(Stwal ) | (4 9534 —5)( Dl y | 0 37¢
590 590 (10)

Moreover, because 590 is the temperature variation at Earth Orbit
Cycle (EOC), therefore, it can be named as Afeoc. By substituting
Afeoc into equation (10), the following equation (11) is obtained.

a = (3.1966e —8)( St )2 4 (42534 —5)(2lwal) 4 0,375

EOC EOC

(11

In Figure 5, UCFEC before and after being exposed to 2000
thermal cycles in earth orbit is illustrated. In sections A, B, and C of
Figure 5, matrix separation, matrix shrinkage, and matrix de-
bonding are shown, respectively. Matrix separation and fiber-matrix
de-bonding can induce deterioration in UCFEC that may cause
crack initiation, propagation and fracture due to thermal fatigue.

Convex curves method with application of
approach

least square

In this section, a method is introduced to estimate the thermal
fatigue life of UCFEC in LEO environment condition. The data used

to develop the equations representing convex curves (Anvari, 2014)
with applying least square method, are exploited from an
experimental procedure (Park et al., 2012). As it can be observed in
Table 1, the amount of CTE values in carbon fiber is different from
epoxy. This difference of CTEs between these two materials may
cause different values of strain once the UCFEC is being heated or
cooled. This difference of strains may cause interface stress
between carbon fiber and epoxy. This process can lead to matrix
separation or fiber-matrix de-bonding that cause deterioration in
UCFEC due to thermal fatigue. In Table 3, functions that are
obtained to determine the fatigue life cycles of UCFEC in LEO
environment simulation experiment are indicated.

RESULTS AND DISCUSSION

In the presented part of this study, the results of this
research are compared with the results of another
experiment (Misak et al., 2013). In the comparison of
these two results, material strength as a function of
temperature variation has been investigated. Both
experiments are thermal fatigue experiments on UCFEC
and CNT wire materials, respectively.

For the first experiment (Park et al., 2012), a procedure
to achieve the material strength as a function of
temperature variation is introduced in this section and for
the second experiment (Misak et al., 2013), data for CNT
wire strength in two states of as-received and after being
exposed to 1,200,000 temperature variation (5000
thermal cycles in low Earth orbit) are available from the
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Equation name and number Functions Critical functions Cycle No. to failure (Ny)
Vyoid (5) V., =(@.28e- 9N? +(L.7e- 6)N +0.015 1=(1.28e- 9)N?+(L.7e- 6)N +0.015 27070
FM, (MPa) (12) FM =(-5.35e- 6)N?- (0.01491)N +199.8  0=(-5.35¢- 6)N?- (0.01491)N +199.8 4874
ILSS, (MPa) (13) ILSS=(-1.05e- 6)N°- (4.41e- )N +80.9 0=(-1.05e- 6)N?- (4.41e- 3)N +80.9 6925
FS, (MPa) (14) FS=(-9.55e- 6)N*- (0.07825)N +1368.6  0=(-9.55¢- 6)N?- (0.07825)N +1368.6 8555

Source: Anvari (2014).
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Figure 6. Temperature variation in low Earth orbit thermal cycles simulation experiment on CNT wire
(b) and apparent strength of CNT wire before and after this experiment.

Source: Misak et al. (2013).

experiment data (Misak et al., 2013). In Figure with 240°C temperature variation at each of cycles
6(b) (Misak et al., 2013), the remaining apparent is illustrated. It seems that after these cycles,
strength for CNT wire after 5,000 thermal cycles apparent strength of CNT wire is decreased from

about 227 to 212 Mpa. That is 6.608% decrease
in apparent strength.
In order to convert these cycles to temperature
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Figure 7. CNT wire used in low earth orbit environmental condition (a) As-received CNT wire and (b) after fracture.
Source: Misak et al. (2013).

variation, the following relation can be used: Afiya
= ALN, where Afy, is the total temperature
variations after the experiment, At is the
temperature variation at each cycle (240°C
temperature variation for the CNT wire experiment
(Misak et al., 2013)) and N is the number of cycles
for the experiment (5,000 cycles for the CNT wire
experiment (Misak et al., 2013)). By using these
assumptions and based on the mentioned
relation, the total temperature variations after the
thermal fatigue experiment becomes: 240*5000,
that is equal to 1,200,000 temperature variations.
In Figure 7, CNT wire used in low earth orbit
environmental condition is shown.

