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ABSTRACT: Irradiation experiments_werecarried—out—on—14—different —
“vanadium-base alloys. After irradiation (1.4 X 10* peutrons/cm® > 100
kev) the specimens were tested in a tension test between room tempera-
ture and 750 C.

In the binary vanadium-titanium alloys the increase in yield strength
at room temperature is independent of the titanium content. The tem-
perature at ‘which a complete recovery from radiation damage can be
observed is influenced by the titanium content.

At 650 and 750 C none of the vanadium alloys showed signs of
radiation-induced, high-temperature embrittlement.

“KEY WORDS: radiation effects, neutron radiation, tension test, vana-
dium alloys, high temperature, titanium alloys, yield strength, embrittle-
ment, fracture

In the light of existing knowledge, vanadium alloys exhibit favorable
neutron physics properties for fast reactors along with high strength at
elevated temperatures. This behavior together with sufficient corrosion
resistance in sodium at temperatures of about 650 C makes vanadium
alloys appear to be suitable canning materials for a sodium-cooled fast
breeder [/,2].2
" No information is yet available about the change in mechanical prop-
erties by neutron irradiation. In this paper we shall report on investiga-
tions which were carried out to determine the influence of neutron ir-
Tadiation on the mechanical properties.

Experimental Procedures

The investigation was carried out on the following alloys (composition
by weight per cent):
1. V-3Ti

* Kernforschungszentrum, Karlsruhe, Germany.
% The italic numbers in brackets refer to the list of references appended to this

paper.
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TABLE 1—Influence of irradiation on the mechanical properties of va‘hadium-base alloys.

20 C 200 |C 400 C J} 650 C 750 C
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VA3Tio.............. unirradiated | 44.5 | 56.1 | 17.1 33.2|45.2({10.5
irradiated 76.4 | 76.7 1.5 38.5 | 45.6 | 8.2
VS5Tiooooo unirradiated | 42.4 | 52.7 | 17.1 30.3 | 46.0 | 10.5
irradiated 76.7.| 76.7 1.5 36.8145.6 | 8.4
V-10Ti. ..o unirradiated | 47.7 | 57.3 [ 21.1 32.5|51.2 [ 13.3
irradiated 87.7 | 87.7 1.5 32.2°151.913.8
V-20Ti........ unirradiated | 65.5 | 72.3 | 18.4 40.1 | 56.8 | 15.7
irradiated 94.5194.5| 1.8 39.3 | 55.8 | 15.8
V-5Ti-20Cb. . ... .......| unirradiated | 65.1 | 73.7 { 20.5 48.8 1 72.2 {'15.3
irradiated 115.7 [116.0 | 1.4 53.6|71.1112.8
V-10Ti-20Cb. . ... ......| unirradiated | 74.8 | 82.5 | 20.4 47.5168.0 | 13.5
irradiated 115.5 |116.4 2.5 48.7 | 64.5| 14.5
V-20Ti-20Cb. . ... ......| unirradiated | 82.6 | 87.8 | 17.1 50.8 | 68.0 | 13.7
irradiated 114.2 115.5| 2.4 53.4 166.7 | 11.7
V-10Ti-2Cr. unirradiated | 47.3 | 56.0 | 19.8| 40.2 49.8 16.3| 37.8 | 48.9|] 11.2} 30.4 1 50.8 | 17.8] 27.2 { 45.2 | 16.8
irradiated 86.2 | 87.3 | 1.5/ 74.0 1.8] 63.0 | 64.6|| 2.0/ 34.2 | 54.9 | 15.8{ 28.0 | 47.0 | 16.0
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V-STi-SCr.............| unirradiated | 41.4 | 50.3 | 21.8] 33.4 }44.8 19.920.0 | 43.4 | 14.4] 26.1 | 46.4 | 14.8| 27.7 | 41.5
irradiated | 83.5 | 84.1 | 1.4{77.0 |77.5| 1.978.0 | 79.8 | 2.3 44.3 | 54.2 | 7.7/ 26.0 | 44.5
\ 1
V-10Ti-SCr. ... ... ... unirradiated | 52.3 | 62.6 | 18.9/44.7 | 54.7 | 15.6 3.2 | 54.3 | 11.7 34.0 | 56.3 | 16.3) 31.6 | 49.4
irradiated  {104.5 1105.1 | 2.0/ 83.0 |85.8 | 3.377.2|79.7 | 3.6/ 37.9 | 60.2 | 15.8] 32.0 | 51.2
| .
V-5Ti-5Mo.. ..o unirradiated | 49.1 | 68.0 | 14.5 \ 35.9 | 52.7 | 11.9
irradiated 82.5 825 1.1 \ | 39.2 | 45.6 | 7.1
. ! i
V-10Ti-5Mo.............| unirradiated | 51.9 | 60.4 | 18.5 ! 39.8 | 51.0/| 14.3/ 31.2 | 51.5 | 15.0| 28.8 | 47.8
irradiated [ 90.3 | 90.5 | 1.8/ 83.2|83.6| 1.974.2 76.8] 4.3/ 32.0 | 54.6 | 14.8] 28.8 | 46.8
V-5Ti3Mo-2Cr. . ... ...| unirradiated |41.4 | 51.8 | 21.8) 34.5 | 42.7 | 16.7 25.4 | 39.3/| 16.3 23.7 | 42.4 | 13.6/ 27.2 | 41.7
irradiated | 80.0 | 80.4 | 1.3(77.2 | 78.6 | 2.8 63.0 65.4\‘ 4.3/43.6 (513 5.6/ 28.8|43.3
|
V-5Ti-5Mo-5Cb. .. . ....| unirradiated | 49.8 | 60.4 | 19.3] 40.0 | 51.6 | 18.0 36.9 | 47.1|| 1.2 30.7 | 50.8 | 13.8| 31.6 | 46.7
irradiated | 89.0 [ 90.3 | 2.3/ 88.0 | 88.9 | 1.3 65.1 | 67.9|| 4.1{47.9 | 57.6 | 8.7/ 30.8 | 47.4
| |
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FIG. 1—Pre- and postirradiation yield strength of vanadium alloys at room
temperature.

