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Abstract

To understand the in¯uence of a stepwise change of irradiation temperature on pure vanadium and vanadium alloys,

ion irradiation were performed at 473 K to 0.25 dpa and 873 K to 0.5 dpa. In pure vanadium and V±5Cr alloy,

shrinkage of interstitial type loops was prominent during irradiation at 873 K. These results were explained by the

appearance of a vacancy rich condition during the successive irradiation at 873 K. In Ti-containing alloys (V±5Ti,

V±4Cr±4Ti), on the other hand, dissociation of vacancy loops leads to the shrinkage of interstitial type loops and the

formation of Ti-enriched precipitates. Ó 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

An irradiation temperature change during reactor

operation can have signi®cant e�ects on microstructural

evolution. Previous studies on Fe±Cr±Ni austenitic

stainless steels [1±3] and pure vanadium [4,5] showed

that, for particular temperature variations below and

above a borderline temperature, pre-irradiation at a

lower temperature suppresses interstitial loop formation

at a higher temperature. The borderline temperature was

estimated to be 573±623 K for Fe±Cr±Ni alloys [1±3]

and 673 K for pure vanadium [4]. The phenomena were

explained by a vacancy rich condition, which appears

temporarily at the beginning of the high temperature

irradiation. But the e�ects of alloying elements on the

microstructure and the correlation between loop for-

mation and hardness of the specimens under tempera-

ture variation were not known. The present paper

summarizes some key ®ndings of a study of micro-

structure and Micro-Vickers hardness tests of vanadium

model alloys under ion irradiation.

2. Experimental procedures

Pure vanadium and three model alloys (V±5Cr, V±

5Ti, V±4Cr±4Ti) were used in this study. Disk speci-

mens for microscopy were wrapped with pure zirco-

nium to getter oxygen and annealed for 2 h at 1373 K.

The analyzed concentration of oxygen and nitrogen in

the V±4Cr±4Ti alloy were 1889 and 12.7 appm, re-

spectively. 2.4 MeV Cu ion irradiation was carried out

with the Tandem accelerator at Kyushu University.

The combination of irradiation temperature and dose

at each temperature was 473 K (0.25 dpa)/873 K (0.5

dpa) and 0.75 dpa for the continuous irradiation at

875 K. After the irradiation, the area near the peak

damage region (at around 700 nm) was electro-pol-

ished by a back-thinning method. The damage rate

and the implanted copper concentration in this region

were about 1.7 ´ 10ÿ4 dpa/s and 10ÿ3 at.% (at 0.1 dpa),

respectively. Transmission electron microscopy and

Micro-Vickers hardness tests were conducted after each

step of irradiation and annealing at 873 K. The details

of the Micro-Vickers hardness test for ion irradiated

samples are described in Ref. [6]. Temperature varia-

tion, microcopy and Micro-Vickers hardness tests

performed in this study are summarized schematically

in Fig. 1.
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Fig. 1. Schematic view of temperature variation and microcopy (also Micro-Vickers hardness tests).

Fig. 2. The microstructure of pure vanadium and three model alloys (V±5Cr, V±5Ti, V±4Cr±4Ti) at each step of irradiation conditions

shown in Fig. 1.
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3. Results

Fig. 2 shows the microstructure of pure vanadium

and three model alloys (V±5Cr, V±5Ti, V±4Cr±4Ti) at

each stage of the irradiation history shown in Fig. 1.

After constant irradiation at 473 K, a high density of

interstitial and vacancy type dislocation loops were

formed [4]. The total number density of defects clusters

at 473 K was almost the same in all specimens and was

about 1023 mÿ3. After both irradiation and annealing at

873 K, however, the interstitial loop density of pure

vanadium and V±5Cr alloy decreased signi®cantly.

On the other hand, Ti-containing alloys (V±5Ti and

V±4Cr±4Ti), showed a di�erent microstructure after the

successive irradiation at 873 K. The dark ®eld weak-

beam images of the two Ti-containing alloys are shown

in Fig. 3. In comparison with pure vanadium and V±

5Cr, the small defects that formed at 473 K were stable.

In addition to interstitial and vacancy loops, another

kind of small defect, lying on f001g habit plane, became

visible. The density of the defects after the stepped ir-

radiation was about 10 times higher than that of the

density formed during constant irradiation at 873 K

(0.75 dpa). Energy dispersive spectroscopy (EDS) anal-

ysis showed that these f001g defects clusters were en-

riched in Ti. Defect density changes at each step are

summarized in Fig. 4. These Ti-rich f00 1g defect clus-

ters were also formed during annealing above 973 K.

But they were not detected after annealing at 873 K.

The change of hardness at each step of irradiation

and annealing is shown in Fig. 5. In pure vanadium and

the V±5Cr alloy, the increase in hardness due to irradi-

ation at 473 K (0.25 dpa) was recovered by the succes-

sive annealing and irradiation at 873 K. In Ti-containing

alloys (V±5Ti and V±4Cr±4Ti), on the other hand, there

was an increase in hardness after irradiation at 873 K.

