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Abstract

The influence of transmutational helium on creep response of a V–4Cr–4Ti reference alloy called NIFS-HEAT-2 was

examined. This is a candidate structural material for future fusion applications. Helium ions were injected into creep

specimens at 700 �C to a concentration of about 100 appm utilizing homogenous a-particle irradiation at an accelerator.

Post-implantation creep rupture tests were carried out at the same temperature in a vacuum environment. Creep

lifetime had a tendency to be increased by helium implantation, reflecting a slight decrease in minimum creep rate.

Creep data showed a power-law creep behavior, and there was good agreement in obtained stress exponents between

helium implanted and unimplanted cases. Some morphological changes were detected on creep-ruptured surfaces, such

as reduction of necking and initiation of intercrystalline separation.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

Vanadium-base alloys have been identified as

attractive high-performance structural materials for

first-wall and blanket components in fusion power

systems [1]. Based on the results from previous inves-

tigations, a V–4Cr–4Ti alloy is considered to be a

leading candidate at present. Recently, large heats of

high-purity V–4Cr–4Ti alloy called NIFS-HEAT were

produced in NIFS (National Institute for Fusion Sci-

ence) [2]. Plates, sheets and wires fabricated from those

heats were supplied to a number of research groups to

be investigated under international collaboration pro-

grams.

One of the advantages of vanadium alloys for fusion

applications is their high material performance at ele-

vated temperatures. The upper temperature limit for

vanadium alloys is assumed to be 700–750 �C, and is

most probably determined by compatibility with the
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fusion environment, the effect of gaseous transmutants

such as helium, and mechanical properties such as ten-

sile properties and creep resistance [3]. Thermal creep

properties of V–4Cr–4Ti alloy have been investigated by

uniaxial tensile and biaxial pressurized tube specimens

[4–6]. The data base on irradiation creep is still very

limited but has been accumulated gradually. On the

other hand, effects of transmutation-produced helium on

material properties, especially on creep, are the most

uncertain factors. A large amount of helium, such as will

be generated in fusion environment often causes a

deterioration of high-temperature mechanical proper-

ties, the so-called helium embrittlement. Such mechani-

cal degradation by helium at elevated temperatures is

known to arise more markedly in long-term experiments

rather than short time examinations such as tensile tests

[7,8]. Therefore long-time experiments are crucial for

investigation of helium effects on material properties. In

this study, in order to investigate the influence of helium

on creep properties of a V–4Cr–4Ti reference alloy,

NIFS-HEAT-2, creep rupture tests were carried out

using uniaxial creep specimens containing helium. The

neutronic production of helium in a fusion environment
ed.
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was simulated by homogeneous a-implantation using a

cyclotron accelerator.
Fig. 1. Comparison of creep curves of a helium implanted

specimen and an unimplanted control of V–4Cr–4Ti alloy

NIFS-HEAT-2 tested at 700 �C.
2. Experimental

The material used in this experiment was a newly-

developed V–4Cr–4Ti reference alloy (NIFS-HEAT-2).

It contains the following chemical elements in weight

percentage: 4.02 Cr, 3.98 Ti, 0.0069 C, 0.0148 O, 0.0122

N. Plates of 1.9 mm in thickness were supplied by NIFS

in the 93% cold-worked and process annealed (1000 �C
for 7.2 ks) condition. The plates were cold-rolled to

about 0.09 mm thick sheets. Creep test specimens were

prepared by punching from the sheets and polishing the

surfaces on emery paper to the final thickness that had

been determined by the projected range of a-particles
mentioned below. The dimension of the gauge section

was 10 mm in length, 4 mm in width and 0.085 mm in

thickness. All the test samples were annealed at 950 �C
for 3.6 ks in a vacuum of about 1· 10�5 Pa, wrapped

with Ta and Zr foils to obtain a fully re-crystallized

condition. The mean grain size was measured 15.1 lm.

Helium implantation was carried out in a vacuum of

about 3· 10�4 Pa using a 20 MeV a-beam from the

NIMS (National Institute for Materials Science) com-

pact cyclotron. A Zr foil of 20 lm in thickness was fixed

in front of the specimen holder as an impurity absorber.

The projected range of the energy-degraded beam

through the Zr foil was computed to be 85.1 lm by the

SRIM 96 code, which was enough to penetrate the

specimen thickness noted above. The energy of a-parti-
cles was moderated with a rotating energy absorber

consisting of Al foils with 16 different thicknesses in

order to obtain a homogeneous helium deposition along

the injected direction in the specimen. In addition, the

beam was scanned in the other two directions so as to

attain a uniform distribution all over the specimen gauge

length and width. The specimens were irradiated at 700

�C to helium contents of about 100 appm with a dose

rate of 1 · 10�3 appmHe/s. The irradiation temperature

was measured with two thermocouples spot welded on a

dummy plate situated in the middle of the irradiated

area. Temperature variation due to beam fluctuation

was compensated by adopting an infrared lamp heater

with rapid response, and suppressed to within 4 �C
during the implantation.

Creep rupture tests were also performed at 700 �C
in a vacuum of <2· 10�5 Pa using electro-mechanically

controlled machines. In this machine, the applied load is

monitored with a load cell mounted in a vacuum

chamber and a load deviation from the stated value is

canceled by cross head motion based on feedback sig-

nals. The shifts of load and temperature from nominal

values during creep tests were maintained less than ±1

MPa and ±1 �C, respectively. The creep elongation was
measured to a high precision of few lm with two linear

variable differential transformers that were both con-

nected to a rotary encoder. In addition to the implanted

specimens, creep tests in the same manner were carried

out on helium free reference samples which were not

irradiated but underwent the same thermal history as the

corresponding implanted ones. After the tests, fracture

surfaces of failed specimens were examined by scanning

electron microscopy (SEM) in order to mainly charac-

terize the fracture mode.

