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Abstract

V–4Cr–4Ti (NIFS-Heat-2) was strengthened in a thermo-mechanical process in which the alloy was solution-annealed at 1100 �C for
1 h and then aged at 600 �C for 20 h, followed by cold rolling at room temperature with a reduction of 20% in thickness. TEM obser-
vation indicated that extremely fine precipitates were produced during the aging. Precipitate coarsening did not occur during annealing
the alloy at 750 �C due to the existence of high number density dislocations in the cold rolled alloy. High-temperature tensile tests showed
this strengthening could remain effective up to 750 �C. Uniaxial thermal creep tests were conducted at 700–800 �C. Improvement in the
property was observed at high stress level.
� 2007 Elsevier B.V. All rights reserved.

PACS: 28.52.Fa; 81.05.Bx; 62.20.�x; 81.40.Ef
1. Introduction

V–4Cr–4Ti is considered as the leading structural mate-
rial of the V–Li blanket in a fusion reactor. One of its
major advantages over other steel blankets is its high oper-
ation temperature and the resulting high thermal efficiency.
The upper operation temperature limit, determined by
high-temperature tensile strength and creep strength of
the material, is about 650 �C for V–4Cr–4Ti [1]. For higher
efficiency, further strengthening should be considered. One
way is to add more Cr into the alloy, such as the high-Cr
alloys recently investigated [2]. However, results showed
that the addition should not exceed 7% in mass, since
higher Cr content increased DBTT (ductile–brittle transi-
tion temperature) significantly. Adding W to the alloy
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seemed promising as has been generally considered for
low activation ferritic steels. However, results showed no
improvement of high-temperature tensile strength for
V-base alloys [3]. Therefore, other ways than alloying
should be considered for strengthening.

V–4Cr–4Ti could be strengthened by precipitation and
cold rolling significantly [4]. It was found that fine Ti
(CON) precipitates formed during aging at 600 �C
strengthened the alloy with slight loss of ductility. But these
precipitates were thermally unstable above 600 �C. Work
hardening by cold rolling is another way for the strengthen-
ing. It may improve high-temperature creep strength as
shown in 316 type steels [5]. For V–4Cr–4Ti, the disloca-
tions introduced by cold rolling recovered above 600 �C
[6]. Since fine precipitates could resist dislocation move-
ment, with both precipitation and cold rolling, the thermal
stability of the Ti (CON) precipitates and the dislocations
may be enhanced due to their interaction.

In the present paper, the high-temperature properties of
a V–4Cr–4Ti alloy (NIFS-Heat-2) were studied. The alloy
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had been strengthened by precipitation and cold rolling
(20% CW). The thermal stability of the precipitates and
dislocations were examined. Creep tests were conducted
with the analysis of the underlying mechanism.

2. Experimental procedures

The material used in this study was the V–4Cr–4Ti alloy
of NIFS-Heat-2. Its chemical composition was shown in
Ref. [4]. The as-received alloy plates were 0.5–1 mm thick
and in the cold rolled state of >90% reduction in thickness.
Tensile, creep specimens and TEM (transmission electron
microscope) samples of 0.25 mm thick were cut from these
plates after various thermo-mechanical treatments. At first,
they were cold rolled to meet specimen thickness require-
ments, followed by heat treatments of solid-solution
annealing (SA) and aging (A). The SA treatment was per-
formed at 1100 �C for 1 h to dissolve most precipitates that
had formed in the previous thermo-mechanical processes
[7], while the aging (A) was conducted at 600 �C for 20 h.
Alloy in the aging state was named as SAA. For further
strengthening, SAA plates were cold rolled again, with a
20% reduction in thickness (SAACW). The plates followed
the SAACW process were expected to contain fine precip-
itates and dislocations, both in high number density. For
comparison study, a cold rolled plate was treated under
the standard (STD) condition as annealed at 1000 �C for
2 h. The average grain size of the alloy in SAA and STD
states was about 28 lm and 18 lm, respectively.

