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Abstract

Tensile and impact properties were investigated at <430°C on V-Cr-Ti, V-Ti-Si, and V-Ti alloys after irradiation
to ~2-46 dpa at 205-430°C in lithium or helium in the fast flux test facility (FFTF), high flux isotope reactor (HFIR),
experimental breeder reactor II (EBR-II), and advanced test reactor (ATR). A 500-kg heat of V-4Cr—4Ti exhibited high
ductile-brittle transition temperature and minimal uniform elongation as a result of irradiation-induced loss of work-
hardening capability. Work-hardening capabilities of 30- and 100-kg heats of V-4Cr-4Ti varied significantly with ir-
radiation conditions, although the 30-kg heat exhibited excellent impact properties after irradiation at ~390-430°C.
The origin of the significant variations in the work-hardening capability of V-4Cr—4Ti is not understood, although
fabrication variables, annealing history, and contamination from the irradiation environment are believed to play
important roles. A 15-kg heat of V-3Ti-1Si exhibited good work-hardening capability and excellent impact properties
after irradiation at ~390-430°C. Helium atoms, either charged dynamically or produced via transmutation of boron in

the alloys, promote work-hardening capability in V-4Cr—4Ti and V-3Ti-1Si. © 1998 Published by Elsevier Science

B.V. All rights reserved.

1. Introduction

Recent attention to vanadium alloys has focused on
low-temperature irradiation performance of V—(4-5)Cr—
(4-5)Ti, especially tensile and impact properties after
irradiation at <430°C. From several irradiation experi-
ments at 80-430°C, it has been reported that a 500-kg
(ID #832665) and a 30-kg (BL-47) heat of V-4Cr-4Ti
[1-5] and an 80-kg heat (BL-63) of V-5Cr-5Ti [6] ex-
hibited low or negligible uniform elongation as a result
of irradiation-induced loss of work-hardening capabili-
ty. In contrast, similar loss of work-hardening capability
(LWHC) of vanadium alloys has been not observed after
irradiation at > 500°C [7]. Recent data also indicated
that work-hardening capability in V-4Cr—4Ti is depen-
dent not only on individual heat but also on irradiation
variables at <430°C [2-5]. Because understanding the
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LWHC phenomenon is considered to be important in
governing the minimum operating temperature of a fu-
sion reactor, a more systematic evaluation of the phe-
nomenon was conducted in this work on a wider variety
of alloys, including V-5Ti and V-3Ti-1Si, that were ir-
radiated at <430°C in several conventional and dy-
namic-helium-charging experiments (DHCE) in FFTF,
HFIR, and EBR-II. The 500-kg heat of V-4Cr—4Ti also
exhibited severe embrittlement manifested by very low
impact energy and high ductile-brittle transition tem-
perature (DBTT) after irradiation either at 100-275°C in
a helium environment in HFBR [1] or at ~390°C in an
Li environment in EBR-II [6]. This was a major surprise
in view of a previous report that the 30-kg heat of V-
4Cr-4Ti (BL-47) exhibited excellent impact properties
after conventional irradiation (i.e., “non-DHCE”) at
>430°C in FFTF [8] and that the 500-kg heat exhibited
excellent impact properties in the nonirradiated state [7].
To confirm the excellent resistance of the 30-kg heat of
V-4Cr-4Ti to irradiation embrittlement and to investi-
gate this heat’s impact properties under more severe
conditions (i.e., in the cold-worked state at lower irra-
diation temperatures), unannealed Charpy impact
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specimens of the heat were irradiated at <400°C, and
the results are also reported in this paper.

2. Experimental procedures

The elemental composition of the alloys, determined
prior to irradiation, is given in Table 1. Tensile prop-
erties were measured at temperatures equal to or lower
than the irradiation temperature in flowing argon at a
strain rate of 0.0011 s~!. Tensile specimens with a gauge
length of 7.62 mm and a gauge width of 1.52 mm were
machined from ~1.0-mm-thick sheets that had been
produced by rolling a ~3.8-mm-thick plate at 25°C or
400°C. Specimens from the V-Cr-Ti alloys were an-
nealed at 950-1125°C for 1 h in an ion-pumped vacuum
system, whereas specimens from V-Ti and V-Ti-Si al-
loys were annealed at 1000-1050°C for 1 h. Charpy
impact specimens were machined from =3.8-mm-thick
plates and were inserted in the irradiation capsules in
either the annealed or cold-worked state. Some of the
Charpy specimens of a 500-kg heat of V-4Cr—4Ti, ir-
radiated at ~390°C in EBR-II, were annealed at >430°C
to investigate the effect of postirradiation annealing on
toughness recovery.

