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Abstract

The hydrogen embrittlement behavior of a V4Cr4Ti alloy (NIFS-Heat 2) has been studied using tensile tests, impact

tests and J integral tests. Hydrogen in the alloy was high up to 310 wppm by exposures in a hydrogen atmosphere. The
alloy showed different sensitivities to the hydrogen embrittlement in the tests. Hydrogen-induced solid solution hard-

ening occured but caused slight loss in the ductility of the alloy before 215 wppm H in the tensile test. However, the

impact toughness, J1c and the tearing modulus (Tmat) decreased largely with increasing hydrogen concentration, indi-
cated that the critical hydrogen concentration required to embrittle the alloy might be lower than 130 wppm. The

fracture characteristics varied a lot for the different specimens. All these differences were thought being resulted from

the stress concentration and the stress assisted hydrogen diffusion in the compact tension specimen and in the necking

area of a tensile specimen.

� 2003 Elsevier B.V. All rights reserved.

PACS: 28.52.Fa; 61.82.Bg; 81.40.Np; 81.70.Bt; 46.30.Nz
1. Introduction

Hydrogen embrittlement is one of the key issues for

vanadium alloys in their fusion applications. Many re-

searches use tensile tests to study the embrittlement

behaviors [1–4]. One reported that the US heat V4Cr4Ti

alloy (#832665) could bear at least 400 wppm hydrogen

without significant loss in the tensile elongation [5]. It

seems that hydrogen embrittlement is not a serious

concern for the alloy unless it has high oxygen concen-

tration [4,5]. There are other ways to assess the brittle-

ness or toughness of an alloy. In recent years, impact

testing and fracture toughness testing have been more
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widely used to evaluate the mechanical properties of the

large heat vanadium alloys, including those after neu-

tron irradiations [6–8]. However, they were rarely found

to be used for the assessment of the hydrogen embrit-

tlement. Considering the engineering importance, the

hydrogen-induced loss in fracture toughness and impact

toughness should be more studied for the vanadium

alloys. The effects of the pre-crack or notch in the

specimen on the fracture behavior could be understood

through the study.

There are more and more efforts from many coun-

tries on the development of vanadium alloys in large

scale [9]. Following the production of a 500 kg scale

V4Cr4Ti in US several years ago, National Institute for

Fusion Science (NIFS) in Japan has recently developed

a 166 kg heat V4Cr4Ti alloy (NIFS-heat 2) [10]. Prop-

erty evaluation of the alloy has been carried out with

international collaborations under the coordination of
ed.
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IEA (International Energy Agency). Southwestern

Institute of Physics (SWIP) in China has joined the

program on the hydrogen embrittlement resistance

evaluation of the alloy. Tensile tests, impact tests and J1c
tests have been performed and the results will be given

in the present paper.
2. Experimental

2.1. Material and the test procedure

The test material was a V4Cr4Ti alloy produced in

Japan (NIFS-Heat 2). Its chemical compositions were

listed in Table 1. The alloy plates had ever taken a cold

rolling with about 95.5% CW before the final annealing

treatment that was conducted at 1000 �C for 2 h in

vacuum. The plates were in two thicknesses of 1.9–6.6

mm. Fig. 1 showed the microstructure of the thick plate

in a cross-section perpendicular to the rolling direction.

There were two kinds of grains, the bigger one in size of

�13 lm and the much smaller one in size of �2.5 lm on
average. The thinner plate was used for fabrication of

tensile specimens and the thick one for both the half-size

charpy impact specimens and the compact tension (CT)

specimens for J1c testing in this experiment. Fig. 2

showed the configurations and the size of the specimens.

All specimens have their longitude parallel to the rolling

direction. 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.
Table 1

Chemical compositions of the NIFS heat V4Cr4Ti alloy (wt%)

Cr Ti C N O H

4.03 3.73 0.0062 0.0084 0.022 0.0024

Fig. 1. An optical photo showing the microstructure of the

alloy.
All specimens were placed in the vacuum chamber of

a hydrogenating device to charge hydrogen before any

test. At first, they were degassed at 420 �C for 10 min in
a vacuum of �2 · 10�3 Pa. Then the temperature was
increased to 700 �C for hydrogen charging. High purity
hydrogen gas (99.9999%) was admitted through a con-

trollable leak valve while the vessel was being evacuated.

