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Electrical Resistivity of Vanadium and Zirconium 

P. D. Desai, H. M. James, and C. Y. Ho 

Center for In/ormation and Numerical Data Analysis and Synthesis, Purdue University, West Lafayette, Indiana 47906 

This work compiles, reviews, and discusses the available data and information on the 
electrical resistivity of vanadium and zirconium and presents the recommended values 
resulting from critical evaluation, correlation, analysis, and synthesis of the available data 
and information. The recommended values presented nre uncorrected and also correcti::d 
for the thermal expansion of the material and cover the temperature range from 1 K to 
above the melting point into the molten state. The estimated uncertainties in most of the 
recommended values are about ± 2% to + 5%. 

Key words: conductivity; critical evaluation; data analysis; data compilation; electrical conductiv­
ity; electrical resistivity; elements; metals; recommended values; resistivity; vanadium; zirconium. 
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1. Introduction 
The principal objective of this project was to exhaus­

tively compile, critically evaluate, analyze, and synthesize 
all the available data and information on the electrical resis­
tivity of a large number of selected elements and to generate 
recommended values over a full range of temperature from 1 
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This copyright is assigned to the American Institute of Physics and the 
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Impurity concentration 
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1127 

Pe Electrical resistivity due to electron~lectron scat­
tering 
Intrinsic electrical resistivity 

K to the melting point and beyond. The results on the electri­
cal resistivity of vanadium and zirconium are prcsellted ill 
this work, which is one in a series of similar works on the 
electrical resistivity of selected elements, some published. 1-3 

The comprehensive study of the electrical resistivity of the 
elements at the Center for Information and Numerical Data 
Analysis and Synthesis (CINDAS) has been a continuation 
of a similar extensive work on the thermal conductivity of 
the elements.4 

The general background information on this work is 
given in Sec. 2, which includes a brief introduction to the 
theory of the electrkal resisHvity uf lllc;:lais aud a detailed 
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explanation of the specifics and conventions used in the pre­
sentation of the data and information. 

The experimental data and information and the recom­
mended values for the electrical resistivity of vanadium and 
zirconium covering the temperature range from 1 K to 
above the melting point are presented in Sec. 3. In the 
discussion of the electrical resistivity, details of data analysis 
and synthesis are discussed and the uncertainties in the rec­
ommended values are stated. The recommended values. 
both uncorrected and corrected for the thermal expansion of 
the material, are presented. 

The last two sections are for acknowledgments and re­
ferences. The classification and organization of methods for 
the measurements of electrical resistivity and the conversion 
factors for the units of electrical resistivity have been given in 
Ref. 5. 

2. General Background 
It was found experimental1y by Matthiessen that tIlt:: 

increase in the electrical resistivity of a metal due to the pres­
ence of a small amount of another metal in the solid solution 
is independent of the temperature. According to this Matth­
iessen's rule, the total electrical resistivity of an impure metal 
may, therefore, be separated into additive contributions: Po, 
residual resistivity caused by the scattering of electrons by 
impurity atoms and lattice defects and is temperature inde­
pendent but dependent on the impurity concentration (c); 
and Pi' the temperature-dependent intrinsic resistivity aris­
ing from the scattering of electrons by lattice waves or phon­
ons. However, in reality it is observed that 

p(c, T) = Po(c) + Pi (T) + Li (c, T), (1) 

where Li is the deviation from the Matthiessen's rule. 
It is to be noted that for some metals, especially transi­

tion metals, an electron-electron scattering term (Pe) makes 
a significant contribution to Pi at low temperatures, and is 
generally included along with the Bloch-Gruneisen7•8 term 
in representing Pi . Further comments on Matthiessen's rule 
and the theoretical aspects of the temperature-dependent 
electrical resistivity are given in Refs. 5-8. 

In Sec. 3, electrical resistivity data and information for 
vanadium and zirconium are presented in the following or­
der: 

( 1) A discussion text, 
(2) A table of recommended values, 
(3) A figure presenting recommended values and select­

ed experimental data as a function of temperature in a log­
log scale, 

(4) A figure presenting recommended values and select­
ed experimental data (on which the recommendations were 
based) as a function of temperature in a log-log scale, 

(5) A figure presenting recommended values and select­
ed experimental data (on which the recommendations were 
based) as a function of temperature in a linear scale, 

(6) A table giving measurement information on the ex­
perimental data presented in the figures, and 

(7) A table of experimental data for all the data sets 
listed in item (6) above. 

In the discussion text on the electrical resistivity, indi-
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vidual pieces of the data and information on which the rec­
ommendations are based are indicated, the considerations 
involved in arriving at the final assessment and reCommen­
dation are discussed, and the uncertainties of the recom­
mended values are stated. 

The recommended values are for well-annealed high­
purity specimens; however, values for low temperatures are 
applicable only to specimens having the residual electrical 
resistivity as given at 1 K in the tables. 

The recommended values uncorrected and corrected 
for the thermal expansion of the element are both given in 
the table. The uncorrect~d and corrected values are related 
by the following equation: 

[ 
.J... ilL (T)] . Pcorrected(T) = 1 , --z:- Puncorrected(T), (2) 

where LiL L Lo and Land Lo are the lengths of the 
specimen at any temperature T and at a reference tempera­
ture To, respectively. The thermal expansion correction 
amounts roughly to about - 0.2% at low temperatures, 
zero at room temperature, about 0.3% near 500 K, and 
about 1.5% to 2.5% near the melting point of the element. 

The recommended values in some cases arc given with 
more significant figures than warranted, which is merely for 
tabular smoothness or for the convenience of internal com­
parison. 

In the figures, a data set consisting of a single data point 
is denoted by a number enclosed by a square, and a curve 
that connects a set of two or more data points is denoted by a 
ringed number. These data set numbers correspond to those 
listed in the accompanying tables providing measurement 
information and tabulating numerical data for each of the 
uata SellS. Tln; uatu :set nWllben, of those data sets omitted 
from the figure are asterisked in tables providing the mea­
surement information and tabulating the experimental data. 

The experimental methods used for the measurement of 
the electrical resistivity are indicated in the column headed 
"Method Used" in the table by the following code letters: 

A Direct-current potentiometer method 
B Direct-current bridge method 
C Alternating-current potentiometer method 
K Direct heating method 
R Rotating magnetic field method 
T Transient (subsecond) method 
V Voltmeter and ammeter direct reading method. 
-+- This symbol means either that the method de­

scribed by the author is not sufficient for assigning a 
specific code letter or that the use of a code letter 
would not convey enough of the information report­
ed in the research document, and therefore the 
method used is described briefly in the last column 
of the table. 

3. Electrical' Resistivity Data and 
Information 

3.1. Vanadium 
There are 69 sets of experimental data available for the 

electrical resistivity of undoped vanadium as a fum,tion of 
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temperature. The residual resistivity of the purest sample 
reported in this investigation is 0.010 08 X 10-8 

{) m. Infor­
mation on the specimen characterization and measurement 
condition for each of the data sets is given in Table 2. The 
data are tabulated in Table 3 and shown partially in Fig. 1. 

In the absence of a magnetic field, vanadium is a super­
conductor below its superconducting transition temperature 
(5.46 K). The superconducting transition temperature is 
very sensitive to the magnetic field intensity: the higher the 
magnetic field intensity, the lower is the superconducting 
transition temperature. Aleksandrov et al. 19 found that the 
superconducting transition temperature of vanadium would 
be lowered to 4.j K in a magnetic field of -0.5 kOe. Fur-

thermore, their measurements for the nonsuperconducting 
state of a high-purity vanadium specimen at -5.4 K in a 
magnetic field of - 2.2 kOe showed an increase of about 
0.45% in the electrical resistivity; thus the influence of the 
magnetic field on the electrical resistivity of very pure vana­
dium can be neglected. 