Details of the conventional and dynamic-helium-
charging irradiation experiments (i.e., the FFTF-MOTA

[5,7], HFIR 200J and 400J [9], EBR-II COBRA-1A2
[10], EBR-II X-530 [11] and ATR-A1 [12] experiments)
are summarized in Table 2. In the DHCE, helium atoms
were produced during irradiation in the range of 14-76
appm He [5], whereas in the non-DHCE helium gener-
ation was negligible except in the boron-doped heat
QN74.

3. Results and discussion
3.1. Tensile properties

Uniform plastic strains measured after irradiation at
<430°C are summarized in Table 3, while those of the
laboratory heats of V-4Cr-4Ti (BL-47) and V-3Ti-1Si
(BL-45), irradiated in Li environment at ~430°C in the
DHCE and non-DHCE in the FFTF [5], are plotted in
Fig. 1 as a function of tensile test temperature. Similar
results measured on specimens irradiated at 500-600 are
also plotted in Fig. 1 for comparison. After conven-
tional irradiation (non-DHCE) at ~427°C, the 30-kg
heat of V-4Cr-4Ti (BL-47) exhibited uniform elonga-
tion <0.5%, manifesting a nearly complete LWHC. In
contrast, a 15-kg heat of V-3Ti-1Si (BL-45) exhibited
relatively high uniform elongation (x3.7%), showing
that the heat exhibits good work-hardening capability.

Table 1
Chemical composition of vanadium alloys
Heat 1D Nominal comp. Impurity concentration (wt.ppm)

(Wt%) (0] N C Si
BL-50 1.0Ti 230 130 235 1050
BL-62 3.1Ti 320 86 109 600
BL-52 3.1Ti 210 310 300 500
BL-46 4.6Ti 305 53 85 100
BL-12 9.8Ti 1670 390 450 215
BL-15 17.7Ti 830 160 380 400
BL-10 7.2Cr-14.5Ti 1110 250 400 400
BL-24 13.5Cr-5.2Ti 1190 360 500 360
BL-40 10.9Cr-5.0Ti 470 80 90 200
BL-41 14.5Cr-5.0Ti 450 120 93 300
BL-43 9.2Cr-4.9Ti 230 31 100 340
BL-49 7.9Cr-5.7Ti 400 150 127 300
BL-63 2 4.6Cr-5.1Ti 440 28 73 310
BL-27 3.1Ti-0.25Si 210 310 310 2500
BL-45 2.5Ti-1Si 345 125 90 9900
QN74° 4.0Cr-4.1Ti 480 79 54 350
BL-47 4.1Cr4.3Ti 350 220 200 820
VX-8 ¢ 3.73Cr-3.93Ti 350 70 300 500
832665 ¢ 3.8Cr-3.9Ti 310 85 80 783

2 80-kg heat fabricated with sponge Ti.
> Contains ~250 appm B,

¢ 100-kg heat, contains (in wppm) 1120 Al, 280 Fe, 500 Co, 270 Mo, 1280 Nb, and 19 Zr.

4 500-kg production-scale heat.
All others 15- to 30-kg laboratory heats.
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Table 2
Summary of irradiation experiments

Experiment ID Subcapsule Environment Temperature (°C) dpa he/dpa ratio
FFTF-non-DHCE Many Li 427-600 33-53 -
FFTF-DHCE Many Li 430-600 13-27 0.4-4.2
HFIR 200J He 200 10 -

