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Mechanical properties and mlcrostructure of vanadium—20Z titanium were examined
following helium-injection and reactor irradiation. Helium was injected at ambient
temperature to concentrations of 90 and 200 at. ppm; neutron Irradiation was at 400,
575, 625, and 700°C to fluence of 3 * 1026 n/m2, E > 0.1 MeV. Cavities representing
negligible volume swelling were observed In all helium-Injected specimens. Degradation
of mechanical properties, especially loss of ductility due to helium, occurred at tem-
peratures of 625 and 700°C. The levels of helium produced In the fusion spectrum can
be expected to alter the response of vanadium alloys from that observed in fast reactor
irradiations.

MASTER

INTRODUCTION

Vanadium—base alloys are potential candidate
materials for fusion reactor structures because
of their high temperature capability, good com-
patibility with lithium, resistance to neutron
damage [1—5|, and their low neutron induced
radioactivity. Vanadium-20Z titanium (V-20 Ti)
ia one of the reference materials for the eva-
luation of vanadium-base alloys for fusion
applications•

The results reported to date do not Indicate any
swelling or significant loss of ductility in
V—20 Ti as a result of elevated-temperature fast
neutron irradiation il]. However, in comparison
with the production rate in a fusion spectrum,
very little helium is produced in the fast reac-
tor spcetrum. Helium-injected vanadium—bas*
alloys do suffer a loss of ductility at
elevated-temperature [6,7). The purpose of this
study was to determine how preirradlation In-
jected helium would affect microstructural evo-
lution and elevated temperature ductility of
neutron irradiated V-20 TI. Knowledge of the
combined effect of helium and displacement
damage will help in the evaluation of the poten-
tial of vanadium alloys for application In
fusion reactor service.

EXPERIMENTAL PROCEDURE

The chemical composition of the alloy used was
Ti—19.7 wt Z, C—130 wt ppm, 0-830 wt ppm, and
»-630 wt ppm. Sheets 240 x 38 x 0.25 mm were
given a recrystalllzatlon anneal at 900°C for
0.5 h In vacuum between 0.5 and 2 « 10~7 torr
(<2.7 x 10"5 Pa). The average grain diameter
was 33 uo after this heat treatment. The

0.25 mm thick «-20 Ti sheec formed the front
face of the irradiation chamber through which
18—20°C water flowed at a rate of 15 gpm.
Helium was injected into these sheets using a
52 MeV a-particle beam from the Oak Ridge
Isochronous Cyclotron (ORIC). A rotating
energy-degrader was used to produce a uniform
helium deposition over the entire thickness of
the sheet. The o-partlcie beam was colllmated
to provide essentially uniform helium deposition
over the gauge length of the samples. The
chamber was oscillated horizontally in front of
the bean to Irradiate the sheet. Measured
average helium concentrations of 90 and 200 at.
ppm were achieved. Tensile specimens were sub-
sequent ally stamped from this sheet, with a pre-
cision die. Final dimensions were 31.6 nn long,
12.7 m gauge length, 1.02 mo wide, and 0.25 am
thick.

The tensils specimens were irradiated in row 7
of EBR-II to a neutron fluence of about
1 i 1Q26 «/o2 (>0.l MeV), corresponding to
about 17 dpa. Temperatures were about 400, 375,
625, and 700°C, either in static sodium or in
helium.

After neutron irradiation, the microstructures
were characterized by transmission electron
microscopy. Tensile tests were conducted In
vacuum better than 1 » 10~6 torr (1.3
« 10~* Pa), at the respective irradiation tem-
peratures, at a strain rate of 6.67 x 10""*/s.
Frecture surfaces «re examined by scanning
electron microscopy.

EXPERIMENTAL RESULTS
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Tensile Properties: I'ni rradiated Material

A complete listing of the data is given in

Table 1. The yield and ultimate tensile

strengths were slightly higher for helium

Injected samples than for material annealed only

at test temperatures of 525"C and below. At

higher temperatures there was no significant

difference In strength properties. The tensile

elongation. Fig. 1, shows a considerable reduc-

tion at 600°C and above as a consequence of

injected helium. The reduction In elongation

Increased as the helium concentration was

incrtased from 0 to 90 to 200 at. ppn.

Tensile Properties: Irradiated Material

Following neutron irradiation at 400°C the yield

and ultimate tensile strengths were Increased

relative to the unlrradiated values. At 575°C

and above the strength properties were not

significantly altered by neutron irradiation.

