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Abstract

To investigate the effect of oxygen on the titanium oxide formation in V-4Cr-4Ti during heat treatment and also
under irradiation, oxygen was gettered by Zr foils. After annealing and copper ion irradiation at different temperatures,
the microstructure was investigated by transmission electron microscopy. Titanium oxides were detected by annealing
between 973 and 1173 K, but the number density and size of the oxides decreased with the oxygen concentration. The
temperature range corresponds to the temperature where long-range migration of titanium will occur. Ion irradiation
revealed that residual oxygen atoms are very effective to titanium oxide precipitates formation in the temperature range

of 773-973 K.
© 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

In the V-4Cr-4Ti alloy, it is well established that
interstitial impurities such as oxygen and nitrogen play
an important role for radiation effects such as micro-
structure change, irradiation hardening and embrittle-
ment [1-3]. Among them, oxygen is regarded as the most
effective atom. Recently, ion irradiation experiments on
V—4Cr-4Ti alloys revealed that varying temperature ir-
radiations have strong effects on the enhanced formation
of small titanium oxide precipitates during irradiation
[4]. To understand the radiation induced phenomena
due to oxygen, not only the behavior of point defects but
also oxygen and titanium must be considered. Usually,
however, fair amounts of oxygen atoms exist in the alloy
and the alloys are also easily picked up by the specimen
surface at elevated temperatures. Oxygen pick-up re-
mains as one of the major concerns for the V-4Cr—4Ti
alloys, particularly in the case of welds. Grossbeck et al.
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[5] revealed that Tij;s(O3;N3C,) was formed in gas tung-
sten arc welded V-4Cr-4Ti alloys after heat treating at
1223 K (2 h). After oxidation at 773 K, DiStefano et al.
[6] noticed that a microstructure with ultrafine oxides
were formed in the matrix and along grain boundaries.
So, it is very important to do experiments with a sample
whose oxygen content is well controlled.

In this study, the damage process and the role of
oxygen atoms on the titanium oxide formation were
examined by preparing the V-4Cr-4Ti alloys with dif-
ferent oxygen concentrations. In order to reduce the
oxygen impurity in V-4Cr-4Ti alloys, the zirconium
(Zr) foil method was used [7,8]. After purification, the
mechanisms of titanium oxide formation under heat
treatment and irradiation were examined.

2. Experimental procedure

Arc-melted V-4Cr—4Ti [8] (named ML-LP, hereaf-
ter) and a large scale heat of V-Cr—4Ti alloy [3] (named
NIFS1-LP, hereafter) with different oxygen concentra-
tions (namely, 389 and 219 wtppm, respectively) were
used in this study. To getter oxygen, a Zr foil of 2 um
thickness was jointed with a rolled V-4Cr—4Ti sheet with
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a thickness of about 150 um by annealing for 0.5 h at
1373 K. The sandwiched sample was annealed between
the Zr foils at 1373 K for 2 h in vacuum. After the
treatment, the oxygen concentration of ML-LP and
NIFS1-LP was reduced to 56 (named ML-HP, there-
after) and 28 (named NIFSI-HP, thereafter) wtppm,
respectively. The detailed purification using a Zr foil has
been reported in Ref. [7,8]. To investigate the oxide
formation due to annealing, the samples were annealed
under vacuum (~ 1 x 1073 Pa) in the temperature range
of 873-1273 K. A 2.4 MeV copper ion irradiation was
carried out with the tandem accelerator at Kyushu
University. The samples were irradiated at 473-1073 K
up to 0.75 dpa. After irradiation, the area near the peak
damage region (at about 700 nm) was electro-polished
by the back thinning method. The damage rate and the
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implanted copper concentration in this region were
1.7 x 10~* dpa/s and 1073 at.% (at 0.1 dpa), respectively.

3. Results

In the temperature range of 973-1173 K, Ti-enriched
plate-like precipitates lying on {001} habit plains were
formed in ML-LP and NIFSI-LP by annealing in vac-
uum for 2 h. Bulk precipitates, which are also enriched in
titanium of about 20 wt% in grain boundaries, were
observed at the same annealing temperature. Judging
from the titanium enrichment and their habit plains,
these precipitates were titanium oxides with {00 1} habit
plains. The width of the zone denuded of oxides adjacent
to the grain boundary after annealing at 973 and 1073 K
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Fig. 1. Annealing temperature dependence of measured precipitate number density and size (a), corresponding annealing time de-

pendence (b).
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Fig. 2. Irradiation temperature dependence of microstructure (lower temperature case).
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was 50 and 100 nm, respectively. The annealing time
dependence of the alloys at 973 K revealed that the nu-
cleation of titanium oxide was strongly influenced by the
oxygen concentration. Small oxide precipitates were
formed at the beginning of annealing in ML-LP (389
wt ppm oxygen) but they were not formed even after 100
h in NIFS1-HP (28 wt ppm oxygen). The dependence of
oxide size and density on annealing temperature and
annealing time at 973 K were summarized in Fig. 1.
Figs. 2 and 3 show the irradiation temperature de-
pendence of the microstructure at lower and higher
temperatures, respectively. The irradiation dose is 0.75
dpa. Two V-4Cr-4Ti alloys with different oxygen con-
centration were compared in the figures. The upper and
lower micrographs show the case of ML-LP (389
wtppm oxygen) and NIFS1-HP (28 wtppm oxygen),
respectively. The average temperature range of thermal

