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Abstract 

Characteristic behaviors of plain-woven Carbon Fiber Reinforced Plastics 
(CFRP) at cryogenic temperature were investigated under static and cyclic 
loading. The test results were compared with those of Glass Fiber Reinforced 
Plastics (GFRP). Tensile behaviors of monofilaments were also evaluated. The 
test results showed that two knee-points appeared in the stress-strain curve of 
GFRP under static load, while that of CFRP was almost linear. Both strength and 
failure strain of the CFRP at cryogenic temperature were lower than those of 
CFRP at room temperature, because the epoxy resin was brittle at cryogenic 
temperature. At cryogenic temperature, the knee-point was also shown in the S-
N curve of GFRP of the fatigue test but that was not shown in the S-N curve of 
CFRP. The elastic modulus of CFRP at cryogenic temperature suddenly 
decreased in the final stage of fatigue, while such change was not observed at 
room temperature. The thermal fatigue test where no cyclic loads were applied to 
the specimen was also conducted in order to investigate the damage progression 
due to temperature change. After the thermal fatigue test, the residual strength of 
the CFRP and GFRP were measured at room temperature. The change in residual 
strength was explained by the difference of the coefficient of thermal expansion. 
This paper also mentioned that, at cryogenic temperature, the stiffness reduction 
under cyclic loading was related to the local thermal stress by thermal cyclic 
fatigue. It should be said that the carbon fiber was failed with accompanying 
critical crack propagation of the matrix due to the brittle of resin at cryogenic 
temperature. 
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1 Introduction 

Fiber reinforced plastics (FRP) are widely used for the structural component due 
to their low coefficient of thermal expansion as well as high specific strength and 
stiffness [1–3]. The FRPs are also expected in use at harsh environment, for 
example outer space and liquid fuel tank for disposable rocket. The GFRP (Glass 
Fiber Reinforced Plastics) has been partly used at low temperature of a ship, and 
Sakurai [4] discussed the strength of GFRP for them. However their use is 
limited but aluminium alloy is still used for many applications. To apply the 
FRP, for example, for the fuel tank instead of the aluminium alloy, behaviors of 
FRP such as CFRP (Carbon Fiber Reinforced Plastics) and GFRP under the 
cryogenic temperature should be cleared. 
     The purpose of this study is to investigate the mechanical properties of CFRP 
at room and cryogenic temperature using liquid nitrogen, in comparison with 
those of GFRP. The mechanical properties of carbon and glass monofilaments at 
room and cryogenic temperature were also shown. The coefficients of thermal 
expansions were measured for FRP as well as the epoxy resin for polymer 
matrix. The tensile tests of CFRP and GFRP were conducted at room and 
cryogenic temperature. The tension-tension cyclic loading was applied to the 
CFRP and GFRP with hydraulic servo testing machine having nitrogen cryostat. 
Thermal fatigue tests (without loading) were also conducted in which 
environmental temperature was alternated between room and cryogenic 
temperature. The residual strengths of the damaged specimens were measured at 
room temperature after the thermal fatigue test. 
 
 
 
 
 
 
 
 
 

Figure 1: Dimensions of specimens of composite and monofilament. 

2 Experimental procedure 

2.1 Materials and specimens 

Plain-woven carbon (PYROFIL TR3110M: Mitsubishi Rayon Co., Ltd.), epoxy 
resin (bisphenol A type) (E-828: Japan Epoxy Resins Co., Ltd.) and 
Cyclopolyamide (E-113: Japan Epoxy Resins Co., Ltd.) were used as 
reinforcement, matrix and hardener for CFRP (Vcf=65.3%). Glass cloth 
(MS253C: Asahi Fiber-Glass Co., Ltd.), polyester resin (5595APT-S: DH 
Material Inc.), methyl ethyl ketone per oxide (nacalai tesque) and cobalt 
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naphthenate (6% solution) (Nacalai Tesque Co., Ltd.) were used as 
reinforcement, matrix, hardene and catalyzer for GFRP (Vgf=35.0%), 
respectively. The specimen was fabricated by hand lay-up method. The 
dimensions of the dog-bone shaped specimens of the composites were 150 mm 
long, 20 mm wide and 2 mm thick as shown in Fig. 1. Aluminium tabs with 35 
mm long, 20 mm wide and 2 mm thick were glued on the end of specimens. The 
dimensions of the specimens of carbon and glass monofilaments are also shown 
in Fig. 1. 

2.2 Experiments 

2.2.1 Static tensile tests 
The carbon and glass monofilaments were extracted from their fabrics. In the 
tensile tests for monofilaments, at first, the diameter of monofilaments was 
measured using optical microscope. The tensile testing machine for 
monofilaments was shown in Fig. 2(a). Tensile load was applied to the 
monofilament at room and liquid nitrogen temperature. The test conditions of 
monofilaments specimens were referred to Japanese Industrial Standards (JIS 
R7606). The strain was calculated from the crosshead displacement. 
     The tensile testing machine for the composites and resin were also shown in 
Fig. 2(b). Extensometer was attached to the specimen to measure the strain. 
 
