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Temperature dependence of the radiation damage
microstructure in V-4Cr—4Ti1 neutron irradiated to low dose
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Abstract

Transmission electron microscopy (TEM) was performed on a V-4Cr-4Ti alloy irradiated to damage levels of 0.1—
0.5 displacements per atom (dpa) at 110-505°C. A high density of small faulted dislocation loops were observed at
irradiation temperatures below 275°C. These dislocation loops became unfaulted at temperatures above ~275°C, and a
high density of small Ti-rich defect clusters lying on {0 0 1} planes appeared along with the unfaulted loops at tem-
peratures above 300°C. Based on the TEM and tensile measurements, the dislocation barrier strengths of the faulted
dislocation loops and {0 0 1} defect clusters are ~0.4-0.5 and 0.25, respectively. This indicates that both types of
defects can be easily sheared by dislocations during deformation. Cleared dislocation channels were observed following
tensile deformation in a specimen irradiated at 268°C. © 1998 Published by Elsevier Science B.V. All rights reserved.

1. Introduction

Vanadium alloys with 4-5% Cr and 4-5% Ti have been
identified as promising materials for the first wall and
blanket structure of fusion reactors [1]. Fast reactor ir-
radiation studies at temperatures of 425-600°C have re-
ported good resistance of these alloys to void swelling and
embrittlement. On the other hand, several recent studies
in mixed spectrum and fast reactors at 100-400°C have
reported significant radiation hardening and embrittle-
ment even at relatively low doses of 0.1-5 displacements
per atom (dpa) [2-6]. Relatively little information is
known about the microstructure of V—(4-5%)Cr—(4—
5%)Ti alloys irradiated at temperatures below 420°C [7-
11]. The present paper summarizes some of the key find-
ings of a study of the microstructure of V-4Cr—4Ti fol-
lowing neutron irradiation to 0.1-0.5 dpa at 100-500°C.
Further details on the microstructure [12] and mechanical
properties [4] of these specimens are given elsewhere.

2. Experimental procedure

Miniature Charpy vee-notch (CVN) and sheet tensile
specimens were machined from the US fusion program
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heat [13] of V-4Cr-4Ti (Wah Chang Albany heat
#832665) which contained ~300 ppm O, 85 ppm N and
80 ppm C. The machined specimens were annealed in
vacuum (<1077 torr) for 2 h at 1000°C. The grain size
after annealing was ~16 pum.

A series of four irradiation capsules, each con-
taining 4-6 subcapsules with different gas gap di-
mensions to achieve irradiation temperatures of 110—
505°C, were utilized in this experiment. The capsules
were successively purged with high-purity helium and
evacuated with a turbomolecular pump for three cy-
cles prior to irradiation, and then backfilled with He
to 10° Pa. The irradiation temperature in each sub-
capsule was continuously monitored by thermocouples
that were embedded in the ends of CVN specimens.
Three of the capsules were irradiated for 510-540 h to
fast (£ > 0.1 MeV) and thermal (E < 0.5 eV) neutron
fluences of ~5x 10** n/m? and 2.3 x 10** n/m?, re-
spectively, in the V15 or V16 core thimble positions
of the High Flux Beam Reactor (HFBR) at Brook-
haven National Laboratory. This produced a calcu-
lated Cr transmutation level of ~0.1% and a damage
level of ~0.5 dpa. The fourth capsule was irradiated
to a fast neutron fluence of 1.0 x 10* n/m? (~0.1
dpa). Table 1 summarizes the irradiation conditions
for the different subcapsules. Further details on the
specimen preparation and irradiation are given else-
where [2,4].
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Table 1

Summary of irradiation conditions for the V-4Cr-4Ti specimens

Dose (dpa) Irradiation temperature (°C)
0.1 105 295 390 505
0.5 110 160 205 235 268 275 307 324 415

After the irradiated specimens had been mechanically
tested, transmission electron microscopy (TEM) speci-
mens were prepared by cutting 0.25 mm wafers from the
ends of the CVN specimens and punching 3 mm disks.
Some TEM specimens were also prepared from 0.25 mm
sheets which were placed in the final two capsules of the
irradiation campaign (275-415°C, 0.5 dpa and 110-
505°C, 0.1 dpa). The TEM specimens were electropol-
ished with a sulfuric acid and methanol electrolyte
cooled to —10°C at a current of 100 mA. The micro-
structure was examined using Philips CM12 and CM30
electron microscopes operating at voltages of 120 and
300 keV, respectively. Additional diffraction contrast
analysis and analytical electron microscopy (AEM) was
performed with a Philips CM200 field emission gun
microscope at accelerating voltages of 200 kV. Both
energy dispersive X-ray spectroscopy (using the scan-
ning TEM mode) and parallel electron energy loss
spectroscopy were utilized.