All of the heat treatments mentioned above were per-
formed in a high vacuum furnace. The vacuum was better
than 1 · 10�4 Pa. Samples or pieces of the plates were sand-
wiched with Ta plates and wrapped with Zr foil as a gaseous
impurity getter. Heating rate was 20 �C/min. At finishing,
power supply was turned off and the plates were cooled
down to room temperature (RT) in the furnace in vacuum.

Specimens were cut or punched out from 0.25 mm thick
plates. The tensile specimens, used as the creep test speci-
mens, had the gauge dimension of 5 · 1.2 · 0.25 mm3. Sam-
ples for hardness test, 10 · 5 · 0.25 mm3 in dimension, were
ground with sandpapers and polished by hand with plaster
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Fig. 1. Response of hardness on aging time (a) and annealing time (
of Al2O3 and oil instead of water to avoid hydrogen pick-
up. For microstructure analysis by transmission electron
microscope (TEM), 3 mm diameter disks were prepared.

Tensile tests were performed at RT and 600–800 �C in
vacuum of better than 1 · 10�4 Pa with the tensile test
machine in Tohoku University. Initial strain rate was
6.67 · 10�4 s�1. A specimen was kept at the test tempera-
ture for �20 min before tensile test could begin. Creep test
was conducted at 600, 750 and 800 �C in vacuum of
�4 · 10�5 Pa using an uniaxial creep test machine [8]. Uni-
axial and constant load were applied to the specimen by
load blocks. Zr foil acted as oxygen impurity getter sur-
rounded the test specimen. Creep test started after the com-
puter recorded load and displacement signals became
stable, which took about 7 h. Vickers hardness test was
performed at RT. Load was 3 N with duration of 30 s.

Tensile properties were measured from load–displace-
ment curves, while the creep rates were obtained according
to the steadily and linearly increasing displacement on time.
As the cross-section area of the creep specimen was decreas-
ing in the test due to creep deformation, the true stress
applied on the specimen would increase with time. The true
stress in the steady creep stage was averaged as the applied
stress. The microstructures of the specimens before the ten-
sile or creep tests were examined with TEM, and the frac-
ture surface of the tensile specimen and the creep-tested
specimen were analyzed with a scanning electron micro-
scope (SEM). Observed also was the specimen surface after
the creep test for examining grain structure.

3. Experimental results

3.1. Precipitation hardening and work hardening by cold

rolling

As shown in Fig. 1(a), the hardening by aging the SA
alloy at 600 �C was significant. Its hardness increased with
increasing aging time. Fig. 1(b) shows that the hardness of
the SAACW alloy was about 20% higher than that of the
SAA alloy, showing the contribution of the 20% cold roll-
ing to the hardening. The hardness of the alloy in both
NIFS-Heat-2
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states decreased with time during the annealing at 750 �C.
Following a rapid decrease in the initial 20 h, the hardness
decreased much slowly thereafter. Invariably the SAACW
alloy kept its higher hardness than the SAA alloy through-
out the process.

Fig. 2 shows the TEM microstructure of the alloys after
the annealing at 750 �C for 0, 20 and 60 h, respectively. For
the SAA alloy without annealing, dim precipitates were
observed. The precipitates were so fine that only obscure
image could be obtained even in dark-field weak-beam
imaging condition due to the insufficient resolution of the
TEM. These fine precipitates, which hardened the alloy,
grew as disks in the annealing as shown in the figure.
The growth caused the decrease in its number density
and in hardness as shown in Fig. 1(b). The disk-shaped pre-
cipitates were placed on the (001) plane. For the SAACW
alloy, dislocation density decreased during the annealing,
resulting in the decrease in hardness. Few precipitates were
observed in the TEM images. However, high density fine
precipitates should have existed in the alloy due to the age-
ing prior to the cold rolling like the case in SAA alloy.
These precipitates, which could dimly be observed with
the TEM as mentioned, hardly grew in the annealing at
750 �C, thus few precipitates could be observed due to its
extremely small size even after the annealing for 60 h.

