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The mechanical properties of long unidirectional (UD) and crossply (CR) carbon fiber reinforced plastics
(CFRPs) were investigated at a low temperature (—196 °C). The CFRPs were fabricated from 60 vol.%
carbon fiber and epoxy resin. The bending strength of the UD-CFRP was approximately twice that of the
CR-CFRP. The high strength of the UD-CFRP was directly attributed to the amount of carbon fiber oriented
along the loading direction: 60% for UD-CFRP compared with 30% for CR-CFRP. The low-temperature
(=196 °C) tensile and fatigue strengths of the UD-CFRP were over 1.5 times greater than those at
room temperature (20 °C). This was attributed to the increased epoxy strength at low temperatures along
with the internal compressive stress arising from the different thermal expansion coefficients of the
carbon fiber and epoxy. Both the epoxy strength and internal compressive strength were employed as
factors in a compound law to numerically estimate the low-temperature tensile strength. This work
presents a systematic analysis for changes in the CFRP material properties at low temperatures.

© 2019 Publishing services by Elsevier B.V. on behalf of Vietnam National University, Hanoi. This is an

open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The utilization of composite materials, especially carbon fiber
reinforced plastics (CFRPs), has dramatically increased in recent
years because of their low specific weight and high specific
strength. In particular, CFRP materials have received considerable
attention because of their practical use in the aerospace industry.
Spacecraft fly in the atmosphere and the surrounding space (e.g.,
100 km above the ground), where the air pressure is too low to
maintain lift and the air temperature changes dramatically within
the range of —100 to 100 °C. To ensure spacecraft safety, it is
necessary to examine the material properties of CFRPs at low and
high temperatures.

The material properties of CFRPs and related information have
been reported in past studies. Puente et al. [ 1] examined damage in
quasi-isotropic and woven carbon fiber/epoxy laminates caused by
intermediate- and high-velocity impacts at low temperatures.
Dutta et al. [2] analyzed the energy absorption of graphite/epoxy
plates under low-velocity impacts using a Split—Hopkinson pres-
sure bar and found a small dependence on temperature in the range
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of —69 to 20 °C. Although the mechanical properties of CFRPs at low
temperatures have been reported, no study has analyzed the factors
underlying the effects of temperature on their mechanical
properties.

Understanding the fatigue properties of engineering materials is
important in the design process since over 90% of component
failures are caused by fatigue. Several studies have focused on the
deterioration of CRFPs through fatigue. The fatigue life of a unidi-
rectional CFRP was predicted at temperatures greater than 100 °C,
and the results showed a significant decrease in the fatigue
strength at high temperatures [3]. The fatigue strength of CFRPs can
be directly attributed to defects (e.g., voids and cracks) caused by
high stress concentrations [4]. The fatigue strength of CFRPs with
short carbon fibers [5] was reported to increase with a greater
carbon fiber content, which is correlated with its tensile strength.
The fatigue strength of CFRPs with short carbon fibers was also
affected by the extent of residual stress arising from crack closures.
To obtain high fatigue strength, Huawen et al. [6] prepared CFRP
laminates in which pre-stressed CFRP plates were attached to mild
steels. They found that increasing the pre-stressing level increased
the fatigue life of the CFRP plate.

The fatigue properties for CFRPs have been investigated using
various experimental approaches, which have provided useful in-
formation when designing engineering components. However, the
lack of related studies in the literature suggests it is still necessary
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to examine the fatigue properties of CFRPs at low temperatures in
relation to service conditions for applications in the aerospace in-
dustry [7]. In particular, further information on the failure charac-
teristics of CFRPs at low temperatures is needed. Therefore, this
study investigates the tensile and fatigue properties both experi-
mentally and numerically at low temperatures. Furthermore, a new
compound law is proposed to accurately estimate the associated
mechanical properties.

