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Abstract

In order to study the effects of cryogenic temperature on mechanical properties of carbon fiber/epoxy composites with different composition, T700 unidirectional carbon fiber/epoxy composites are prepared by autocalve process, T700 braiding fabric/epoxy composites and M40-level braiding fabric/epoxy composites were prepared via RTM process. The mechanical properties of these carbon fiber/epoxy composites at 80℃, RT and -196℃ were examined after different times of (-196℃～80℃) cryogenic-cycles. As the decrease of temperature, the flexural strength, compression strength, and interlaminate shear strength of these composites are all improved remarkably, while the tensile strength of these composites keep stable. As the times of cryogenic-cycels increase from 0 to 300, the flexural strength, compression strength, interlaminate shear strength and impact strength of the fabric/epoxy composites at cryogenic temperature decreased slightly, while there are little change in the tensile strength, and tensile modulus of the fabric/epoxy composites; In particular, there are almost no change in various mechanical properties mentioned above for T700 unidirectional carbon fiber/epoxy composites. The different determinants for different mechanical properties and interface enhancement mechanism at cryogenic temperature were proposed for all these results. Furthermore, the fracture toughness of the composites under RT and -196℃ were also studied.
1.
Introduction

Due to the high specific strength and high specific stiffness to weight ratio, carbon fiber reinforced polymer (CFRP) composites have been widely used in many engineering industries, especially in aircraft and spacecraft. Recently, with the rapid development of cryogenic engineering technology, the application of carbon fiber reinforced epoxy composites under cryogenic temperature has attracted increasing attention[1-3]. Owing to their high mechanical properties, good thermal and corrosion resistance, and low curing shrinkage, epoxy resins have been widely used as matrix materials for structural composites[4-9]. However, the main drawback of epoxy resins is their inherent brittleness, leading to poor resistance to crack [10,11]. Therefore, epoxy matrix composites usually have low toughness, and are prone to impact damage and delamination, which limits their applications under cryogenic temperature [12-15]. What’s worse, when the cryogenic cycling was implemented from elevated temperature to cryogenic temperature, microcracks can grow in the  composite matrix due to the difference in the coefficients of thermal expansion of the fiber and matrix[16,17]. Finally, the failure of structure or function may occure. Therefore, the investigation of effects of cryogenic temperature on mechanical properties of carbon fiber/epoxy composites is essential in application of the composites under cryogenic temperature.
 Some efforts have been made on the study of cryogenic properties of carbon fiber reinforced epoxy composte.. R.P. Reed et al.[18] reviewed the tensile and compressive properties of unidirectional laminates under cryogenic temperature. It is conclude that  as temperature  decreased from 295K to 4K, tension strength and tension modulus of unidirectional carbon fiber/epoxy laminates keep relatively stable, while compression strength showed an obvious improvement. There are also small amount of  exceptional data. T. Aoki et al.[19] reported that the quasi-isotropic carbon fiber/epoxy composites exhibit tensile strength reduction of up to about 20%, but interlaminar fracture toughness increase of up to about 200% at cryogenic conditions compared to those at room temperature. M.G. Kim et al.[20] reported that the interlaminar fracture toughness of unidirectional carbon fiber/epoxy composites decrease about 50%  under cryogenic temperature compared to those under room temperature. It seems that the effects of cryogenic temperature on mechanical properties of carbon fiber/epoxy composites varies wtih the composition and structure. Hence, for a certain cryogenic application,  the investigation of effects of  cryogenic temperature on mechanical properties of the composites used is needed.