The content of the interstitial impurities, determined in some alloys, is
in the range of 1000-ppm oxygen, 700-ppm carbon, and 450-ppm nitro-
gen.

The alloys were fabricated by arc melting by Metaligesellschaft AG,
swaged to rods of 5 mm diameter and then were vacuum-annealed for
1 hr at 900 C.

Five specimens of each alloy were irradiated in the BR2-reactor at
Mol, Belgium. The specimens of the Alloys 1-8, irradiated in a first
irradiation test, were in direct contact with the cooling water of the re-
actor, whereas the specimens of the Alloys 9-14 were encapsulated in
aluminum capsules filled with helium. The irradiation temperature in
the first experiment was about 50 C, in the second experiment about
100 C.
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The average integrated thermal flux was 1.2 X 102! neutrons (n)/cm?;
the average fast flux (>100 kev) was 1.4 X 10?! n/cm?2.

Afterwards, the mechanical properties were determined in a tension
tests at room temperature, 200, 400, 650, and 750 C with a deformation
rate of 0.2/min. For investigation of the recovery process of the me-
chanical properties, specimens of some alloys were vacuum-annealed
at 600 C for 5 hr.
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FIG. 2—Recovery of the yield strength and elongation of irradiated vanadium
alloys after annealing (5 hr 600 C).

Experimental Results

At room temperature, all alloys show irradiation embrittlement to
such an extent that yield strength and tensile strength in some cases
nearly coincided and reduced total elongation to very low values
(Table 1).

In Fig. la the yield strength of the vanadium-titanium alloys before
and after irradiation is shown as a function of the titanium content.
Figure 1b shows the corresponding data for the ternary V-Ti-Cb-alloys
with a constant columbium content of 20 per cent. The parallel course of
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the two curves in Fig. la, which both exhibit a strength minimum
around 5 per cent titanium, shows that radiation damage in the binary
V-Ti alloys results in an absolute increase in yield strength by about
35 kg/mm?, independent of the titanium content. In the ternary V-20Cb-
Ti alloys (Fig. 1b), however, there is an influence of the titanium con-
tent on the increase in yield strength due to irradiation; there is a maxi-
mum of about 50 kg/mm? for 5 per cent titanium, decreasing with
increasing titanium content until it reaches at 20 per cent titanium the
value observed for the binary alloys, that is about 35 kg/mm?. Other
alloys, not included in the figures, show an increase in yield strength
with absolute values in the same range (Table 1).
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FI1G. 3—Pre- and postirradiation yield strength and total elongation of
vanadium alloys at 650 C.

For total elongation, it is not possible to determine a clear relation-
ship of this type, which is undoubtedly due to scatter in the determina-
tion of very small elongations.

Figure 2 illustrates the radiation damage annealing process in which
the recovery of the yield stréngth and ultimate elongation are shown
as a function of the titanium content for the vanadium-titanium alloys
and the vanadium-titanium-columbium alloys after 5 hr of vacuum
annealing at 600 C. It is clearly shown that the extent of recovery of the
mechanical properties strongly increase with increasing titanium, not
only in the binary, but also in the ternary vanadium-titanium-columbium
alloys, that is, the titanium content has a remarkable influence upon
the recovery processes. While the yield strength of alloys with 20 per cent
titanium practically reaches the value for unirradiated specimens, this
is not the case for elongation. Here; a relative decrease of about 30
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per cent remains unrecovered. It is not certain whether this residual dam-
age is due to irradiation effects or whether a low oxygen uptake during
annealing should be regarded as the cause. Experiments to learn the
influence of annealing in air upon the mechanical properties showed
a decrease in elongation without any change in yield or tensile strength,
confirming this latter assumption.