3. Results

The unirradiated microstructure consisted of a solid
solution matrix of equiaxed grains. The grain interior
contained a low density of titanium oxycarbonitride
precipitates which were preferentially located in precip-
itate bands with a typical interband spacing of ~10 um.
A slight Ti enrichment relative to the matrix was ob-
served at the grain boundaries of the annealed speci-
mens.

The microstructure of the irradiated specimens could
be separated into three temperature-dependent catego-
ries. In the low temperature regime (<275°C), the mi-
crostructure consisted of a high density of small
dislocation loops with a/2 { 1 1 0 ) Burgers vectors. The
dislocation loop density was ~1.0 x 10%/m® and the
average loop diameter was ~3.0 nm after 0.5 dpa at
temperatures between 110°C and 275°C. Fig. 1 shows
the typical microstructure for specimens irradiated in
this temperature range. There was no measurable (>5
nm) denuded zone for dislocation loops adjacent to
grain boundaries in specimens irradiated at 110-275°C.

In the intermediate temperature regime (275-415°C),
pronounced temperature-dependent changes in the de-
fect microstructure occurred. Fig. 2 shows the micro-
structure for an irradiation temperature of 390°C. The
Burgers vectors of the dislocation loops changed from

~95% al2{110)and ~5% a/2 (111} at 275°C to
~10% a/2 (110 ) and ~90% a/2 {1 1 1) at 315°C for
a constant dose of 0.5 dpa. The loop diameter and
density at 0.5 dpa ranged from 3.7 nm and 1 x 10%/m?
at 275°C to 200 nm and < 10%/m? at 415°C. Loop de-
nuded zones were observed adjacent to grain bound-
aries, ranging from 40 nm at 295°C (0.1 dpa) to 200 nm
at 390°C (0.1 dpa) and 250 nm at 415°C (0.5 dpa). AEM
analysis of the grain boundaries indicated oxygen en-
richment after 0.5 dpa at 315°C (with no Cr or Ti en-
richment) and Cr enrichment after 0.5 dpa at 415°C. A
second population of defect clusters lying on {0 0 1}
habit planes became visible for irradiation temperatures
> 315°C (Fig. 2), and these defect clusters coarsened
with increasing irradiation temperature. The average
diameter and density of these {0 0 1} defect clusters
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Fig. 1. Dislocation loops in V-4Cr-4Ti irradiated to 0.5 dpa at
110°C. The inset figure shows the loops at a higher magnifica-
tion. The arrows point to representative loops. The beam di-
rection was 110 and the diffraction vector was g = 330.
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Fig. 2. Microstructure of V-4Cr—4Ti irradiated to a dose of 0.1
dpa at 390°C. The large arrows point to dislocation loops and
the small arrows point to several {0 0 1} defect clusters. The
inset figure shows the microstructure at a higher magnification.
The beam direction was 001 and the diffraction vectors were
g=200 (s, ~ 0) and g=110 (s, < 0) for the main and inset
photos, respectively.

ranged from <3 nm and > 1.5x10%*/m? at 315°C to ~40
nm and ~10%2/m? at 415°C for a constant dose of 0.5
dpa. The {0 0 1} defect clusters appeared to preferen-
tially nucleate adjacent to the dislocation loops, and the
{0 0 1} defect distribution was rather inhomogeneous at
temperatures > 415°C due to the low density of dislo-
cation loops. The displacement vector of the {0 0 1}
defect clusters was a/x ( 0 0 1 ) (x > 1) at temperatures
> 390°C. Significant segregation of Ti and Cr to the
{001} defects was detected in the 415°C, 0.5 dpa
specimen. These two observations indicate that the
{0 0 1} defects are precipitates in their early stage of
formation. There was no evidence for a denuded zone
next to grain boundaries for these defects at irradiation
temperatures up to 415°C.

The microstructure in the high temperature regime
(>415°C) was dominated by the {0 0 1} defect clusters.
Fig. 3 shows the microstructure for V-4Cr-4Ti irradi-
ated to 0.1 dpa at 505°C. A denuded zone width of ~100
nm adjacent to grain boundaries was observed for the
{00 1} defect clusters. The {0 0 1} defect cluster di-
ameter and density were 42 nm and 2.6 x 10%'/m3, re-

spectively for this irradiation condition. The
corresponding a/2 ( 1 1 1) dislocation loop parameters
were 500 nm and <10"/m3. Significant Ti segregation
(but no Cr or O enrichment) with a ~1 nm full-width at
half-maximum profile was observed at the {0 0 1} defect
clusters at 505°C. The displacement vector of the {0 0 1}
defect clusters after 0.1 dpa at 505°C was /3 (00 1),
again suggesting that these defects are precipitates as
opposed to a matrix-based point defect cluster.