The numerical quantity of Aty that is obtained
from the mentioned relation can be substituted
into the following equations to predict the strength
of UCFEC in first thermal fatigue experiment (Park
et al., 2012). The amounts that are obtained from
these relations can be applied to compare the
results between the two thermal fatigue
experiments. As it is obvious, this relation can
contribute to compare the strength of CNT wire

and UCFEC after being subjected to 1,200,000
temperature variations in low Earth orbit
environment condition. Because each Earth orbit
cycle is 590°C temperature variation in UCFEC
experiment (Park et al., 2012), therefore, N=
Afia/590. By substituting this relation into
equations (12), (13), and (14), equations (15),
(16), and (17) are achieved and can be used to
compare the strength between the CNT wire and
UCFEC after being exposed to 1,200,000 total
temperature variations. The comparison results
are indicated in Table 4. Moreover, as-received
and thermal fatigued CNT wire are illustrated in
Figures 8 and 9 (Misak et al., 2013).

FM = (-5.35(*—6)(%): -(0.01491)(%) +199.8

(15)
LY N A

ILSS = (~1.05e— 6)(Moaty2 _ (4 410 - 3y Momty 4.80.9,

( e—6)( 590 ( e—3)( 590) (16)
Ar . At

FS = (-9.55¢ - 6)( MLy _ (0,07825)( Ly 41368.6

( e-0)( 590) ( ) 590 ) +1368.6 (17)

Conclusion

In the presented research, by wusing two
experimental procedures data that have been
performed on UCFEC and CNT wire, and a new
analytical method with the application of least square
approach, equations are obtained to compare the
material strength between the CNT wire and
UCFEC after being subjected to vacuum thermal
cycles in low Earth orbit environment simulation
condition. The results of this study have indicated
that after 1,200,000°C temperature variation in this
condition, UCFEC has shown the average 9.568%
more material strength degradation in comparison
with CNT wire. Based on this process, it appears
that CNT wire is a more durable material in
vacuum thermal cycle’s conditions and UCFEC
exhibits less strength stability in this environment
condition. Therefore, it seems that CNT wire can
represent a more life in low Earth orbit
environment condition. Nevertheless, more
analysis may be required to compare that which
one of these materials are more cost-effective in
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Table 4. Comparison of material strength degradation between UCFEC and CNT wire as a result of temperature variations from two thermal fatigue experiments of low Earth orbit

simulation environment.

Material condition

Material strength
(Mpa)

Decrease percent in material strength after being subjected
to temperature variation

UCFEC at zero temperature variation

CNT wire at zero temperature variation

UCFEC after being exposed to 1,200,000°C temperature variation

CNT wire after being exposed to 1,200,000°C temperature variation

Difference between materials strength of CNT wire and UCFEC after
being subjected to 1,200,000 temperature variation

ILSS = 80.900 [25]
FS = 1368.600 [25]
FM = 199.800 [25]

227 [27]

ILSS = 68.564
FS =1224.187
FM = 154.391

212 [27]

9.568%

0
0
0

0

15.248%
10.552%
22.787%
Average of ILSS, FS, and FM reduction percent = 16.176%

6.608%

Figure 8. CNT wire (a) after thermal fatigue used in low earth orbit environmental condition with fractured CNT
bundles (white arrow) and (b) after thermal fatigue and tensile test having fraying appearance (white arrow).
Source: Misak et al. (2013).
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Figure 9. Thermal fatigued CNT wire used in low earth orbit environmental condition (a) kink band formation and (b)
delamination (lower arrow) and crack formation (upper arrow).
Source: Misak et al. (2013).

different aerospace missions that they encounter to
temperature variation cycles.
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