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The main objective of this paper is to develop a method to predict the crack length and crack growth
rate in unidirectional carbon fiber/epoxy composite as a function of temperature variation. In order to
measure the crack length and crack growth rate, a new analytical method by applying experimental
procedure data is developed. By the novel analytical method, relations are achieved to predict the crack
length and crack growth rate in unidirectional carbon fiber/epoxy composite. Finally, by using these
relations, comparison between crack length and crack growth rate between two thermal fatigue
experiments is done. The results have shown that the crack growth rate in bidirectional carbon
fiber/epoxy composite is very higher that in unidirectional carbon fiber/epoxy composite. Investigations
regarding the achieved results have shown that the higher crack growth rate is due to the mismatch
between the coefficients of thermal expansion in two directions of bidirectional carbon fiber/epoxy
composite. The two different coefficients of thermal expansion may cause stress concentration in the
inter-laminar plies of the composite and therefore may cause higher crack growth rate.

Key words: Crack growth rate, thermal fatigue, temperature variation, carbon fiber, epoxy, composite material.

INTRODUCTION

Since the birth of polymer science in the 1930s, these
materials have dominated the market in terms of their
versatility for product applications. These materials have
been utilized in the form of films, fibers, sheets, and
coatings. Today, most of the synthetic polymer fibers in
use span applications such as clothing, carpets, ropes,
and reinforcement materials (Song et al., 2013).

Carbon fiber is defined as a fiber containing at least 92
wt% carbon, while the fiber containing at least 99 wt%
carbon is usually called a graphite fiber. Carbon fibers
generally have excellent tensile properties, low densities,
and high thermal and chemical stabilities in the absence

of oxidizing agents, good thermal and electrical
conductivities, and excellent creep resistance. They have
been extensively used in composites in the form of
woven textiles, prepregs, continuous fibers/rovings, and
chopped fibers (Huang, 2009).

In recent years, the carbon fiber industry has been
growing steadily to meet the demand from different
industries such as aerospace (aircraft and space
systems), military, turbine blades, construction (non-
structural and structural systems), light weight cylinders
and pressure vessels, off-shore tethers and drilling risers,
medical, automobile, sporting goods, etc (Huang, 2009).
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As designers push for increased performance, there is
an evident need for advanced multi- functional materials.
Carbon fiber composites are of particular interest for the
automotive and aerospace industries for their high
strength, lightweight, and high stiffness. These
characteristics make carbon fiber composites one of the
most advanced materials to date. However, it does have
a few significant drawbacks: matrix dominate fatiguing,
compressive strength, electrical and thermal conductivity.
It is believed that these characteristic can be improved
upon with functionalized carbon nanotubes. Under fatigue
loading the final failure will be a result of either complete
fiber fracture (fiber dominate) or buckling (matrix
dominate). In woven carbon fiber reinforced polymers,
CFRP, a number of damage modes occur before this
final failure. Previous investigations have shown
debonding of fiber-matrix interface, fiber breakage,
normal and longitudinal matrix cracking under tension-
tension and tension-compression loading (Wilkerson et
al., 2007).

Composites are materials widely used lately in the
aeronautical industry to manufacture several parts as
flaps, aileron, landing-gear doors and others. Polymer
matrix composite materials constituted by continuous
carbon fibers embedded in a thermosetting epoxy resin
were first developed to satisfy high standards required in
aircraft design. Compared to metals the epoxy/carbon
composites offer similar or better mechanical properties
by mixing in these two distinct phases, fibers and resin,
and adopting different fiber configurations (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).

As it is mentioned in the previous paragraphs, in recent
years, due to the increase of applying carbon fiber/epoxy
composite (CFEC) in many industries like aerospace, the
need of accurate evaluation of life for this material can be
sensed. Estimation of life is of high importance in
predicting the reliability and safety of different materials in
different environmental conditions. In a significant and
vital industry like aerospace, estimating life of aerospace
structures materials is undeniable. As it is clear, there are
many people in aerospace vehicles traveling to different
parts of earth or space and that makes the safety for the
aerospace structures very vital. CFEC is one of the
materials that can be used in aerospace vehicles
structures. Therefore, prediction of its safety in air and
space is undeniable in order to have a safe aerospace
structure and saving human lives boarding on it. Fatigue
life prediction is part of a safety plan for aerospace
vehicles.