2. Experimental
2.1. Materials and experimental conditions

The mechanical properties of commercial unidirectional (UD)
and crossply (CR) CFRPs (UD-CFRP and CR-CFRP, respectively) with
a thermoset resin (epoxy) were investigated. The carbon fiber used
in this study was T303 (TORAY Industries, Inc.). Fig. 1 shows pho-
tographs of the sheet-shaped UD-CFRP and CR-CFRP specimens,
indicating different textures for the carbon fiber between the
specimens. The carbon fiber content of the CFRPs was 60 vol.%, and
the CFRP sheets were produced with thicknesses of 1 mm using a
hot-pressing process. The bending, tensile, and fatigue strengths of
the CFRPs were evaluated at both room temperature (20 °C; T;) and
low temperature (—196 °C; T). The CFRP samples were immersed
directly in liquid nitrogen using a special container to cool them
down to —196 °C.

Fig. 2 shows schematic diagrams of the experimental setups used
to evaluate the mechanical properties of the CFRP samples: three-
point bending test, tensile test, and fatigue test in liquid nitrogen.
Containers made of stainless steel and Styrofoam were employed
because of their desired resistances to high and low temperatures.
The bending and tensile tests were conducted using a screw-driven
universal testing machine with a capacity of 50 kN. The specimens
were loaded with a stroke control at a rate of 1 mm/min until frac-
ture. The applied load and strain were measured using a load cell and
strain gauge, respectively. The fatigue tests were performed using an
electro-hydraulic servo system with a capacity of 50 kN. During fa-
tigue testing, the relationship between the stress amplitude (S;) and
the cycle number to final fracture (Nf) was evaluated. Tensile—tensile
loading at a load ratio of 0.1 and a frequency of 30 Hz was applied to
the test specimens until they completely fractured or their endur-
ance limit was reached at 10° cycles.

2.2. Strain analysis

To clearly reveal the CRFP material properties at low tempera-
tures, strain measurements were carried out using commercial

Fig. 1. Photographs of the UD-CFRP and CR-CFRP composites containing a thermoset
resin (epoxy).

strain gauges with 2-mm lengths. Fig. 3 shows a schematic illus-
tration of the CFRP sample with attached strain gauges. Three
commercial strain gauges were attached to the surface and inside of
the CFRP specimens with different orientations (e.g., parallel and
perpendicular to the carbon fiber direction). It is noted that the
surface and interior of the CFRP specimens were dominated pri-
marily by epoxy and carbon fibers, respectively.

Numerical analyses (three-dimensional finite element (FE)
simulations with eight-node quad elements) using commercial
software (ANSYS 15.0) were conducted to examine the internal
strain at —196 °C. The mesh sizes of the carbon fibers and the
surrounding epoxy were determined to be less than 0.01 mm.
The material parameters for the numerical analysis were: elastic
constant Ef = 230 GPa, Poisson ratio »f = 0.30, and thermal
expansion coefficient af = —0.4 x 107%/°C for the carbon fiber;
and Ep = 2.4 GPa, vy = 0.3, and o = 50 x 1076/°C for the
epoxy [8].

3. Results and discussion
3.1. Mechanical properties

Fig. 4 shows the bending strengths for the CR-CFRP and UD-
CFRP at 20 °C (T1) and —196 °C (Ty). The bending stress was
calculated as:

Opend = Mmax/Z (1)
— 3Pl /2bh2 (1a)

where Mpax is the maximum bending moment, Z is the section
modulus, P is the applied load, I is the span for the bending load,
and b and h are the width and height of the CFRP specimen,
respectively. As shown in Fig. 4, the bending strength for the UD-
CFRP was approximately two times that of the CR-CFRP. This
result may be related to the amount of carbon fiber in the loading
direction (60% for UD-CFRP vs. 30% for CR-CFRP). In addition, the
bending strengths for both types of CFRPs were approximately 1.5
times higher at —196 °C than at room temperature. Tensile tests
were conducted to further verify the high strength of the CFRPs at
low temperatures.

Fig. 5(a) shows the relationships between the engineering ten-
sile stress and strain for the UD-CFRP at 20 and —196 °C, and the
ultimate tensile strengths are summarized in Fig. 5(b). The tensile
strength (oyrs) for the UD-CFRP at —196 °C (3200 MPa) was
approximately 40% higher than that at 20 °C (2300 MPa; i.e.,
Aayrs = 900 MPa). This suggests that CFRPs are strengthened at
lower temperatures and that low-temperature embrittlement does
not occur. Similar results have been reported previously, although
no clear explanation was provided [9]. It was reported that CFRPs
with unidirectional [90]1p laminate dramatically increased tensile
stress (over 100%) at a low temperature of —60 °C [10].