The electrical resistivity below room temperature has 
received considerable attention. This is evident in the extent 
of the measurements of Pan et al.13 (data sets 6. 7). Court­
neyl4 (data sets 8-11), Chakal'skii et ai. 15 (data set 15), Jung 
etal. I

6-18 (data sets 13-16), Aleksandcovl9 (data sets 17, 18), 
Azhazha et al.20 (data sets 19,20), Westlake and Alfred:n .38 

(data sets 37, 3~J, Amlbn et ai.40 (data .sets 41, 42), Taylor 

TAlJLE 1. m';Cm,U,IENDED VALUES FOR nlE ELECTRICAL h:ESISTIVITY OF VAN}Jnm~a 

[Te£peratute, T. K; Electrical Resistivity, p. 10-8 D m] 

----~-----.-------------.----.- --------.----------.----.- -.-----.---.-.~--

T P T P ---------------_. -----------------.---

1 O.0100(b) 0.0100 700 47.2 47.4 
4 0.0105 0.010S 800 53.1 53.4 
7 0.0117 0.0117 900 58.7 59.1 

10 0.0145 0.0145 1000 64.1 6~.6 

15 0.0232 0.0232 1100 69.1 69.7 

20 0.0391 0.0391 1200 73.8 74.5 
25 0.0661 0.0660 1300 78.5 79.4 
30 0.112 0.112 1400 S3.2 84.2 
40 0.304 0.304 1500 B7.8 89.0 
50 0.649 0.648 1600 92 .3 93.7 

60 1.114 1.112 1700 96.7 98.3 
70 1.706 1. 703 1800 100.9 102.7 
80 2.413 2.409 1900 104.9 107.0 
90 3.196 3.191 2000 108.7 111.0 

100 4.01 4.00 2100 112.2 114.8 

150 S .22 8.21 220l ____ .. U~J_§J~.L_J1S_'2J~J 
200 12.43 12.42 2202 135.1 CO 
250 16.37 16.36 2400 137.6 
273 18.14 18.14 2600 140.4 
293 19.6e 19.68 2800 143.3 

300 20.21 20.21 3000 146.4 
350 24.2 24.2 3200 149.7 
400 28.0 28.0 3400 153.3 
500 34.8 34.9 3600 157.5 
600 41.1 41.2 3800 162.0 

4000 166.8 

aThe values are for vanadiulL of purity 99.99% or higher. bet those belo\\' 100 K 
are applicable specifically to Yhnadiull having a residual resistivity of 
0.0100 x 10-8 !l In. The columns headerl uncorrected aT.d corrected refer to 
values uncorrected and corrected for thermal expansion, respectively. Solid 
line separating tabular values inclice:tes solid to 1 iquid state transforrr:ation. 

bAs3vming superconductivity ~uppre~~~~ by lliagnetic field. 
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Data 
Set 
No • 

Ref. 
No. 

1 9 

2 10 

3* 11 

4 12 

5 12 

6 13 

13 

8 14 

14 

10 14 

Author(s) 

Seydel, U. and Fucke, 
W. 

Gathers, G.R., 
Shaner, J.W., Hixson, 
R.S., and Young, D.A. 

Vedernikov, M.V., 
Dvun:\tkin, V.G., and 
ZhumGgu1ov, A. 

Peletskii, V.E., 
Amascvich, E. S. , 
Kostanovskii, ~.V., 

Zaretskii, E.B •• 
Sobol, Ya.G., ~nd 

Shu<r, B.A. 

Peletskii. V.E., at 
a1. 

Pan, V.M., Pro~horov, 
V.G., Shevchen~o, 
A.D., and Dovgopol, 
V.P. 

Pan, V.M., et al. 

Courtney, D. R. 

Courtney, D.R. 

Courtney, D.R. 

*Not shown in figure. 

TABLE 2. MEASUREMENT INFORMATION ON TIlE ELECTRICAL RESISTIVITY OF VANADIUl{ v 

Year 

1980 

1979 

1978 

1977 

1977 

1977 

1977 

1977 

1977 

1977 

Method 
Used 

T 

A 

A 

A 

A 

A 

A 

A 

A 

Temp. 
Range, K 

2175-4000 

1800-4200 

4.2,293 

300-1900 

300-2000 

11-300 

20-300 

95-288 

76-296 

78-283 

Name and 
Specimen Composition (weight percent), Specifications and Rerearks 

Designati,JU ____ ... <. <_ . __ . _____________________________ _ 

VI 

V2 

VH330 

VH260 

VH54 

99.9 V; temperature measurements taken on foil samples, length 4.4 
cm, cross sections 5 x 10-4 cm2

; heated by me1nS of a capacitor dis­
charge vith a heating rate of 10 '0Ks- 1 ; for tle range of Tm (melting 
temperature) = 2175 K $ r $ 6600 K, p(~n cm) = 1.3486 + 1.0219 x 
10-~(T-Tm) + 2.1803 x 10-s(T-Tm)4; error in p stated as 5-6%. 

Wire sample 1.0 urn diameter, 25 mm long; phas; change from solid to 
liquid occurs at 2190 K; resistivity values m~asured at 0.3 GPa; [or 
the solid, po(1l1C m) = 0.1077 + 5.3699 x 10-"r - 1. 7255 X 1O- 8 T2

, 

1800 K , r ~ 2190 K; least squares fit of dati; smoothed value listed. 

No details given. 

99.8 V, 0.01 C, 0.090" 0.02 Si, 0.02 AI, 0.02 Fe; density 6.1 
g cm- 3

; crystal orientation [100]; data not corrected for thermal 
expansicn; error does not exceed ±1.5% frot:! 31}0 to 1600 K and ±2-2.5% 
from 16(0 to 2000 K; data extracted from snoo:h tabulated values. 

99.9 V, 0.06 C, 0.02 02, <J.Ol 5i, 0.01 Zr, 0.01 AI; density 6.097 
g cm- 3 ; erystal orientation 3° [001]; other specifications are same 
as above. 

Single crystal specimens; measurements taken vith two directions of 
current flow <100> and <110>; critical temperature for superconductive 
transition 5.22 K; Paoo/po = 43, temperature coefficient of resis­
tivity at 300 K 4.1 x 10- 3K-l; application of magnetic ~ield of 
40 kOe did not change the temperature dependence of p or shift the 
position of ~c; data extracted from figure reported for measurements 
in zero magnetic field; values reported at 6 rare 0.5 x 10-8 n t:1 

and 21.5 x 10-8 n m at 300 K. 

Same as above except magnetic field ~ 40 kOe. 

Elcctro-transported rods electropolished in a 94-6% methano<1-
perchloric acid, :hen subjected '.lp t~ 10- 7 torr in a vacuum< furnace 
and heated to 100Q"C for 1 1/4 hr and at 800o~ in Hz for 2 hr; speci­
men length 4.3 cm and 0.23 cm diam.; 330 ppm:I, 140 ppm 0, 10 ppm N, 
15 ppo C, and 165 ppm O+N+C; data from figure. 

Same as above except 260 ppm H, 60 ppm 0, 3 ppm N. 18 ppm C, and 
81 pp~ o+N+C; specimen length 3.92 c~ and 0.2L4 em diameter. 