Hydrogen concentration of the specimens was con-

trolled by the flow rate of the hydrogen gas and the time

of the admittance. Finally, an equilibrium heat treat-

ment was conducted at the temperature for 2 h in the

same vessel without the admittance of the hydrogen gas.

Vacuum valve on the outlet duct was closed and the

vacuum pump was powered off during the heat treat-

ment to prevent the hydrogen in the specimens from

desorption. As a result, the vacuum decreased and

oxygen uptake became more obvious for all of the

specimens. The measured results showed that the oxygen

concentration of the specimens reached to 300–400

wppm after the treatment. Some specimens were treated

in the same process but without the admittance of

hydrogen to investigate its effects on the tensile proper-

ties of the alloy. Table 2 showed that the strength of the

alloy was slightly increased but the total elongation did

not change much.

Hydrogen concentration in the specimens was mea-

sured using a RH404 type hydrogen-measuring device

that was made by the Leco Co. in United States. Placed

in a graphite crucible in the device, the alloy sample was

blown with argon gas to remove the other gases adhered

to the sample surface. Then the sample was heated to

�1800 �C to release all of the hydrogen in the sample.
The hydrogen was then brought out by a flowing argon

gas to a thermal conductivity-detecting chamber

where the hydrogen content was measured. The mea-

sured results showed that the maximum hydrogen con-

centration of the charged specimens was high up to

310 wppm.

Mechanical property tests were performed at room

temperature. The charpy impact test had a velocity of

5 m/s. Both tensile test and J1c test were performed on a
MTS810 test machine with a strain rate of �4· 10�4 s�1
and a displacement rate of 0.1 mm/min, respectively.

The CT specimens were pre-cracked on the same ma-

chine using a fatigue test method before the hydrogen

charging. The pre-fatigue crack length (a0) was from
9.44 to 10.08 mm, giving the ratio of a0=W in the range

of 0.59–0.63. A single-specimen method was used to

measure the J integral. The specimen was unloaded after
certain crack extension. Then it was placed in liquid

nitrogen to get cooled to about )196 �C and forced to
fracture thoroughly. The initial crack length and the

crack propagation distance at the unload point were

then measured under an optical microscope. After all of

the tests, the fracture surface was observed under a

scanning electron microscope (SEM).



Table 2

The tensile properties of the as-received alloy and the one with 700 �C heat treatmenta

State ry (MPa) rUT (MPa) d (%)

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

700 �C pre-heated 305.8/313.5 399.3/400.6 31.2/32.3

a ry: yield strength, rUT: ultimate tensile strength, d: total elongation.

Fig. 2. The configuration and size of the test specimens.

J. Chen et al. / Journal of Nuclear Materials 325 (2004) 79–86 81
2.2. Evaluation of the J1c and the Tmat

J was calculated according to Eq. (1)

J ¼ A
Bb

f ða=W Þ; ð1Þ

where A is the area under the load–displacement curve; a
is the crack length; b is the width of the uncracked lig-
ament; B and W are the thickness and the width of the

CT specimen, respectively;

f ða=W Þ ¼ 2ð1þ aÞ=ð1þ a2Þ; ð2Þ

where

a ¼ ½ð2a=bÞ2 þ 2ð2a=bÞ þ 2�1=2 � ½ð2a=bÞ þ 1�: ð3Þ

The tearing modulus of the alloy (Tmat) was defined as
follows:

Tmat ¼
E
r20

	 dJ
da

; ð4Þ

where E is Young’s modulus of the alloy, r0 is flow stress
(averaged by ultimate and yield strength); dJ=da is the
slope of the J–Da curve and Da is the crack extension.
Substituting a and b in Eq. (1) with a0 and b0 (the initial
crack length and the initial ligament width), we got a J
integral called JQ. If it meets the following validity
condition then it is the fracture toughness of the alloy

(J1c).
a0; b0;BP 25JQ=ry; ð5Þ

where ry is the yield strength of the alloy.
In order to get Tmat, we must know the crack exten-

sion in the test to get the J–Da curve. Here an

assumption was made that the load (P ) beyond the
maximum load (Pmax) point at the load–displacement
curve is proportional to the flow stress of the alloy and

has a functional relationship with b=w as Eq. (6).