400J He 400 10 -
COBRA-1A2 V499 Li 395 36 -

V495 Li 379 31 -
EBR-IIX530 S8 Li 394 4 -

S9 Li 390 4 -
ATR-Al Many Li 138-285 1.5-4.3 -

Helium atoms produced at ~430°C during the
DHCE seem to be conducive to higher ductility (com-
pared to that under non-DHCE) and lower yield
strength. Satou et al. [13] reported that the ductility of
V-5Cr-5Ti-18i, doped with Al and Y, was higher after
irradiation in the same DHCE than in non-DHCE in the
FFTF. Results in Fig. 1 are consistent with this, indi-
cating that helium atoms suppress susceptibility to
LWHC at ~430°C. When irradiated in the same S9
subcapsule in the X-530 experiment, uniform elongation
was higher in V-4Cr—4Ti doped with ~250 appm B!
(Heat QN74) than in two heats of V-4Cr—4Ti (VX-8 and
#832665), i.e., 1.1-1.3% vs. 0.3-0.8%. This observation
also indicates that helium produced from transmutation
of B! promoted work-hardening capability in QN74.
This seemingly beneficial effect of helium is believed to
be important in evaluating the performance of V-4Cr—
4Ti and V-3Ti-1Si, because LWHC at <430°C under
helium-generating reactor conditions is considered to be
a major factor in governing the minimum operating
temperature. From the standpoint of susceptibility to
LWHC, V-3Ti-1Si appears to be more advantageous
than V-4Cr—4Ti, although other important factors such
as creep strength could be inferior [7].

Uniform elongation of four heats of V-4Cr-4Ti and
one heat of V-3Ti-1Si (from Table 3) is plotted in Fig. 2.
For irradiation temperatures at 380-430°C, effect of dpa
level appears to be secondary. Work-hardening capa-
bility, and hence uniform elongation, of V-4Cr—4Ti ap-
pear to be influenced significantly by subtle irradiation
conditions. The 500-kg heat (#832665) exhibited the
lowest work-hardening capability after irradiation in Li
in the X-530 experiment (uniform elongation 0.3-0.7%).
The specimens from the 100-kg heat (VX-8), irradiated in
the S8 subcapsule of X-530, showed good work-hard-
ening capability (uniform elongation 2.6-3.9%), whereas
the specimens from the same heat irradiated in the S9
subcapsule exhibited uniform elongation of 0.6-0.8%
only. The 30-kg heat (BL-47) exhibited uniform elonga-
tion of 0.3-2.9% after irradiation at ~380-430°C. Irra-
diation in either Li in the FFTF-DHCE or helium in the
HFIR-400J experiment resulted in relatively higher uni-

form elongation in BL-47. This heat appears to exhibit
uniform elongation that is somewhat higher than that of
#832665, but not as good as that of VX-8, although data
that will allow a direct comparison are not yet available.
In the COBRA-1A2 experiment, annealed and cold-
worked specimens of BL-47 were irradiated to 379°C in
an identical subcapsule (V495). Interestingly, uniform
elongation of the latter material was significantly higher
than that of the former (i.e., 2.23% vs. 0.92%).

A 15-kg heat of V-3Ti-1Si (BL-45), fabricated in
parallel with BL-47 of V-4Cr—4Ti, exhibited good work-
hardening capability when irradiated at 390-430°C
(uniform elongation of 1.6-9.4%). This heat, like BL-47,
exhibited a very low DBTT of <—-190°C after conven-
tional irradiation at 420-600°C to 14-33 dpa [7,8].
Compared to V-3Ti-18Si (BL-45), a similar alloy V-3Ti—
0.25Si (BL-27) exhibited significantly less work-harden-
ing capability (uniform elongation of 1.5-1.8%).

The cause of the significant variation in work-hard-
ening capability is not understood at this time, although
fabrication variables (e.g., coldwork, density of titanium
oxycarbonitride precipitates), annealing history, minor
impurities, and contamination from the environment of
the irradiation capsules (e.g., N transferred from sodium
to Li through a Type 304 stainless steel subcapsule) are
believed to play important roles. Based on the obser-
vation that irradiation-induced loss of work-hardening
capability is sensitive not only to heats of similar com-
position (e.g., QN74, VX-8, and #832665 irradiated in
S9 subcapsule in the X-530 experiment and BL-45 and
BL-27 irradiated in the FFTF non-DHCE) but also to
subtle irradiation conditions, it is likely that one or more
alloying or impurity elements are involved in the pro-
cess, most likely in association with a synergistic inter-
action with irradiation-induced defects.