Experimental details and equipment have been de-

scribed in an earlier publication [9].
3. Results and discussion

Fig. 1 shows typical creep strain-time readings of

helium free and implanted samples, which were loaded

with almost the same applied stress. For all tests, the

creep rupture time of the helium bearing samples in-

creased by a factor of 2–3 compared to that of the un-

implanted ones. As shown in the figure, the minimum

creep rate was decreased and the secondary creep por-

tion of the curve became large by helium implantation.

All the samples showed a small tertiary creep strain,

which would be responsible for the smaller rupture

elongation relative to the previous results of uniaxial

creep tests on V–4Cr–4Ti alloys.

Dependence of the minimum creep rate on applied

stress is presented in Fig. 2. The minimum creep rate had

a tendency to be decreased slightly by the irradiation. It

is considered that these changes in creep properties, that

is, slight increase in the creep lifetime and decrease in the

minimum creep rate, can be correlated with irradiation

hardening presumably due to radiation-enhanced pre-

cipitation and formation of helium clusters in the ma-

trix. However, microstructural observation of the



Fig. 2. Minimum creep rate as a function of applied stress at

700 �C for helium implanted specimens and corresponding

controls of the V–4Cr–4Ti alloy NIFS-HEAT-2.

Fig. 3. Creep rupture elongation as a function of creep rupture

time at 700 �C for helium implanted specimens and corre-

sponding controls of the V–4Cr–4Ti alloy NIFS-HEAT-2.
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specimens has not done yet. All the data in Fig. 2 were

fitted to a creep power law for the minimum creep rate,
_eMCR / rn, and the stress exponent (n) obtained was 3.7

for the implanted specimens and 3.4 for the unimplanted

ones. The coefficient in both cases was again revealed to

be nearly equal, and close to the previous results of

uniaxial thermal creep tests using 1 mm thick specimens

[6]. This result implies that the creep mechanism itself

would not be changed by helium implantation.

The elongation at rupture is plotted in Fig. 3 as a

function of creep rupture time. The scatter of the data

points seems to be within normal experimental errors.

However, because of the large scatter of data and limited

number of data, it is difficult to identify any dependence

of rupture elongation on rupture time. The average

values of the elongation were (3.6 ± 1.4)% and

(6.2 ± 1.8)% for helium implanted and unimplanted

specimens, respectively. The rupture elongation de-

creased slightly after helium implantation.

Fig. 4 shows typical fracture surfaces of helium free

reference and implanted samples tested at 300 MPa. Fig.

4(c) was taken from another part of the implanted

sample (b) at higher magnification. All of the control

samples failed in a perfectly transgranular ductile man-

ner showing a mixture of the wedge type fracture and
Fig. 4. Typical fracture surfaces of the V–4Cr–4Ti alloy NIFS-HEA

(tr ¼ 1:33� 106 s), (b) and (c) helium implanted sample (CHe ¼ 100 a
the dimple pattern (Fig. 4(a)). Thinning of the cross

section in the fracture zone was significant and the re-

gions of the dimple fracture were less than 10%. Most of

the fracture surfaces of helium injected specimens also

showed a ductile fracture mode (Fig. 4(b)), but the re-

gions of dimple pattern increased and the reduction in

area decreased compared with the controls. Fig. 5

compares the reduction in area between helium im-

planted specimens and unirradiated control samples as a

function of applied stress. On average, the reduction in

area was 50% and 95% for helium implanted and un-

implanted cases, respectively. In addition to the reduc-

tion of necking, a part of the fracture surfaces were

observed to contain intergranular decohesion induced

by helium (Fig. 4(c)). The ratio of the intergranular

fracture regions to the whole of the fracture zone ranged

from 5% to 15%. It seems that degradation induced by

helium and strengthening due to irradiation had simul-

taneously occurred in this irradiation condition. The

stronger contribution of the latter may have resulted in

no effectual degradation of creep properties, whereas

detrimental effects of helium were recognized as the

morphological changes on the ruptured surfaces. It is

possible that drastic degradation of creep properties will

arise at higher helium concentrations.
T-2 creep tested at 700 �C, 300 MPa; (a) helium free reference

ppm, tr ¼ 2:88� 106 s).



Fig. 5. Reduction in area as a function of applied stress at 700

�C for helium implanted specimens and corresponding controls

of the V–4Cr–4Ti alloy NIFS-HEAT-2.
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4. Summary

Creep rupture tests at 700 �C were performed on a

low activation V–4Cr–4Ti reference alloy, NIFS-HEAT-

2, after hot helium implantation (Timpl: ¼ 700 �C,
CHe ¼ 100 appm).

(1) Creep rupture times of helium bearing samples were

two–three times longer than those of helium free

controls. The minimum creep rate of implanted

specimens decreased to about 40% of that of control

samples, mirroring the changes in the creep lifetimes.

Elongation at creep rupture was slightly decreased

by helium implantation.
(2) Although most of the fracture surfaces of helium in-

jected specimens showed a ductile fracture mode, re-

gions which contained intergranular decohesion

were observed. Besides induction of intercrystalline

separation, the tendency of necking in ductile frac-

ture surfaces was reduced by helium.
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