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a b s t r a c t

The microstructural processes were investigated for V–4Cr–4Ti alloys strengthened by precipitation and
cold rolling during thermal creep deformation and thermal aging in identical conditions at 1023 K. Cold
rolling to precipitate-hardened V–4Cr–4Ti can suppress precipitate coarsening during the following high
temperature aging. The dislocations observed were mixture of ah100i and a/2h111i types in the speci-
mens with only thermal aging, and predominantly of a/2h111i type in the specimens after the creep
deformation. Coarsening of the precipitates was observed after the creep deformation. It seems to be
essential to avoid the recovery of sessile ah100i type dislocations induced by cold rolling for the purpose
of maintaining the high temperature strength.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

One of the factors limiting the upper operation temperature of
vanadium alloys is thermal creep performance [1–3]. Among the
means to enhance the high temperature strength of the reference
V–4Cr–4Ti alloys is to induce high density of precipitates in the
matrix [4,5].

Recently, efforts were made by the authors to apply two-step
heat treatments to V–4Cr–4Ti for the purpose of introducing high
density of small Ti-CON precipitates followed by cold rolling [6].
The purpose of the cold rolling was to retard precipitate coarsening
during high temperature aging. The treatment was shown to sup-
press steady creep deformation rate at high applied stress [6].
However, microstructural processes of the creep deformation re-
main to be investigated.

The objective of the present study is to obtain insight into the
mechanism of the effect of thermal and mechanical treatment on
the creep performance, with respect to the evolution of disloca-
tions and precipitates.

2. Experimental

The material used in this study was the reference V–4Cr–4Ti al-
loy named NIFS-Heat-2 [3]. The as-received alloy plates were 0.5–
1 mm thick and in the cold rolled state of >90% reduction in thick-
ness. The specimens of 0.25 mm thick for the creep tests were cut
ll rights reserved.
from these plates. Four thermal and mechanical treatments were
applied to these plates, which are summarized in Table 1 [6]. All
the heat treatments were performed in a high vacuum furnace bet-
ter than 1 � 10�4 Pa. Samples were sandwiched with Ta plates and
wrapped with Zr foil as a gaseous impurity getter. Specimens were
cut or punched-out from 0.25 mm thick plates. The creep test spec-
imens had the gauge dimension of 5 � 1.2 � 0.25 mm3 (SS-J size).

Creep test was conducted for STD and SAACW specimens at
1023 K with the applied tensile stress of 176 and 250 MPa in
vacuum of <4 � 10�5 Pa using a uniaxial creep testing machine
for miniaturized tensile test specimens. Uniaxial and constant load
was applied to the specimen by load blocks. A Zr foil surrounded
the specimen during the test acting as an oxygen impurity getter.
The creep tests started after the load and displacement signals re-
corded by the computer became stable, which took about 7 h, and
finished at the strain level of 2.5–5%. For microstructure analysis
by transmission electron microscope (TEM), 3 mm disks were
punched-out from the gauge area of the specimens after the creep
test. TEM observations were carried out using JEM-2000FX of
RIAM, Kyushu University.

For comparison, thermal aging of SAA, STDCW, SAACW speci-
mens was carried out in heat histories identical to those of the
creep tests.
3. Results

Fig. 1 shows the creep strain as a function of the loading time.
For both cases of the applied stress, SAACW specimens showed
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Table 1
The thermal and mechanical treatment conditions of the V–4Cr–4Ti (NIFS-Heat-2).

Abbreviation Treatment Conditions

STD Standard 1273 K, 2 h
STDCW Standard and Cold-rolled STD + 20% Cold Rolled
SAA Solution Annealed and Aged 1373 K, 1 h + 873 K, 20 h
SAACW Solution Annealed, Aged and Cold-rolled SAA + 20% Cold Rolled
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Fig. 1. Creep deformation behavior for STD and SAACW specimens at 1023 K.
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Fig. 3. Dislocation density as a function of the aging time at 1023 K for STDCW and
SAACW. Dislocation densities of STD and SAACW specimens after creep tests with
176 MPa at 1023 K for 60 and 80 h, respectively, are also indicated.
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lower creep strain rate than STD specimens. The tests were termi-
nated at the end of the data lines for TEM observation.

Fig. 2 compares microstructure of SAACW after creep deforma-
tion for 80 h with 176 MPa at 1023 K and after the identical heat
treatment (80 h at 1023 K) without any applied stress. In the case
of after creep deformation, the direction of the applied tensile force
is shown on the photograph. The photographs clearly show the dif-
ference in the dislocation morphology. After creep deformation,
most dislocations are oriented to particular directions, while with
only thermal aging, directions of the dislocations are more com-
plex. Identification of the Burgers vector of the dislocation was car-
ried out using a g � b = 0 technique. The result showed that the
dislocations were predominantly of a/2h111i type in the specimen
Fig. 2. Dislocation structure of SAACW specimens after (a) creep deformation with 17
(1023 K, 80 h).
after the creep deformation either with 176 or 250 MPa, and mix-
ture of ah100i and a/2h111i types in the specimens with only
thermal aging.