Moreover, in space vehicles due to temperature
variation from sun illumination to solar eclipse, a high
thermal cycle can be created. These thermal cycles can
lead to a thermal fatigue that can seriously cause
deterioration and damage in space vehicle or satellite
and develop cracks in their structures. Satellites are the

great examples for the thermal fatigue since they are
rotating around the planets and consequently, they
experience thermal cycles while traveling from planets’
shadows through the sunlight exposure locations. In
order to predict the long-term durability, recently, crack
closure detection wusing 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).

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 any environmental
conditions. Furthermore, it seems that there is no work to
present a relation that illustrates the crack growth rate as
a function of temperature variation in UCFEC.

In the presented research, by applying an experimental
procedure and using a new analytical method, relations
to predict the cracks propagation of UCFEC in various
temperature variations have achieved. The results of this
contribution can be applied for estimation of crack growth
rate in UCFEC in different temperature variations.

EXPERIMENTAL PROCEDURES

The thermal cycling tests were conducted by using a thermal
vacuum chamber (Hanchang Eng, South Korea), as shown in
Figure 1A. The experiment was performed in an environmental
cham- ber with a proportional integral derivative (PID)
programmable temperature controller. Test temperature range
should be as large as practicable to meet environmental stress
screening (ESS) purposes based on the guideline in MIL-STD-
810F and MIL-STD1540C. It is generally required to reveal potential
flaws in material exposed to more extreme temperature change
condition. In this study, extreme temperature conditions (120 to -
175°C) encompass an environmental severity over that expected
during service life based on the previous studies. Common to each
of the thermal cycling profiles, low temperature (T,,, = -175 * 5°C)
simulates the solar eclipse condition and cycle-specific high
temperature (T, = 120 + 5°C) corresponds to the sun illumination
for each 2 min duration time, as shown in Figure 1B (Park et al.,
2012). Following this profile, one cycle was designed as the
sequence from 120 to -175°C and back to 120°C so that the total
duration of each cycle was approximately 43 min. A vacuum
pressure of 1.3° Pa was employed throughout the thermal cycling
test (Park et al., 2012).

The extent of degradation was determined experimentally by
exposing the test panels to vacuum thermal cycling. The
experiments were repeated for 500 cycles (358 h), 1000 cycles
(716 h), 1500 cycles (1074 h) and 2000 cycles (1432 h). Following
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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 (Park et al.,

the thermal cycling exposure, all partly-or fully-aged test panels
were cut into the desired dimensions using a water-cooled diamond
saw and subsequently dried in a vacuum oven at 60°C for 24 h to
remove moisture after the cutting operation. Series of physical and
mechanical tests were then performed in the standard laboratory
atmosphere of 23 + 2°C and 50 + 5% relative humidity on the
baseline (unaged) and environmentally conditioned test samples
(Park et al., 2012).

In Figure 2 (Park et al., 2012), the sample of UCFEC that is used
in simulation experiment of LEO environment is shown. In the
following parts of paper, by the existing assumption in LEO
environment, and material properties of UCFEC, rate of crack
density growth can be obtained. In Table 1, the material properties
of UCFEC are indicated.

In Table 2, the void volume percent in (M40J) UCFEC for the
cycles 0, 500, 1000, 1500, and 2000 in LEO simulation experiment
are shown. By using these data from Table 2, an equation to obtain
the void volume percent in any cycle is possible. This equation
indicates the void volume percent in UCFEC as a function of cycle
numbers. By using this equation, and by applying partial derivative,
obtaining the numerical value of void volume percent growth rate is
possible. In this research, the void volume percent growth rate is
assumed to be equal to crack density growth rate because it seems
that the only void volume growth rate is due to crack density growth

2012).

rate. It is noticeably; the function of crack density growth rate that
obtained in this paper (equation (7)) indicates approximately the
maximum of possible crack density growth rate.

V.., =aN?+bN+c.

void —

@

At the beginning of the simulation experiment (0 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, so

0.0166 = a(1000)? + b(1000) +¢ -

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

0.0228 = a(2000)* +b(2000) +¢ @

Thus, by solving the three Equations (2, 3 and 4), three unknown
guantities (a, b, and c), Equation 5 is obtained that indicates the
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Figure 2. Microscopic observation of unidirectional carbon fiber/epoxy laminates exposed to

vacuum thermal cycling (Park et al., 2012).

Table 1. Material properties of UCFEC (Park et al., 2012; Karadeniz, 2005).