3.2. High-temperature tensile properties

Tensile results are shown in Fig. 3. Comparing to the
alloy in STD state, SAA treatment caused the alloy some
increase in yield strength (YS) and some loss of uniform
elongation. Once again, the alloy in SAACW state dis-
Fig. 2. TEM microstructure of the SAA and
played much higher yield strength than the alloy in other
states up to 800 �C. On the other hand, the uniform elon-
gation (UE) of the SAACW alloy was very small, indicat-
ing the big loss of strain hardening capability by the cold
rolling. According to the temperature dependence shown
in Fig. 3(c), some recovery of the capability appeared
above 700 �C along with an accelerating decrease in the
yield strength as shown in Fig. 3(a).

Temperature dependence of ultimate tensile strength
(UTS) was similar to that of the yield strength (see
Fig. 3(b)). The difference in UTS between the alloy in
SAACW and STD states was not as large as that in YS,
because of the smaller difference in YS and UTS of the
SAACW alloy for its very smaller strain hardening capabil-
ity than that of the STD alloy. Fig. 4 indicates the decrease
of the tensile strengths of the SAACW alloy at 750 �C due to
the annealing at 750 �C. This is consistent with the hardness
loss as shown in Fig. 1(b). With the decrease in the strength,
the uniform elongation increased after the annealing.

Despite the significant loss of uniform elongation, the
SAACW alloy was considered to be ductile because the
reduction of area was very high. Fig. 5 shows the SEM
image of the fracture surface of the SAACW specimen tested
at RT. The fractured area had a width of �10 lm. Accord-
ing to the initial specimen thickness, the reduction of area
was more than 90%. The SAACW alloy tested at other tem-
peratures also showed reduction of area of exceeding 90%.

3.3. Creep test result

Typical thermal creep behavior is shown in Fig. 6, along
with the applied stress beside the creep curve. It indicated
SAACW alloy after annealing at 750 �C.
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Fig. 3. The yield strength (a), ultimate tensile strength (UTS) (b) and
uniform elongation (c) of the alloy in various thermo-mechanical states as
a function of test temperature.
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Fig. 5. SEM photo showing the fracture of the SAACW specimen tested
at RT.
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that the rupture time of the SAACW alloy was longer than
the STD alloy at 800 �C. The creep could approximately be
divided into three stages. The primary creep stage, which
was very short, had fast decreasing creep rate with time.
The 2nd stage took longer time in which the alloy crept
steadily and slowly. The maximum strain in this stage
was usually less than 2%. Thereafter the creep got into
the longest 3rd stage where the creep rate increased with
time. As an example, for the STD alloy tested at
163 MPa and 800 �C, the three stages took about 1.6%,
13.3% and 85.1% of the rupture time, respectively.
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Fig. 7 shows the dependence of the steady creep rate on
the applied stress for the STD and SAACW alloys tested at
700, 750 and 800 �C, respectively. The rate increased with
increasing test temperature and applied stress. Beyond a
certain stress level, the SAACW alloy exhibited lower creep
rate than the STD alloy, indicating the improvement of the
property by the aging and cold rolling. This critical stress
seems to decrease with increasing test temperature. Below
this stress, the alloy in both states showed similar creep
rate.

4. Discussion

4.1. The thermally stable precipitates in the cold rolled alloy

Usually the fine Ti (CON) precipitates formed in V–
4Cr–4Ti at 600–700 �C are thermally unstable above
500 �C where Ti becomes mobile [4]. This was partially ver-
ified in the present study due to the observed growth of the
precipitates in the SAA alloy on annealing at 750 �C. How-
ever, the SAACW alloy containing fine precipitates showed
no precipitate growth in the same annealing. It seems that
dislocations introduced by cold rolling in the alloy could
retard the precipitate growth. Definitely, precipitate growth
requires the migration of the species forming the precipitate
from the matrix to precipitates or from small precipitates
to larger ones. So the diffusion seemed to be suppressed
by dislocations in the SAACW alloy.