There was no discernable effect of the prein-

jected helium on strength properties at any of

the irradiation temperatures. Ductility was

reduced at all Irradiation temperatures. As

shown in Fig. 2 the injected helium had little

effect on tensile ductility following neutron
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Fig . I: Effect of Injected helium on the total

tensile elongation of V-20 Ti.
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irradiation and testing at teraperatures below

575°C. At 700°C, however, the ductility was

significantly lower for the helium Injected com-

pared to the nonlnjected samples.

These results show that helium

of H B I TI embrittlement In V-20 Tl is

enhanced by subsequent neutron

irradiation.

Fractography

At 400 and 575°C the fracture mode

was transgranular. Ductile rup-

ture occurred for all conditions

—i.e., uninjected, helium-

injected, helium Injected plus

neutron irradiated.

At 700°C the uninjected,

unirradiated specimen exhibited a

ductile shear-rupture mode of

failure (Fig. 3a) and the unirra-

diated, helium-injected specimen a

partly intergranular fracture

(Fig. 3b). The proportion of the

Intergranular fracture Increased

as the injected helium content was

increased from 90 to 200 ac. ppm.

After neutron irradiation, the

uninjecttid specimen failed in a

ductile shear-rupture mode similar

to Fig. 3a and the helium-injected

specimen showed a greatly

increased tendency for intergranu-

lar failure (Fig. 3c).

Microstructure

The as-annealed structure con-
tained bloci'.y precipitates about
1.5 um diam and in a concentration
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Fig. 2: Effect of prelnjecced helium on the

total tensile elongation of V-20 Tl

neutron Irradiated to a damage level of

17 dpa. Irradiation and test tem-

peratures were approximately the same.

of about 1.5 ' 10-"7 a"! giving a volume fraction

of about 37.. These precipitates changed little

during irradiation (except for samples irra-

diated in sodium at 625 and 700°C).*

Unirradiated specimens with 9C and 200 at. ppm

injected helium were examined In the as-injected

condition by transmission electron microscopy.

Defect clusters resulting from the helium

implantation were present. Neither the nature

of these clusters nor the number density and

The microstructure of samples irradiated at 400,

57 5, and 700°C with 0 and 200 at. ppm prein-

jected helium are shown In Fig. 4* Neutron

irradiation of samples without injected helium

produced cavities only at 400°C. With injected

helium, cavities formed at all irradiation tem-

peratures. The diameter and number density of

cavities is shown graphically in Fig. 5. The

cavity number density waa a maximum at approxi-

mately 600°C and, with the exception of the

sample containing 200 at. ppm injected He, there

was a general trend of Increasing size with

Increasing temperature. The cavity distribution

in the oatrlx at this irradiation temperature

was homogeneous. Cavities on grain boundaries

were observed far irradiation ar 575°C or

higher. The diameter of the grain boundary

cavities was larger than that of matrix. ~avl-

tles. Rod-shaped precipitates formed in most of

the Irradiated samples. The precipitates had a

very regular <110> zone axis and the size

increased with temperature. On the basir- of

electron diffractloi. the precipitate is ten-

tatively identified as TjO2 a
1though the com-

position has not been fully rnalyzed. Cavities

attached to these precipitates were generally

larger than isolated envitles in the matrix.

Additional details relating the formation of

this precipitate to the irradiation conditions

will be reported laf-r.

DISCUSSION

These results show a clear effect of helium, on

the high temperature ductility and fracture

mode, on the evolution of the damage structure,

and on the temperature dependence of swelling In

the V-20 1 alloy. The magnitude of the

swelling was negligible over the irradiation

temperature range 400 to 700°C, regardless of

the amount of injected helium.

Fig. 3: Tensile fractures of V-20 Ti at 700°C (a) unirradiated, (b) unirradiated, but with 200 at.
ppm injected helium, and (c) 200 at. ppm injected helium followed by neutron Irradiation to
17 dpa.

^Samples were" irradiated at 625°C and 700°C in sodium. These samples picked up considerable oxygen

from the sodium environment. Tensile properties, microstructure etc. for these samples will be

reported later.



FJ.g. 4: Cavities in V-20 Ti neutron irradiated to 17 dpa at (from left to right) 400, S75, and 700°C.
Top: no preinjected heliuo. Botton: 200 at. ppm prei;.jected helium.

The neutron irradiated specimens with injected
heliuo exhibited cavity formation in the matrix
at all Irradiation temperatures. For the
material with no injected helium, cavities deve-
loped only for Irradiation at 400"c.