Same as above except 54 ppm H, 27 pp~ 0, 1 ?pn N, 11 P?m C, and 
39 ppm O+N+C; speclmen length 2.9 cm and 0.24. em diameter. 
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TABLE 2. MEASUREMRNT lNJ70RMATION ON THE ELECTRICAL RESISTIV:IY OF VANADTUM v (contir,ued) 

Composition (weight percent), Specifi:ations and Remarks 
Name and 

Method Temp. speCi~m~e~n~ __________ ~::~~~::~~~~~~-=~~~~~~~~~~~~~~~~~ __ Data Ref. Author(s) Year Used Range, K DeRign~tion 
Set NO. _________ :::=~~~ ________ ~::-----=~~~--~~~~----~~; No. 

11 

12 

13 

14 

15 

16 

17 

18 

19 

14 

15 

16 
17 
18 

16 
17 
18 

16 
17 
18 

16 
17 
18 

19 

19 

20 

COlrtney, D.R. 

Chaka1'skii, B.K., 
Azhazha, V.L, Red' ko, 
N.A., and Sta1yt, S.S. 

Jung, W.D. 
Jung, W.D. 
Jung, W.D., Schmidt, 
F.A., and Danielson, 
G.C. 

Jung, W.D. 
Ju:ng, W.D. 
Jur,g, W.D., at a1. 

Jur,g, W.D. 
Jur.g, W.D. 
Jung, W.D. ,~t aI, 

Jung, W.D. 
Jung, W.D. 
Jung, w.n., et a1. 

A1eksandrov, B.N., 
Semenova, E.D., 
Petrova,O.I., 
Chernyi, B.P., and 
Azhazha, V.M. 

A1e~sandrov, B.N., 
et al. 

Azha.7.ha, V.M., 
Vo1itenshtein, N. V. , 
Sta~tsev, V.)c., 
Finkel, V .A., 
Che~epanov, ,.1., 
and Chcrn)~, B.P. 

1977 

1976 

1975 
1975 
1977 

1975 
1975 
1977 

1975 
1975 
1977 

1975 
1975 
1977 

1975 

1975 

1976 

A 

A 

A 
A 
A 

A 

A 

A 

A 

A 

A 

81-295 

5-155 

6-273 

6-273 

6-26.\ 

5-283 

5-27<\ 

5-300 

6-47 

5-270 

VH1 

Sample 1 

Sample 2 

Sample 3 

Sample 4 

Specimen No. 1 

Specimp.n No.4 

V4 

Same as above except <1 ppm Hand 15 ppm (OtN+C); specimen length 
3.65 em and 0.205 Cm dlam. ; data of Jung [16,17]. 

No details giverr; specimen same as that reported in data set 17. 

Specinen prepared by Schmidt of the Ames Laboratory using e1ectro­
transport technique from the po1ycrystalline double-electrorefined 
vanadium supp1i~d by the U. S. Bureau of Mines; total impurities 
100 atm ppm con,ist of 30 atm ppm C1, 23 atm ppm W, 22 atm ppm Cu, 
10 atm ppm Fc, 3 atm ppm Nb, 4 atm ppm Mg, and 3 atm ppm Si (spark 
ROUrCE mass-spe,:trometry and neglecting 1230 atm ppm O+C+N; 
P273/~~.2 = 37.,; P273 = 19.61 x 10-8 Q m; specimen dimension 0.263 
em diameter and 2.5 cm length: dat~ extracted from figure. 

Same as above e:tcept 570 atm ppm (J+C+N); P~73/P4.2 = 81.5 and 
P273 = 18.72 x 10- s n m; specimen limension 0.260 cm diameter and 
3.47 em length: data extracted fro:n figure. 

Same as ·above except 55 atm ppm O+:+N, 100 £tm ppm Cr+VH, 12 atm 
ppm H, 13 atm ppm Fe, 14 atm ppm ct, and 8 ctm ppm ~lg; no evidence 
of an impurity gradient: large concentration of Cr+VH likely due to 
surface hydrocarbon contamination not representative of sample: 
P273/P4.2 = 785 and P2'13 = 18.69 x 10-8 Q m; specimen dimension 
0.20<; em diameter and 3.65 cm 1eng:h; data extracted from figure. 

Same as above except 28 atm ppm O+C+N; P273/P4.2 ~ 1524 and P273 = 
18.90 " 1.0- 8 II ": specimen dimension 0.241 em diameter and 4.3 em 
length; data extracted from figure. 

ro1ycrysta11ine; purest sample they studied is 1.4 mm diameter and 
25-60 TIm length; Po = 0:0129 x 10-· Q m; data extracted from figure. 

Simi1a: to abOVE except Po '= 0.867 x 10-8 n ffi: least pure sample 
which Gtudicd; data extracted from figure. 

High plld ty samrle of P3 0 0 / Po = 1520 prepared by complex method in­
cludes refining by vacuum electron beam melting and electron transfer: 
total impurities <3 x 10- 37., gas Impurities 1%, and <1% hydrogen; 
stlpercondueting transition temperature Tc = 5.58 K: error of th" 
measurements 0.5% for T < 15 K and 0.01% for T > 70 K; anomaly near 
183 K vas observed; resistivity cOlltains con~ribution proportiona·l 
to fourth power of the temperature; theRe pe,~u1iarities are intensi­
fied as the purity of sample increases: data extracted from figure. 
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TABLE 2. MEASUREMENT INI'ORt-!ATION ON THE ELECTRICAL RESISTIVITY OF VANADIUM v (continued) 

Data 
Ref. Set 

No. 
No. 

20 20 

21* 21 

22 22 
23 

24 

23* 25 

24 26 

25* 27 

26 28 

27 29 

28 1< 30 

Author(s) 

Azhazha, V.M., ct a1. 

Alekseevskii, N.E., 
Mitin, A.V., and 
Hat"veeva, N.K 

Cezairliyan, A., 
Righini, F., and 
McClure, J. L. 
Beckett, C.W . 

Kumagai, K. and 
Ohtsuka, T. 

Preku1, A.F., 
Rassokhin, V.:.., and 
Vo1kenshtein, N.V. 

Lang, E. and 
Bressers, J. 

Neimark, B.E., 
Belyakova, P.~., 

Brodskii, B.R., 
Voronin, L.K., 
Korytina, S.F., and 
Herku1'ev, A.N. 

Chernoplekov, N.A., 
Panova, G.Kh •• 
Samoilov, B.N., and 
Shikov, A.A. 

Arutyunov, A."., 
}1akarenko, LN •• and 
Filippov, L.P. 

*Not shown in figure. 

Year 

1976 

1975 

1974 

1974 

1974 

1974 

1975 

1973 

1973 

1972 

;!elhod Temp. 
Used Range, !( 

A 5-272 

300 

T 293-21CO 

A 300 

A 5-267 

A 77 ,293 

-+ 293-l7i3 

5-l0~2 

1000-1900 

Name -and 
Specimen 

Desie,nat:ion 

v6 

VSll 

VEL2 

Composition (weight percent), Specifications and Remarks 

Same as above except PZi3.Z!PO 220 and Tc 5.52 K. 