It was found that there is strong interaction between
dislocations and interstitial solutes of C, N and O in
V–4Cr–4Ti, which caused the dynamic strain aging
(DSA) phenomenon and increased the flow stress of the
alloy during tensile test at 300–750 �C [11]. This means that
the interstitial solutes retarded the dislocation movement in
the alloy even at 750 �C. On the other side the dislocations
would exert equal resistance to the motion of the interstitial
solutes at the same time. In the present study, similar inter-
action would occur due to the movement of the disloca-
tions in the hardness recovery process of the SAACW
Fig. 9. SEM photos showing the SAACW specimen surface after creep test at
164 MPa/122 h (specimen was ruptured). Photo (c) is the magnification of the
regions in (e). The corresponding ID characters were also indicated in the rec
alloy. It should account for the non-coarsening precipitates
in the alloy at 750 �C.
4.2. Creep mechanisms

The different creep rate of the alloy in STD and
SAACW state may be partially resulted from their different
yield strength. In fact, the applied stress is higher than the
yield strength of the STD alloy but lower than that of the
SAACW alloy when the creep rate of the SAACW alloy is
lower than that of the STD alloy. Alloy tested at stress level
higher than yield strength should have high creep rate
because it contains a great number of mobile dislocations
produced by plastic deformation at the beginning.

It was reported that the thermal creep of V–4Cr–4Ti
alloy at 800 �C/200 MPa was controlled by climb assisted
dislocation glide [9]. The activation energy (Q) of the creep
is equivalent to the self-diffusion activation energy of V

atoms. Creep rate (de/dt) has a relationship with Q and
the absolute temperature (T) as de/dt = kexp(�Q/RT),
where k is a pre-exponential coefficient and R is gas con-
stant of 8.314 kJ/mol. In the present study, the limited data
only allow the estimation of the Q at the applied stress of
240 MPa. The reciprocal temperature dependence of the
(a) 700 �C/214 MPa/25 h (specimen was not ruptured) and (b)–(f) 800 �C/
rectangular region in (b). Photo (d) and (f) are respectively the rectangular
tangular regions.
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rate is shown in Fig. 8. According to the dependence, the
estimated activation energy for the STD and the SAACW
alloy were 465.6 and 367 kJ/mol, respectively, both are
much higher than the self-diffusion energy of 270 kJ/mol
of the alloy in the temperature range [9]. It seems that other
mechanism than the dislocation climb controlled the creep
deformation.

An observation with SEM showed the appearance of
grain structure on the specimen surface after the creep test
at 800 �C (see Fig. 9(b) and (c))) other than 700 �C (see
Fig. 9(a)). The grain structures seemed to be a result of
thermally etched grain boundaries during the high-temper-
ature exposure in the vacuum environment. But cracks
were observed along grain boundaries (see Fig. 9(c)), which
should be caused by stress and deformation. Furthermore,
grain structure clearly appeared only in the deformed
region within the gauge section (photo (f)), while specimen
end region without deformation (photo (d)) showed very
weak trace. This appearance of the grain structure is
thought to arise from grain boundary slide. Similar behav-
ior was observed for the STD alloy.

There are many kinds of mechanisms for the creep
deformation of V–4Cr–4Ti [10]. Possible mechanism here
is the Coble creep, grain boundary slide controlled by
vacancy diffusion, which could result in such trace and
cracks along the grain boundaries.

5. Conclusions

The V–4Cr–4Ti alloy (NIFS-Heat-2) was thermo-
mechanically treated to have higher strength by aging
and cold rolling. The thermal stability of the strengthening
was studied by annealing the alloy at 750 �C. TEM analysis
was done to show the strengthening mechanisms. The high-
temperature tensile properties and the uniaxial thermal
creep behavior of the alloy were studied. Results were sum-
marized as follows:

(1) Hardening the alloy by aging at 600 �C is very signif-
icant. Additional 20% cold rolling hardens the alloy
further. The aging plus cold-rolling treated alloy
has much higher tensile strength than the one treated
according to the conventional standard annealing
process up to 800 �C.
(2) The aging-produced fine precipitates got coarsening
in the annealing at 750 �C. But the coarsening did
not occur when the alloy contained high number den-
sity of dislocations that were introduced into the alloy
by the cold rolling.

(3) The aging and cold rolling increased the resistance of
the alloy to thermal creep at higher stress level than a
critical value that seems to decrease with increasing
temperature.

(4) The thermal creep at 800 �C seemed to be not con-
trolled by dislocation climb but grain boundary diffu-
sion or sliding.
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