4. Discussion

The microstructures of pure vanadium and V±5Cr

alloy studied in this experiment showed the typical

microstructure, which were observed in previous step-

wise (low to high) temperature irradiation [1±4].

Namely, small interstitial loops formed at the lower

temperature (473 K for this experiment) were dissoci-

ated by successive irradiation at the higher temperature

(873 K). The previous results were explained by the

appearance of a vacancy rich condition during the

successive irradiation at 873 K. A very high vacancy

concentration is achieved by the dissociation of va-

cancy clusters, and this results in the mutual annihila-

tion of vacancies and interstitials [1±4]. On the other

hand, recovery of loop density by irradiation at 873 K

was not prominent in the Ti-containing alloys. This is

presumably due to the suppressed migration of va-

cancies. Because Ti has a bigger atomic volume than

vanadium, the binding energy between a vacancy and

Fig. 3. The dark ®eld weak-beam image of V±5Ti and V±4Cr±4Ti alloys at each step of irradiation conditions shown in Fig. 1.
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Ti is large. After the successive irradiation at 873 K,

enhanced formation of ®ne Ti-enriched precipitates was

also observed. These Ti-enriched precipitates were also

detected in V±4Cr±4Ti±0.1Si and V±3Fe±4Ti±0.1Si al-

loys under a stepwise temperature experiment using a

Japanese Material Testing Reactor (JMTR) [5]. In that

study, the precipitates were identi®ed to be radiation-

induced titanium oxides (TiO2) and were shown to

promote hardening. Ti-enriched plate-like precipitates

lying on f001g habit plain were also reported in a V±

4Cr±4Ti alloy during constant irradiation [7,8] and in

tungsten arc welded specimens [9]. In the present study,

small defect clusters, which formed during the succes-

sive irradiation at 873 K, were not identi®ed. But,

judging from the f001g habit plane, these defect clus-

ters were probably titanium oxides.

It is well known that the magnitude of hardening

strongly depends on the density and size of the barriers

for the mobile dislocations. The increase in the yield

stress, Ds, is given by the summation of a long range

(DsLR) and short range term (DsSR) [10]. The long and

short range forces are due to the interaction of a moving

dislocation with the dislocation network and with

obstacles (voids, precipitates, loops) lying on the slip

plane, respectively. They are given by

Ds � DsSR � DsLR; �1�

DsSR �
X

Ds2
i

h i1=2

; �2�

Di � aiGb�Nidi�1=2 �for obstacles�; �3�
where ai is a constant for each type of defect (i), Ni the

number of defects of a given type and diameter di per

unit volume, G the shear modus, and b is the Burgers

vector. The long range term is also given by

DsLR � aGb�qd�1=2 �for dislocation network�; �4�
where qd is the dislocation density of the material.

Owing of the low irradiation dose, a dislocation

network was not observed in this study (as shown in

Figs. 2 and 3), and the long range term due to the dis-

location network should be negligible. Therefore,

Ds � DsSR � DsLR ; DsSR; �1�0

Dry � MDs; �5�

DHv ; �1=3�Dry ; �6�
where M is the Taylor factor to relate the shear stress to

applied tensile stress necessary to activate slip in poly-

crystal. There is still some discussion of correct value of

M in vanadium base alloys [7]. M has been assumed to

have values as low as (3)1=2 and as high as 3. DHv is the

change of Micro-Vickers hardness due to irradiation.

Fig. 4. The change of loop and precipitate density after each step of irradiation.

Fig. 5. The change of Micro-Vickers hardness after each step of

irradiation.
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The results of Micro-Vickers hardness tests of the an-

nealed samples in this study revealed that the value of a
(for Ti precipitates) was close to 0.8. The estimated

change of Micro-Vickers hardness using the values of

defect density and size observed in this study is shown in

Fig. 6. Fig. 6 shows an example of the case with using a
(for void)� 0.1, a (loop)� 0.3 and M� 3. The estima-

tion revealed that the increase of hardness after the

successive irradiation at 873 K is presumably due to the

formation of ®ne Ti-enriched precipitates. In many

previous studies on V±4Cr±4Ti alloy [7,11], mechanical

property changes were mainly attributed to dislocation

loops as barriers for the motion of dislocations. The

present study showed that the ®ne Ti-enriched precipi-

tates are also important, especially in conditions where

the irradiation temperature is changing.

5. Conclusions

To understand the in¯uence of alloying elements (Cr,

Ti) on the microstructure and hardness of vanadium

during temperature variations, ion irradiation experi-

ments were carried out in the temperature range 473 and

873 K. The main results are summarized as follows:

1. The microstructure and hardness behavior of model

alloys were di�erent for Ti-containing alloys and Ti-

free alloys

2. The formation of Ti-enriched precipitates in V±5Ti

and V±4Cr±4Ti alloys were enhanced by the succes-

sive irradiation at 873 K.

3. The enhanced formation of the precipitates results in

hardening of the damaged region.
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Fig. 6. The estimated change of Micro-Vickers hardness using the values of defect density and size observed in this study.
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