Tensile tests performed on specimens irradiated in
the same subcapsules [4] found significant radiation
hardening at 0.1 and 0.5 dpa for temperatures <415°C,
with the most pronounced hardening occurring at tem-
peratures < 315°C (there were no subcapsules at irra-
diation temperatures between 315°C and 390°C, cf.
Table 1). The accompanying decrease in strain harden-
ing capacity at irradiation temperatures < 315°C
resulted in uniform elongations of <0.2% in the tensile
specimens [4]. In order to investigate the cause of this
plastic instability, TEM specimens were prepared from
the deformed gage region of several of the irradiated
tensile specimens. Fig. 4 shows an example of the mi-
crostructure of the deformed gage region of a tensile
specimen irradiated to 0.5 dpa at 268°C. In addition to

Fig. 3. Microstructure of V-4Cr-4Ti irradiated to a dose of 0.1
dpa at 505°C. The small arrows in the main figure point to
several {0 0 1} defect clusters located next to a grain boundary.
The large arrows in the inset figure point to several large perfect
dislocation loops. The beam direction was 111 and the dif-
fraction vector was g = 011.
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the high density of small dislocation loops that were
present in a nondeformed specimen irradiated at these
conditions, cleared dislocation channels on {1 1 0} slip
planes were observed. The typical cleared channel width
was ~50 nm. Further analysis is needed to determine if
some dislocation channels on {2 1 1} slip planes are also
present.

4. Discussion

Pronounced  radiation-induced  microstructural
changes occurred in the V-4Cr—4Ti alloy over the entire
investigated temperature range of 110-505°C, even at
damage levels of 0.1 dpa. The dominant defect at low
temperatures (< 275°C) was a faulted dislocation loop.
Although the nature of the loops was not determined in
the present study, previous work on ion-and neutron-
irradiated vanadium in this temperature range found
that ~80% or more of the dislocation loops in bulk
irradiated specimens were interstitial-type [14-17].
The observation of faulted dislocation loops (b=
al2{(110) in the present study is somewhat
surprising, considering the high {1 1 0} stacking fault
energy for vanadium. Previous studies have reported
al2 {11 1) interstitial dislocation loops for pure
vanadium irradiated at low doses (~10~* to 107> dpa)

with protons or 14 MeV neutrons at temperatures be-
tween 60°C and 290°C [15,16]. However, their loop
analysis at 60-160°C was apparently only performed on
relatively large (5-30 nm) loops, many of which formed
in the vicinity of network dislocations [15,17]. It is well
known [18,19] that dislocation loop unfaulting has a
large activation energy barrier. In many cases, loop
unfaulting is initiated by the impingement of neighbor-
ing loops or network dislocations and cannot be corre-
lated with stacking fault energy. Using similar
reasoning, the present observation of metastable faulted
dislocation loops in V-4Cr-4Ti up to ~275°C is attrib-
uted to the requirement for a high amount of thermal
energy to nucleate the unfaulting partial dislocation in
the absence of loop impingement processes.

By invoking the simple approximation for dislocation
line tension (T = pb*/2), the present microstructural
data can be combined with sibling tensile data summa-
rized elsewhere [2,4,8] to provide an estimate of the
dislocation loop barrier strength (o) using the well-
known dispersed barrier hardening equation [20],

Ac, = MaubVNd, (1)

where Ag, is the increase in yield strength compared to
the unirradiated value, p is the shear modulus (46 GPa),
b is the magnitude of the @/2 ( 1 1 1 ) Burgers vector of
the dislocations participating in the deformation process