Fig. 3 shows dislocation density as a function of the aging time
at 1023 K for STDCW and SAACW. Dislocation densities after the
creep test with 176 MPa for 80 h at 1023 K are also shown. The fig-
ure shows that recovery of the dislocations induced by cold rolling
was enhanced by the applied stress for SAACW. Also shown by
comparison between STDCW and SAACW data is that the effects
of SAA treatment on the recovery of the dislocations induced by
cold rolling is small.

Fig. 4 compares microstructure of SAA, SAACW after aging at
1023 K for 80 h, and SACCW after creep deformation at 1023 K
with 176 MPa for 80 h and with 250 MPa for 15 h. In these cases
the micrographs were taken in off-Bragg imaging conditions show-
ing exclusively the precipitate images. Precipitates were coarsened
by the aging in SAA specimens. Because of high density of disloca-
tions, precipitates did not grow in SAACW specimens by the aging.
On the other hand, growth of precipitates was observed after the
creep deformation of SAACW specimens. Fig. 5 shows evolution
of the precipitate size and density with the aging time at 1023 K
6 MPa at 1023 K for 80 h, and (b) thermal aging in an identical thermal condition



Fig. 4. Microstructure of (a) SAA and (b) SAACW specimens after aging at 1023 K for 80 h, and SAACW specimens after creep deformation at 1023 K with (c) 176 MPa for 80 h
and with (d) 250 MPa for 15 h. The micrographs were taken in off-Bragg imaging conditions showing exclusively the precipitate images.
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for SAA specimens. The precipitate size increased and the precipi-
tate density decreased with the aging time for SAA specimens.
Note that precipitate growth was not observed in SAACW speci-
mens by the aging at 1023 K but observed after the creep tests.
The data in ellipses are SAACW after the creep deformations. With
the applied stress for creep deformation, however, the precipitate
size is significantly smaller both for 176 and 250 MPa than those
in SAA specimens after aging. The results show that a certain role
to retard precipitate coarsening may remain in SAACW specimens
after the recovery of the cold rolled dislocations.

4. Discussion

TEM examinations after creep deformation of V–4Cr–4Ti were
reported for the specimens prepared from the pressurized creep
tubes [7,8], in which dislocations observed were predominantly
of a/2h111i type. This is consistent with the present study, which
also showed the conversion of cold rolling induced dislocations
composed of the mixture of a/2h111i and ah100i types to creep-
induced dislocations of a/2h111i type.

It is known that in most BCC metals, ah100i type dislocations
can be formed by interaction of a/2h111i type dislocations on dif-
ferent planes during the cold rolling process. Since ah100i type
dislocations are sessile, they are thought to be stable and contrib-
ute to suppressing the precipitate coarsening and thus maintaining
the high temperature strength. In contrast to cold rolling, creep
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Fig. 5. The evolution of precipitate size and density with the aging time at 1023 K
for SAA specimens. The data in ellipses are for SAACW specimens after the creep
deformations. Note that precipitate growth was not observed in SAACW specimens
by the aging at 1023 K.
deformation by uniaxial loading is expected to induce only small
chance for interaction of a/2h111i type dislocations with different
planes forming ah100i type dislocations, because the deformation
is expected to be induced by a/2h111i type dislocations on planes
in limited directions. Therefore, recovery of cold rolling induced
ah100i type sessile dislocations replacing with slippery a/2h111i
type dislocations during the creep deformation is considered to
be the reason for the precipitate growth.

It seems to be essential to prevent from the recovery of ah100i
type dislocations for the purpose of maintaining the high temper-
ature strength, including the creep resistance. For this purpose, the
materials need to be used at the temperature range and load level
where ah100i type dislocations should not recover. It will also be a
direction for improvement to enhance the stability of the disloca-
tions by metallurgical efforts such as minor element addition and
so on.

The smaller precipitate size in SAACW specimens after creep
deformation than that in SAA specimens after identical aging,
shown in Fig. 5, suggests that the precipitate growth was sup-
pressed during the creep deformation by the influence of gliding
creep dislocations. Alternatively, the beginning of the precipitate
growth could be delayed in the case of creep deformation of
SAACW specimens because of the time necessary for recovering
the cold rolling induced dislocations. However, the similar density
but much smaller size of precipitates observed after the creep
deformation implies that the creep deformation suppressed pre-
cipitate growth process than the nucleation and coalescence
processes.

5. Conclusion

The microstructural processes of the effects of precipitation and
cold rolling of V–4Cr–4Ti on creep deformation performance were
investigated. The cold rolling to the precipitate-hardened V–4Cr–
4Ti can suppress the precipitate coarsening during high tempera-
ture aging. The dislocations were mixture of ah100i and a/
2h111i types in the specimens with only thermal aging, and pre-
dominantly of a/2h111i type in the specimens after the creep
deformation. The loss of cold rolling induced sessile ah100i type
dislocations resulted in the coarsening of precipitates. It seems to
be essential to prevent from the recovery of ah100i type disloca-
tions for the purpose of maintaining the high temperature strength
of precipitate-hardened V–4Cr–4Ti.
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