In the paper, The mechanical properties of carbon fiber/epoxy composites with different composition and structure at 80℃, RT and -196℃ were examined after different times of (-196℃～80℃) cryogenic-cycles. The effects of cryogenic temperature on mechanical properties of the  composites were studied, and the influence mechanism was revealed.
2.
Experiments

2.1. 
Materials

T700 braiding fabric and M40-level braiding fabric were used as purchased from Aerospace Long March Technology Co., Ltd. T700 carbon fiber was purchased from Toray Industries Inc. Epoxy resin matrix formulae were self-produced.
2.2. 
Preparation

T700 unidirectional propreg was prepared by a hot-melting process. T700 unidirectional carbon fiber/epoxy composites were prepared by lay-up process and cured in an autoclave at 130℃ for 2h. T700 braiding fabric/epoxy composites and M40-level braiding fabric/epoxy composites were prepared via RTM process and cured in an oven at 130℃ for 2h.
2.2. 
Characterization

300 cryogenic-cycles were performed between 80℃ and -196℃ according to the cryogenic-cycle curve in Figure 1. Tensile properties, flexural properties, compression strength, interlaminate shear strength, impact strength and mode Ⅱinterlanimate fracture toughness of the composites before cryogenic-cycle, after 100 cryogenic-cycles, and after 300 cryogenic cycles were tested at 80℃, room temperature(RT) and -196℃ according to GB/T3354-1999, GB/T3356-1999, .GB/T3856-2005, JC/T773-2010, GB/T1451-2005 and HB7403-1996, respectively.
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Figure 1. Cryogenic-cycle curve for one cycle

3.
Results and Discussions

3.1.  Effects of cryogenic temperatrue on mechanical properties of composites
To investigate the effects of cryogenic temperature on mechanical properties of M40-leve braiding fabric/epoxy composites, T700 braiding fabric/epoxy composites, and T700 unidirectional carbon fiber/epoxy composites, the tensile properties, flexural properties, compression properties, and interlaminar shear properties was tested under 80℃,RT and -196℃, respectively. 
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Figure 2. Tensile strength as a function of temperature for compostes

From Figure 2, it is obvious that as the temperature was reduced from 80℃ to -196℃，the tensile strength of M40-level braiding frabic/epoxy composites and T700 unidirectional carbon fiber/epoxy composites keep relatively stable..
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 Figure 3. Flexural strength as a function of temperature for compostes

As shown in Figur 3, as the temperatrue decreased form 80℃ to -196℃, the flexural strength of M40-level braiding frabic/epoxy composites improved by 44%, the flexural strength of T700 braiding fabric/epoxy composites increased by 82%, and the flexural strength of T700 unidirectional carbon fiber/epoxy composites increased by 66%. 
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Figure 4. Compression strength as a function of temperature for compostes

Moreover, as the temperatrue is  reduced form 80℃ to -196℃, the compression strength of M40-level braiding frabic/epoxy composites improved by 75% , and the compression strength of T700 unidirectional carbon fiber/epoxy composites increased by 33% as given in Figure 4 .
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Figure 5. Interlaminate shear strength as a function of temperature for compostes

The impovement of  interlaminate shear strength under cryogenic temperature has also been found in Figure 5. As the temperatrue decreased form 80℃ to -196℃, the interlaminate shear strength of M40-level braiding frabic/epoxy composites increased by 23%, the interlaminate shear strength of T700 braiding frabic/epoxy composites improved by 37%, and the interlaminate shear strength of T700 unidirectional carbon fiber/epoxy composites increased by 60%.
It has been previously summaried that composite tensile strength depend primarily on the fibre strength, but compression strength,  interlaminate shear strength and flexural strength depend also on the matrix resin[18, 21,22]. Thus, compression strength, interlaminate shear strength and flexural strength of composites can be greatly influenced by resin matrix. The effects of cryogenic temperature on mechanical properties of composites were mainly through resin matrix. In other word, the effects of cryogenic temperature are larger for the mechanical properties which are greatly influenced by resin matrix. Besides, under the cryogenic temperature, the interface of fiber and resin was enhanced greatly. Therefore, compression strength, interlaminate shear strength and flexural strength of the composites were remarkably improved as the decrease of temperature. 
3.2.  Effects of cryogenic-cycle on cryogenic mechanical properties of composites
To investigate the effects of cryogenic-cycle on cryogenic mechanical properties of M40-level braiding frabic/epoxy composites and T700 unidirectional fiber/epoxy composies, 300 cryogenic-cycles have been performed between 80℃ and -196℃ according to the cryogenic-cycle curve in Figure 1. Tensile properties, flexural properties, compression strength, interlaminate shear strength, and impact strength of M40-level braiding frabic/epoxy composites and T700 unidirectional fiber/epoxy composies before cryogenic-cycle, after 100 cryogenic-cycles, and after 300 cryogenic cycles have been tested and the results were summarized in Table 1.  
Table.1 Mechanical properties of composites at -196℃ after different times of (-196℃～80℃) cryogenic-cycles.
	Materials
	Times of cryogenic-cycles
	Tensile strength / MPa
	Tensile modulus / GPa
	Flexural strength / MPa
	Compression strength / MPa
	Interlaminate shear strength / MPa
	Impact strength / kJ/m2

