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Effect of irradiation damage and helium on swelling and
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Swelling behavior and microstructural evolution of V-Ti, V-Cr-Ti, and V-Ti-Si
alloys were investigated after Irradiation at 420-600°C up to 114 dpa. The
alloys exhibited swelling maxima between 30 and 80 dpa and swelling
decreased on irradiation to higher dpa. This is in contrast to the
monotonically increasing swelling of binary alloys that contain Fe, Ni, Cr, Mo,
W, and Si. Precipitation of dense TisSl3 promotes good resistance to swelling of
the Ti-containing alloys, and it was concluded that Ti of >3 wt.% and 400-1000
wppm Si are necessary to effectively suppress swelling. Swelling was minimal
in V-4Cr-4Ti, identified as the most promising alloy based on good mechanical
properties and superior resistance to irradiation embrittlement. V-20Ti doped
with B exhibited somewhat higher swelling because of He generation. Lithium
atoms, generated from transmutation of 1°B, formed Y-LiV2O5 precipitates and
did not seem to produce undesirable effects on mechanical properties.
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1. Introduction

Vanadium-base alloys have significant advantages over other candidate alloys

(such as austenitic and ferritic steels) for use as structural materials in fusion devices,

e.g., in the International Thermonuclear Experimental Reactor (ITER) and in magnetic

fusion reactors (MFRs) [1-5]. As part of a program to screen candidate alloys and

develop an optimal alloy, extensive investigations have been conducted on the swelling

behavior, tensile properties, impact toughness, and microstructural evolution of V

alloys after irradiation by fast neutrons [6-14]. From these investigations, V-Cr-Ti

alloys containing 5-7 wt.% Cr. 3-5 at.% Ti, 400-1000 wt. ppm Si, and <1000 wt. ppm

O+N+C were identified as most desirable alloys that exhibit superior resistance to

swelling, embrittlement, and hydrogen-induced effects during fast-neutron irradiation

in lithium [6-10]. As a result, recent attention has focused primarily on V-4Cr-4Ti. V-

5Cr-5Ti, V-5Cr-3Ti. and V-5Ti. Recent studies on tensile properties [11], impact

toughness [121, and ductile-brittle transition temperature (DBTT) [12,131 of

unirradiated [13] and irradiated [11.12] specimens showed excellent mechanical

properties and superior resistance to irradiation-induced embrittlement of some of

these alloys, in particular V-4Cr-4Ti and V-5T1. Thermal creep behavior of V-4Cr-4Ti

has been also reported to be superior to those of austenitic and ferritic steels [14]. For

these alloys, however, no data base has been reported on irradiation-induced swelling.

In the work reported here, irradiation-induced density change and microstructural

evolution of a number of the promising binary and ternary alloys were investigated

after irradiation at 420-600°C up to 114 dpa in the Fast Flux Test Facility (FFTF).

One of the properties of the V-based alloys that is not yet well understood is the

effect of simultaneous generation of He and neutron damage under conditions relevant

to fusion-reactor operation 115-29]. Several methods have been utilized in the past to
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simulate the effect of He generation in neutron-irradiated V alloys, i.e.. the "tritium-

trick" technique [15-19], cyclotron-injection of helium [20-23.26], B-doping technique

[24-27], and dynamic helium charging experiment (28-29]. The B-doping technique

utilizes the large thermal-neutron cross section (=3840 barn) of the 1 0B(n,a)7Li

reaction. By adjusting the level of doped 1 0 B, the method can be tailored conveniently

to suit the characteristic neutron spectrum of a fission reactor. However, to assess the

viability of the technique and to understand the effect of the Li by-product on the

swelling and mechanical properties, it is necessary to understand the behavior of not

only He microvoids but also of B and Li atoms during irradiation. For this purpose, a

comparative study of the microstructural evolution and density change was also

included in this work on specimens that were irradiated with and without B-doping.

2. Materials and procedures

Density measurements and transmission electron microscopy (TEM) were

conducted on standard-size disk specimens irradiated in the FFTF. The chemical

composition of the alloys is given in Table 1. The content of B in the disk specimens of

V-20Ti (BL-15). dissolved in the alloy as an inadvertent impurity, was not known

prior to irradiation. The disks were irradiated at 425, 520, and 600°C to neutron

fluences (E > 0.1 MeV) of 7.8 x 1022 n cm"2 (=44 dpa) and 1.9 x 10 2 3 ncirr2 (=114 dpa).

