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OBJECTIVE

The objective of this report is to summarize the room temperature electrical resistivity measurements on
several vanadium alloys, which will be included in the RB-17J neutron irradiation experiment.

SUMMARY

The room temperature electrical resistivity was measured for tensile specimens of vanadium alloys
containing 4-15% Cr and 0.2-15% Ti, V-4Cr-0.38Zr, V-4Cr-0.57Ti-0.1C, and V-4Cr-4Ti weld material. The
influence of 100ppm boron on the resistivity of unalloyed vanadium and V-4Cr-4Ti alloy with different
thermal-mechanical treatment (TMT) was also examined. It was found that Ti has the strongest effect on
the resistivity of vanadium alloys among solute species of Ti, Cr and Zr. Carbon significantly increases
the resistivity of the alloys. The resistivity of unalloyed vanadium increases with the addition of 100ppm
boron, but the influence of the same amount of boron on the resistivity of vanadium alloys is minimal. The
resistivity of vanadium alloys also depends on the final annealing temperature.

PROGRESS AND STATUS
Experimental Procedure

The electrical resistivity was measured on several vanadium alloys including V-4Cr-4Ti (U.S. 832665 heat
and Japanese NIFS-2 heat) and a series of model alloys (designated HR heats) of V-10Cr-4Ti, V-15Cr-
4Ti, V-4Cr-0.2Ti, V-4Cr-0.5Ti, V-4Cr-10Ti, V-4Cr-15Ti, V + 100ppmB, V-4Cr-4Ti +100ppmB, V-4Cr-0.38Zr,
and V-4Cr-0.57Ti-0.1C. The electrical resistivity measurements were also carried out on V-4Cr-4Ti weld
(Heat GTA25). All materials received a final annealing treatment for 2 hours between 950 and 1300°C.
The GTA25 V-4Cr-4Ti weld was further annealed at 400°C for 2 hours to remove the hydrogen
contamination. The electrical resistivity measurements were performed on types SS-J1 and SS-J2 sheet
tensile specimens. The SS-J1 specimens had nominal gauge dimensions of 0.25x1.2x5 mm and total
length of 16 mm, and the SS-J2 specimens had nominal gauge dimensions of 0.5x1.2x5 mm and total
length of 16 mm. Table 1 lists alloy classes, heat number and final heat treatment of the materials
examined in this study, and specimen identification and specimen type.

A four-point probe technique was used for electrical resistivity measurements following the guidelines in
ASTM Standard Test Method for Resistivity of Electrical Conductor Materials, ASTM B 193-87
(reapproved 1992). A constant electrical current of 100 mA was supplied by a Keithley 237 High Voltage
Source Measure Unit through electrical contacts located in the grip region of the tensile specimens. The
voltage drop in the gauge section was measured using a Keithley 182 Sensitive Digital Voltmeter. The
distance between the spring-loaded voltage contacts was 4.42 mm. Thermal emf offset potentials were
subtracted using the “relative reading” offset function of the Keithley 182 voltmeter. Multiple specimens
(between 6 and 19 specimens) were measured for each material and heat treatment condition. Five
electrical measurements were made on each specimen and were averaged. The specimen thickness and
width were measured to an accuracy of 1 um using a Mitutoyo digital micrometer. The resistance data
were converted to resistivity values with the measured specimen dimensions. The temperature was
recorded at the beginning and end of the measurement period. The temperatures were between 26 and
27°C. Further details on the alloy processing and measured chemical composition will be reported
separately.