99.9 V; resistance measured using electronic amplifier with x-y 
recorder. 

99.9 v: polycrystalline: from Materials Research Corp.; 120 ppm C, 
20 ppm Fe. 60 l'pm Nb, 10 ppm N, 15 ppm O. 15 ppm p. 50 ppm Si, 70 
ppm Ta, 10 ppm Ti, 30 ppm W, 15 ppm Zr, other total less than 50 ppm; 
tube made from rod by electro-erosion, 6.3 mn diameter (outside), 
76.26 nlll long; de""lty 6.1 g "m-

3
; heat treated by pulse heating -30 

pulses to 1900 K; 0.5% estimated total error in measurement; experi­
mental vacuum ~10-5 torr. 

99.95 V from Material Research Corp. (V-P grade); method is electron 
beam furnace at pressures below 10-5 torr to outgas sample; Tc = 
5.20 K; P300!P •• z = 20.0 

~o details are given: data extractei from figure. 

Single crystals of [49lj orientatiorr: <10 ppn Oz, <5 ppm of other 
interstitials and substitutionals; prepared by electron beam melting 
under UHV conditions, annealed at 1373 K; P2'3/P77 = 8.59; ideal 
resistivity ratio 0.116; results of oxygen doping of V crystals 
indicated a linear increase of resistivity w~th increasing O2 content. 

99.82 V, 0.05 AI, 0.02 Ni, 0.01 Fe, 0.024 C, 0.003 Si, 0.07 02; 
"pecimen of V fllRed hy electron bea:n in vacuum from pressed powder; 
annealed at 900·C in vacuum of 10- 5 mm Hg and at 1540·C of 10- 5 rom 
Hg; resistivity in the range 20-1l00°C measured by Jaeger-Disselhorst 
method and in the range 900-l400·c by Bode method; agreement between 
these two measurements is ±15% within maximun error of measurements; 
resistivity value at 293 K increasei from 21.3 x 10-8 Q m to 27.3 x 
10-e n m after heating the specImen to 11 oooe; data extractcc! from 
smooth tabulated values. 

Pure V (no purity or source mentionad); "amp~e rod 60 rom long with 
cross section 0.7 x O.V min; values extracted from smooth values from 
small figure. 

99.72 V, 0.13 AI, 0.09 Si, 0.05 Fe, 0.04 C, 0.0550, 0.001 H, and 
0.01 N; annealed in vacuum at 1600 { for 2 hr; sample 12 mrn diameter 
and 90 mm length: the data -reported here appeared to be same as in 
dala set 29. 
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Data Ref. 
Set 
No. 

No. 

29 31 

30 32 

31 33 

32 34 

33 34 

34 35 

35 35 
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TABLE 2. MEASUREMENT ItlFORNATION ON THE ELECTRICAL RESISTIVl:::Y OF VANADIUM V (conlimed) 

Method 
Author(s) Year 

Used 

Filippov, L.P. and 1971 A 
Yurchak, R.P. 

Peletskii, V.E., 1971 A 
Druzhinin, V.P., and 
Sobol, Ya.C. 

L'vov, S.N., Mal'ko, 1971 
P • I., and N emchenko , 
V.F. 

Vorcnin, L.K., 1970 A 
Nerkul'ev, A.N. ,_ and 
Neirrark, B. E. 

Voronin, L.K., et al. 1970 A 

Hensler, D.H., Russ, 1970 A 
A.R., and Fuls, E.N. 

Hensler. D. H., et al. 1970 A 

Hueb:ler, U. 1969 

Westlake, D.C. and 1968 A 
Alfred, L.C.R. 

West:ake, D.C. 1967 A 

Temp. 
Range, K 

1000-19)0 

293-181)0 

341-1381 

283-15.8 

lS91-17~7 

293 

293 

11-1090 

6-350 

5-338 

Name and 
Specimen 

_ Designation 

VEL2 

VEL2 

Composition (weight percent), Specifications and Remarks 

99.72 1', 0.13 AI, 0.09 Si, 0.05 Fe, 0.005 0, 0.04 C, 0.01 Ni.; poly­
crystalline; solid and hollow rod; 90 mm length and 12 rnm diameter; 
data ey.tracted from smooth tabulated values; error is 2%. 

99.94 " <0.001 AI, <0.001 Ni, 'VO.OOJ Fe, "'0,046 02, "'0.01 N, 
"'0.001 H; polycrrstalline; density 6.099 g cm- 3

; specimen machined 
from a rod produ~ed by electron beam melting in vacuum; specimen 
dimensions 10 rnm diameter x 60 rnm length; measurements in vacuum 
of 10-' torr; measurements error 1.8-2.0%; data extracted from smooth 
tabulated values. 

99.9 V. 

99.82 V, 0.01 Fe, 0.02 Ni, 0.05 AI, 0.003 Sl, 0.07 02, 0.001 N2, 
<0.001 H, 0.024 C; electron beam melting of preR~ed powder; annealed 
at 1173 K; 1 x 10-' rnm Hg for 1 hr ')efore measurements; sample size 
150 mm x 6 mm diameter; measurement; made by Jaeger-Disselhorst method. 

Similar to the above except sample size 70 fiR x 2 mm diameter; meas­
urements made at 2 x 10- 6 mm Hg by 30de methed. 

Film deposited on sapphire substrate by sputtering from V cathode; 
substrate held at 673 K during sputtering and for 30 minutes post 
deposilion annealing in vacuum and cooled slowly over several hours; 
thickne3s of filn 1970 A; temperature of measurements not reported 
but ass'lmed to be 293 K. 

Film deJa sited OL sapphire substrate by sputtering from V cathode in 
oxygen to- 4 torr; thickness of film 1950 X; other specifications are 
same as above . 

Pure V, 0.08 0, C.046 N, and 0.044 C; fused by electron beam; sample 
80 mill long and 5 rnm diameter; data extracted from figure. 

No detacls are given. 

Crystals of electrolytic vanadium from U. S. Blreau of Hines; 230 ppm 
metallic impurities, 20 ppm C, 100' ~pm N, 290 ppm 0; crystals electron­
beam melted into Ingot, rolled to 0.64 mm strips, 60 mm long x 4.2 mm 
wide cut from sheet, and both rolled surfaces were ground on wet 600-
eriC SiC paper to produce specImen C.4 mID thick; specimens were 
wrapped in Mo foil, vacuum encapsulated in quartz, annealed 4 hr at 
1273 K; annealed further in dynamic vaCUUm 2 :< 10-6 torr for 30 min­
utes at 1073 K for dehydrogenation; data extracted from figure. 
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TABLE 2. MEASUREHENT INFORMATION ON THE ELECTRICAL RESISTIVITY OF VANADIUH v (continued) 

Data Name and 
Set ~ef. Author(s) Year H~th~d R Temp. K Specimen Composition (weight percent), Specifications and Remarks 

_!l'?-'-______ o. se ange, Desigriation 

39 39 

40 39 

41 40 

42 40 

43 41 

44 41 

45 f< 42 

46* 42 

47* 42 

48* 42 

49* 42 

50* 42 

51* 43 

44 

Wertheimer. ~~. R. and 
Gilchrist, J.G. 

Wertheimer, ~:. R. and 
Gilohrist, J .G. 

Amitin, E.B., 
Kavalevskaya, Yu.A., 
and Kovdrya, Yu.Z. 

Amitin, E.B., ct al. 

Van Gurp, G.J. 

Van Gurp, G.J. 

Dru2hinina, J.P., 
Vlacimirskaya, T.M., 
and Fraktovnikova, 
A.A. 

Druzhinina, J.P., 
et ,,1. 

Druzhinina, J.P., 
et al. 

Druzhinina, .T. P . , 
et a1. 

Druzhinina, J.P., 
et a1. 