P ¼ gðb=W Þ 	 r0: ð6Þ

A set of (P , b) data at the maximum load point and the
unload point could be obtained from the test. The data

was plotted in Fig. 3(a), which showed the relation be-

tween P=r0 and b=W . According to the data, the best-
fitted curve is:

gðb=W Þ ¼ 22:22ðb=W Þ1:5244: ð7Þ

Thus for a specimen

P
Pmax

¼ b
b0

� �1:5244
: ð8Þ

The uncracked ligament width at any point on the

load–displacement curve could thus be generated and so

did the crack extension since Da ¼ b0 � b. This method
is just like the conventional load-drop method [11]

but corrected using the measured crack extension

at the unload point. Fig. 3(b) showed one of the



(b) V4Cr4Ti with 190wppmH
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Fig. 3. The dependence of the P=r0 on b=W for all CT specimens (a) and the load–displacement curve along with the calculated crack

extension for the CT specimen with 190 wppm hydrogen (b).
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load–displacement curves and the calculated crack

extension. It was a little lower than the actually mea-

sured one at the unload point.
3. Results and discussion

3.1. Tensile test

Fig. 4 showed the tensile properties of the alloy with

the change of the hydrogen concentration. In the range

from 24 (the original hydrogen concentration of the as-

received alloy) to 215 wppm H, the hydrogen induced

solid solution hardening, both the yield strength and the

ultimate tensile strength increased in a similar rate. The

total elongation exhibited a negative dependence on

the hydrogen. It decreased with the hydrogen mono-

tonically from �31.7% to �17% in the range. The duc-

tility of the alloy was entirely lost at 310 wppm H,

indicating a complete brittle fracture of the specimen.
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Fig. 4. The tensile test properties of the NIFS-V4Cr4Ti alloy with hy

gation.
The critical hydrogen concentration required to embrit-

tle the alloy in this static tension loading condition is thus

between 215 and 310 wppm. On the other hand, the

uniform elongation behaved differently. It had a value of

�15% and was nearly unchangeable with the change of

the hydrogen before 215 wppm. It seemed that the

hydrogen effect on the ductility was solely to reducing

the non-uniform deformation in the necking area.

Natesan and Soppet [13] reported that the critical

hydrogen concentration required to embrittle the US

V4Cr4Ti alloy (heat #832665) is about 360 wppm based

on their tensile test results. The alloy had an oxygen

concentration of 310 wppm. Another report from

DiStefano et al. [5] concluded that the concentration is

more than 500 wppm according to their studies. Also

found was the strong effect of the oxygen concentration

on the behavior. With 850 wppm O the alloy would be

embrittled by �90 wppm H. In this experiment, the

critical hydrogen concentration was a little lower than

that for the US heat. The reason must be the relatively
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higher oxygen concentration in those hydrogen charged

specimens. In a study reported by Rohrig et al. [2], just

like what was found here, the uniform elongation of

their studied V4Cr4Ti alloy was not affected by the

hydrogen before �450 wppm H while the total elonga-

tion decreased. But they have not given the reason. Here

it was thought being caused by the stress assisted

hydrogen diffusion around the necking area, which

suppressed the necking and reduced the non-uniform

deformation. This will be discussed in detail later in this

paper in combination with the fracture mechanism

analysis.

3.2. Impact test and J1c test

Fig. 5(a) showed that the absorbed energy of the

specimens decreased drastically with increasing hydro-

gen concentration in the impact process. At 130 wppm

H the energy is less than half of that for the non-

hydrogen charged specimens. It could be concluded

from the figure that more than 190 wppm H is needed to

bring about complete brittle fracture. The energy ab-

sorbed in the impact process should consist of two parts:

one was the energy required to initiate a crack in the

specimen, which showed the capability of the alloy

against the crack initiation. Another was the energy

needed to drive the crack to propagate successively. It

must be large enough to overcome the crack extension

resistance. So these two parts have different meaning for

the alloy. Here the impact test results could not separate

the two parts. It is necessary to evaluate the two parts

separately by measuring the fracture toughness of the

alloy and its crack propagation resistance indicated by

the tearing modulus.

