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ABSTRACT

Carbon fiber reinforced epoxy resin composites have attracted great attention in high pressure hydrogen
storage for its light weight and excellent mechanical properties. The degradation of residual mechanical
properties at elevated temperature from 20 T to 450 <C were studied experimentally. The effects of
temperature on the tensile strength and failure mode of the composite specimens with stacking sequences
of 0< 90=and #45<(labeled as CFO, CF90 and CF 45) were systematically analyzed followed by the
fracture surfaces examination. Results show that the tensile strength residual ratios of the three kinds of
specimens decrease significantly with heating temperature increasing. In particular, the decomposing
temperature of the resin matrix exerts the largest effects on the degradation of tensile strength of CFO
specimen within 450 <C. While the loss of tensile strength of CF90 and CF45 specimens is dependent
on the thermal softening of epoxy resin which has closely related to the glass transition temperature.
Furthermore, the debonding and fiber softening appeared in the CFO specimens when the temperature
reached 450 <C. For CF90 specimens, the degradation of bonding strength of epoxy could be found at
150 <C, and regarding CF45 specimens, delamination cracking between plies occurred extensively when
the temperature above 125 <C.
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1.0 INTRODUCTION

With the rapid development of hydrogen infrastructures such as hydrogen fuel cell vehicles, the safety
of the on-board hydrogen storage systems gradually shades into one of the most crucial issues which
has been carefully investigated during recent years [1-5]. Since the type III and type IV (cylinder which
contains a metal liner and non-metallic liner reinforced with fully-wrapped composite material,
respectively) cylinders are typically accepted as compressed gaseous hydrogen storage for their light
weight and high strength characteristics [6, 7]. Generally, for high-pressure hydrogen cylinders, the
composite layer is winded by carbon fiber reinforced polymer, and the cylindrical part is made by hoop
winding and spiral winding, while the dome part can only be made by spiral winding However, the
composite layer tends to degrade under thermal load (heat radiation or fire impingement) and have a
high failure risk under accidental fire exposure [8, 9]. The fire might burn thermosetting polymer-like
epoxy resin of the composite progressively and cause an increase of the mass loss [10]. Thus,
investigating the mechanical properties of fully-wrapped composite material under high temperatures is
of significance for evaluating the structural safety of hydrogen cylinders.

The failure modes of hydrogen cylinders exposed to fire have been studied by many researchers due to
more flammable and explosive medium of hydrogen and higher storage pressure of cylinders as
compared to the CNG cylinders [11]. To eliminate these risks and solve the related fire safety issue,
many researchers [3, 12-17] have developed different models and simulation methods to predict the
cylinder burst capability and to investigate the damage mechanism. Much of the current literature on the
calculation of the time to burst pays particular attention to the criteria [18, 19] which indicates that in
order to assess the fire resistance time of the cylinder, one of the most important things is to determine
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the thermal and mechanical properties of the wound composite material and the cylinder failure
criterion. Also, many studies have put insight into the properties of carbon fiber composites under tensile
loading during fire or at high temperatures under different factors such as composite material,
temperature, and ply orientation. The tensile strengths of CFRP laminates are significantly reduced with
increasing temperature, but size dependence is independent of temperature [20]. Besides, the tensile
softening rate and failure time of quasi-isotropic laminate also depend on the ply stacking pattern at low
applied tensile stresses (less than 50% of the ultimate strength) [21]. However, these studies mainly
focused on the residual mechanical properties of the composite after exposure to the heat flux, it is
necessary to investigate the failure behavior under a couple of thermomechanical loading.