Druzbinina, J.P., 
et a1. 

1967 

1967 

1967 

1967 

1967 

1967 

1966 

1966 

1966 

1966 

1966 

1966 

Horz, G., Gebhardt, 1965 
E., and Durrschnabel, W. 
Horz, G. 1966 

*Not shown in figure. 

R 

R 

R 

R 

A 

A 

A 

A 

A 

A 

K 

4.2 VI 

4.2 V2 

16-29~ Sample 1 

131-277 Sample 2 

5.1 

5.2 

293 

293 

293 

293 

293 

293 

273-17E2 

Specimen from Imphy Kulhmann; 0.3% total impurity; 87% cold drawn. 

Same as above except 97% cold drawn. 

99.63 V; polycrystalline; 13.1 x 3_7 x 0.8 mn plate prepared by cut­
ting with corundum disk under emulsion layer subjected to 10 6 atm 
pressuTe at 293 K to suppress poss:ble porosity; sample annealed in 
10- 6 

mE Hg at 1123 K for 5 hr; density 6.2 g cm- 3 ; P273/Po = 11.5; 
data obtained from PT/P273 from figure and PZ73 = 24.1 X 10- 6 ~ m 
reported by aut.hors. 

Sample supplied by Hetal Physi.cs Institute of Academy of Sciences of 
the USSR; P273/Po = 15; data obtained from PT/PZ73 from figure and 
P273 = 23.6 x 10-6 ~ m from Mathiesson's rule. 

99.9 V, 0.05 Si, 0.03 Fe, 0.04 Ti, 0.1 0, 0.06 N; specimen from A. C. 
Mackay Ltd.; in the form of sheet that was ZJne melted and cold 
rolled to 30 ~ thickness; resistance measure; by Kiethly D.C. Ampli­
fier anplifying voltage output of Eamplc due to varying magnetic 
fields; P300/P4.2'= 10. 

Same as above except annealed at le- 10 torr at l600°C; P300/P4.Z 15. 

0.01-0.05 C, 0.03-0.05 Oz, .0.008-0.01 Nz, 0.2-0.22 Si, 0.27-0.65 Fe, 
0.03-0.16 AI; 22 mm x 0.42 mm diameter rod forged from ingots at 
l173-1c23 K; specimen heated in He atmosphere prior to forging; 
sample. annealed at 1273 K for 30 ~inutes; measurements in vacuum: 
measurEment temperature not reported, howeve: assumed to be 293 K. 

Same as above except specimen cold-hardened. 

Same as above except diameter 0.96 rnm: annealed specimen. 

Same as above except specimen cold-hardened. 

Same as above except diameter 1.33 mu; anllea~ed specimen. 

Sam" as above except specimen cold-hardened. 

0,06 Oz, 0.01 Hz. 0.04 Nz; fused by electron beam; 0.5 mm diamc~er 
wire 16 Clu long; annealed at I500°C for 15 minutes at 1.5 x 10- torr. 
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TABLE 2. MEASUREME.Nl INFORMATION ON THE ELECTRICAL RESIST:VITY OF VANADIUH v (continued) 

Data 
Ref. Set Author (s) Year 

No. No. 

52 45 Taylor, M.A. and 1962 
Smith, C. R. L. 

53 45 Taylor, M.A. and 1962 
Smith, C.H.L. 

54 45 Taylor, M.A. and 1962 
Smith, C.R. L. 

55* 45 '('aylor, ~1.A. and 1962 
Smith, C.E.L. 

56 46 Burger, J. and 1961 
Taylor, M.A. 

57 47 Hren, .T .A. and 1960 
Wayman. C.N. 

58 47 Hrcn, J.A. and 1960 
lIayman, C.M. 

59 48 \/hitc, G.K. and Wood, 1959 
49 S.B. 

60* 50 Samsonov, G. V . 1957 

61 51 Wruk. D. and Wert, C. 1955 

62 51 Vruk, D. arrd Wert, C. 1955 

63* 52 l'ott:er, H.lI. 1941 

64 53 Gautron, G.J., 1981 
Zablocki, J. E., 
Esiang, T. Y., 
~einstock, H., and 
Schmidt, F.A. 

*Not shown in figure. 

Netho': Temp. 
Used Range, K 

A 20-273 

A 20-273 

A 20-273 

A 20-273 

A 224-246 

A 126-282 

A 140-288 

A 15-390 

V 295 

93 

93 

A 2;3 

C 3.92-298.0 

Name and 
Specimen 

Designation 

V(JH) 

V (BHI) 

Vl(USBM) 

V2(USBM) 

VI, 

VI 

V2 

Composition (weight pereeLt:), Specifications and Remarks 

99.63 V; ingot from Johnson Matthey Co.; .pecimen cut: to about 10 x 
1 x 1 rom; degreased in alcohol; electrolytically polished in dilute 

, rinsed, annealed at 1073 K for 5 hr in vacuum at 10- 6 mm Hg, 
coo:ed and process repeated again; this W,lS done to remove strains; 
accurate to ~%; error due to ixregular cross sectional area. 

99.92 V; specimen from Battelle Memorial [nstitute; other specifica­
tions same as above. 

99.85 V; specimen from U.S. Bureau of Min?s; other specifications 
same as above. 

Sim~lar to the above. 

99.9 V from Battelle Hemorial Institute, ~olumbus, OH; 0.005 C, 
0.001 S1, 0.001 Cr, 0.04 Fe, 0.C05 AI, 0.)01 Cu, 0.001 H, 0.008 N, 
0.0020 0; 9300 = 23 ± I x 10-8 r. m; data coxtraeted from figure. 

99.; V, Ca reiuced; annealed at 950·C; deJassed at l500°C; 0.025 in. 
dianeter, 8 en long; heating cycle; no inuication of sudden d1sconti­
nuity but deviation from linearity at 200 K; data extracted from 
figure. 

Same as above except cooling cycle; data ~xtract:ed from figure. 

99. V obtained from Electromctallurgical Co.; specimen diameter 
3.5 mm; anne~led in vacuum at 1573 K; residual resistivity Po = 
4.8 x 10-a Qm. 

Unspecified s~mple of V; thermal coefficient of electrical resis­
tivity +0. 28l./degree • 

Pol)crystalli:1.e; 0.14 C, 0.12 Oz. 0.11 N2: bee structure; foil 0.2 
em wide, 0.003 cm thick, and 4 crn long; IR drop method. 

SamE as above. 

Irregular pelLets; specimen dimensions of 0.6 mm square and 6 rom in 
length. 

Sample prepared using electrotransport technique; anncaling time 800 
hr, cross section was reduced to 0.85 rom equare from cylinder 1.6 cm. 
long and 2 mm diam; this was done to remecy too low signal to noise 
ratio; P300/PO = 1970 and P300/P •• 2 ~ l77G, Po = 0.01 x 10-8 

Q m; 
superconducting transition tempe:-ature, Te = 5.46 ± 0.02 K which Was 
suppcessed by 0.6T field produced by superconducting solenoid; 
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'< TABLE 2. 
!" 
(") 
::r 
I!) Data 
? Set Ref. 

::0 No. No. 
I!) 

Authcr(g} 

:"" 

~ 64 53 

~III 
(eont. ) 

Gautron, G.J., et al. 

< 
~ ... 

65 ~ 54 Tsai, C.L., Fagaly, 
Z R.L., Weinstoc{{, H., 
9 and Schmidt, F.A. 
J>o 
..... 66 54 
CD 

Tsai, C.L., et al. 
0) 

"'"' 
67 55 Taylor, R. E. and 

Groot, H. 