Fig. 4. Cleared dislocation channels in V-4Cr—4Ti irradiated to 0.5 dpa at 268°C and tensile tested at 20°C at a strain rate of 2x1073/s.
Photos (a) and (b) show cleared channels at low and medium magnification, respectively. The beam direction was 111 and the dif-

fraction vector was g = 01T in both photos.
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(0.262 nm), and N and d are the density and size of the
defect clusters. This relation uses the well-known Taylor
factor, which has a value of M =3.0 for nontextured
FCC and BCC polycrystals [21], to convert the critical
resolved shear stress into the polycrystalline yield stress.
Many previous radiation hardening studies have used
incorrect values of v/3 or 2 to convert shear stress to
polycrystalline yield stress. The calculated value of the
barrier strength for the faulted dislocation loops ranges
from o ~ 0.40-0.50 at irradiation temperatures of 110°C
and 200-275°C, respectively. This value is considered to
be an upper limit since defect clusters below ~1.5 nm
were not resolvable in the TEM specimens. Previous
work on low temperature ( < 200°C) neutron-irradiated
pure vanadium generally gives similar values of
o ~ 0.18-0.36 [22-26], where the originally published
data in Refs. [22-25] have been revised using the correct
value for the Taylor factor (M =3.0). A somewhat
higher value of o ~ 0.75 (revised using M =3.0) was
obtained in another low temperature study of neutron-
irradiated pure vanadium [27].

The value of the barrier strength in the V-4Cr-4Ti
specimens irradiated at low temperatures is much less
than the Orowan value for impenetrable obstacles of
a=1 (or «=0.8 for randomly distributed obstacles).
Therefore, these small dislocation loops can be sheared
or otherwise bypassed during deformation, as evidenced
by the cleared dislocation channels in the deformed gage
region of V-4Cr-4Ti tensile specimens irradiated at
temperatures below 315°C (Fig. 4). The presence of
cleared dislocation channels is a well-known phenome-
non in numerous FCC and BCC metals irradiated at low
temperatures, and is the cause of the pronounced loss of
strain hardening capacity (low uniform elongation) in
the engineering stress-strain curves [28]. Several previous
studies have reported dislocation channeling in vanadi-
um irradiated at temperatures below ~200°C [22,29].
Although flow localization was not detected in the V-
4Cr-4Ti tensile specimens irradiated at 390-415°C to
0.1-0.5 dpa in the present study, the TEM and tensile [4]
data yield a calculated defect cluster barrier strength of
a=0.25 (primarily due to the small {0 0 1} defects).
This suggests that cleared dislocation channels and low
strain hardening capacity may occur at higher doses
(when the cluster density exceeds a critical value), unless
the {00 1} cluster size increases and becomes an
Orowan obstacle at higher doses. Dislocation channel-
ing has been recently observed in the deformed gage
regions of V-4Cr—4Ti specimens that were irradiated to
4 dpa at 400°C [30].

In contrast to the temperature-independent micro-
structure which occurred below 275°C, pronounced
temperature-dependent microstructural changes oc-
curred above 275°C. The total defect cluster density
remained nearly constant for irradiation temperatures
approaching 400°C, since the unfaulting and coarsening

of the dislocation loops was partially balanced by the
appearance of a high density of defect clusters on
{0 0 1} habit planes whose density decreased slowly
with increasing temperature between 315°C and 390°C.
The enriched Ti concentration at these {0 0 1} defects
suggests that they may be precursors for the various Ti-
rich precipitates which have been identified in higher
dose (4-100 dpa) studies of V—(4-5%)Cr—(4-5%)Ti at
temperatures > 400°C [11,31-34]. For example, Satou
and coworkers [31] observed similar Ti- and Si-enriched
platelet precipitates with a displacement vector of
al3¢00 1) on{00 1} habit planesin V-Cr-Ti-Si alloys
following irradiation to 40 dpa at 520°C and 600°C.

5. Conclusions

Microstructural investigation of V-4Cr—4Ti speci-
mens irradiated to relatively low fission neutron doses of
0.1-0.5 dpa has demonstrated that several complex ra-
diation processes occur. The microstructure is indepen-
dent of temperature between 110 and ~275°C, where it
consists of a high density of small faulted dislocation
loops. The high density and moderate barrier strength
(o < 0.5) of these dislocation loops produce significant
radiation hardening with a concomitant sharp decrease
in uniform elongation and an increase in the ductile to
brittle transition temperature. Loop unfaulting occurred
over a rather narrow temperature range centered near
300°C, and a high density of defect clusters on {0 0 1}
habit planes was observed from 315°C up to the maxi-
mum irradiation temperature in this study of 505°C. The
{0 0 1} defect clusters were enriched in Ti at elevated
temperatures, and may be the precursors of the Ti-rich
precipitates reported in higher dose studies at tempera-
tures > 400°C. It would be useful to investigate the
microstructure of irradiated V-4Cr-4Ti at relatively low
doses of 0.1-10 dpa to provide further insight into the
microstructural evolution which occurs at temperatures
above 400°C.
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