J1c test result was shown in Fig. 5(b). A specimen

compliance change rate method [12] was used to deter-

mine the crack initiation point and it was found that the
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Test temperature: room temperature.
point located at the maximum load point nearly for all

of the specimens. The corresponding J integral was

taken as J1c when it meets the validity criterion of Eq. (5).
All the data in the figure meets the criterion except that

for the specimen without hydrogen charged, which,

however, had much high J integral of 594.7 kJ/m2,

indicating that the as-received alloy was very tough. The

figure showed that the alloy with more than 130 wppm

hydrogen had much lower fracture toughness. J1c was
less than 50 kJ/m2 and was little affected by the hydro-

gen concentration in the regime from 130 to 190 wppm.

Accordingly, the critical hydrogen concentration to in-

duce brittle crack propagation initially must be less than

130 wppm in the alloy with cracks. At 310 wppm H,

complete brittle fracture happened with J1c reaching
to the lowest value of �4 kJ/m2.

Fig. 6 showed the hydrogen dependence of the tear-

ing modulus. In opposite to the change of J1c, Tmat
almost decreased linearly with increasing hydrogen

concentration and all in a low level less than 50. The

tearing modulus is thus more sensitive to the hydrogen-

induced embrittlement. It would drop to zero at 214

wppm H according to the line. Thoroughly brittle frac-

ture will occur beyond this critical hydrogen concen-

tration.

It is well known that hydrogen could decrease the

binding force of the atoms in an alloy. Thus the crack

could propagate more easily. So it seemed that the

tearing modulus is directly related to the binding force

and Fig. 6 indicated that the force decreased linearly

with the hydrogen. Some researches showed that the

ductility of another V4Cr4Ti alloy did not change much

before a critical hydrogen concentration when the

property was evaluated by tensile tests [1,2]. Obviously

the tensile properties are less sensitive to hydrogen

embrittlement than the tearing modulus. Therefore, J
testing and the tearing modulus should preferentially
To 594.7kJ/m2 at 24wppm H
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nergy of the impact specimen and (b) J1c for the V4Cr4Ti alloy.
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be used to evaluate the hydrogen embrittlement of a

material considering the possible crack in it.

3.3. SEM observation of the fracture surfaces

Fracture mechanism is analyzed to reveal the

hydrogen embrittlement behavior of the alloy. SEM

observation showed that ductile fracture with many

dimples was the major feature for the non-hydrogen

charged specimens, corresponding to the high ductility

and toughness of the as-received alloy. However, with

the hydrogen doped, the fracture changed much. Fig. 7

showed the fractographs of the specimens at a similar
Fig. 7. SEM photos showing the fracture characteristics of the NIFS-

(b) CT specimen in the initial cracked region and (c) impact specimen

Fig. 8. Fractographs of the fractured (a) CT specimen, (b) im
hydrogen level. It looks obviously different from each

other in fracture mode. The tensile specimen had a

quasi-cleavage fracture with many secondary cracks. CT

specimen showed a typical cleavage fracture with a few

tearing ridges in the initial cracked region, followed by

the quasi-cleavage fracture with many secondary cracks

as that appeared in the tensile specimen. Being quite

different, ductile dimple fracture dominated the fracture

surface of the impact specimen with a few cleavage

fracture regions. Further observation revealed that both

the amount of the secondary cracks in the tensile spec-

imen and the dimples in the impact one decreased with

the increase of the hydrogen concentration, but the

fracture mode in the initial cracked region in the CT

specimens was hardly affected by the hydrogen of less

than 190 wppm in concentration. It may account for the

non-affected J1c in the hydrogen concentration range. At
310 wppm H, all fractured in transgranular cleavage but

with an exception of the impact specimen in which there

were still a few regions fractured in dimple characteris-

tics (see Fig. 8).