68 56 L'vov, S.N. and 
Nemchenko, V.F. 

69* 57 Peletskii, V.E. 

*Not shown in figure. 

MEASUREMENT INFORMATIO~ ON THE ELECTRICAL RESISTIVITY OF VANADIUM v (continued) 

Method Temf· Year Used Range, K 

1981 C 3.92-Z98.0 

1981 C 4.5-298.1 

1981 C 4.4-90.5 

1981 K 298.9-745.0 

1965 A 292-:470 

1978 -, 200-2100 

Name and 
Specimen 

Designation 

Sample I 

Sample II 

Composition (weight percent), Specifications and. Remarks 

additionally electron-electron scattering (Pee = 1.6 ± 0.2) x 10-13 

nmK- 2
, electron-phonon interband scatterhg Psd = (2.6 ± 0.3) x 

10- 11 n m K 5
, and e1ectron-phono!: intraband scattering Pss = 

(7.3 ± 1.1) x 10- 18 n m K- 5
• 

Sample purified using electrotransport tec:mique: RRR M 1760: Po 
0.0109 x 10-8 n m; superconducting transition temperature 5.43 ± 
0.03 K; data extracted from figure. 

Similar to above except less pure and Po = 0.261 x 10- 8 ·n m; super­
conducting transition temperature 5.37 K; data extracted from figure. 

Sample (RRR ~ 400) received frOm Dr. J. Cook of National Research 
Council, Canada; density 6.095 g cm- s • 

99.9f V, iodide vanadium: measurement in vacuum furnace 2 x 10-~ to 
8 X ]0- 5 mm Hg; data extracted from figure. 

Rcconmended values for pure V: values based on 1968-IPTS and COr­
rected for thermal expansion: confidence interval of the values 
varied from -2.8% near room temperature to 1.6-2.0% in the region 
1800-2000 K. 
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TABLE 3. EXPERIMENTAL DATA ON THE ELECTRICAL RESISTIVITY Of VANADIUM V 

[Tem~erature, T, K; Electrical Resistivity, p, 10-8 Q m] 

T p T P T P ~ P T P T P 

DATA SET 1 DATA SET 4 {cont.~ D\TA SET 6 {cont.~ DATA SET 7 {cont.~ DATA SET 9 DATA SET 10 {cont.~ 

2175 134.9 500 36.4 157.2 12.S lJ6.S 10.3 76.9 2.3 218 14.87 
2200 135.1 700 48.2 161.8 13.4 141.3 10.8 82.3 2.7 225 15.51 
2300 136.7 900 59.35 168.6 14.1 145.9 11.4 97.4 4.0 22S 15.77 m 
2400 137.3 1100 70.1 170.9 14.7 150.4 11.9 103.3 4.5 239 16.60 r-m 2500 138.4 1300 80.3 177.7 15.2 155.0 12.6 108.7 5.1 242 16.79 

~ 2600 139.6 1500 90.1 184.5 15.9 159.5 13.3 117.3 5.9 246 17.13 
2700 140.8 1700 99.2 182.2 16.2 164.0 13.5 126.5 6.7 254 17.73 :::II 
2800 142.1 1900 107.9 191.3 16.6 1i5.4 14.9 134.5 7.4 257 17.99 n 
3000 144.8 191.4 17.0 180.0 15.5 149.6 8.8 262 18.40 > 3200 147.6 DATA SET 5 200.4 17.7 184.5 16.2 156.1 9.4 268 18.82 r-
3400 150.6 209.6 18.4 191.4 16.3 174.4 11.0 269 19.01 :::II 

m 3600 153.9 300 24.22 214.1 lS.9 193.6 17.4 184.6 11.9 279 20.76 (I) 3800 157.2 500 38.3 220.9 19.7 202.7 18.11 195.9 13.0 283 20.02 
~ 4000 160.8 700 50.7 227.8 20.4 214.1 19.4 199.2 13.2 

900 61. 7 236.9 21.2 225.5 20.1 211:0 14.2 DATA SET 11 ;: DATA SET 2 1100 71.5 243.7 21.2 230.0 20.9 213.2 14.4 
~ 1300 80.2 248.2 22.2 239.1 21.6 223.4 15.4 Sl 2.60 

'lS00 101.7 1500 88.2 252.8 23.1 252.8 22.5 230.4 15.9 100 4.26 0 1950 108.7 1700 96.0 259.6 23.4 252.8 22.8 246.0 17.6 130 6.96 "'11 2100 115.7 1900 103.8 268.7 24.3 261.9 24.0 248.7 17.8 154 9.19 
~ 2190(s) 119.9 2000 107.7 275.6 25.2 268.7 24.7 251.4 18.2 170 10.62 2190(g,) . 135.2 282.4 25.8 277.8 25.5 257.9 lS.7 191 12.35 Z 

2250 136.0 DATA SET 6 291.5 26.8 286.9 25.2 260.5 lS.9 199 12.91 > 
2400 138.2 300.6 27.7 296.0 27.1 262.7 19.2 215 14.34 C 
2550 140.6 11.4 0.69 300.6 27.4 270.2 20.0 21S 14.57 2 
2700 143.2 25.1 0.69 DATA SE1 7 273.5 20.2 229 15.39 i: 
2850 146.0 38.9 1.04 DATA SET g 277.2 20,6 247 16.79 > 3000 149.0 52.6 1. 74 20.5 0.69 287.5 21.3 250 17.12 Z 

~ 3150 152.3 57.1 1.98 25.1 0.81 S5.8 3.9 290.7 21.6 260 17.82 C 
N "'U 3300 155.8 66.2 2.67 34.3 0.81 H1.2 4.4 296.1 22,0 275 18.97 2i :r 3450 159.5 73.1 3.37 45.7 1.40 112.5 5.4 283 19.61 < 
(') !II 3600 163.5 75.3 3.83 59.4 2.09 116.2 5.8 DATA SET 10 295 20.55 0 () 3750 167.7 82.2 4.18 70.8 2.90 132.4 7.2 
Z :r 

3900 172.2 86.7 4.76 3.60 141.0 3.1 78 2.49 • 75.3 DATA SET 12 2 ~ 4050 176.9 95.8 5.45 79.9 4.06 177.1 1l.2 84 2.90 
i: f 4200 181.9 100.4 6.15 84.5 4.53 179.8 11.4 86 3.05 5.4 0.012 

:'" 107.2 6.85 86.7 4.53 188.9 12.2 91 3.54 15.4 0.021 
i DATA SET 3* 114.0 7.66 91.3 5.11 193.8 12.7 113 5.49 17.5 0.026 

120.8 8.58 98.1 5.80 203.5 13.6 124 6.59 19.3 0.032 F 4.2 1.75 130.0 9.05 102.7 6.50 229.3 16.1 136 7.60 22.0 0.040 
~ 293 27.8 136.8 9.98 109.5 7.19 237.4 16.9 157 9.56 23.4 0.052 

139.0 10.7 118.6 8.00 257.3 19.5 164 10.16 26.6 0.076 ..... DATA SET 4 143.6 11.1 123.1 8.93 263.2 19.4 205 13.78 31.2 0.136 5" 
148.1 11.2 130.0 9.40 271.9 20.4 208 14.08 33.3 0.187 Z 