 
 
 
 
 
 
 
 
 

Figure 2: Tensile tests at cryogenic temperature. (a): for monofilament, 
(b): for composite. 

2.2.2 Thermal mechanical analysis (TMA) 
The coefficient of thermal expansion αm of the pure epoxy resin, αc of the CFRP 
were measured from –60oC up to room temperature (RT) by the thermal 
mechanical analysis (SHIMADZU TMA-60) referred to JIS (K7197) [5]. The 
heating rate was 5oC/min. 

2.2.3 Tension-tension fatigue tests 
At room and cryogenic temperature, the tension-tension fatigue test was 
conducted with a Shimadzu Co. EHF-UB50kN at constant amplitude of load 
with sinusoidal wave at a frequency of 5 Hz and stress ratio R (R=σmin/σmax)=0.1 
for CFRP and R=0 for GFRP. 

(a) (b)
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2.2.4 Thermal fatigue tests 
The conditions are shown in Table 1. The temperature of the specimens was 
alternated from cryogenic temperature to room temperature. The specimens were 
alternatively transferred with an aluminum frame into LN2 from ambient air. At 
first, specimens were cooled down to –196 oC and kept for 2 min. Then they 
were held in ambient air for 5 min. To reduce the time required for specimens to 
return to the ambient temperature, a fan was used during the periods when the 
specimens were held in ambient temperature [6]. 
     The residual stress was measured after thermal fatigue test. 

Table 1:  Thermal fatigue test condition. 

 
 
 
 

3 Results and discussions 

3.1 Strength and failure strain of monofilaments 

The mechanical properties of glass and carbon monofilament at room and 
cryogenic temperature are shown in Table 2. The strength and the failure strain 
of glass monofilament were increased about 99% and 82% respectively at 
cryogenic temperature, compared with those at room temperature. The strength 
of carbon monofilament was also increased about 11%, while the failure strain of 
carbon monofilament was decreased about 10% at cryogenic temperature. Fig. 3 
and 4 show the fracture surfaces of the glass and carbon monofilament at room 
and cryogenic temperature, respectively. At room temperature, the typical 
cleavage fracture surfaces were observed in the surfaces of glass and carbon 
monofilament. On the other hand, at cryogenic temperature, there was rough area 
in the center of the fracture surface of glass and carbon monofilament. 

Table 2:  Mechanical properties of carbon and glass monofilaments. 

 

     The reduction in failure strain and strength of carbon monofilament is 
considered as the brittle behaviors of the carbon fiber at cryogenic 
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temperature [7]. However the glass monofilament had rather different 
characteristics from those of carbon monofilament, in which the failure strain of the 
glass monofilament was increased at cryogenic temperature even though it has 
rough fracture surface. 
 
 
 
 
 
 
 
 
 
 
 

3.2 Static mechanical properties of CFRP and GFRP 

Static strengths were listed in Table. 3. The stress strain (S-S) curves of CFRP 
and GFRP at room and cryogenic temperature were shown in Fig. 5 and 6, 
respectively. The S-S curves of CFRP were linear at both of room and cryogenic 
temperature. The S-S curve of GFRP at room temperature was also linear. 
However, that of GFRP at cryogenic temperature showed two knee-points. The 
elastic modulus of the resin is usually increased while its failure strain is 
decreased at cryogenic temperature. Actually, the elastic modulus of CFRP and 
GFRP at cryogenic temperature increased in comparison with that at room 
temperature in this test. At cryogenic temperature, the strength and failure strain 
of GFRP should be contributed by the increase of the strength and failure strain 
of glass monofilament at cryogenic temperature. Little changes of the 
mechanical properties of CFRP were found in the tensile test at room and 
cryogenic temperature. 
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Figure 3: Fracture surface of carbon
monofilament (left: at CT,
right: at RT). 

Figure 4: Fracture surface of glass
monofilament (left: at CT,
right: at RT). 

Figure 5: S-S curves of CFRP at RT
and CT. 

Figure 6: S-S curves of GFRP at RT 
and CT.
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Table 3:  Static strength of CFRP and GFRP at RT and CT. 
 
 
 
 
 
 

