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Abstract

Radiation-induced titanium precipitates are a major cause of irradiation hardening in vanadium alloys, but microstruc-
tural information is still far from comprehensive. In particular, the nature of black dot clusters observed to form during
irradiation at low temperatures is still not clear while the large size Ti-precipitates with platelet shapes are relatively well
characterized. V–4Cr–(0.1, 1 and 3 wt%)Ti alloys were irradiated up to 0.2 dpa at 350 �C. In TEM observations, platelet
precipitates on {100} planes were observed in V–4Cr–3Ti and V–4Cr–1Ti, while a high density of small defect clusters was
observed as black dot contrast in V–4Cr–1Ti. Enrichment of titanium as well as oxygen and titanium oxide in the matrix
were observed by three-dimensional atom probe microanalysis in all alloys. Small clusters with sphere shape were observed
in V–4Cr–0.1Ti, while the platelet morphology was seen in the other alloys. The mechanisms of nucleation and growth of
precipitates in vanadium alloys are discussed.
� 2007 Published by Elsevier B.V.
1. Introduction

Vanadium alloys are candidate materials for
fusion reactors. Because of its good resistance to
neutron irradiation, V–4Cr–4Ti, in particular, has
been studied extensively in the past decades [1–3].
However, it has been reported that significant
radiation hardening and embrittlement occurred in
V–4Cr–4Ti irradiated by neutrons at relatively low
temperatures [4,5]. For instance, Fukumoto et al.
reported that neutron irradiation decreased uniform
elongation by 40% and increased yield stress to
600 MPa [6]. In order to understand the mechanism
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of the hardening and embrittlement, microstructural
observations using transmission electron micro-
scope (TEM) have been conducted. According to
previously reported TEM studies [7,8], radiation-
induced titanium precipitates are the major cause
of irradiation hardening, however the microstruc-
tural information is far from comprehensive. In
particular, the nature of black dot clusters which
were observed to form under irradiation at low
temperatures is still not clear while the large size
Ti-precipitates with platelet shapes are relatively
well characterized. Higashiguchi et al. concluded
that the detailed TEM investigation have clarified
that these large precipitates are circular, planar
coherent particles lying on {100} planes and have
fcc structures [9], while Kazakov et al. reported that
the precipitates are coherent or semi-coherent [10].
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The quantitative composition of these precipitates is
not well understood, although many researchers
have analyzed the diffraction patterns obtained
from TEM and identified them as Ti2O, Ti5Si3,
Ti(OCN), Ti16(O3C2N3), Ti(ON), etc [9–14]. The
objective of this study was to investigate both the
nature of black dot clusters formed under low
temperature irradiation and the chemical composi-
tion of titanium rich precipitates in vanadium alloy.
For the analysis of fine precipitates, three-dimen-
sional atom probe microanalysis (3DAP) is a
very powerful tool with its atomic scale spatial
resolution. In the present paper, experimental
results using 3DAP combined with TEM observa-
tion on fine Ti-precipitates in vanadium alloys are
presented.

2. Experimental procedures

V–4Cr–(0.1, 1 and 3 wt%)Ti alloys were pre-
pared. Table 1 shows the concentration of intersti-
tial impurities in these alloys. The alloys were
prepared by arc-melting in an argon atmosphere,
followed by cold rolling to sheet of 0.25 mm thick-
ness. TEM discs and dog bone shaped miniature
tensile specimens were punched from the sheets
Table 1
The concentration of interstitial impurities in vanadium alloys

Oxygen
(wppm)

Nitrogen
(wppm)

Carbon
(wppm)

V–4Cr–
0.1Ti

693 40 76

V–4Cr–1Ti 735 37 62
V–4Cr–3Ti 545 73 34

Fig. 1. The microstructures of V–4Cr–(0.1, 1 and 3)T
and annealed at 1100 �C for 2 h in a high vacuum
(<2.0 · 10�6 torr). Neutron irradiation was con-
ducted in the Japan Material Testing Reactor
(JMTR) up to 0.2 dpa at 350 �C. The damage rate
was 9.4 · 10�8 dpa/s. After electro polishing, TEM
observation was performed using a JOEL-2010
equipped with an energy dispersive X-ray spectrom-
etry (EDX) detector. To prepare needle-like speci-
mens for the 3DAP analysis, the irradiated tensile
specimens were cut into small square rods of
approximately 0.25 · 0.25 · 7 mm, which were sub-
sequently electropolished to blunt needles. Finally
sharp needle tips were fabricated by focused ion
beam (FIB) processing with an annular gallium
ion beam of 30 keV. 3DAP measurements were
carried out using energy compensated position-sen-
sitive atom probe facilities which consists of a reflec-
tron energy compensator, a position sensitive
detector and a high-resolution flight time detector
[15]. Measurements were conducted at a sample
temperature of 60 K with pulse fraction 0.2 under
ultra-high vacuum conditions.
3. Results