3.4. The effects of stress concentration

Fracture mode may be affected by the strain con-

straint at the crack tip in the CT specimen due to the

three-directional stresses. It greatly increased the yield

strength of the matrix near the tip. As a result, it in-

creased the plastic deformation resistance and the alloy

became more sensitive to the hydrogen embrittlement.
V4Cr4Ti alloy with 174.5–190 wppm H for (a) tensile specimen,

.

pact specimen and (c) tensile specimen at 310 wppm H.
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As the crack propagated, the constraint became weaker

due to the thinning of the uncracked ligament. Just as

what was observed in SEM, followed by a cleavage

fracture initially the fracture changed to the quasi-

cleavage type due to the change of the constraint. For

impact specimen, besides the similar but lower strain

constraint near the notch, impact loading also has a

tendency to embrittle the alloy. It was reasonable to

think that the fracture of the impact specimen should be

similar to that of the CT specimen. But the results

showed that although the absorbed energy decreased

drastically with the hydrogen concentration, the fracture

surface contained a large portion of dimples even in the

initial cracked region. So what made the different

appearance of the fracture surface? And yet, it is still a

question why the total elongation rather than the uni-

form elongation was reduced by the hydrogen. Stress

concentration and the stress assisted hydrogen diffusion

must be the main reason.

Hydrogen atom is very small and thus could have

much high diffusion or migration rate in the alloy. If the

stress in the specimen is not homogeneous, hydrogen

will migrate to the high tension–stress region. In an early

work reported by Yano et al. [14], it was found that the

stress concentration at the L€uders band promoted

the formation of hydride, which led to the loss of the

capability of a V15Cr15Ti alloy against hydrogen

embrittlement. Of course, the formation of the hydride is

related to the hydrogen enrichment in the region. In the

present tests, high stress concentration existed near

the crack tip in the CT specimen. Calculated with the

assumption of plane strain condition, the stress at

the crack tip would reach to 700–800 MPa just before

the initiation of the crack. The nearby hydrogen would

diffuse into the region under the driving of the stress

gradient. It is not known if there was hydride formed

near the crack tip in the present test, but the hydrogen

enrichment would certainly happen which increased the

difficulty of the regional plastic deformation. Conse-

quently, cleavage fracture became easier to take place.

The fracture toughness was thus in much low value and

was nearly unaffected by the hydrogen concentration

from 130 to 190 wppm because of the hydrogen

enrichment. The case in the necking area of a tensile

specimen is just similar to this situation in the CT

specimen but with weaker stress concentration. This

should account for the strong effect of the hydrogen on

the necking process rather than the uniform defor-

mation. The stress assisted hydrogen diffusion would

not occur in the impact specimen although there was

also stress concentration ahead of the notch root, simply

because of the fast loading process. The hydrogen in the

specimen had scarcely time to diffuse into the high stress

region when the fracture took place. It may be one of

the main reasons for the large numbers of dimples on

the fracture surface. The diffusion of the hydrogen was
not measured in this study and may need further study

of its effects on the hydrogen embrittlement behaviors

considering the effects may be very strong.
4. Conclusions

NIFS-V4Cr4Ti alloy showed different properties

against hydrogen embrittlement in different testing

condition that could be concluded as follows:

(1) In the tensile test, the alloy could stands high level

hydrogen concentration of more than 215 wppm

without significant loss in the ductility. However,

other test results showed that the fracture toughness

J1c, impact toughness and the tearing modulus of the
alloy are strongly affected by the hydrogen and the

critical hydrogen concentration required to embrittle

the alloy may be less than 130 wppm.

(2) Hydrogen in the alloy caused solid solution harden-

ing. Non-uniform plastic deformation rather than

the uniform deformation was greatly suppressed

by the hydrogen.

(3) Tearing modulus could reflect the effects of the

hydrogen on the mechanical performance of the

alloy more realistically. It decreased nearly linearly

with increasing hydrogen concentration.

(4) Stress concentration and the stress assisted hydrogen

diffusion near a crack tip or a notch root will en-

hance the hydrogen embrittlement of the alloy under

static loading, leading to a much low fracture tough-

ness at relatively lower hydrogen concentrations.

The diffusion and its dependence on the stress gradi-

ent should be further studied.

(5) The fracture toughness of the alloy is less than 50 kJ/

m2, unaffected by the hydrogen concentration in the

range from 130 to 190 wppm.
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