Uniform elongation of V-4Cr-4Ti and V-3Ti-1Si
alloys is plotted in Fig. 3 as a function of irradiation/test
temperature. Although significant uncertainty is ob-
vious, these plots provide an estimate of the approxi-
mate threshold temperature above which uniform
elongation of the alloys is higher than a threshold level,
e.g., 2%. It appears that the threshold temperature to



1445

H. M. Chung, D.L. Smith | Journal of Nuclear Materials 258-263 (1998) 1442—1450

‘SuUaWIOads Pax10M-P[0d pUBR PI[BIUUE 10] ‘A[9A10RdSI ‘47T PUB %760 o

‘sisoyjuared ur O, ur UAAIS arnjerodurd) 593 IISUAJ,

L§°0 “§9°0 ‘LSO
P€°0 “S+°0 690 IL6'€-1D8°¢  $99T€8
‘6570 ‘870 €6'€ ‘19T IL6'€IDLE $-XA
q (MD)ETT
(€0 € ‘v'¥ “(001) 9°C
20020) T€ (STh) €1 61 (€2) 570 *(0Tp) €0 ‘0 T60 16'C 6L°0°t0 dILEYIOIY  Lb1d
1€°T °LO°T qILTPID0Y  vLNO
(SO 6 (STh) €9 “T'S (€0) 1% (oey) L€ 95T “89°1 Sy 70 ISI-ILS'T  Sh1d
0T 0% ST ‘8'1 ISSTO-ILI'E LT 1d
7570 ‘08°0 ILISID9Y €914
(€D Ty STy 01 ‘81 (oTy) T'1 $9°0 ¥9'1 Sel 50 ILLSID6 L 614
(€0 €9
{002) S°¢ “(STh) 0 (oty) T'1 €l 99°0 161076 €h-1d
¥6°0 1LO'S—IDS #1 1714
3! ILO'SID6'0T  Op-1d
€0 €1
{(0zh) 8°T 60 ILTSIDSET e 1d
(€0 8T
{0Th) 0°€ ‘6 9T LS HT-IDTL 014
(D6£7) 87T
(De0Th) Tt “L'E W ILLLT S1-14d
6L°0 1e6  ¢l-1d
(€2 s¥ 2(001) +'C
1002 0 {(DoSTH) ¥'1 V1 “8°1 $6°0 SL°0 'l 99°0 19 9%-1d
$9°0 ILTE €914
95°0 10T 0s-1d
(edp Lz—¢1 (edp ¢o—¢¢ (edp o¢ (edp 01 (edp 01
.0€1) DoLTh) (Bdp ¥ D.06€) (dp ¢ “Dot6) (8P § Do6LE) “056€) “6001) 20007) (%) I 1eH
. IDH{-uou 6S-0€SX 8S-0£SX S6YAITYI  66VA/TVI
q IDHA-4144 REREE! 494 -Iygd AL (0)0) “VI40D  [00v-¥IdH  [00T-¥IJH  uonisodwo)

(v ALAA ur syuswrdadxe 10J 3dooxe amjerodwe) uonerpellr se swes aInjeradwo) 1591) D,0¢y> 18 PIIRIPRLI SLO[[e 9seq-wnipeueA Jo urens onse[d uuojiun

€ A1qeL



1446 H.M. Chung, D.L. Smith | Journal of Nuclear Materials 258-263 (1998) 1442—1450

16— 7717
(A) 4Cr-4Ti (BL-47)

L A —
Open Symbols - DHCE ]

?14 F Filled Symbols - non-DHCE .
& T 7
c 12r Irradiation Temperatures ]
s f Dgced in °C ]
- irradiate 4
7 10 L at 600°C ]
o gl 600°C 1
= 8
® [ DHCE .
T 6[A80C ]
L 4520°C ]
E4r ]
S b S 500°C ]
g 2 O DHCE B
Feo non-DHCE, 427°C O 430°C N

0

T | E— T n re | L 1 L ]
0 100 200 300 400 500 600 700
Test Temperature (°C)

20 L O O B

L L Open Symbols - DHCE |
[ (B) 3Ti-1Si (BL-45) Filled Symbols - non-DHCE |

—_
=]

O Irradiation Temperatures
- in°C i
DHCE 1
irradiated
[ at 600°C °C |
©600°C ]
non-DHCE
L A 520°C
DHCE A
430°C o DHCE

500°C 7

-
@ N

IS
)
°

non-DHCE, 427°C

Uniform Plastic Strain (%)
®

L | n | n L n 1 L Il | n
100 200 300 400 500 600 700
Test Temperature (°C)