The tensile properties of the epoxy at —196 °C were investigated
to understand the high tensile strength of the UD-CFRP at low
temperatures. Fig. 6 shows the ultimate tensile strengths of the
epoxy at 20 and —196 °C. Like the tensile strength of the UD-CFRP,
that of the epoxy increased by a factor of two at low temperatures
compared with room temperature. Specifically, the tensile strength
of the epoxy (d4oepoxy) after decreasing from 20 to —196 °C
increased by approximately 350 MPa, which was approximately
38% of the dayts (900 MPa). The high tensile strength of the epoxy
at —196 °C may be related to a reduction in the molecular mobility
at low temperatures. In a related study [11], the fracture toughness
of pure epoxy was found to increase with decreasing temperature,
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Fig. 2. Schematic illustrations showing the testing setups for the bending, tensile, and fatigue tests.
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Fig. 3. Schematic illustration showing the setup used to measure the strain of UD-
CFRP at —196 °C.

with a 35% increase when the temperature decreased from 20
to —110 °C.

Although the high strength of the epoxy contributed to
enhanced CRFP mechanical properties at low temperatures, the
much lower value of 4gepoxy compared with Aoyrs indicates that
other factors were also involved. It can be assumed that residual
stresses lead to a high strength at low temperatures due to
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Fig. 4. Bending strengths for the CR-CFRP and UD-CFRP at 20 and —196 °C.

differences in the thermal expansion coefficients between the
carbon fibers and epoxy, as discussed in a later section.

Fig. 7 shows the relationship between the stress amplitude and
the number of cycles to failure (S; vs. Nf) for the UD-CFRP at room
temperature and —196 °C. The arrows on the S,—Ns curves indicate
that the specimen did not fail within 10> cycles (i.e., the endurance
limit). The S,—Ng curve for the UD-CFRP sample at —196 °C is higher
than that at room temperature. However, the fatigue strength in the
later fatigue stage, including the endurance limit, of the UD-CFRP
at —196 °C is close to that for room temperature, as indicated by
the dashed circle. In other words, the fatigue strength at —196 °C
decreases during the later fatigue stage. This observation can be
explained by assuming that the CFRP specimen is damaged at low
temperatures, which is examined later in this section. On the other
hand, the high fatigue strength of the sample at —196 °C in the early
fatigue stage is related to the high tensile strength of the sample.

The S,—Nf curves were further analyzed quantitatively using a
power-law relationship between S, and Nf:

Sa = o¢ Nf® (2)

where ¢y is the fatigue strength coefficient and b is the fatigue
exponent. In this case, a low b value and a high o value result in
high fatigue strength. The following expressions were determined
for the UD-CFRP samples using a least-squares analysis:
Sa=1792.4N7 %995 at 196 °Cand S, = 1060.2N; %9%3 at 20 °C. Thus,
the of and b values for the UD-CFRP at —196 °C were higher and
lower than those at 20 °C, respectively. Overall, the analysis in-
dicates that CFRPs have a high fatigue strength at —196 °C. To un-
derstand the failure characteristics of CFRPs at low temperatures,
the fracture surface was observed using scanning electron micro-
scopy (SEM) after fatigue testing (e.g., after approximately 10% and
10 cycles), as shown in Fig. 7.

Fig. 8 shows the SEM micrographs of the fractured surfaces for
the UD-CFRP specimens after fracturing during the early (about 200
cycles) and later (about 15,000 cycles) fatigue stages. The observed
fracture modes were obviously different for the two fracture stages.
In the later fatigue stage, the epoxy strongly adhered to the carbon
fibers, and fatigue failure occurred mainly in the epoxy as a result of
material degradation. This type of fracturing may reduce the fatigue
strength at later fatigue stages. In contrast, de-bonded and pulled-
out fibers were observed at the early fatigue stage, which agrees
with a previous report [12]. It is noted that in the present case, no
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Fig. 5. (a) Representative stress—strain curves and (b) the ultimate tensile strengths of the UD-CFRP at 20 and —196 °C.
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Fig. 6. Ultimate tensile strengths of the epoxy at 20 and —196 °C.

