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3  Conclusions 

The hydrogen embrittlement mechanism has been studied. It could be 
concluded that intergranular fracture is the main reason to cause the hydrogen brittle 
fracture for the alloys with high oxygen concentration. The critical hydrogen 
concentration required to embrittle the alloy is dependent of the combination effects 
of the hydrogen and the oxygen on the grain and grain boundary strength. The alloys 
with lower strength have higher critical hydrogen concentration because of its lower 
grain strength. Oxygen causes the alloy more sensitive to hydrogen embrittlement. 

The hydrogen embrittlement fracture contains both transgranular cleavage 
fracture and intergranular fracture because the grains in an alloy are not uniform in 
size and small grains are easily fractured in intergranular mode. 
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There are more and more countries to make an effort to the studies of vanadium 

alloy for fusion application. NIFS in Japan has recently developed an 80 kg heat 

                                                 
1) Japan National Institute of Fusion Science. 
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V4Cr4Ti alloy (NIFS-heat 2) after the production of a 500 kg scale V4Cr4Ti in U. S. 
several years ago. Property evaluation of the alloy has been put into an international 
collaboration program under the coordination of IEA (International Energy Agency). 
SWIP has joined the collaboration on the hydrogen embrittlement resistance 
evaluation of the alloy [1]. This paper presents some of the results on the tensile 
properties and Charpy impact properties of the alloy with high-level hydrogen 
concentration. 

1  Experiment 

The alloy was in annealed plate condition with two kinds of thickness in 1.9 
mm and 6.6 mm. The thinner plate was used for tensile specimen fabrication and the 
thick one is for Charpy impact specimens. The plates took a cold rolling of about 
95.5% before the annealing treatment that was conducted at 1000 ℃ for 2 h in 
vacuum. The chemical compositions of the alloy from the original heat are listed in 
Table 1 and the oxygen concentration of the thick plate was measured to be 220 
mg·kg-1, a little higher than that listed in the Table. 

Table 1   The chemical compositions of the NIFS heat V4Cr4Ti alloy /mass% 

Cr Ti C N O H 

4.03 3.73 0. 0062 0.0084 0. 0158 0. 0024 

 
Specimens were machined according to the national standards on tensile test 

method and Charpy impact test method of GB/T 228-1987 and GB/T 229-1994. The 
tensile specimen named as 5 times tensile specimen in the standard has a test section 
size of 15 mm ×4 mm× 1.9 mm while the impact specimen has a size of 55 mm × 10 
mm×5 mm. V notch in 45° angle was placed on the thin plane of the impact 
specimen with a depth of 2 mm and a root radius of 0. 25 mm. All specimens have 
heir longitude parallel to the rolling direction. Tensile test was performed at room 
temperature on a MTS810 test machine with a strain rate of about 4 ×10-4 s. Charpy 
impact test had an impact velocity of 5 m·s-1. 

All specimens were hung in the vacuum chamber of a hydrogenating device to 
charge hydrogen[1]. The temperature for hydrogenation was 700 ℃. An equilibrium 
heat treatment was conducted at the same temperature for 2 h after the 
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hydrogenation. The hydrogen content in the specimens was measured to be high up 
to 310 mg·kg-1. 

2  Results and discussion 

Oxygen concentration was measured again after the hydrogenation. The result 
showed that the oxygen in the specimen got higher to a concentration about 300~400 
mg·kg-1. Its effect on the tensile properties was evaluated with a tensile test of a  
specimen pre-heated at 700 ℃ for 2 h in the hydrogenation device without any 
hydrogen admitted. Tensile test results are listed in Table 2. It showed that the 
strength of the alloy was slightly increased but the total elongation didn't change 
much. 

Table 2  The tensile properties of the as-received alloy  
     and the one with 700 ℃℃℃℃ heat treatment 

σy σout δ State 

306/308 390/394 30/34 As-received 

305.8/313.5 399.3/400.6 31. 2/32. 3 700 ℃ pre-heated 

σy: yield strength; σout: ultimate tensile strength; δ: total elongation. 

 
Fig. 1 shows the tensile and impact test results. Both the yield strength and the 

ultimate tensile strength increased with the increasing hydrogen concentration with 
an exception at 310 mg·kg-1 H at which both strengths dropped largely. The total 
elongation of the alloy was sensitive to the hydrogen. It decreased with the hydrogen 
continuously and gently to about 17% till 215 mg·kg-1H. The ductility of the alloy 
was totally lost at 310 mg·kg-1 H. The critical hydrogen concentration required to 
embrittle the alloy in tension load is thus in the range from 215 to 310 mg·kg-1. On 
the other hand, the impact test result in Fig. l(b) showed that the absorbed energy 
( Ak) of the specimen in the impact process decrease drastically with the increasing 
hydrogen concentration. It seems that the critical hydrogen concentration is very low. 
It must be less than 130 mg·kg-1 H according the data in the Fig. 1. This value is 
much lower than that evaluated from the tensile test. Therefore, the alloy is more 
sensitive to hydrogen embrittlement under impact loading. As for the different 
results, it should be considered that test method should be taken to evaluate the 
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hydrogen embrittlement behavior of a vanadium alloy. 
 

 

 
Fig. 1   The tensile test properties (a) and the impact test 

result (b) of the NIFS-V4Cr4Ti alloy with hydrogen 

 
Vanadium alloys are also considered as the structural materials of the lithium 

self-cooled breeder blanket in a fusion reactor. The alloy will bear additional load 
from the magneto-hydro-dynamic pressure drop in the flowing lithium duct. Impact 
load may occur at the starting operation or shutdown period or even when the 
magneto-fluid flows unstably. So the effect of impact load on the mechanical 
behavior of the alloy with hydrogen must be taken into consideration in designing 
the blanket components. 

Fig. 2 shows the tensile fracture of the alloy with 310 mg·kg-1 H. It is 
obviously a brittle fracture. There is no ductile dimple and tear edge. The main 
fracture was caused by transgranular cleavage. The size of the cleavage plane was 
not uniform, indicating that the alloy has some big grains. Intergranular fractures 
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were clearly observed at some area on the fracture section. It is a very dangerous 
fracture mode because component failed in this mode would have no omen. 

 
Fig. 2  SEM fractographes of the tensile specimen of 

    NIFS-V4Cr4Ti alloy with 310 mg·kg-1 H 

3  Conclusion 

NIFS-V4Cr4Ti alloy showed different properties against hydrogen 
embrittlement in static tension and impact load. The critical hydrogen concentration 
required to embrittle the alloy was about 215~310 mg·kg-1 on static tension load, 
but less than 130 mg·kg-1 on impact loading. The different behavior should be taken 
into consideration in the engineering design of the alloy for fusion application. 
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