R

Fig. 1. Uniform elongation of annealed specimens of V-4Cr-4Ti (BL-47, left) and V-3Ti-1Si (BL-45, right) irradiated in the DHCE
(13-27 dpa, 4-75 appm He) and in non-DHCE (14-33 dpa) in FFTF.
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Fig. 2. Unifrom plastic strain of four heats of V-4Cr-4Ti and one heat of V-3Ti-1Si irradiated at 200-430°C to 4-46 dpa in several

experiments. Irradiation and tensile test temperatures are the same.

meet a minimum uniform elongation of 2% could be
anywhere between ~320°C and ~470°C, depending on
alloy type, heat, and basis of extrapolation. A possible
advantage of a heat resistant to LWHC, such as VX-8, is

obvious. One heat of V-3Ti-1Si (BL-45) exhibits rela-
tively good work-hardening capability for irradiation at
~390-~600°C, although data that support a similar
behavior for <390°C are not yet available.
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Fig. 3. Uniform plastic strain as function of irradiation temperature (same as test temperature) of V-4Cr-4Ti (left) and V-3Ti-Si

(right).
3.2. Impact properties

Impact specimens were irradiated at ~430°C in the
FFTF [7] or at <390°C in EBR-II and ATR. Details of
the specimen orientation, annealing history, and irradi-
ation parameters are summarized in Table 4. Impact
properties of the cold-worked specimens of V-4Cr—4Ti
(BL-47) and V-3Ti-1Si (BL-45), irradiated to ~4 dpa in
the X-530 experiment, are shown in Fig. 4. Similar re-
sults obtained from annealed specimens of the same
heats, irradiated to ~34 dpa at ~430°C in non-DHCE in
the FFTF [§], are also shown for comparison. In con-
trast to that of the annealed material, the effect of
specimen orientation in the cold-worked material was
very significant. Cold-worked V-4Cr—4Ti (BL-47) spec-
imens machined in L-S orientation exhibited good im-
pact properties even at —150°C after irradiation to ~4
dpa at ~390°C in the X-530 experiment. However, cold-
worked specimens machined in L-T orientation exhib-

Table 4

ited inherently lower impact energies even before irra-
diation (Fig. 4), although outright brittle fracture was
not observed even in L-T-oriented cold-worked speci-
mens after irradiation in the X-530 experiment.

In contrast to these laboratory heats, two-stage-an-
nealed specimens of the 500-kg heat of V-4Cr—4Ti
(#832665) exhibited brittle cleavage and intergranular
fracture after irradiation to ~4 dpa at ~390°C in the X-
530 experiment (Fig. 5). Impact energies of six speci-
mens, machined in L-S orientation from a 3.8-mm fac-
tory-annealed plate and annealed again at 1050-1125°C
in ion-pumped vacuum in the laboratory (Table 4), were
<0.3 J when tested at —150—+300°C. Ductile behavior
(at 23°C) could be restored in the material only after
postirradiation reannealing at >650°C for ~20 min in
ion-pumped vacuum; this is shown in Fig. 6.

Charpy specimens, machined from cold-worked
plates of the 500- (#832665) and 30-kg (BL-47) heat of
V-4Cr-4Ti and annealed in ion-pumped vacuum at

Summary of Charpy impact specimen® orientation, annealing® history, and irradiation parameters

Irradiation experiment Alloy type Heat ID Orientation Notch angle and Annealing Irradiation in Li
root radius
FFTF-nonDHCE V-4Cr-4Ti BL-47 L-S or L-T 45°/0.08 mm 1125°C/1 h 427°C/34 dpa
V-3Ti-1Si BL-45 L-Sor L-T 45°/0.08 mm 1050°C/1 h 427°C/34 dpa
EBR-II X530 V-4Cr-4Ti BL-47 L-S or L-T 45°/0.08 mm cold worked 390°C/4 dpa
or 30°/0.03 mm
V-3Ti-1Si BL-45 L-T 30°/0.03 mm cold worked 390°C/4 dpa
V-4Cr-4Ti 832665 L-S 30°/0.03 mm 1050°C/2 h in 390°C/4 dpa
factory and
1050-1125°C/1 h
in laboratory
ATR-Al V-4Cr-4Ti BL-47 L-Sor L-T 45°/0.08 mm 1000°C/1 h 210-280°C
or 30°/0.03 mm 1.5-4.3 dpa
V-4Cr-4Ti 832665 L-S 30°/0.03 mm 1000°C/1 h 205-230°C
3.0-3.5dpa

2 Size 3.33 x 3.33 x 25.4 mm, notch depth 0.61 mm.

® Annealed in ion-pumped high vacuum.
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Fig. 4. Impact properties of cold-worked specimens of V-4Cr—4Ti (BL-47, left) and V-3Ti-1Si (BL-45, right) after irradiation to ~4
dpa at ~390°C in X-530 experiment. Similar results from annealed FFTF-irradiated specimens are also shown.