Table 1. Alloy classes, annealing condition and specimen identification and type.

oy | v | PP | Sedmen Spiemar Tveon
V-4Cr-4Ti 832665 1000°C/2h UB30 UB48 SS-J1
V-4Cr-4Ti GTA25 191%%2%//222 UWO00 UWO05 S$S-J1
V-4Cr-4Ti HR-1 1000°C/2h UE0O UE11 SS-J1
V-10Cr-4Ti HR-2 1000°C/2h UF00 UF11 SS-J1
V-15Cr-4Ti HR-3 1000°C/2h UV00 UV14 $S-J2
V-15Cr-4Ti HR-3 1300°C/2h UV15 UV29 S$S-J2
V-4Cr-10Ti HR-4 1000°C/2h UHO0 UH11 SS-J1
V-4Cr-15Ti HR-5 1000°C/2h UMO0O UM11 SS-J1
Yééﬁ&ig * HR-11 950°C/2h UP00 UP11 SS-J1
Yé‘(‘)ggrfB' ¥ HR-11 1000°C/2h UP12 uP23 SS-J1
Yé‘(‘)ggrfB' ¥ HR-11 1300°C/2h UP24 UP35 SS-J1
V + 100 ppm B HR-12 1000°C/2h UR00 UR11 SS-J1
V + 100 ppm B HR-12 1300°C/2h UR12 UR23 SS-J1
V-4Cr-4Ti NIFS-2 1000°C/2h UNOO UN18 S$S-J2
V-4Cr-0.20Ti HR-6 1000°C/2h US00 Us14 S$S-J2
V-4Cr-0.20Ti HR-6 1300°C/2h Us15 US29 $S-J2
V-4Cr-0.38Zr HR-7 1000°C/2h UTO00 UT14 S$S-J2
V-4Cr-0.38Zr HR-7 1300°C/2h UT15 UT29 $S-J2
V-4Cr-0.57Ti-0.1C HR-8 1000°C/2h UGO0 UG11 $S-J1
V-4Cr-0.50Ti HR-10 1000°C/2h UY00 uY14 $S-J2
V-4Cr-0.50Ti HR-10 1300°C/2h uY15 uY29 $S-J2

Results and Discussion

Table 2 summarizes the results of the electrical resistivity measurements on annealed vanadium alloys
and the weld. The resistivity data were corrected to a reference temperature of 20°C using the V-Cr-Ti
temperature coefficient for resistivity of dp/dT = 0.75 nQ-m/K [1]. The values of electrical resistivity in
table 2 are the averages for multiple specimens of each material and heat treatment condition. The
standard error of the mean ranged from +0.6 nQ-m to +2.4 nQ-m for the SS-J1 tensile specimens and
ranged from +0.3 to £0.9 nQ-m for the SS-J2 tensile specimens. A large portion of the experimental error
in the resistivity measurements was caused by the uncertainties in the gauge section thickness of tensile
specimens [1]. It is noted that the standard error of the mean is generally smaller for the SS-J2
specimens than for the SS-J1 specimens. Since the thickness of the SS-J1 specimens is half the
thickness of the SS-J2 specimens, the uncertainties in the specimen dimensions in the tensile gauge
section of the SS-J1 specimens gave a larger error in the resistivity measurements for the SS-J1
specimens than for the SS-J2 specimens.

Figure 1 compares the electrical resistivity at 20°C for the various classes of vanadium alloys and the
weld in annealed condition. The experimental results showed that the resistivity of vanadium alloys
increases with increasing Ti solute content. Ti showed a strong effect on the resistivity. In contrast, a
nonmonotonic effect was observed for the influence of Cr solute content on the resistivity of vanadium.



Table 2. Results of electrical resistivity measurements.