Furthermore, some studies have attempted to explain the failure mechanism of carbon fiber reinforced
epoxy resin composite material under tensile load in high temperatures (between 100 <C and 600 <C) or
in the fire [22-24]. Nevertheless, there is hardly any experimental analysis performed on composite
under a couple of thermomechanical loading, and the extent of loss on tensile strength in different
decomposition stages need to be revealed. Thus, in this work, the authors focus on the tensile properties
of composite specimens with stacking sequences of 0< 90<and 345 “at elevated temperatures. Besides,
the fracture characteristics of carbon fiber reinforced epoxy resin composite after tensile test are
observed. Based on the results, the evolution of tensile strength with the elevated temperature was
discussed quantitatively and the degradation mechanism of tensile strength was investigated.

2.0 MATERIALS AND METHODS
2.1 Materials and experimental parameters

In this study, flat rectangular specimens of the laminate were used to identify the tensile performance of
the composite material in high- temperature environment. The laminate was fabricated by unidirectional
T700 carbon fiber- epoxy resin prepreg (produced by TORAY and Wuxi Resin Factory), they are usually
used to manufacture the high-pressure hydrogen storage cylinders. As the fiber orientation in composite
materials has a significant influence on the mechanical stiffness and strength, the effect of high
temperature has been studied on composite laminates with different stack patterns: [0Fs, [90Fs and
[2459s noted CFO, CF90 and CF45, respectively. In accordance with the requirements of ASTM D3039
and take the situation of the testing machine, such as the height of furnace and loading mode into
account, flat rectangular specimens were prepared as shown in Fig.1, the dimensions for the composite
laminates are given in Table.1. The aluminum alloy tabs were used for the gripping portions to ensure
that failure does not occur at the gripping area, which was bonded by epoxy resin adhesive. Composite
laminates were cured in an autoclave at about 130 <C for 2 hours. The cured composite laminate had a
fiber volume content of 63%. The glass transition temperature of the cured composites was 120 <C as
provided by the manufacturer.

Due to the different degrees of degradation on tensile strength under high temperature, and to figure out
the effect of typical temperature on tensile strength, the temperature ranges for the three kinds of
specimens are different. To be specific, CFO composite laminates were tested at 20 <C, 75 <C, 100 <C,
150 <C, 250 <C, 350 T and 450 <C, the temperatures of CF90 composite laminates were 20 <C, 100 <C,
125 <€ and 150 T, and for CF45 were 20 <C, 75 <C, 125 <C, 150 < and 200 <C.
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Figure 1. Specimen diagram.
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Table 1. Tensile specimen geometry

] Geometry (Unit: mm)
Specimen
L w t Lo h 0
CFO/CF90 | 330 25 2 60 15 20°
CF45 330 25 2.5 60 15 20°

2.2 Tensile test

The tensile tests of all the composite laminates were conducted according to the ASTM D 3039 by using
an electro-hydraulic servo universal testing system (MTS810-25ton) with an adjustable hydraulic
pressure supply for wedge grips. The testing system is equipped with an automatically controlled furnace
of which height is 120 mm and ultimate temperature is 1000 <C, as shown in Fig. 2. Prior to the tensile
process, specimens were held at the target temperature for at least 20 minutes to ensure that the
composite laminates reached a homogenous temperature. Then, the specimens were tested directly under
the target temperature until they failed. The tensile load was applied with the displacement rate of
Imm/min for all tests. Four parallel tests were carried out for each temperature condition to determine
the tensile properties of the composite laminate, and the average value was adopted as the experimental
results.
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Water cooling
system of grips
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Figure 2. The electro-hydraulic servo universal testing system.