1000°C for 1 h, were irradiated at 205-280°C in the
ATR-A1 experiment. Results of impact tests are shown
in Fig. 5. Specimens from the two heats, when annealed
in ion-pumped high vacuum and irradiated at <280°C in
ATR-AL1, exhibited relatively low upper-shelf energies of
<5 J and high DBTT of ~60-150°C. However, in con-
trast to the two-stage-annealed specimens of #832665
that were irradiated to ~4 dpa at ~390°C in the X-530
experiment, outright brittle behavior at >23°C was not
observed in single-stage laboratory-annealed specimens

of BL-47 and #832665 after irradiation to 1.5-4.3 dpa at
205-280°C in the ATR-A1 experiment.

4. Conclusions

1. Tensile properties of three heats of V-4Cr-4Ti
(500-kg heat #832665, 100-kg VX-8, and 30-kg BL-47)
were investigated after irradiation at 200-430°C in lith-
ium or helium. All heats suffered significant loss of
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Fig. 5. Impact properties of 500- and 30-kg heats of V-4Cr—4Ti irradiated in EBR-II X-530 and ATR-A1 experiments. Details of each

specimen preparation and irradiation conditions are given.
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Fig. 6. Impact energy measured on specimens of 500-kg heat of V-4Cr-4Ti (#832665) after irradiation to ~4 dpa at ~390°C and

postirradiation annealing at 23-1000°C.

work-hardening capability, except for BL-47 irradiated
to ~10 dpa in helium at ~400°C in HFIR and VX-8
irradiated to ~4 dpa in lithium at ~394°C in EBR-II.
The latter heat, when irradiated in a similar sister sub-
capsule in the same EBR-II experiment, suffered signi-
ficant loss of work-hardening capability. The origin of
this apparent sensitivity to irradiation condition is not
understood, although impurity contamination from the
subcapsule environment is suspected. Although dislo-
cation channeling appears to be responsible, the root
cause of the susceptibility of V-4Cr—4Ti alloys to irra-
diation-induced loss of work-hardening capability at
<430°C is not understood.

2. One heat of V-3Ti-1Si (BL-45) exhibited excellent
impact and good tensile properties after irradiation at
390-430°C, indicating that the alloy retains good work-
hardening capability.

3. Helium atoms, produced in V-4Cr—4Ti at ~390-
430°C either during dynamic helium charging irradia-
tion (Heat BL-47) or via transmutation of boron (Heat
QN74), seem to promote work-hardening capability,
thereby producing higher ductility (compared to that
under conventional irradiation). Similar evidence was
observed for V-3Ti-1Si (Heat BL-45).

4. The 30-kg heat of V-4Cr—4Ti (BL-47) exhibited
excellent impact properties in either the annealed or
cold-worked state after conventional irradiation at

390-430°C. However, for cold-worked material, the ef-
fect of specimen orientation was significant. Cold-
worked specimens machined in L-S orientation exhib-
ited excellent impact properties after irradiation to ~4
dpa at 390-430°C, whereas cold-worked specimens
machined in L-T orientation exhibited inferior impact
properties even before irradiation.

5. Two-stage-annealed specimens from the 500-kg
heat of V-4Cr—4Ti (#832665) exhibited brittle impact
characteristics after irradiation at ~390°C in EBR-II.
Ductile behavior of this material could be restored only
after postirradiation reannealing at >600°C. In contrast
to the two-stage-annealed material of #832665, outright
brittle fracture (at >23°C) was not observed in single-
stage laboratory-annealed specimens of 500-kg #832665
and 30-kg BL-47 of V-4Cr—4Ti after irradiation to 1.5-
4.3 dpa at 205-280°C in ATR. These observations in-
dicate that irradiation at <400°C exacerbates the sensi-
tivity of impact properties of V-4Cr-4Ti to
thermomechanical and annealing treatments.
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