3.1. TEM observation

Fig. 1 shows the microstructures of V–4Cr–(0.1,
1 and 3)Ti alloys after neutron irradiation to
0.2 dpa at 350 �C. The beam directions were close
to [001]. Line-shaped precipitates along h100i
directions were observed in V–4Cr–1Ti and V–
4Cr–3Ti. These precipitates were determined to be
planar by tilting the samples under the microscope.
i after neutron irradiation to 0.2 dpa at 350 �C.



Fig. 2. The 3DAP elemental maps of Ti, O and TiO in V–4Cr–
0.1Ti after neutron irradiation to 0.2 dpa at 350 �C.
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Since precipitates were not observed in the unirradi-
ated specimen, it is deemed that they were radiation
induced precipitates and similar to the precipitates
which have been reported in previous studies
[4,8,12,16]. Comparing V–4Cr–1Ti and V–4Cr–
3Ti, the average size of precipitates increased from
47 nm to 80 nm with increasing titanium concentra-
tion while the number density decreased from
1.1 · 1021 m�3 to 7.1 · 1020 m�3. Titanium was
detected in these precipitates by elemental analysis
using EDX while enrichment of other elements
Fig. 3. The 3DAP elemental maps of Ti, O, TiO, N and C in V
was not clearly detected. However, light elements
such as oxygen, carbon and nitrogen are difficult
to detect by an EDX technique.

A high density of black dot contrast centers was
observed in V–4Cr–0.1Ti after neutron irradiation
to 0.2 dpa at 350 �C. The number density and the
average size of defect clusters were 4.6 · 1022 m�3

and 4.1 nm, respectively. It was difficult to deter-
mine whether these fine defect clusters were precip-
itates or dislocation loops because they did not
show the contrasts of planar shapes and titanium
was not clearly detected by EDX analysis due to
their small sizes.

3.2. Three-dimensional atom probe analysis

Fig. 2 shows the 3DAP elemental maps of Ti, O
and TiO in V–4Cr–0.1Ti after neutron irradiation to
0.2 dpa at 350 �C. Enrichment of titanium, oxygen
and titanium oxide in the matrix were observed,
although EDX measurements could not detect tita-
nium in the fine defect clusters due to their small
sizes. These fine clusters may correspond to the
black dot defect clusters observed by TEM. This
defect cluster was spherical with diameter about
1.5 nm. It should be noted that the interface
between the defect cluster and the matrix was not
well defined and there was no enrichment of carbon,
nitrogen or other elements at the defect cluster.
–4Cr–1Ti after neutron irradiation to 0.2 dpa at 350 �C.



Fig. 4. The 3DAP elemental maps of Ti, O, TiO, N, C and Cr in V–4Cr–3Ti after neutron irradiation to 0.2 dpa at 350 �C.
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Fig. 3 shows the 3DAP elemental maps of Ti, O,
TiO, N and C in V–4Cr–1Ti after neutron irradia-
tion to 0.2 dpa at 350 �C. A high local concentration
of titanium, oxygen and titanium oxide was
observed, with no change in concentration of nitro-
gen and carbon. This corresponds to the precipitates
observed by TEM. The orientation of this precipi-
tate was viewed edge on and its morphology was
identified as a platelet by viewing these elemental
maps from another directions. The thickness of this
platelet shaped precipitate was 1.2 nm and the length
perpendicular to the habit plane of the precipitate
was longer than the 9.5 nm of analyzed volume.