3.0 RESULTS AND DISCUSSION
3.1 Tensile behaviors

Figure. 3 (a), (b) and (c) illustrate the effect of high temperatures on the load-displacement curves for
the CFO, CF90 and CF45 specimens. The load-displacement curves of CF0 specimens from 20 <C to
450 <C are similar, showing the characteristic of brittle fracture. At the beginning, the curve is relatively
smooth and can be regarded as a linear elastic stage, and then the curve begins to appear “wave”,
indicating that there is fiber fracture and the load around the fractured fiber is redistributed through the
resin. With the increase of applied load, the fiber fracture occurs continuously, and finally the specimen
breaks instantaneously. The load-displacement curves of CF90 specimens show different trends at
different temperatures (as shown in Fig. 3(b)). It can be seen from Fig. 3 (b) that the load-displacement
curves obtained at 20 <T is linear, and finally the tension curve drops sharply with brittle fracture. While
for the load-displacement curves at 100 <C, 150 <C and 200 <C, two stages can be observed. Both of
them show linear evolution, the slope of the first stage is obviously lower than that of the second stage.
The fluctuating range of the curves in the second stage at 150 <C and 200 <C are higher. Fig. 3 (c)
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represents the load-displacement curves of CF45 specimens, the damage process is quite different from
that observed for CFO and CF90. Here, the curves got at temperatures lower than the glass transition
temperature of the epoxy resin including 20 <C and 75 <C show similar trends, and the curves obtained
at 125 <C, 150 € and 200 <T exhibits a similar damage process. Under the temperature of 20 <C to
75 T, the CF45 specimen behaves like the ductile material, obviously there exist yield points on the
curves for 20 <C. However, the tension curves at 125 <C, 150 <€ and 200 <C are still linear evolution
before the fracture occurred. Meanwhile, in the fracture stage, the load doesn’t drop sharply but
experiences a series of load drops.
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Figure 3. Tensile load-displacement curves at different temperatures for specimens of (a)CFO, (b)
CF90 and (c) CF45.



3.2 Mechanical properties

As can be seen from Fig. 4, the temperature clearly has an effect on the tensile strength as well as the
stiffness for three kinds of specimens, the average tensile strength of the carbon fiber reinforced epoxy
resin composite as a function of elevated temperatures are plotted in Fig. 4 (a), (c) and (e). The tensile
strengths are calculated according to the ASTM D3039. Fig. 4 (b) displayed the tensile strength residual
ratios of CFO, CF90 and CF45. It is apparent that the tensile strength of specimens at high temperatures
deteriorates dramatically with the rising temperature. At room temperature, the tensile strengths for CFO,
CF90 and CF45 are 2019.68 MPa, 30.79 MPa and 230.98 MPa, respectively. The tensile strength of
CFO0 specimen decreases slowly from 20 <C to 150 <C, the tensile strength residual ratio of the CF0 at
150 <C is 89.1%. And between 150 <T and 250 <C, the tensile strength of CFO varies little. When the
temperature reached and exceed 350 <C, a significant strength degradation occurred, and the strength
residual ratio of CFO at 450 is only 47.3%. Similar evolution trends for the tensile strength of CFO
specimen could be observed in the research of Gao et al [25]. However, Cao et al. found that the carbon
fiber reinforced resin sheets lost their strength rapidly during the glass transition temperature of epoxy
resin (between 40 <C and 60 <C) [23].

As shown in Fig. 4 (c) and (d), below 100 <C, the tensile strength the CF90 specimens decrease slowly,
while the decrease of the strength became rapidly in the epoxy resin’s glass transition region between
100 T and 150 <T. The tensile strength residual ratios of CF90 at 100 <C ,125 <C and 150 <C are 69.6%,
35.1% and 16.5%, which indicates that the strength almost completely lost with the rising temperature.

In Fig. 4 (e), it is noticed that the tensile strength of CF45 specimens began to degrade when the heated
to 75 T, between 75 <T and 200 T, a rapid reduction in the tensile strength was observed, when the
temperature exceeds 125 <C, the strength loss rate increased slightly. The tensile strength residual ratios
of CF45 at125 <€ ,150 <T and 200 <T are 47.5%, 22.8% and 9.1% as shown in Fig. 4 (f), from this
figure, the temperature effect on the strength is clearly evident.
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Figure 4. Tensile strength and tensile strength residual ratio at different temperatures: (a) and (b)for
CFO, (c) and (d) for CF90, (e) and (f) for CF45.