S/N  Materials Epoxy Carbon Fiber
1 Axial Coefficient of Thermal Expansion, (1/°C) 43.92e-6 -0.83e- 6
2 Transverse Coefficient of Thermal Expansion (1/°C) 43.92e-6 6.84e-6
3 Axial Poisson’s ratio 0.37 0.2
4 Transverse Poisson’s ratio 0.37 0.4
5 Axial Elastic Modulus (GPa) 4.35 377
6 Transverse Elastic Modulus (GPa) 4.35 6.21
7 Axial Shear Modulus (GPa) 1.59 7.59
8 Transverse Shear Modulus (GPa) 1.59 2.21
9 Thickness (mm) 0.5 0.5

void volume percent in sample as a function of the cycle numbers.

V., =(2.9e—9)N 2 —(1.3e—6)N +0.015 -

By applying the Equation 5 and substituting the 3000 and 4000 as a
number of cycles, the numerical values 0.0372 and 0.0562 for void
volume percent are obtained. By employing partial derivative for
Equation 5, void volume percent growth rate or crack density
growth rate in LEO environment simulation experiment for UCFEC
is obtained and indicated in Equations 6 and 7.

WV _ (586 9)N —1.3e—6,
dN ©
iV, dD
- —=(58¢-9)N -13e—6.
N v @

By the repetition of this process and applying the data in Table 2, a,
crack length equation as a function of thermal cycles is developed.
Note that in this research, void volume percent is assumed to be

equal to crack length percent because the voids are developed due
to the crack growth.

a= (5.75e - 8)N- (1.75e - 5)N + 0.375 (8)

Therefore, the crack growth rate function can be defined as

92 (115 7)N —(1.75¢ -5)

dN ©)

and because each cycle is temperature variation from 120 to -
175°C and back to 120°C (Park et al., 2012); subsequently, each
cycle becomes 590°C temperature variation. Therefore, 1 Celsius
temperature variation is 1/590 of each cycle. Moreover, At Celsius
temperature variation may be referred as At/590.

By imposing this result into Equation 8, Equation 10 can be
developed. Equation 10 illustrates the crack length as a function of
temperature variation.

Aty s At
a=(5.75e—B)(omy (1 750 5)( 8y, 0 375,
590 590 (10)
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Table 2. Void volume property and crack length results of UCFEC (M40J) as a function of vacuum thermal cycling: E(x) +

V(x) (Park et al., 2012).

a (Crack Length) (mm) 0.375 0.4075 0.415 0.48 0.57
Vvoid (%) 1.50 + 0.25 1.63+0.31 1.66 + 0.42 1.92+051  2.28+0.84
Cycles 0 1000 1500 2000

(B)

2000 cycles s ’
. .

matrix-separation \l’
r

Ve

shrinkaga

(C)

matrv- fiber-matrix
debonding

Figure 3. Electron micrographs showing different types of damage before and after vacuum thermal cycling: (A) Laminate surface at 1500x
magnification showing matrix separation; (B) Cross-sectional view at 500x magnification showing matrix shrinkage; and (C) Cross-sectional
view at 1000x magnification showing fiber-epoxy matrix de-bonding (Park et al., 2012).

Also, because 590 is the temperature variation at Earth Orbit Cycle
(EOC), it can thus be named as Afqc. By substituting Atz into the

relation (10), the following Equation 11 is obtained.

At AL
a=(5.75e—8) _ Y —(1.75e-5)_ “¥}+0.375,

Alpoe Algpe a1

CONVEX CURVES METHOD

In this part of paper, a method for fatigue life prediction of UCFEC
in LEO environment simulation experiment, by applying an
analytical approach and by using the experimental results is
achieved. The experimental results that are used to develop the
Convex Curves Method are obtained from vacuum thermal cyclic
exposures (Park et al.,, 2012). In this method, by considering the

data from experimental results and finding the points that develop
convex curves, numbers of functions to predict the fatigue life of
UCFEC are obtained.