They were sealed in TZM capsules filled with 99.99%-enriched 7Li during irradiation

to prevent contamination with O, N, and C impurities dissolved in the Na coolant of the

FFTF and formation of unacceptable levels of He and T from 6Li.

3. Rt. alts and discussion

3.1 Density Change
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Table 1. Composition of vanadium alloys irradiated in fast
flux test facility materials open test assembly

ANLID

BL-11
BL-46

BL-34

BL-12

BL-13

BL-15a

BL-16

BL-21

BL-22

BL-23

BL-24

BL-40

BL-43

BL-44

BL-47

BL-27

BL^12

BL-45

Nominal
Composition

(wt.%)

4.9Ti
4.6Ti

8.6Ti

9.8Ti

14.4Ti

17.7Ti

20.4Ti

13.7Cr-4.8Ti

13.4Cr-5.1Ti

12.9Cr-5.9Ti

13.5Cr-5.2Ti

10.9Cr-5.0Ti

9.2Cr-4.9Ti

9.9Cr-9.2Ti

4.1Cr-4.3Ti

3.1Ti-0.25Si

3.1Ti-0.5Si

2.5Ti-lSi

0

1820

305

990

1670

1580

830

390

340

300

400

1190

470

230

300

350

210

580

345

Concentration

N

530

53

180

390

370

160

530

510

52

490

360

80

31

87

220

310

190

125

(wt. ppm)

C

470

85

420

450

440

380

210

180

150

280

500

90

100

150

200

310

140

90

Si

220

160

290

245

205

480

480

1150

56

1230

390

270

340

270

870

2500

5400

9900

aContains a significant level of boron as impurity.

Swelling of V-Ti. V-Cr-Ti. and V-Ti-Si alloys, determined from density

measurements after irradiation at 420 and 600°C, is shown as a function of irradiation

damage (dpa) in Figs. 1-3, respectively. Most of the Ti-containing alloys exhibited

swelling maxima in the damage range of 30-80 dpa. When irradiated to higher dpa.

swelling in these alloys decreased monotonically. For irradiation at 600°C. sufficient

data for higher dpa were not available for some of the alloys, and it was not possible to

verify whether swelling actually decreased or saturated at higher dpa. The anomalous

behavior that exhibited actual decrease of swelling (i.e.. increase of density) is in
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distinct contrast to the normal swelling of other binary alloys of V containing Fe, Ni,

Cr. Mo, W, and Si, which increases monotonically for increasing dpa 17,10]. Closer

examination of Figs. 1 and 2 indicates the tendency for a higher content of Ti {except the

B-containing V-20Ti [BL-151) to lower maximum swelling in the V-Ti binary alloys,

whereas a higher content of Cr is conducive to a higher level of swelling maxima in the

V-Cr-Ti ternary alloys. Therefore, Cr addition >9 wt.% in the ternary alloys is not

desirable from the standpoint of not only irradiation embrittlement but also of

irradiation-induced swelling.

2 0 40 60 80 100

Irradiation Damage (dpa)

20 40 60 80 100
Irradiation Damaga (dpa)

Fig. 1. Density change of V-Ti alloys as function of dose (dpa) after irradiation at
420 (A) and 600°C (B)

£ 3F.
2.5

V-4Cr-4Ti
V-10Cr-5Ti
V-15Cr-5Ti(BL-21)
V-15Cr-5Ti BL-23)
V-15Cr-5Ti(BL-22)
V-!6Cr-5Ti(BL-24)

(A)
Irradiaied
ai«2o°C

I 3

(B)
Irradiated

V-4Cr-4Ti
V-1QCr-5Ti
V-15Cr-5Ti (BL-24)

20 40 60 80 100
Irradiation Damage (dpa)

120 40 60 80 100
Irradiation Damaga (dpa)

120

Fig. 2. Density change of V-Cr-Ti alloys as function of dose (dpa) after irradiation at
420 (A) and 600°C (B)
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in

o V-3Ti-0.25Si •
* V-3T1-0.5S •

20 40 60 80 100
Irradiation Damag* (dpa)

120 20 40 60 SO 100 120
Irradiation Damage (dpa)

Fig. 3. Density change of V-3Ti-Si alloys as function of dose (dpa) after irradiation
at 420 (A) and 600°C (B)

Swelling of the V-3Ti-0.25Si and V-3Ti-0.5Si alloys was relatively higher despite

the high level of Si. These alloys are known to exhibit relatively higher yield [13] and

creep [30] strengths, which have been attributed to a tendency to form a relatively high

density of Ti(O,N.C) precipitates [13]. Therefore, unless the combined impurity level of

