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TENSILE PROPERTIES OF UNIRRADIATED V-Cr-Tj ALLOYS, AND ALTERNATIVE APPROACHES
FOR STRENGTHENING THE V-4Cr4Ti ALLOY*-B_ A Loomis, L. J. Nowicki, and D, I, Smith
(Argonne National Laboratory)

ties of unirradiated and neutron-irradiated V-Cr-Ti alloys for the purpose of determining the composition of a
V-Cr-Ti alloy with the optimal combination of physical and mechanical properties in the environment of a
magnetic fusion reactor.

SUMMARY

The temperature dependence of tensile properties of unirradiated V-Cr-Tj alloys are presented in the form of
tables and figures in this report. These tensile-property data, together with other physical and mechanica]
property data for unirradiated and neutron-irradiated V-Cr-Tj alloys, are examined for alternative approaches
to strengthen the V-4Cr-4Tj alloy, which is the current prime-candidate vanadium-base alloy for use as struc-
tural material in a fusion reactor. Consideration of three alternative approaches for strengthening (i.e., in-
creased Cr and/or Ti concentration; heat treatment; or increased Sj and/or Si, Al, and Y concentration) lead us
to recommend Si and/or Si, Al and Y additions as most promising for strengthening of the V-4Cr-4Tj alloy
without major impact on the physical and mechanical properties of V-4Cr-4Ti.

MATERIALS AND PROCEDURES

Unalloyed vanadium and vanadium-base alloys with the compositions listed in Table 1 were obtained in the
form of =50% cold-worked sheet with a thickness of =0.9 mm, Tensile specimens with a gauge length of 7.62

were recrystallized by annealing for 1 h in a vacuum of 2 x10°Pa. The unalloyed vanadium and V-1Tj alloy
were annealed at 1050°C; the V-3Ti, V-3Ti-0.258i, V-3Ti-0.58i, V-3Ti-1Si, V-5Ti, V-10Ti, and V-18Ti al-

- loys were annealed at 1100°C; and the V-5Cr-3Ti, V-4Cr-4Ti, V-5Cr-5Ti, V-8Cr-6Ti, V-9Cr-5Ti, V-11Cr-
5Ti, V-13Cr-6Ti, V-14Cr-5Ti, V-15Cr-5Ti, V-10Cr-9Ti, V-7Cr-15Ti, and Vanstar.7 alloys were annealed at
1125°C, These annealing temperatures resulted in an average recrystallized grain diameter of 20-30 pm.

Specimen temperature was determined by a chromel-alume] thermocouple that was arc-welded to the edge of
the specimen; the temperature of each specimen during the tensile test was controlled to £1°C,

The compositions of V-4Cr-5Ti-1Si,ALY and V-14Cr-25Ti-1Si,ALY alloys investigated by Satou et al. [1] are
also listed in Table 1. These tensile Specimens were annealed for 1 h at ] 100°C, which resulted in an average
grain diameter of 20 pum.

EXPERIMENTAL RESULTS

The yield strength (Y. S), ultimate tensile strength (UTS), uniform elongation (Ey), and total elongation (E,) for
the unalloyed vanadium and vanadium alloys listed in Table 1 are presented in Table 2. Yield strength in Table
2 is defined at either the yield point or at 0.2% E; from the elastic portion of the tensile load-elongation curve.
The tensile properties data in Table 2 include those (with minor corrections) previously presented in Ref. 2.

*Work supported by the Office of Fusion Energy, U. S. Department of Energy, under Contract W-31-1 09-Eng-
38. '
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Table 1. Composition of Unalloyed Vanadium and Vanadium-base Alloys