A confirmation of the strong influence of the titanium content upon
the amnealing of radiation damage is given in Figs. 3 and 4. Figure 3
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FIG. 4—Influence of test temperature on the increase in yield strength after
irradiation at ~100 C.

contains the values for the yield strength and total elongation of the
binary vanadium-titanium alloys at 650 C before and after irradiation.
Before the tension test, the specimens in each case were kept at the
temperature of test for 30 min. From the figure it is obvious that at ti-
tanium contents >10 per cent there is already a complete recovery
from the damage, whereas with lower titanium contents, the higher yield
strengths and the lower elongations indicate incomplete recovery at 650
C. Exactly the same influence of the titanium content is found in the
other alloys.

Figure 4 gives the values of the percentage increase in yield strength
by irradiation as a function of the test temperature for all the ternary
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alloys tested at temperatures between room temperature and 750 C. The
figure confirms that the radiation damage in alloys with 10 per cent
titanium is annealed out at a temperature of 650 C, whereas a full
annihilation of the radiation damage in alloys with 5 per cent titanium
is obtained only at a temperature of 750 C. Furthermore, the figure
shows an increase in As/o, at 200 and 400 C for the alloys containing
5 per cent titanium, indicating that there is a smaller decrease in yield
strength with temperature in the irradiated specimens than in the un-
irradiated specimens of these alloys.

The mechanical properties values at 650 and 750 C show that, at
these important temperatures for fuel element design, there will be no
high temperature embrittlement for the specific experimental irradiation
exposure. The increase in yield strength of the low titanium alloys at

650 C clearly indicates that the embrittlement is due to point defects

and is not of the “high-temperature-embrittiement” type.

Discussion of the Results

The high embrittlement due to irradiation of vanadium alloys at
room temperature is in agreement with the known behavior of other
body-centered cubic metals, such as molybdenum or columbium, which
also exhibit very small elongations after irradiation to 10 n/cm? [3,4].

In the case of molybdenum there is a distinct increase in the total elonga-
tion of irradiated specimens when the testing temperature is increased
to +80 C, that is, there is a transition from brittle to ductile behavior,
in the tension test. The vanadium alloys do not show a similar behavior,
indicated by the fact that elongation is not remarkably increased up to
400 C.

A very marked phenomenon in all alloys is the influence of the ti-
tanium content upon the recovery of the mechanical properties. The
incomplete recovery at titanium contents of 3 and 5 per cent after an-
nealing at 600 C, or during hot tension tests at 650 C indicates definitely
lower diffusion rates at these concentrations. This is in agreement with
creep tests of unirradiated specimens in this temperature range.® Thus,
alloys with titanium contents around 5 per cent, despite lower high-
temperature tensile strength than alloys of a higher titanium content,
show a definitely lower creep rate at equal stress. The activation energy
of creep and thus, most probably also of diffusion, increases very rapidly
with increasing titanium content, that is, above a temperature of about
600 to 650 C, the diffusion in alloys with titanium contents 10 per cent
becomes definitely greater than in alloys of lower titanium contents. In
an analogous way, this holds for complex vanadium-titanium alloys also
according to the results of the creep tests.

8 Bohm, H. and Schirra, M., unpublished results.
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For the use of vanadium alloys as canning materials, the behavior
at high temperatures is a decisive factor. At the test temperature of
650 and 750 C, none of the alloys showed signs of high-temperature
embrittlement after irradiation. This may have two essential causes,
namely:

1. The amount of helium formed by irradiation through (n,«)-reac-
tions may have been insufficient to cause embrittlement.

2. It is possible that vanadium alloys in principle -show no high-
temperature embrittlement, at least not in the temperature range in-
vestigated.

The helium content after irradiation is calculated from the thermal
B (n,0)Li? reaction and the (7n,«)-reaction of vanadium, titanium,
and columbium with fast neutrons. A chemical analysis of the V-20Ti
alloys showed a boron content of 2 ppm, corresponding to a helium con-

centration of about 10—% atmos/atmos_at the thermal neutron dose of .

1.2 X 10%* n/cm?2. An estimate of the helium formed after 1.4 x 102%
n/cm?, based on the fast (n,o)-reactions with vanadium, titanium, and
columbium, results in a value of 1.6 X 10—7 for alloys with 20 per cent
titanium. At these helium concentrations a distinct high-temperature
embrittlement at temperatures above some 0.45 to 0.50 Ty can be
observed in nickel alloys of comparable strength, and also in lower
strength -austenitic steels [5]. The test temperature of 750 C in vanadium

alloys having titanium contents above 10 per cent corresponds to an
homologous temperature of about 0.47 T, and, as is borne out by the
recovery tests at 600 C as well as the creep tests, is in the range of
marked diffusion.