O, N, C, S, and P is extremely low, virtually all of the Ti solutes in the alloys could be

tied up in Ti-based precipitates. This will prevent dense precipitation of ultrafine

T15S13 particles, to which the resistance to swelling of Ti-containing alloys has been

attributed [9]. In V-3Ti-0.25Si, TisSi3 precipitates were not observed [31]. Ti{O,N.C)

precipitates were reported to be absent in Ti-containing vanadium alloys when O+N+C

content is <400 wppm [32]. Therefore, it is expected that, by limiting the impurity

content of the V-3Ti-Si alloys to below <400 wppm, swelling can be suppressed in the

alloys. However, Loomis et al have reported that high Si content in the V-3Ti-Si alloys

is conducive to higher DBTT and increased effects of H [12].

Swelling resistance of the V-4Cr-4Ti alloy was excellent (<0.4% for <12O dpa).

This is shown in Fig. 4. V-4Cr-4Ti, designated as one the primary candidate alloys, also

exhibited an excellent resistance to irradiation embrittlement; after irradiation to =34
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dpa at 420. 520. and 600°C. DBTT remained below -196°C [12]. Uniform and total

elongations of the alloy, when measured at room temperature after the same

irradiations, were 8.1 and 10.2%, respectively [11]. Thermal creep behavior of the alloy

was also excellent compared with those of austenltic and ferritic/martensitic steels

[14].

- • ° 3

is
en v

It*

• irradiation at 420°C
• irradiation at 600°C

Fig. 4. Maximum swelling
(density change) of
several vanadium-base
alloys for irradiation
at 420-600°C up to =120
dpa

5Ti 10Ti 20Ti4Cr-4Ti 1SCr-STi 3TI-0.5Si
10Cr-5Ti 3Ti-0.25Si

3.2 Model of swelling kinetics

The Ti-containing alloys that exhibited relatively low swelling contained high-

density ultrafine precipitates of TisSi3. Some of the examples of the dark-field images

of Ti5Si3 precipitates are shown in Fig. 5. Swelling in the specimens containing dense

Ti5Si3 was relatively low except for the B-containing V-20Ti (BL-15) irradiated at 420°C

to 46 dpa. In V-3Ti-0.25Si. which produced dense microvoids upon irradiation at 420°C

to 114 dpa (density change =1.6%). precipitation of TisSi3 was negligible.

Void swelling and density change in Ti-containing alloys were generally

consistent and could be correlated well with the number density of the ultrafine Ti5Si3
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precipitates. That is, a greater number density of the precipitates is conducive to lower

swelling during irradiation. This could be attributed to the large interface area

generated between the matrix and high-density precipitates of TisSi3. This interface

area is believed to act as an efficient sink for vacancies and thereby inhibits nucleation

and growth of voids.

Anomalous swelling behavior has also been reported by Maziasz [33] for some

heats of 14Cr-16Ni-2.5Mo-2Mn austenitic stainless steels stabilized by addition of

=0.25% Ti with and without P doping. In these steels, swelling reached maxima of ~2%

at =34 dpa and decreased to 0.6-1.1% at 57 dpa. The decrease of swelling was

accompanied by high-density precipitation of ultrafine MC carbides. According to

Maziasz [33|. such profound microstructural changes could disrupt the balance between

sink strengths of dislocations, voids, and precipitates, so that MC precipitates and

voids now become the dominant sinks for vacancies and interstitials. The breakdown

of the steady-state biased partitioning of defects then would lead to increased defect

recombination at the large interface area between matrix and precipitates, which would

lead to reduction or elimination of the vacancy supersaturation. Dramatic changes in

microstructure. defect partitioning, and recombination behavior could cause the

critical radius of voids (necessary to maintain stability) to increase enough so that

small existing voids would become unstable. When this occurs, existing subcritical-size

voids will stop growing or actually begin shrinking with increasing damage level, and

further nucleation of voids will be prevented.

The anomalous swelling maxima of the V-base alloys could be explained in a

similar manner, with the high-density ultrafine precipitates of Ti5Si3 playing a role

similar to that of MC carbide in the steels. Apparently, the dramatic changes in

microstructure. sink density, and upset of the steady-state biased partitioning of

defects are produced only when the size of the ultrafine precipitates is comparable to
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those of critical-size mlcrovoids and precipitation occurs in very high density, e.g.,

those in Fig. 5. According to this model, the dependence of swelling on damage level is

expected to be strongly influenced by the kinetics of the irradiation-induced

precipitation of TisSi3 phase, as illustrated in Fig. 6.