Al, Fe,
ANL Cr, Ti, Y. Zr o, N, C, Si,

Material D wt%  wt% wt.%  wt.ppm Wt ppm Wt ppm Wt ppm
v BL 51 - - 0.03 Al 297 35 30 287
V-ITi BL50 - 1.0 0.08 Al 230 130 235 1050
V-3Ti BL62 - 3.1 0.07 Al 320 86 109 660
V-3Ti-0.258i BL27 - 3.1 0.04 Fe 210 310 300 2500
V-3Ti-0.5Si BL 42 3.1 0.02 Fe 580 190 140 5400
V-3Ti-1Si BL45 - 2.5 0.01 Fe 345 125 90 9900
V-5Ti BL46 - 4.6 0.04 Al 305 53 85 160
V-10Ti BL12 - 9.8 0.63 Fe 1670 390 450 245
V-18Ti BL15 - 177 0.04 Fe 830 160 380 480
V 5Cr-3Ti BL54 5.1 3.0 0.07 Al 480 82 133 655
V-4Cr-4Ti BL47 41 43 0.03 Al 350 220 200 870
V-5Cr-5Ti BL 63 4.6 5.1 0.02 Al 440 28 73 310
V-8Cr-6Ti BL49 7.9 57 0.02 Al 400 150 127 36
V-9Cr-5Ti BL43 9.2 4.9 0.02 Fe 230 31 100 340
Vv-11Cr-5Ti  BL40 109 5.0 0.04 Fe 470 80 90 270
V-13Cr-6Ti BL23 129 59 0.04 Fe 400 490 280 1230
V-14Cr-5Ti  BL24 135 52 0.05 Fe 1190 360 500 390
V-15Cr-5Ti  BL41 145 5.0 0.02 Fe 330 96 120 400
V-10-Cr-9Ti BL4 99 9.2 0.04 Fe 300 87 150 270
Vv-7Cr-15Ti  BL10 72 145 0.09 Fe 1110 250 400 400
V-4Cr-5Ti - 4.0 4.8 0.95 Al 126 140 54 8500
1Si,ALY 0.77Y '
V-14Cr-25Ti- - 13.5 24.6 0.54 Al 250 75 187 9800
1Si,ALY 0.71Y

. Vanstar-7 BL28 9.7 - 3.50 Fe 280 520 640 -

130 Zr
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Dependence of yield strength of V-Ti and V-Cr-(4-6)Ti alloys at 25°C on Cr + Ti concentration is shown in
Fig. 1, which shows that the yield strength of V-Ti and V-Cr-Ti alloys is strongly dependent on Ti and/or Cr
concentration, with Ti a more potent strengthener than Cr. As shown in Figs. 2 and 3, Si can also be a potent
strengthener of V-Ti and V-Cr-Ti alloys. Maximum strengthening of these alloys by Si may be 5000 to 10000

ppm Si (Fig. 2).

Additional figures (constructed from the data in Table 2) that show the temperature dependence of yield
strength, ultimate tensile strength, uniform elongation, and total elongation of V-Ti and V-Cr-Ti alloys are pro-
vided in Refs. 2 and 3.

DISCUSSION OF RESULTS

Extensive investigations on the effects of neutron irradiation on swelling, tensile properties, impact toughness,
and microstructural evolution of V-Ti and V-Cr-Ti alloys on neutron irradiation have shown that the V-4Cr-
4Ti alloy can be expected to have acceptable physical and mechanical properties in the harsh environment of a
fusion reactor [4-6]. Nevertheless, it may be desirable to increase the strength of this alloy for additional resis-
tance to thermal- and irradiation-induced creep and fatigue deformation [7-9]. At least three approaches might
be used to strengthen the V-4Cr-4Ti alloy, i.e., (a) increased Cr and/or Ti concentration, (b) heat treatment, or
(c) increased Si and/or Si, Al, and Y concentration.

Increased Cr and/or Ti Concentration .

The strength of V-Ti and V-Cr-Ti alloys is strongly dependent on Cr and/or Ti concentration in the alloy, as
shown in Fig. 1. However, if Cr or Ti concentration in the alloy is increased to >6%, the ductile-brittle transi-
tion temperature (DBTT) may be >25°C on neutron irradiation [5].

-
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Fig. 1. Dependence of Yield Strength of V-Ti and V-Cr-(4-6)Ti Alloys at 25°C on Cr + Ti
Concentration.
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Fig. 3. Dependence of Yield Strength of V-4Cr-4Ti and V-4Cr-5Ti-1S1,ALY Alloys on
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Heat Treatment .

The strength of V-Cr-Ti alloys is also strongly dependent on heat treatment as suggested by the data in Fig. 3
of Ref. 10. However, experimental data, e.g., Fig. 1 in Ref. 11, suggest that the swelling of V-Cr-Ti alloys may
be increased significantly by reducing heat treatment temperature to <1100-1125°C,

Increased Si and/or Si. Al, and Y Concentration

The strength of the V-3Ti alloy and the V-4Cr-4Ti alloy is also strongly dependent on Si concentration in the
alloy (Figs. 2 and 3). The addition of 9900 ppm Si to the V-3Ti alloy did not result in a significant increase in
DBTT [5]. Total elongation of the V-4Cr-5Ti-1Si,ALY alloy at 25°C after irradiation at 420-600°C to 24-41
dpa was 8-15%, and swelling of this alloy after irradiation was low [12]. Therefore, the addition of Si (and
possibly Al and Y) to the V-4Cr-4Ti alloy may be the most viable approach for strengthening of this alloy.

CONCLUSIONS

o The strength of V-Ti and V-Cr-Ti alloys is strongly dependent on Cr, Ti, and Si concentration.
o The addition of Si (and possibly Al and Y) to the V-4Cr-4Ti alloy may be the most viable approach for
strengthening of this alloy.
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