For the interpretation of the behavior at these temperatures, the
irradiation temperature must be taken into consideration. There are
some results [6] which show that there is an influence of the irradiation
temperature on the degree of high-temperature embrittlement, but no
result is known which indicates a high-temperature -embrittlement only
after high-temperature irradiation, and which cannot be reproduced by
high-temperature postirradiation testing or annealing in the absence of
prior irradiation at high temperature. Therefore, it is probable that the
vanadium alloys will not show a high-temperature embrittlement even
after irradiation at elevated temperatures at the same dose.

The complete absence of ‘high-temperature embrittlement in these
alloys at 650 and 750 C thus cannot be due to an insufficient helium
content or a too low diffusion rate. Instead it is necessary also to con-
sider the fracture mechanism, which is strongly related to the high-
temperature embrittlement behavior. This embrittlement will be more
marked in a material which is inclined to show intercrystalline fracture
in the unirradiated state. Under this assumption, which can be deduced
from the mechanism of embrittlement, it is possible also to explain the
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behavior of the vanadium alloys. The metallographic investigation of
hot tension and creep test specimens, as is shown in Fig. 5, indicates
that vanadium alloys, even at a temperature of 950 C, still show trans-
crystalline fracture. Hence, it may be expected that the vanadium alloys,
even at temperatures above 750 C, will not exhibit a marked tendency
towards high-temperature embrittlement.

FIG. 5—Transcrystalline fracture in V-5Ti-20Cbh tension test at 950 C (X150).

Summary

Experiments were carried out to establish the influence of neutron ir-
radiation (1.4 X 102! n/cm?, E > 100 kev) on the mechanical properties
between room temperature and 750 C of different vanadium base alloys.
The increase in the absolute values of the yield strength in the binary-
vanadium-titanium alloys due to irradiation is independent of titanium
content. On the other hand, in the vanadium-titanium-columbium alloys
with a constant columbium content of 20 per cent, the degree of increase
in the yield strength falls with increasing titanium content.

At the test temperature of 650 C, it was observed that in the binary
vanadium-titanjum alloys, as well as in the ternary vanadium alloys con-
taining titanium, there was a complete recovery of the irradiation damage
at titanium contents of 10 per cent or more, while at lower titanium
contents there was still a clear indication of unrecovered radiation dam-
age. The strong influence of titanium on the annealing of radiation dam-
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age was determined experimentally by means of irradiated specimens
whose mechanical properties were determined at room temperature
after a 5-hr anneal at 600 C.

At 650 and 750 C, and at the above mentioned irradiation dose, the
vanadium alloys show no indication of high-temperature embrittlement.
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DISCUSSION

Mikael Grounes' (written discussion)—In connection with calcula-
tions on transmutation problems in structural materials in fast reactors,
we have noted that a quite high vanadium burn-up can be obtained due
to a (n,y) reaction with thermal neutrons, for example 4.4 per cent burn-
up after 1022 n/cm?2. Can this transformation of vanadium into chromium
have any influence on the properties of vanadium alloys in the applica-
tions you have in mind?

H. Béhm (author)—It is to be expected that a transmutation of vana-
dium into chromium will have an influence on the properties of the
alloys, but we think that there is no detrimental effect, bécause chromium
is used as an alloying element for vanadium alloys in the mentioned
concentrations to increase the corrosion resistance.

T. T. Claudson,? (written discussion)—In your investigations of sev-
eral vanadium alloys, have you made tentative selections as to particular

*Head, Structural Materials Laboratory, A B Atomenergi, Studsvik, Nykop-
ing, Sweden. .
* Manager, Mechanical Metallurgy, Battelle-Northwest, Richland, Wash.
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alloys for your applications in terms of irradiation damage and corrosion
resistance in sodium environments?

Dr. Béhm—It is very difficult to make a selection at this eatly stage
of investigation. For applications at 600 to 650 C a higher titanium con-
tent would be desirable with regard to the radiation damage and cor-
rosion resistance. On the other hand, the low titanium-containing alloys
show much better creep-rupture properties than alloys with a titanium
content above 10 per cent. We think the main problem now for an
application of vanadium-base alloys is the corrosion resistance, and
only after a thorough investigation of the corrosion behavior will it be
possible to make a real selection.

S. B. McRickard® (written discussion)—In view of your intended ap-
plication of these alloys as structural materials in fast reactors, do you
-plan-any elevated-temperature irradiation tests in sodium?

T

Dr. Bohm—Yes, we do plan irradiation experiments with vanadium-
base alloys in sodium at elevated temperatures.

® Metallurgy associate, Brookhaven National Laboratory, Upton, N. Y.