NIFS1-HP

diffusion of interstitials, vacancies and oxygen were de-
scribed in Fig. 2. As shown in the figure, interstitial type
dislocation loops were only formed at 473 K. With in-
creasing irradiation temperature, the density of inter-
stitial type dislocation loops decreased and small
vacancy type dislocation clusters (at 673 K) and tita-
nium oxides (at 773 K) were observed in both specimens.
As shown in Fig. 4, the measured number density of
interstitial type dislocation loops of ML-LP and
NIFS1-HP is almost the same. At 873 K, the number
density of titanium oxide (5 x 10°> m~3) of ML-LP was
ten times higher than that (5 x 10*' m~3) of NIFS1-HP
(see Fig. 3). Above 973 K, titanium oxides were detected
in both samples. The irradiation temperature depen-
dence of measured size and number density of oxide
precipitate and interstitial type dislocations were shown
in Fig. 4(a) and (b), respectively.
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Fig. 3. Irradiation temperature dependence of microstructure (higher temperature case).
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Fig. 4. Irradiation temperature dependence of measured titanium oxide size and number density (a), corresponding temperature

dependence of interstitial type loop (b).
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4. Discussion

Ti-enriched plate-like precipitates lying on the {001}
habit plain were observed in the temperature range 973—
1173 K, which corresponds to the temperature where
long-range migration of titanium will occur. To under-
stand the oxide formation in the matrix, not only the
oxygen concentration in the matrix but also the oxygen
diffusion from the specimen surface must be considered.
Using oxygen diffusivity data in vanadium alloys [9], the
diffusion distance of oxygen during annealing at 973 K
(2 h) is about 70 um. The value is almost half of the
thickness of TEM samples used in this study. Moreover,
a higher oxygen diffusivity is expected along the grain
boundaries. However, as described in Section 3, the
nucleation of titanium oxide at 973 K strongly depends
on the oxygen concentration in the matrix. In the case of
NIFS1-HP (28 wtppm oxygen), oxides were not de-
tected even after annealing at 100 h. Judging from the
oxide denuded zone near the grain boundaries and the
formation at the grain boundaries, it is very reasonable
to believe that the oxide formation in the matrix is
mainly controlled by the oxygen concentration in the
matrix. It is known that the titanium oxide formation,
which is considered to be an important factor for the
degradation of the V-4Cr—4Ti alloy, is enhanced by ir-
radiation. The present study again revealed that a de-
creasing oxygen concentration is essential.

During ion irradiation, as shown in Figs. 2 and 3,
residual oxygen atoms do not play an important role for
interstitial loop nucleation in the temperature range of
473-673 K, but the number density of titanium oxide is
increased with increasing oxygen concentration in the
higher temperature regime of 773-973 K. The results are
not consistent with the ion irradiation experiment at 873
K (0.1 dpa) on a highly purified V-3Fe-4Ti-0.1Si alloy
by the Zr-treatment method [10]. In the case of ion ir-
radiation experiments, the peak of the damaged region
(about 700 nm depth in this study) is very close to the
specimen surface. Moreover, as described in the previous
section, titanium oxides are formed in the temperature
range where the effect of thermal formation of vacancies
is prominent. Further studies are needed to clarify the
mechanisms of the oxide formation under irradiation.

5. Conclusions

To understand the effects of oxygen on the micro-
structure, oxygen gettering and annealing experiments as

well as ion irradiation were carried out. The main results
are summarized as follows:

(1) The oxygen concentration in 150 pm-thick V—
4Cr-4Ti alloys can be reduced by the Zr foil joint
technique from 389 to 56 or from 219 to 28 wt ppm.

(2) Titanium oxide precipitates were detected be-
tween 973 and 1173 K, but the number density and size
of the oxide precipitates decrease with the oxygen con-
centration. The temperature range corresponds to the
temperature where long-range migration of titanium will
occur.

(3) During irradiation, residual oxygen atoms do not
play an important role for the interstitial loop nucle-
ation in the temperature range of 473-673 K, but they
do effect the titanium oxide formation in the tempera-
ture range of 773-973 K.
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