clear temperature effect is detected, while in a previous work, at a
given impact energy, the delamination area increased as the tem-
perature was lowered [13]. The CFRP rods are sometimes used to
reinforce concrete beams, and the high cyclic fatigue properties of
those beams were investigated at room temperature and —28 °C.
The fatigue strength of concrete beams was enhanced, but the bond
between the CFRP rods and concrete weakened at lower temper-
atures during cyclic loading [14]. Epoxy adhesives used to form the
bonds between CFRPs and concrete are sensitive to temperature,
such that the bond properties deteriorate rapidly at high temper-
atures, e.g., rapid loss of strength was reported as epoxy tempera-
ture increased beyond 60 °C [15].

3.2. Strain characteristics

To understand the material properties of the CFRP specimens in
detail, the low-temperature strain characteristics of the UD-CFRP
were examined. Fig. 9 shows the strain values for the CFRPs as
measured using the strain gauges depicted in Fig. 3 (i.e., strain
measured in the areas of the epoxy and carbon fibers). The strain
measured perpendicular to the carbon fiber direction was higher

than that measured in the parallel direction. Furthermore, the
strain in the epoxy area was higher than that in the carbon fiber
region. These differences in strains resulted in the generation of
internal stresses, which caused a change in the mechanical
strength. The FE analyses were performed to further understand
the strain characteristics of the UD-CFRP.

Fig. 10 depicts the von-Mises strain (eyop) distribution in a cross-
section of a UD-CFRP specimen. It is noted that the FE model was
designed with a high magnification under the same carbon fiber
volume fraction. The strain value was estimated from:

evon = {1/(1+)}

X {0-5{(81 —)® + (2 —€3) + (g3 _S])ZHO‘S G

where v is Poisson's ratio and &y is the principle strain. A high strain
distribution can be seen in the epoxy around the carbon fibers. This
can be explained from the different thermal expansion coefficients
of the (high) epoxy and the (low) carbon fibers. In contrast, no clear
strain was detected in the carbon fibers due to their high Young's
modulus. The high strain in the epoxy generated a compressive
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Fig. 7. Relationships between the stress amplitude and number of cycles to failure for
the UD-CFRP at 20 and —196 °C.
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(a) Early fatigue stage

(b) Later fatigue stage

Fig. 8. SEM images of the fracture surfaces for the UD-CFRP after the tensile tests.
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Fig. 9. Strain values of the epoxy and carbon fiber regions of the UD-CFRP at —196 °C
measured as shown in Fig. 3.

stress, leading to the improved CFRP mechanical properties at low
temperatures.

3.3. Numerical analysis

A previous study [16] assessed the tensile strength of carbon
fibers using a multiple regression analysis by considering various

Fig. 10. von-Mises strain distribution of UD-CFRP at —196 °C determined from the FE
analysis.

material parameters, including the fracture strain, elastic constant,
wettability of carbon fiber on the resin, Vickers hardness, and car-
bon fiber type (UD or CR). To numerically estimate the tensile
strength of the UD-CFRP (ocprp_n) at low temperatures, a
compound-law analysis was performed using the formula:

oCFRP_, = o¢Vf + omVm, (3a)

where ¢r and oy, are the tensile strengths of the carbon fiber and
epoxy, respectively, and Vf and Vj, are their respective volume
fractions. The material parameters used in the estimation were as
follows: of = 3530 MPa (carbon fiber) [17]; o, = 300 MPa (epoxy;
Fig. 6); Vf= 60%; and Vi, = 40%. Thus, the approximate value for the
ocrrRP_n Was 2240 MPa, which agrees relatively well with the
experimental results (¢cgrp = 2300 MPa), see Table 1. However, the
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Table 1
Results of the numerical analysis for the tensile strength of CFRP at 20 and —196 °C.