Fig. 4 shows the 3DAP elemental maps of Ti, O,
TiO, N, C and Cr in V–4Cr–3Ti after neutron irra-
diation to 0.2 dpa at 350 �C. A platelet shaped pre-
cipitate was observed edge on. Not only titanium,
oxygen and titanium oxide but also nitrogen and
carbon were enriched in the precipitate in this alloy.
On the other hand, chromium was slightly depleted
at the precipitate. The thickness of the platelet was
2 nm and the size perpendicular to the platelet was
extended beyond the analyzed volume. The precipi-
tate was thicker in the V–4Cr–3Ti alloy than in the
V–4Cr–1Ti. This is good agreement with the results
of TEM observation, although the volumes ana-
lyzed by 3DAP were too small to compare the whole
precipitates.
4. Discussion

4.1. Nucleation mechanism for precipitates in

vanadium alloys

A high density of black dot contrast defects was
observed in V–4Cr–0.1Ti. Similar black dot contrast
has often been reported in vanadium alloys irradi-
ated at low temperature [4,5,7] and it was difficult
to determine the nature of these fine defect clusters
by conventional TEM equipped with EDX analysis.
In the present work, spherical zones enriched in
titanium and oxygen were observed by 3DAP. It
is surmised that the cluster observed by 3DAP
corresponds to the black dot contrast features
observed by TEM, although the size of cluster
detected by 3DAP was about 3 nm while the size
of the black dot was about 1 nm when viewed by
TEM. This difference in size could be because the
interface between the small cluster and the matrix
was poorly defined, compared to the larger precipi-
tates detected in V–4Cr–1Ti and V–4Cr–3Ti. This
indicates that the defect cluster does not have a
specific structure like a compact precipitate. The
morphology of the cluster is more like an atmo-
sphere or enriched zone of titanium and oxygen. It
was deduced that titanium and oxygen segregated
to dislocation loops and formed atmospheres there.



Table 2
The chemical compositions, ratio of oxygen to titanium and the shape of defect clusters derived from atom probe selected area analyses

Composition (at.%) O/Ti ratio Shape

V–4Cr–0.1Ti Ti5.67O5.23N0.04C0.04V70Cr3.75 0.92 Sphere
V–4Cr–1Ti Ti7.47O4.09N0.05C0.08V65Cr3.2 0.54 Platelet
V–4Cr–3Ti Ti40O25.3N4.8C5.1V39Cr1 0.63 Platelet
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Namely, defect clusters observed by TEM were dis-
location loops while the atmosphere was observed
by 3DAP.

Moreover, it could be also deduced that the
observed spherical cluster are the nucleation stage
of precipitates. In other words, the nucleation of
titanium-rich precipitates might start with the segre-
gation of titanium and oxygen to dislocation loops.

4.2. Growth mechanism of precipitates in

vanadium alloys

Detailed analyses by 3DAP were adopted to
understand the growth mechanism of precipitates
in vanadium alloys. Table 2 shows the chemical
compositions, ratio of oxygen to titanium and the
shape of defect clusters derived from atom probe
selected area analyses. Larger defect clusters were
observed with increasing concentration of titanium
in vanadium alloys. Nitrogen and carbon were also
contained in the large platelet shape precipitates in
V–4Cr–3Ti while no nitrogen or carbon enrichment
was observed with smaller precipitates, although the
impurity levels were comparable and these impuri-
ties had enough mobility at irradiation temperature
of 350 �C [17,18]. This will be explained by the
difference in the extent of strain fields. Lager precip-
itates should have a larger strain field because these
precipitates are coherent or semi-coherent. Small
clusters were spherical and their elemental ratio of
oxygen to titanium was 0.92 while larger clusters
were planar and the ratios were 0.54 and 0.63. It
is likely that the precipitates grow by changing their
morphology from sphere to platelet and changing
the ratio of titanium to oxygen. In other words,
the spherical cluster during the nucleation stage is
TiO and the planar cluster during the growth stage
is Ti3O2. Since precipitates in vanadium alloys were
determined to have fcc structure of the NaCl type, it
could be pointed out that the planar precipitates
contain vacancies. Carbon and nitrogen will be
absorbed easily at the sub-lattice sites of oxygen
during the growth stage.
5. Conclusion

Neutron irradiated vanadium alloys were exam-
ined by TEM and 3DAP. A high density of small
defect clusters was observed as black dot contrast
in V–4Cr–1Ti. Although it was difficult to determine
the nature of these fine defect clusters by conven-
tional TEM using EDX technique, enrichment of
titanium as well as oxygen and titanium oxide in
the matrix were observed by 3DAP microanalysis.
It is deduced that the spherical cluster was in the
nucleation stage of precipitate formation. That is,
the nucleation of titanium-rich precipitates might
start with the segregation of titanium and oxygen
to dislocation loops. It is also believed that the pre-
cipitates grow by changing their morphology from
sphere to platelet and by changing the ratio of tita-
nium to oxygen. The spherical cluster during the
nucleation stage is TiO and the planar cluster during
the growth stage is Ti3O2.
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