3.3 Fracture morphology

To study the effects of heated temperature on the fracture modes of CF0, CF90 and CF45, the fracture
morphologies of the specimens after tensile testing are observed and compared as shown in Fig.5, Fig.
6 and Fig. 7. As demonstrated in Fig. 5, the CFO specimen at 20 <T ruptured on multiple areas with fiber
breakage, fiber pullout and matrix crack, the fiber bundles are thin. Similar failure modes can also be
observed in the specimens at 75 <C and 100 <C. As the temperature rise, the failure area concentrated in
the heating part of specimens and located in the middle. Between 150 <C and 350 <C, the fiber bundles
became soft and flocculent on the fracture area, this could be attributed to the softening of resin matrix,
which leads to the adhesion between matrix and fiber decreased significantly. These findings suggest
that the fiber breakage and debonding between plies are the dominant failure modes. Regarding the
specimens that failed at temperatures above 350 <C, debonding at the matrix fiber interface was found
to be the major reason for failure. Apparently, as the epoxy resin began to decompose, the single fiber
exposed whose surface has pieces of resin on it. Without the bonding of the epoxy resin, the carbon
fibers became loose and expanded, the higher the temperature is, the larger the expansion area is.
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Figure 5. Fracture morphology of CFO specimen at different heating temperatures.

Figure. 6 represents the fracture mode of the CF90 specimens at different heating temperatures. The
fracture mode of the CF90 specimens is brittle fiber matrix debonding. The debonding initiates at the
interface fiber/matrix where microdefects laid, then propagate along with the fiber, which leads to failure
[26]. While with the rising of heated temperature, the fracture surfaces are not flat as tested in 20 <C,
there appeared more fractured fiber bundle at the surface due to the degradation of bonding strength of
epoxy, and the specimens are not completely disconnected at 125 <C and 150 <C.

}ec'g;r;d 20°0€  100°C  1253C
Figure 6. Fracture morphology of CF90 specimen at different heating temperatures.

Figure. 7 shows the failure morphology for the CF45 specimens at elevated heating temperatures.
Generally, delamination and debonding at the matrix fiber interface were identified to be the major
reason for the shear failure. It can be seen from Fig. 7, the specimen was elongated visibly at 20 <C, and
the failure displacement decreased greatly with the rise of temperature. In addition, the “necking” was
observed at the failure area at 20 <C and 75 <C, the most obvious one is at 75 <C, along with resin matrix
accumulation and sliding between plies. However, the situation is different at 125 <C, 150 <C and
200 <C, the ply of the specimen was debonding and peeling, delamination cracking occurred extensively
between many of the plies within the specimen [21].
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Figure 7. Fracture morphology of CF45 specimen at different heating temperatures.

4.0 CONCLUSION

In this work, the effects of heating temperature on the tensile properties of carbon fiber reinforced epoxy
resin composite was investigated. The evolution of tensile properties of CFO, CF90 and CF45 at elevated
temperatures were characterized. The following conclusions can be drawn:

@)

)

@)

The heating temperature has a great impact on the tensile behaviors of CF0, CF90 and CF45
specimens. With the increase of heating temperature, the tensile strength decreases significantly and
softening characteristics were found by load-displacement curves. In addition, the loss of tensile
strength of CF90 and CF45 specimens is dependent on the thermal softening of epoxy resin which
has closely related to the glass transition temperature. While the decomposing temperature of the
resin matrix exerts the largest effects on the degradation of tensile strength of CFO specimen within
450 <C.

Fracture surfaces showed debonding and fiber softening appeared in the CFO specimens when the
temperature reached 450 <C. As for CF90 specimens, the degradation of bonding strength of epoxy
could be found at 150 <C. Regarding CF45 specimens, delamination cracking between plies
occurred extensively when temperature above 125 <C.

For the secure application of the CFRP composite into cylinders, it is necessary to utilize heat
retardant coat to provide thermal resistance, especially for the dome part. It should be better to
ensure that the temperature rise of the composite layer does not exceed the glass transition
temperature.
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