Tensile strength, MPa

at —196 °C

Experimental ocprp Numerical 6cprp_n

at 20 °C

Experimental ocprp Numerical 6cprp_n

2300 2240

3200 3123

estimated ocprp_n, Was much lower than the tensile strength
at —196 °C (3200 MPa), suggesting that conventional compound-
law analyses may not be appropriate in this case. This low esti-
mate could be related to the absence of thermal stresses (internal
strain) in the model.

To address this issue, the compound law was modified based on
several material properties at —196 °C (i.e., thermal stress and
A0epoxy Value). To obtain information about the CFRP thermal
stress, it is necessary to determine the thermal expansion coeffi-
cient («). Since no « values are available for the epoxy and carbon
fiber, the « values were estimated using the formula:

a=¢/AT 4)
with
AT =T, - T, (4a)

where ¢ is the strain and 4T is the temperature range for the UD-
CFRP. As shown in Fig. 9, the strain value of the UD-CFRP in the
direction of the carbon fibers was approximated as a constant value
of —0.4% [i.e., & = (eepoxy + £cr)/2]. Based on the obtained values of ¢
and AT, « was estimated as —18.5 x 107%/°C. Furthermore, the
thermal stresses of the carbon fiber (¢¢_f) and epoxy (o¢—m) were
calculated based on their Young's moduli and thermal strains
(4Ta):

¢ = Ef AT (a - af) for carbon fiber (5)

and

0t—m = Em 4T (0« — am) for epoxy (6)

Using Egs. (5) and (6), the thermal stresses for the carbon fiber
and epoxy were obtained as orf = -899.2 MPa and
g—m = 16.3 MPa, respectively. These estimates suggest that a high
compressive stress and low tensile stress are created during the
cooling process in the carbon fiber and epoxy, respectively. These
stresses generate a residual stress (o;) at low temperatures of:

or = 0_¢Vf + 0t—mVm (7)

The value of ¢, estimated from Eq. (7) was —533.0 MPa. The
tensile strength for the UD-CFRP was significantly enhanced
because of the high residual compressive stress.

Based upon the above results, the conventional compound law
[Eq. (3)] was modified to consider the residual stress (o) and tensile
strength of the epoxy (4gepoxy) as:

g — 1960C = O‘CFRP,n —Ur+AUep0xy (8)

= Vf (Uf + O't,f> + Vm(O'm + O'tfm) + Aﬂ'epoxy (Sa)

Using Eq. (8), the ultimate tensile strength for the UD-CFRP
at —196 °C was approximated as 3123 MPa, which is in good
agreement with the experimentally obtained tensile strength
(3200 MPa). Thus, Eq. (8) may be applied to approximate the tensile

strength of CFRPs at low temperatures. Overall, the results suggest
that the residual compressive stress and tensile strength of the
epoxy play important roles in determining the tensile properties of
CFRPs at low temperatures. The obtained numerical analyses at
room temperature and at —196 °C are summarized in Table 1.

4. Conclusion

The mechanical properties of CFRPs with a thermoset resin
(epoxy) were examined experimentally and numerically to un-
derstand the material properties of CFRPs at low temperatures.
Based on the obtained results, the following conclusions were
drawn.

The mechanical properties of the UD-CFRP and CR-CFRP com-
posites containing 60% carbon fiber were different. The bending
strength of the UD-CFRP was approximately twice that of the CR-
CFRP. The higher bending strength of the UD-CFRP is directly
attributed to the greater proportion of carbon fiber oriented along
the loading direction (60% for UD-CFRP vs. 30% for CR-CFRP). The
low temperature (—196 °C) tensile and fatigue strengths of the UD-
CFRP were more than 1.5 times greater than those at 20 °C. Similar
to the UD-CFRP, the mechanical properties of the epoxy were
enhanced after decreasing the temperature. The differences be-
tween the thermal expansion rates for carbon fiber and epoxy
generated a residual compressive stress in the UD-CFRP at —196 °C.
The conventional compound law was modified to estimate the ul-
timate tensile strength of CFRPs at —196 °C considering the residual
compressive stress of the carbon fiber and the tensile strength of
the epoxy at low temperatures. The modified compound law was
found to well estimate the tensile strength for the UD-CFPR at low
temperatures.
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