Figure 4 (Park et al.,, 2012) indicates the results of LEO
environment simulation experiment after elapsing 0, 500, 1000,
1500, and 2000 of vacuum thermal cycles. The functions that are
obtained from these results are useful to predict the fatigue life of
UCFEC in satellite or space application, since UCFEC can be used
in the structures of satellites and space crafts. In Figure 4, there are
many data for inter-laminar shear strength (ILSS), flexural strength,
flexural modulus, and so on. In order to use the convex curves
approach, for example in ILSS, Figure for M40J, by using the three
points (Cycles =0, ILSS = 80.9), (Cycles = 1500, ILSS = 75.7), and
(Cycles = 2000, ILSS = 69.1), and by solving three equations, three
unknown quantities, like the method that is used to develop
equation (5), a convex curve is developed. This convex curve in a
determined coordinate can intersect the cycle axis at zero ILSS. It
means that, the numerical value of the cycle number that is
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Figure 4. Mechanical property variations of the three kinds of unidirectional carbon fiber/epoxy laminate as a function of vacuum thermal

cycling (mean value E(x)  variation V(x)): (A) static strength variations; and (B) elastic modulus variations (Park et al., 2012).

achieved by this method can indicate the fatigue life of the UCFEC
in LEO environment. This process to find more convex curves to
predict the fatigue life is repeated. For the material M40J which is a
UCFEC only three convex curves: ILSS, flexural strength (FS), and
flexural modulus (FM), from the data of the Figure 4 (Park et al.,
2012) is obtained. The other data for M40J, such as longitudinal
tensile strength, longitudinal compressive strength, longitudinal
tensile modulus, and longitudinal compressive modulus can
develop concave curves which might never intersect the cycle axis,
so it seems, predicting the cycle number to failure by employing the
concave curves can be impossible.

In Table 3, the functions of convex curves that are obtained by
this analytical method are indicated and are shown in Figures 5 to
7. By solving the Equation 12 while it equals to zero, a cycle
number to FM failure is obtained, by solving the Equation 13 while it

is equal to zero, a cycle number to ILSS failure is achieved, and by
solving the Equation 14 while it equals to zero, a cycle number to
FS failure is obtained. The cycle numbers for each failure are
indicated in Table 3. It appears that the most likely fracture state is
the fracture state of ILSS because the cycle number to failure for
this state is the minimum cycle number.

Convex curves method analysis

As it is obvious in Table 3, the minimum cycle numbers of fatigue
life is due to ILSS. It means that, the cause of failure in UCFEC can
be due to degradation in ILSS. In order to investigate the fracture
process, it is reasonable to conclude that, as it seems that the
result of degradation in ILSS is the main cause of fracture, it
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Table 3. Functions that are obtained from data in Figure 6 and Table 2, and number of fatigue life cycles for each function.

Eggﬁhomnb'\é?me Functions Critical Functions ?gﬁherg?l\'lft)o
Vvoid (5) Vvoid= (2.9¢ — 9N 2 — (1.3¢ — 6)N + 0.015 1= (2.9 — 9N? — (1.3e — )N + 0.015 18655
FM, (MPa) (12) FM = (-8.15e — 6)N 2_ (5.75e — 3)N +199.8 O:(—8.15e—6)N2 —(5.75e-3)N +199.8 4611
ILSS, (MPa) (13) ILSS = (~4.87¢ — 6) N > + (3.84¢ — 3)N + 80.9 0 =(-4.876—6)N° +(3.84e—3)N +80.9 4488
FS, (MPa) (14) FS = (-6.617e —5)N 2, (6.358e —2)N +1368.6 0 =(—6.617e—5)N2 +(6.358e—2)N +1368.6 5053
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Figure 5. Flexural modulus as a function of Cycle numbers created by data in Figure 6
(Cycles = 0, FM = 199.8), (Cycles = 1000, FM = 185.9), and (Cycles = 2000, FM = 155.7), in

LEO environment simulation experiment.

appears that the matrix de-bonding of UCFEC is the main cause of
fracture. So, based on the convex curves method analysis, de-
bonding between carbon fibers and epoxy is the most likely state of
fracture. Thus, it appears it is right to conclude that, because the
number of cycle to failure that is obtained due to degradation of
flexural modulus is greater than the number of cycle to failure due
to degradation of ILSS, so, it's a second probable mode of fracture.
Again it is concluded that, third probable state of fracture is due to
the flexural strength degradation of UCFEC because the cycle
number to failure for this state is greater than the cycle number to
failure due to degradation of flexural modulus. In Figures 8 and 9,
the fracture phenomenon due to the degradation of UCFEC’s ILSS
exposed to vacuum thermal cycles is shown.

