
 

  
1. Introduction 
 The organic composite material to be used for the 
insulation system in the fusion magnet is needed to 
withstand high dose irradiation, cryogenic temperature and 
high complex combined stresses. This study focused on the 
effect of combined stress on the Glass Fiber Reinforced 
Plastic (GFRP). GFRP used for the insulator in the fusion 
superconducting magnets has been operated under 
compressive/shear load caused by electromagnetic force. 
The radiation induced by the nuclear reaction degrades the 
insulating properties, which results in the degradation of the 
magnet performance. Thus, it is necessary to develop the 
insulator with high radiation resistance under mechanical 
loads. In previous study the mechanical strength has been 
evaluated in terms of the uniaxial shear strength1). The shear 
strength under the compressive stress should also be 
investigated considering the actual conditions. In this study, 
the interlaminar shear strength (ILSS) tests under 
compressive loads were conducted in the irradiated insulator, 
and the irradiation effect on the mechanical strength was 
evaluated. 

 
2. Experimental 

In this study, two types of insulators were fabricated. 29 
glass cloths and 28 polyimide films were laminated 
alternately and impregnated with resin under vacuum. We 
used two types of resins; one is the epoxy resin with amine 
series hardener (EP), the other is the mixed resin of cyanate 
ester and epoxy resin with weight ratio of 4:6 (CE).  The 
specimens were cut out from insulators as shown in Fig.1 
and were irradiated with gamma ray by 60Co up to 10 MGy. 
Then the ILSS tests under compressive loads were 
conducted at liquid nitrogen temperature using the tilted test 
jig (Fig.2). When the load W is applied to the tilted jig with 
angle θ, the load W is divided into compressive Wsinθ and 
shear load Wcosθ, and the mechanical strength is calculated 
from the fracture load. The test was performed in different 
stress ratios by changing the angle of jig.  

 
 
 
 
 
 
 
 
 
 

Fig. 1. Geometry of specimen and load direction. 
 
 

2. Results and discussions 
Fig.3 shows the test results. The ILSS was increased with 

compressive stress. Though the mechanical strength of EP-
insulator was decreased by irradiation of 10 MGy, that of 
CE-insulator was not decreased, and hence the failure 
envelope of irradiated CE-insulator was similar to that of 
unirradiated one. It can be concluded that CE-insulator 
shows high radiation resistance. 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
Fig. 2. Schematic designs of the test apparatus. 
 
 

 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3 Fracture stress of the insulators before and after 
irradiation. 
 
3. Conclusion 
 It is necessary to examine the shear strength under the 
compressive stress considering the actual conditions. The 
combined compressive/shear stress was applied to the 
irradiated insulator, and its irradiation effect on the 
mechanical strength was evaluated. As a result, it was found 
that CE-insulator has high radiation resistance and is 
suitable for fusion magnets. 
 
1)T. Takahashi, F. Mishima, Y. Akiyama, S. Nishijima: 
CSSJ Conference 90 (2014) 206. 

1.  Purpose  
     Superconducting magnets may use large quantities of 
woven glass fiber reinforced polymer (GFRP) composites as 
electrical and thermal insulation, and structural support. 
Polymer matrix composites are typically multi-layered 
materials, and a major disadvantage of laminated 
composites is their high susceptibility to interlaminar failure 
because such composites lack through-thickness 
reinforcement. Since the interlaminar properties of 
laminated composites can govern the design of composite 
structures when multi-axial states of stress are experienced, 
the through-thickness characterization of laminated 
composites is essential for adequate and reliable structural 
design.  

There are some studies on the through-thickness 
tensile behavior of composite materials1,2), mainly at room 
temperature. Recently, Takeda et al.3) studied the 
mechanical response of woven GFRP composite laminates 
under through-thickness tension at cryogenic temperatures. 
The purpose of this research is to characterize the 
interlaminar tension-tension fatigue behavior of GFRP 
composite laminates at cryogenic temperatures. 

2.  Procedure  
     National Electrical Manufacturers Association 
(NEMA) grade G-11 woven GFRP composite laminates 
were considered. A cross specimen was employed for 
experiments, and the geometry and dimensions of the cross 
specimen for through-thickness tension-tension fatigue 
testing are given in Fig. 1. Here, Tg and Tb refer to the 
thicknesses of the gage section and the crossing beams, 
respectively. In this study, the specimen with Tg = 2 mm and 
Tb = 6 mm was used.  

Fig. 1. Specimen configuration. 

     Fig. 2 shows the experimental setup for through-
thickness tension-tension fatigue tests. The test specimen 
was supported at two points and loaded at two points. The 
tension-tension fatigue tests were performed at room 
temperature and liquid nitrogen temperature (77 K). The 
specimens were loaded cyclically in a sinusoidal waveform 
at a frequency of 4 Hz and a constant load ratio of R = 0.1. 
The load ratio is defined as R = Pmin/Pmax, where Pmax and 
Pmin are the maximum and minimum applied loads, 
respectively.

Fig.2. Experimental setup. 

3.  Results  
     Figure 3 shows the maximum through-thickness stress 
max = Pmax/W2 versus the number of cycles to failure N (S-
N diagrams) at room temperature (RT) and 77 K, where W = 
5 mm is the gage section width. The tensile failure stress 
(tensile strength) at RT and 77 K are also plotted at N =1. 
The S-N curves can be described by a linear curve on a 
semi-logarithmic plot. The fatigue life increases as the 
temperature decreases from RT to 77 K.  

Fig. 3. S–N diagrams at room temperature and 77 K. 

1) Abot, J. L. et al.: J. Compos. Mater. 38 (2004) 543.  
2) Daniel, I. M. et al.: Compos. Sci. Tech. 69 (2009) 764. 
3) Takeda, T. et al.: Compos. B 78 (2015) 42.  

225

§14. Cryogenic Interlaminar Tension-Tension 
Fatigue Properties of Composite Insulation 
Systems for Superconducting Magnets

Narita, F. (Dept. of Mater. Processing, Graduate 
School of Engineering, Tohoku Univ.),  
Sanada, K. (Dept. of Mechanical Systems Engineering, 
Faculty of Engineering, Toyama Prefectural Univ.),  
Tamura, H. 