3.3 Failure strain of resin 

The stress strain curves of the monolithic epoxy resin are shown in Fig. 7. At 
room temperature, the failure strain was significantly higher than that at 
cryogenic temperature. It is generally known that the failure strain decreases at 
cryogenic temperature in comparison with that at room temperature due to the 
brittle behavior of polymer resin [8]. 
     The observed failure strain of pure epoxy resin used in this study was about 
0.21% at cryogenic temperature. According to the coefficient of thermal 
expansion αm, the thermal strain of monolithic epoxy resin was calculated about 
0.41% at cryogenic temperature. It was half in failure strain at cryogenic 
temperature, compared with that at room temperature. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7: S-S curves of pure epoxy resin at RT and CT. 
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Carbon monofilament has small minus number of the coefficient of thermal 
expansion because carbon monofilament behaves like ceramic [9]. In this study, 
the coefficients of thermal expansions of CFRP and its pure resin were measured 
by TMA to estimate the residual stress at –60oC up to room temperature 
(Table 4). The coefficient of thermal expansion of the epoxy resin was lower 
than that of the CFRP. 
     The thermal fatigue stress was applied to the CFRP and GFRP specimens 
[10–12]. The temperature change of the specimens was repeated from cryogenic 
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temperature to room temperature. Figure 8 and 9 show the S-S curves of CFRP 
and GFRP, respectively after thermal fatigue test, in which the thermal stress 
was applied to the specimens before the static test. 
     Residual strengths [13] of CFRP and GFRP were almost equal to their each 
static strength even after 100 cycles of thermal fatigue loading. However the 
residual elastic modulus of CFRP was decreased by the cyclic thermal stress. 
There was the large difference in the coefficient of thermal expansion of carbon 
fiber and that of pure epoxy resin. Therefore the epoxy resin in CFRP should be 
damaged during the thermal fatigue test [14], because the magnitude of thermal 
free strain was larger than the failure strain of pure epoxy resin at cryogenic 
temperature as shown in section 3.3. 

Table 4:  The coefficient of thermal expansion of CFRP and the pure epoxy 
resin. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

     On the other hand, in Fig. 9, the residual elastic modulus of GFRP was equal 
to the static elastic modulus. This is explained by that the resin in GFRP was not 
damaged at cryogenic temperature, because the coefficient of thermal expansion 
of glass fiber was almost equal to that of pure vinyl ester resin. 

3.5 S-N curves of CFRP and GFRP 

The S-N curves of CFRP and GFRP at room and cryogenic temperature are 
shown in Fig. 10 and 11. CFRP had long durability at cryogenic temperature in 
high cycle fatigue compared with that at room temperature. The fatigue lives of 
GFRP at cryogenic temperature were also longer than those at room temperature. 
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Figure 8: S-S curves of CFRP after
thermal fatigue test at RT. 

Figure 9: S-S curves of GFRP after
thermal fatigue test at RT. 
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The knee-point appeared in the S-N curve of the GFRP at cryogenic temperature. 
The maximum stress at the knee point in S-N curve was almost coincident to the 
stress at knee point under static load at cryogenic temperature. It should be said 
that the stress at static knee-point is a threshold in cyclic fatigue loading which 
determines the damage progression mode in fatigue of GFRP. 
     The elastic modulus decay diagrams of CFRP was shown in Fig. 12, where 
γ=90% at room and cryogenic temperature. The elastic modulus of CFRP at 
cryogenic temperature suddenly decreased in the final stage of fatigue, while 
such change was not observed at room temperature. Same result was observed in 
the paper [15]. At the cyclic number to failure in the condition of room 
temperature, the sharp decreasing in elastic modulus occurred at cryogenic 
temperature. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     Figure 13 shows the elastic modulus decay diagrams (γ=90%) of GFRP at 
room and cryogenic temperature. At cryogenic temperature, the elastic modulus 
significantly decreased at first cycle of fatigue, while that was not decreased at 
room temperature. This should be explained by that, at cryogenic temperature, 
fatigue damage was accelerated in early stage of fatigue because the specimen 
was subjected to the load over the stress at knee point, even while the damage 
was not produced by local thermal stress of thermal fatigue test as shown in 
section 3.4. 
     The fracture surface of CFRP after fatigue loading test (γ=90%) at room and 
cryogenic temperature is shown in Fig. 14. At room temperature, fracture of the 
current CFRP was caused with the meta delamination appeared before the failure 
of fatigue at room temperature in CFRP. On the fracture surface, at cryogenic 
temperature, the epoxy resin was remained on the carbon fibers, while debonding 
was found around carbon fiber on the fracture surface of CFRP at room 
temperature. It should be said that, at cryogenic temperature, the carbon fiber 
was failed with accompanying critical crack propagation of the matrix due to the 
brittle of resin. 

Figure 10: S-N diagram of CFRP at
RT and CT. 

Figure 11: S-N diagram of GFRP at
RT and CT.
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Figure 14: Fracture surface of CFRP after fatigue test (γ=90%). 

4 Conclusion 

 (1) The fatigue lives of CFRP and GFRP at cryogenic temperature were higher 
than those at room temperature. 
(2) At cryogenic temperature, the magnitude of thermal strain of pure epoxy 
resin was higher than the failure strain of the pure epoxy resin. 
(3) At cryogenic temperature, the epoxy resin adhered carbon fiber remained on 
the fracture surface of CFRP applied cyclic loading (γ=90%), while debonding 
was found around carbon fiber on the fracture surface of CFRP at room 
temperature. 
(4) At cryogenic temperature, the elastic modulus of CFRP decreased in the final 
stage of fatigue, while that of GFRP decreases after the first cycle of fatigue. 
(5) At cryogenic temperature, the stress at static knee-point of GFRP was the 
threshold in cyclic loading, which determined the damage progression mode in 
fatigue. 
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Figure 13: Elastic modulus decay of
GFRP at RT and CT 
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