Fracture process analysis

As has been proven, it seems that the most likely state of fracture

for UCFEC in LEO simulation experiment is the fracture duo to the
degradation of ILSS. Vacuum thermal cyclic fatigue which is a non-
mechanical fatigue is the main cause to failure in LEO environment.
Therefore, to analyze the fracture process, a thermal analysis is
necessary. As the temperature is raised from 23 to 120°C, due to
longitudinal coefficient of thermal expansion for carbon fiber and
epoxy which are negative and positive respectively, carbon fiber is
tended to contract in longitudinal axis but epoxy is tended to
expand in longitudinal axis. In this state, carbon fiber is withstood
tensile force and epoxy is withstood compressive force. While the
temperature decreases from 23 to -175°C, the epoxy withstood
tensile force and the carbon fiber withstood compressive force.
Because the carbon fiber and epoxy are stuck together, due to this
reverse behavior of carbon fiber and epoxy in longitudinal direction,
cracks are induced especially in the interface-bonding surface
between fiber and matrix. By continuing the thermal cycles, the
cracks are propagated and by the propagation of cracks, ultimately,
the fracture is occurred.
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Figure 6. ILSS as a function of cycle numbers in LEO environment simulation experiment.
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Figure 7. Flexural Strength as a function of Cycle numbers created by data in Figure 6
(Cycles = 0, FS = 1368.6), (Cycles = 1500, FS = 1315.1), and (Cycles = 2000, FS =
1231.1), in LEO environment simulation experiment.

RESULTS AND DISCUSSION research are compared with the results of another
experiment. In the comparison of these two results,
In the presented part of this study, the results of this mostly, crack growth rate as a function of temperature
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Cooling

Figure 8. Edge view of UCFEC in simulation for solar eclipse in LEO
environment simulation experiment. Black arrows show the expansions
and contractions direction and white arrows show the compression or
tension stress between the carbon fiber and matrix.

Heating

Figure 9. Edge view of UCFEC in simulation for sun illumination in LEO
environment simulation experiment. Black arrows show the expansions
and contractions direction and white arrows show the Compression or
Tension Stress between the carbon fiber and matrix.

variation have been investigated. Both experiments are (Park et al., 2012), but the second experiment is being
thermal fatigue experiments on CFEC. Nevertheless, the performed on bidirectional CFEC (Ramanujam et al.,
first experiment is being done on unidirectional CFEC 2008).



26 J. Chem. Eng. Mater. Sci.

A7=140°C

Aa (mm)

60°C 30°C 100°C 120°C

0 200 400

800

600 1000

N (number of thermal cycles)

b 8
A7=140C 60°C 30°C 100°C 120°C
B ‘ ' : Voo
) o~ © ‘ ¢
% 00°0° %0 94500 © P
= o 0 o v
g o 0 ‘ o ©
= o !
S : 0o b
S o E : b
gol. : ; o b
00 o° :
o | =
b ' ! :
0 . . . 0000 .
0 200 400 600 800 1000

N (number of thermal cycles)

Figure 10. Crack length (a) and crack growth rate (b) as a function of thermal cycles in
the second experiment on bidirectional CFEC (Ramanujam et al., 2008).

Table 4. Comparison of crack length between unidirectional and bidirectional CFEC as a result of different temperature variations from two
different thermal fatigue experiments (Experiment 1 (Earth Orbit Cycles) and Experiment 2 subsequently).

Crack length in unidirectional CFEC (mm) (Park et

Crack length in bidirectional CFEC (mm)

Aty al., 2012) (Ramanujam et al., 2008)
70000 0.3744 22

76000 0.3746 24

78400 0.3747 24

96400 0.3753 3
103600 0.3754 3.22

For the first experiment, a procedure to achieve the
crack growth rate as a function of temperature variation is

introduced and for the second experiment (Ramanujam
et al., 2008), data for crack growth rate as a function of
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Table 5. Comparison of crack growth rate between unidirectional and bidirectional CFEC as a result of different temperature variations from

two different thermal fatigue experiments (Experiment 1 (Earth Orbit

Cycles) and Experiment 2 subsequently).