Suppression of cavity formation In the Irra-
diated V-20 Ti with no Injected heliuo agrees
with the results of former Investigators [1,2].
Bentley and Wiffen (21 examined V-20 TI irra-
diated to 1.3-6.1 x 102t> n/tn2 (E > 0.1 MeV) at
temperatures between 470 and 780°C. They
reported no cavity formation in the aa-
irradlated condition. Csrlander et al. [lj
reported a few voids in V-20 TI after Irra-
diation at 600°C. Carlander et al. (1)
suggested three mechanisms by which 20Z titanium
addition may contribute to the suppression of
void formation. They are (1) gettering of
interstitial Impurities necessary for cavity
nucleatlon, (2) the enhancement of point defect
recombination at subscitutlonal solute trapping
sites, (3) the formation of a high density of
coherent precipitates to accommodate excess

5C0 -QQ ,̂ j vacancies. Lott et al. [5) reported che use-
, W OUT,ON TEMPEWTURE 'c. "

 f"l n ef of a «ide range of alloying element
. . ,, . additions to vanadium (Ti, Zr, Hi, and !J) for

Fig. 5: Effect of preinjected helium on the t h e , s l o n of ^ ^ foroatlon. nev p r o.

5 . T L / y !"? d, d l a n e t e r ln posed that the formation of a high density of
Ti Irradiated to 17 dpa. '



coherent precipitates could be responsible for
suppression of cavity formation.

In helium—injected material, cavities were

observed to be distributed homogeneously in the

matrix and located on grain boundaries. The

injected-helium increased the nrmber density and

the diameter of cavities at all irradiation tem-

peratures investigated. The effect Increased

with Increasing helium content.

Wiedersich and Katz |8J, Russell and Hall [9],

and Baskes et al. [10] have shown that the pre-

sence of helium will make nucleation of cavities

easier. Nucleation can then occur at lower

vacancy supersaturations and with fewer vacan-

cies in the critical nucleus. This mechanism

may explain cavity formation in the preinjected

material in this study. Very little helium is

produced by transmutation reactions in this

alloy during fast neutron Irradiation, and cavi-

ties formed only at the lowest Irradiation tem-

perature for uninjected material. With

preinjected helium, cavity nucleation occurred

and the number density increased with the amount

cf injected helium.

Changes in the tensile strength properties were

rather small. Ductility, however, was signifi-

cantly effected. The reduction in the total

elongation at 600°C and higher is correlated

with the appearance of helium bubbles at the

grain boundaries. Fractography revealed the

presence of intergranular fracture in the

helium—injected specimens, with or without

neutron irradiation. The amount of grain boun-

dary fracture increased with increased amounts

of injected helium. Barnes [11] suggested that

the formation of helium bubbles on grain boun-

daries would be primarily responsible for the

high-temperature helium embrittlement. Ehrlich

and Bohm [6] and Santhnam et al. [7] observed

high temperature ambrittlement at the same tem-

perature range as this study in helium-injected

vanadium alloys. However, they could not detect

helium bubbles at the grain boundaries.

From the viewpoint o' development and applica-

tion of vanadium alloys as fusion reactor struc-

tural materials, this work clearly shows a

pronounced effect of helium on irradiation

response. It is clear that results of fast

reactor Irradiations will give an optimistic

view of performance, because the amount of

helium generated from (n,a) reactions is much

leas than will occur in a fusion reactor

spectrum. Decrease in elevated temperature duc-

tility, due to the presence of helium, appears

to be a major problem on which alloy development

efforts for vanadium alloys should focus.

SUMMARY

The results can be summarized as follows:

1. Neutron irradiated V-20 Ti containing prein-

jected helium exhibited cavity formation in

the irradiation temperature range 400 to

700°C. Uninjected V-20 Ti does not show any

evidence of cavity formation in the irra-

diation temperature range 575 to 700°C.

2. The average diameter and concentration of

cavities depends on the amount of injected

helium and the irradiation temperature. In

all cases, the total swelling in V-20 TI at

a damage level of 17 dpa is negligibly small.

3. The ductility loss due to Injected helium
becomes large above 600°C. A further
decrease in ductility of helium containing
material results from neutron irradiation.
There was an increased tendency toward
intergranular fracture with increasing
amount of Injected helium and with
increasing Irradiation and test tem-
perature.

4. These results add to the body of literature

which shows that helium in concentrations

produced in fusion reactors will have pro-

nounced effects on microstructural evolution

and mechanical properties. As in other alloy

systems, control of helium must be a major

goal of alloy development efforts.
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