	M40-level fabric / epoxy
	0
	745±79
	85.1±2.8
	1050±120
	566±57
	57.8±6.1
	77.7±5.6

	
	100
	760±58
	105.0±3.0
	879±55
	552±52
	54.9±5.4
	67.4±8.6

	
	300
	745±63
	88.9±9.8
	906±120
	499±43
	51.4±3.2
	72.5±10.0

	T700 unidirectional fiber  / epoxy
	0
	2110±120
	148±3
	2020±80
	1210±130
	103±5
	102±9

	
	100
	2280±260
	146±3
	2080±120
	1250±130
	115±13
	110±15

	
	300
	2010±200
	133±8
	2100±40
	1280±150
	103±5
	118±14


As the times of cryogenic-cycels increase from 0 to 300, the flexural strength, compression strength, interlaminate shear strength and impact strength of M40-level braiding frabic/epoxy composites at -196℃ decreased slightly, while there are little change in the tensile strength, tensile modulus, and flexural modulus of t M40-level braiding frabic/epoxy composites at -196℃. What’s more, there is almost no change in various mechanical properties mentioned above for T700 unidirectional carbon fiber/epoxy composites. The different may due to that during the cryogenic-cycles, the fabric composies suffered more serious stress condition than unidirectional composites, more damage may be produced.
3.3.  Interlaminar fracture toughness at room temperature and -196℃
      In order to study the toughness of composites under RT and cryogenic temperature, it is essential to obtain the interlaminar fracture toughness at RT and cryogenic temperature. As shown in Table 2, when the temperature decreased from RT to -196℃，the GⅡC of T700 unidirectional carbon fiber/epoxy composites decreased slightly. After 300 cryogenic-cycles  of (-196℃～80℃), the GⅡC of T700 unidirectional carbon fiber/epoxy composites under RT had no obvious change,  while the GⅡC of T700 unidirectional carbon fiber/epoxy composites under  -196℃ exhibited a slightly decrease. The results may be due to the increase of resin brittleness at cryogenic temperatrure.

Table.2 GⅡC of T700 unidirectional carbon fiber/epoxy composites at RT and -196℃
	Temperature
	Before cryogenic-cycles
	After 300 cryogenic-cycels

	RT
	727±75
	739±149

	-196
	709±89
	659±41


4.
Conclusions

The effects of cryogenic temperature on mechanical properties of the composites were revealed The cryogenic temperature had no obvious effect on tensile strength of the composites. While as the temperature decreased from 80℃ to -196℃, the compression strength, interlaminate shear strength and flexural strength of the composites were improved remarkably. The different determinants for different mechanical properties and interface enhancement mechanism at cryogenic temperature were proposed for the different results. After 300 cryogenic-cycles, the mechanical strength and fracture toughness of the composites had no obvious decline, indicating a good resistance to   (-196℃—80℃) cryogenic-cycles. The interlaminar fracture toughness at RT and cryogenic temperature also had no remarkably decline.
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