Cast I •

50

20 30 40 50 60
Irradiation Damaga (dpa)

70

40 -

S 3 0 -

•5 20

10 -

; Irradiated
- at600°C

/

Cas«

/

/

III

Cas* II ~

i i i i i i i i i i i i i i i

10 20 30 40 SO 60
Irradiation Damaga (dpa)

Fig. 6.

70

Schematic illustration of relationship between kinetics of
precipitation (A) and swelling (B) as function of irradiation damage in Ti-
containing vanadium alloys

3.3 Effect of boron-doping and helium production

Void swelling and density change in the B-containing V-20Ti alloy (BL-15) were

found to be significantly higher than that of the similar V-20T1 alloy (BL-16) that did

not contain B. This is shown in more detail in Figs. 5 (voids) and 7 (density change).

Evidently, the higher swelling is a result of He generation in the B-containing alloy

from transmutation of 10B. However, sink strength of the ultrafine TisSi3 precipitates

in both alloys was so strong after irradiation to 114 dpa that swelling was decreased to

<0.4% at the high dose.

The irradiated specimens of the B-containing V-20Ti alloy exhibited a hitherto

unknown peculiar microstructural feature. As an example, characteristic TEM
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(A)

V-20Ti(BL-16)
without boron

420°C
S20°C
600°C
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-

-
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9 ° . . i . . . "
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120 20 40 60 SO 100 120
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Fig. 7. Density change of V-20T1 (A) without B (BL-16) and (B) with B impurity (BL-
15) as function of dose (dpa) after irradiation at 420, 520, and 600°C

microstructures observed in the specimens irradiated to =44 and =80 dpa are shown in

Fig. 8. The morphology of the shells visible in Fig. 8A is strikingly similar to that of

the cylindrical damage shells reported by Rau and Ladd [35] for neutron-irradiated V

doped with <10 wppm B. The shell-shaped and nearby globular features observed in

Fig. 8 indicate a secondary precipitation that occurred in association with the damage

zones reported by Rau and Ladd [35]. To positively identify the nature of the

precipitates, SAD and dark-field-imaging analyses were conducted. The result showed

[36] that the precipitates are the Y-UV2O5 phase [37]. Based on the result of the present

study and information reported by Rau and Ladd [35], the behavior of B and Li can be

summarized by the schematic illustration in Fig. 9.

According to the phase diagram reported in the literature [38], there is no

solubility between V and Li in the solid or liquid state. Therefore, virtually all Li

atoms produced from the transmutation are expected to present themselves in LixV2Os

precipitates. Consequently, grain-boundary segregation of Li is not likely to occur.

Solubility of B in V-base alloys is also very low [27,35]. Boron atoms seem to be

distributed more or less uniformly either in solid solution or in small V3B2
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Fig. 8.

Fig. 9
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containing V-20Ti (BL-15) after irradiation at 600°C (A) to
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precipitates, and no evidence of grain-boundary segregation of B has been reported.

This behavior of Li and B, therefore, seems to strongly support the viability of the 1°B-

doping technique. Similar to the distribution of B and Li, He-induced microvoids in

the B-doped specimens were also distributed more or less uniformly within the grains

(Fig. 5E). This is in distinct contrast to the grain-boundary distribution of microvoids

that were produced in the He-charged specimens by the tritium-trick technique [15-17].

4. Conclusions

1. Resistance to irradiation-induced swelling of V-4Cr-4Ti, identified as the most

promising candidate alloy primarily on the basis of good mechanical properties

and superior resistance to irradiation embrittlement and creep, was excellent.

Swelling of the alloy is expected to be minimal for the design life of ITER.

2. Ti-containing alloys exhibited anomalous swelling maxima in the damage range of

30-80 dpa. When irradiated to higher dpa. swelling in these alloys decreased

monotonically.

3. Dense precipitation of ultrafine TisSi3 is conducive to low swelling. The

anomalous swelling behavior seems to be caused by the profound microstructural

evolution associated with the dense precipitation of ultrafine Ti5Si3.

4. Swelling of B-doped V-20Ti was somewhat higher than that of similar alloy not

doped with B. However, grain-boundary segregation of B, Li, or He-induced voids

was absent, although y-LiV2O5 precipitates were observed in grains. These

microstructural characteristics are consistent with the observation of the

insignificant effect of He on mechanical properties of the alloy.
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