At Crack growth rate in unidirectional Crack grqwth rate in bidirectional CFEC (um/cycle)
total CFEC (um/EOC) (Park et al., 2012) (Ramanujam et al., 2008)
70000 0.0137 5.1 (at thermal cycle with 140°C Celsius temperature variation)
76000 0.01491 1.5 (at thermal cycle with 60°C temperature variation)
78400 0.01538 0 (at thermal cycle with 30°C temperature variation)
96400 0.01888 3 (at thermal cycle with 100°C temperature variation)
103600 0.02029 3.22 (at thermal cycle with 120°C temperature variation)
Average crack
grov\%h ol 0.0166 2.82

Figure 11. Delamination that occurred in the bidirectional CFEC as a result of
thermal cycles in the second experiment (Ramanujam et al., 2008).

different temperature variations are available from the
experiment data. In the following figure, the number of
thermal cycles and temperature variation related to those
are illustrated. In the following relations, by using Figure
10, the total temperature variation is obtained.

As observed in Figure 10, in the second thermal fatigue
experiment on Bidirectional CFEC, there are five stages
including different temperature variations and cycles at
each of them. Therefore, in order to calculate the total

temperature variation (At,) at each point of the second

experiment, the following relations are suggested. As a

result, At after each stage is equal to
1

D" At;.n, = At,.n, =140*500 = 70,000,

= (15)

2

Y At.n, = At.n, + At,.n, =140*500 + 60*100 = 76,000,
(16)
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Figure 12. Crack growth rate in UCFEC as a function of temperature variation in first experiment achieved from the novel

analytical relations.

3
Z At.n; = At.n, + At,.n, + At,.n, =140*500 +60*100 + 30*80 = 78,400, (17)
i=1

4
3" AN, = Atun, +At,n, + Aty + At,.n, =140%500 + 60%100 -+ 30*80+100*180 = 96, 400,
i=1
(18)

5

STAL N, = Aty + A, + Atyn, + At,n, + Aty N =140*500 + 60*100 + 3080 +100*180 +120*60 =103, 600,
H

(19)

and these numerical quantities of At that is obtained
from the above relations can be substitute into the
following relations to predict the crack length and crack
growth rate in first thermal fatigue experiment on UCFEC.
The amounts that are obtained from these relations can
be applied to compare the results between the two
thermal fatigue experiments

a=(5.75e - 8)N° - (1.75e - 5)N + 0.375

Also, because each Earth Orbit Cycle is 590°C

temperature variation (Park et al., 2012), therefore,

N=
AtioralAteoc,

a = (5.75e—8)( Mo y2 _ (1 750 _5)(Alom ) 4 0375,
Ateoe Atgoe (20)

and because At may consist of different temperature
variations with different cycle numbers, consequently,

n

At;.n, At
a=(5.75e —8)(Z )" - (1.75e -5)( 2 )+0.375,
teoc At (21)

by substituting At.o. with 590°C temperature variation,
crack length can be defined as

ZQT!-_H!- Zﬂf!-_??!- i
a=(5.75e-8)( = ~(1.75¢—s ) =)+ 0375.
590 590 22)
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Figure 13. Crack length in UCFEC as a function of temperature variation as a result of first
experiment obtained from the novel analytical relations.

and for next relation (crack growth rate), the above
process can be repeated to reach the following equations

d_a = (1.15e - 7)(At‘_°“*') —(1.75e - 5),

dN AtEoc (23)
At.n,

da - (1.15e—7)(Z—) ~(1.75e-5),

dN AtEOC (24)
At .n.

da —(1.15e— 7)(2;—) —(1.75e-5),

dN 590

(25)

In Figure 11, delamination occurred in the bidirectional
CFEC as a result of thermal cycles in the second
experiment is shown. Furthermore, the results of this

research are illustrated in Figures 12 and 13. Moreover,
comparisons obtained from the results of this study are
indicated in Tables 4 and 5.

Conclusions

In the presented study, an investigation to predict the
crack growth rate as a function of temperature variation
for UCFEC is done. In doing this process, by using
experimental procedure data and applying new analytical
method, equations are developed. These novel equations
can illustrate the crack growth rate as a function of
temperature variation. Finally, the comparison of crack
growth as a function of temperature variation between
UCFEC and bidirectional CFEC is done. By comparison,
it appears that crack growth rate as a function of
temperature variation in bidirectional CFEC is more than
169 times of that in UCFEC. It seems that the reason
might be due to mismatch between coefficients of thermal
expansion in both direction for bidirectional CFEC;
because difference between coefficients of thermal
expansion in both direction can develop more stress
concentration in the inter-laminar plies. Higher stress
concentration may cause higher crack growth rate in the
composite material and consequently, cause larger crack
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propagations rate especially in the epoxy.
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