9 300 23.9 152.7 12.2 132.2 9.63 276.2 20.7 215 14.72 40.3 0.294 
~ 288.5 21.8 ..... *Not shown in figure. 
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~ TABLE 3. EXPERIMENfAL DATA ON THE ELECTRICAL RESISTIVITl OF VANAD[UM V (continued) 
C') 
:r 
III 

~ T P T P T P T P T P T P 
:u 
III 
:"" DATA SET 12 (cant.) DATA SET 14 (cant.) DATA SET 15 DATil. SET 16 (:ont.) DATA SET 17 (cont.) DATA SET 19 (cant.) C 

F 44.4 0.432 5.9 0.228 5.8 0.022 80.3 ~.57 69.60 1.72 20.2 0.0561 

~ 
55.6 0.796 6.2 0.228 6.7 0.024 99.9 l..22 77 .30 2.31 22.9 0.0844 
76.5 2.16 7.0 0.228 8.0 0.024 112.2 5.39 300 19.6 27.2 0.143 

.... 81.6 2.53 7.5 0.228 9.3 0.024 130.4 6.97 31.4 0.223 
f4 87.0 3.06 8.1 0.230 LO.9 0.028 150.4 0.83 DATA SET L8 35.7 0.340 
Z 92.8 3.48 8.5 0.230 36.2 0.236 161.9 9.89 38.6 0.438 P 98.9 3.84 9.2 0.230 39.2 0.309 176.4 11.1 6 0.861 45.6 0.708 ,. 

105 4 .• 51 10.0 0.232 43.1 0.431 184.2 11.8 7 0.873 54.1 1.13 .... 
112 .5.29 10.9 0.234 48.7 0.596 197.9 1<.9 10 0.879 59.8 1.48 to 

110 120 6.02 11.9 0.236 54.7 0.853 215.4 14.3 13 0.879 65.4 1. 90 ... 
136 6.85 12.9 0.236 58.4 1.07 229.5 lS.5 14 0.879 69.7 2.18 
145 8.05 14.1 0.239 77.7 2.39 247.3 H.8 17 0.845 73.9 2.39 
155 8.86 15.8 0.247 32.1 2.61 260.3 17.9 20 0.902 75.3 2.74 

17.8 0.250 90.3 3.38 261.8 H.O 22 0.914 82.4 3.23 C 
DATA SET 13 19.1 0.259 100.7 4.30 27~.8 15.0 25 0.932 86.6 3.65 m 

20.9 0.269 113.3 5.50 27 0.949 92.3 4.14 ~ 
5.8 0.51 22.8 0.280 130.8 7.08 DATA SET 17 28 0.967 95.1 4.56 . 
6.6 0.51 24.9 0.296 154.5 9.27 30 0.991 100.7 5.06 c.. 
7.3 0.52 27.9 0.322 170.9 10.7 5.49 0.0133 32 1.020 106.4 5.48 

,.. 
8.1 0.52 30.4 0.354 191.3 12.5 5.95 0.0136 35 1.068 113.4 6.11 a= 

m 9.2 0.52 33.8 0.407 217.6 14.6 7.11 C0140 37 1.115 117.7 6.53 SD 10 0.52 36.2 0.460 250.7 17.1 10.10 (,0162 38 1.162 120.5 6.95 
11 0.52 39.4 0.533 233.4 19.7 13.08 (,0200 39 1.186 129.0 7.58 :J> 

Z 12 0.52 48.3 0.778 15.99 (.0255 42 1.245 133.2 8.07 C 13 0.52 54.3 1.06 DATA SET 16 19.56 0.0365 43 1.293 144.5 8.63 :::t 14 0.53 61. 7 1.51 22.00 0.0473 45 1.346 150.1 9.61 0 17 0.54 73.2 2.24 5.4 0.009 24.34 0.0605 46 1.388 158.6 10.2 
18 0.54 79.9 2.72 5.8 0.009 26.03 0.0734 46 1.405 165.7 10.9 
22 0.57 86.2 3.27 6.3 0.013 28.38 0.0933 47 1.441 174.1 11.8 
49 1.14 88.1 3.38 7.9 0.013 29.99 0.112 181.2 12.4 
54 1.33 93.3 3.82 8.0 0.013 31.56 0.131 DATA SET 19 185.4 12.8 
57 1.51 :.Q7 .0 5.03 9.3 .0.013 33.35 0.154 192.5 13.5 
62 1.80 :11.1 5.36 a.2 0.017 35.98 0.198 5.5 0.00959 198.1 13.7 
66 2.10 :'26.7 6.78 12.1 0.018 37.00 0.226 5.5 0.00589 206.6 14.6 
83 3.38 :'39.3 7.84 13.6 0.020 38.01 0.244 5.7 0.0163 215.1 15.3 
96 4.51 :40.8 7.99 15.2 0.022 39.23 0.272 6.1 0.0163 227.8 16.2 

109 5.72 :'66.8 10.2 16.2 0.026 40.09 0.294 6.5 0.0168 233.4 16.8 
125 7.18 :77.5 11. 2 17.9 0.029 41.92 0.346 7.2 0.0168 240.5 17.3 
148 9.27 :86.8 12.9 20.1 0.039 42.88 0.370 7.9 0.0174 246.1 17.9 
182 12.1 ::'96.5 12.8 12.9 0.055 44.00 0.400 9.1 0.0182 256.0 18.7 
242 17.1 203.5 13.3 15.8 0.077 44.90 0.431 10.7 0.0193 270.2 19.6 
245 17.2 213.9 14.2 29.7 0.119 46.12 0.471 11.9 0.0206 
273 19.5 231.4 15.6 35.9 0.225 46.92 0.503 12.9 0.0223 DATA SET 20 

265.9 18.2 :9.2 0.298 47.58 0.529 13.8 0.0239 
DATA SET 14 42.7 J.417 60.15 1.33 14.7 0.0255 5.65 0.083 

{2.1 L.33 64.20 1.40 15.8 0.0311 5.67 0.088 
5.5 0.226 156.6 1.62 67.40 1.58 17.9 0.0412 5.68 0.091 



TABLE 3. EXPER1MENTAL DATA ON THE ELECTRICAL RESISTIVITY OF VANADIUM V ( cont:inued) 

T p T P T P T P T P T P 

DATA SET 20 (~ont.~ DATA SET 20 (cant.) DATA SET 24 (cant.) DATA SET 27 (cant.) DATA SE'f 31 (cant.) DATA SET 32 (cant.) 