Al Heat Final REI?ctt'ri'(:al . Corrgct_et_i Electri::al No. of
oy ea Anneal (°C) 26_e25.,'fc“(':lé_am) Resw::;;y:)t 20°C Specimens
V-4Cr-4Ti 832665 | 1000°C/2h 3123+15 307.1 19
V-4Cr-4Ti GTA25 | 1000°C/2h 3147+ 1.6 310.2 6
V-4Cr-4Ti GTA25 128828%2 307.8+1.7 302.6 6
V-4Cr-4Ti HR-1 | 1000°C/2h 2935417 289.0 12
V-10Cr-4Ti HR-2 | 1000°C/2h 303.7 + 1.0 298.5 12
V-15Cr-4Ti HR-3 | 1000°C/2h 298.0 + 0.4 292.8 15
V-15Cr-4Ti HR-3 | 1300°C/2h 304.9 + 0.4 2997 15
V-4Cr-10Ti HR-4 | 1000°C/2h 378.6+ 1.8 373.4 12
V-4Cr-15Ti HR-5 | 1000°C/2h 4433417 4381 12
\1’6‘(‘)%':1;' ¥ HR-11 | 950°C/2h 297.7+1.7 293.2 12
Yé‘égg;TB' ¥ HR-11 | 1000°C/2h 296.7 + 1.4 292.2 12
Yé%ﬁ&ig ¥ HR-11 | 1300°C/2h 304.3 + 2.1 299.8 12
V + 100 ppm B HR-12 | 1000°C/2h 239.3 + 1.1 2348 12
V + 100 ppm B HR-12 | 1300°C/2h 2522 +2.4 247.0 12
V-4Cr-4Ti NIFS-2 | 1000°C/2h 297.0+ 0.9 2925 18
V-4Cr-0.20Ti HR-6 | 1000°C/2h 239.7 + 0.6 2345 15
V-4Cr-0.20Ti HR-6 | 1300°C/2h 243.0+0.3 237.8 15
V-4Cr-0.382r HR-7 | 1000°C/2h 2281 + 0.4 222.9 15
V-4Cr-0.38Zr HR-7 | 1300°C/2h 232.9+0.4 227.7 15
V-4Cr-057Ti-01C | HR-8 | 1000°C/2h 2515+ 0.6 246.3 12
V-4Cr-0.50Ti HR-10 | 1000°C/2h 2418+ 05 236.6 15
V-4Cr-0.50Ti HR-10 | 1300°C/2h 2482 + 0.4 243.0 15

According to the literature [2,3], the specific resistivity (resistivity per atomic percent, nQ-m/at%) of Ti
solute atoms is >15.5 nQ-m/at%, and the specific resistivity of Cr solute atoms is 4.0 nQ-m/at%. Based
on Matthiessen’s rule, a larger contribution to the resistivity for Ti than for Cr is expected on an atomic
percent basis. Zr solute atoms were observed to have a smaller influence on the resistivity compared
with Ti. The weld material (GTA25) showed higher resistivity compared to the base V-4Cr-4Ti alloy, as
expected. The further annealing treatment at 400°C for 2 hours on the GTA25 V-4Cr-4Ti decreased its
electrical resistivity due to the elimination of hydrogen contamination.

The addition of 100 ppm boron significantly increased the resistivity of unalloyed vanadium (the resistivity
of pure vanadium is 196 nQ2-m [1]), but the influence on resistivity of the same amount of boron in V-4Cr-
4Ti alloy is trivial. The addition of carbon increased the resistivity of a vanadium alloy. The resistivity of
V-4Cr-0.57Ti-0.1C is 10 nQ-m higher than the resistivity of V-4Cr-0.5Ti. The increase in resistivity due to
carbon solute atoms is lower than the reported specific resistivity of 90 nQQ-m/at% [4]. It implies that the
matrix concentration of free carbon interstitial solutes is low due to precipitation.
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Figure 1. Comparison of the electrical resistivity of various classes of vanadium alloys.

The electrical resistivity results showed a small dependence on the final annealing temperature in the
model HR6-8, and HR10-12 alloys. A slight increase of electrical resistivity was observed in all of the
specimens annealed at 1300°C for 2 hours compared with the resistivity of the specimens annealed at
1000°C for 2 hours. This is likely attributed to interstitials dissolving back into the matrix during the
annealing of the specimens at 1300°C. For V-4Cr-4Ti +100ppmB alloy, the resistivity of the specimens
annealed at 950°C is the same as those annealed at 1000°C. The annealing temperature has a stronger
effect on the resistivity of unalloyed vanadium (HR12) with 100ppmB. It is interesting to note that the
measured resistivity in the V-4Cr-4Ti specimens (heat 832665) was somewhat higher than that measured
on the same heat of material in a previous study [1]. The cause of this difference in electrical resistivity is
uncertain.
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