6.72 0.09l 220.9 15.7 49.5 2.10 659 46.9 485.6 30.6 1177 74.0 
7.76 0.092 223.8 16.0 54.7 2.53 789 54.5 591.8 33.9 1218 75.6 
8.94 0.093 234.1 16.6 62.9 3.38 875 60.5 614.6 33.9 1275 78.1 
9.69 0.093 239.9 17.2 69.2 4.02 975 65.4 710.9 38.3 1317 SO.l 

10.7 0.094 244.3 17 .5 76.4 4.87 1032 69.2 796.8 40.5 1455 87.1 I'll 
11.8 0.096 251.6 18.0 96.0 7.00 880.4 43.8 1507 89.2 r-
12.4 0.096 254.5 18.4 105.4 8.50 PA'!?A _~E1'...~ 933.4 44.9 1548 90.8 I'll 
13.6 0.098 272.0 19.6 115.7 9.78 1047.4 49.2 !l 14.8 O.LO 125.0 10.8 1000 68.0 1130.9 52.5 DATA SET 33 :a 
15.8 0.10 DATA SET 21* 140.5 12.8 1100 73.4 1206.8 54.7 C; 
16.7 0.10 157.0 14.9 1200 78.5 1267.8 56.9 1591 92.3 > 17.8 0.10 300 23 172.': 16.6 1300 83.5 1381.2 61.3 1626 94.5 r-
18.8 0.11 183.S 18.3 1400 88.2 1690 97.1 :a 
19.9 0.11 DATA SET 22 195.3 19.6 1500 92.8 DATA SET 32 1727 98.4 I'll en 20.6 0.13 208.7 21.3 1700 101.5 

~ 21.0 0.13 293 21. 72 228.4 23.6 1800 105.6 283 20.9 DATA SET 34 
25.5 0.20 1500 87.66 243.9 25.1 1900 109.5 301 22.5 <: 28.4 0.17 1550 89.81 251.1 26.0 320 23.5 293 75.5 

~ 34.3 0.44 1600 91.93 257.3 26.8 DATA SET 29 337 25.0 
43.1 0.81 1650 94.03 267.7 27.9 359 26.4 DATA SET 35 0 48.9 1.1 1700 95.83 1000 68.0 381 27.7 ." 57.8 1.3 1750 97.S6 DATA SET 25* 1100 73.4 402 28.9 293 241 

~ 60.7 1.6 1800 99.S7 1200 78.5 419 30.4 
. 73.9 2.5 1850 101.69 77 2.283 1300 83.5 442 31.7 DATA SET 36 Z 

81.1 3.1 1900 103.56 293.2 19.62 1400 88.2 465 33.5 > 
86.9 3.7 1950 105.40 1500 92.8 482 34.4 11 3.1 C 
98.6 4.7 2000 107.20 DATA SET 26 1600 97.5 500 35.8 77 5.9 C 

101.5 5.: 2050 109.01 1700 101.5 520 36.9 273 22.0 II: 
107.3 5.6 2100 110.70 293 21.4 1800 105.6 541 38.4 293 23.8 > 
116.1 6.4 373 27.0 1900 109.5 565 40.0 410 31.4 Z 

~ 121.9 6.8 DATA SET 23* 573 40.2 590 41.3 468 35.1 C 
"IJ 124.8 7.2 773 52.1 DATA fET 30 600 42.1 575 41.4 t::! ::r 130.7 7.6 300 22.6 973 62.8 - 617 43.2 680 46.6 :a ~ 136.5 8.2 1173 72.6 293 21.02 651 45.1 773 53.5 (') 
g 140.8 8. ; DATA SET 24 1373 81.8 1200 73.3 684 46.9 779 52.2 0 

Z • 146.6 9 .. .2 1573 90.8 1300 78.8 730 50.2 875 57.7 C 1=1 152.5 9.8 5.2 1.07 1773 99.8 1400 83.7 770 52.1 925 61.4 
::u 159.7 10.3 7.2 1.28 1500 88.5 796 53.9 979 62.1 I: 
~ 165.6 10.9 10.3 1.28 DATA SET 27 1600 93.0 822 55.3 1090 68.7 

J 172.9 11.5 15.5 1.28 1700 97.4 849 56.9 
178.7 11.9 17.6 1.27 5.2 0.92 1800 101.6 876 58.3 DATA SET 37 
183.1 12.l 21. 7 1. 27 65 2.44 907 59.9 < 187.4 13.0 24.8 1.27 129 8.47 DATA SET 31 932 61.1 6.5 0.81 0 

29.9 1.26 62.7 :- 196.2 13.5 229 17.14 962 22 0.85 .... 
203.4 14.3 34.1 1.69 337 25.4 341.2 25.1 999 64.6 56 1.89 ~ 

Z 212.2 14.9 39.2 1.68 409 30.0 386.9 26.2 1051 67.6 59 2.05 
9 218.0 15.4 44.4 1.89 530 39.0 417.2 28.4 1087 69.5 115.6 6.85 
J" *Not shown in figure. ... .... 
ID .... : i 
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(continued) 0 ~ TABLE; 3. EXPERIMENTAL DATA ON THE ELECTRICAL RESISTIVITY OF VANADIUM V 

n :r • 
~ 
::a 
~ DATA SET 37 (cont.) DATA SET 41 ~cont. ) DATA SET 42 {cont.) DATA SET 48* DATA SET 54 DATA SET 57 (cont. ) 
i 134.4 8.56 77 4.9 184 15.3 293 28.0 20 1.56 220 22.0 jt 

169.8 11.72 89 6.1 187 15.8 77 3.98 232 22.9 < 191.0 13.55 100 7.1 190 16.0 DATA SET 49* 273 20.34 242 23.6 ~ 198.3 14.21 108 8.1 195 16.4 253 :;l'0.5 
~ 213:5 15.48 llb 8.7 198 16.6 293 24.6 DATA SET 55* 261 25.0 

~ 
233.6 17.16 123 9.5 201 16.8 282 26.7 242.6 17.89 126 9.8 204 17.2 DATA SET 50* 20 1.54 

!>- 260.8 19.33 134 10.7 207 17.4 77 3.96 ~ATA SET ~ 

i 270.0 20.08 141 11.6 210 17 .8 293 28.6 273 20.39 
291.0 21.69 144 11.8 214 18.1 140 15.1 ".. 309.6 23.10 151 12.5 216 18.2 DATA SET 51* DATA SET 56 148 15.9 333.6 24.90 155 12.8 222 18.8 156 16.7 349.6 26.13 160 13.3 223 19.0 273 20.5 224 18.4 165 17.3 163 13.7 225 19.1 283 22.0 225 18.5 170 17.8 CJ DATA SET 38 168 14.1 227 19.4 1187 73.7 ??6 lS 7 178 18.5 I'll 171 14.4 231 19.6 1302 80.0 228 18.8 187 19.3 ~ 5 0.82 175 14.8 234 19.9 1317 80.0 229 19.0 190 19.4 20 0.82 179 15.2 236 20.3 1378 83.3 230 19.1 197 20.0 c.. 40 1.3 183 15.5 245 21.1 1433 85.8 232 19.2 207 20.9 ,. 

60 2.1 186 15.9 249 21.5 1437 86.2 233 19.4 216 21.6 I: 
80 3.4 192 16.5 253 21.8 1446 86.2 234 19.5 224 22.3 YJ 121 7.4 199 17.2 258 22.2 1493 88.7 236 19.7 227 22.5 l(i1 11.Z 20e, 17.0 20l 22.6 15:37 91.2 237 19.8 238 23.2 

,. 
201 14.5 212 18.4 266 23.0 1542 90.6 238 19.9 247 24.1 Z 
241 17.8 220 19.1 269 23.3 1584 93.2 239 20.0 256 24.8 CJ 
280 20.9 226 19.6 277 24.1 1612 95.4 2 /01 20.1 267 25.5 :I: 
300 22.5 229 20.0 1643 95.2 242 20.2 273 25.9 0 
320 23.8 234 20.4 DATA SET 43 1683 97.1 243 20.3 288 27.1 338 25.3 239 20.8 1724 98.8 244 20.5 

244 21.3 5.07 2.6 1752 101.0 245 20.5 DATA SET 59 DATA SET 39 249 21.7 1762 100.8 246 20.6 
256 22.3 DATA SET 44 246 20.6 15 4.84 4.2 3.9 262 22.9 DATA SET 52 20 4.87 ZV:i 2:'\.2 ::> • .L.:l 1..7 DATA SET 57 30 4.97 DATA SET 40 275 24.0 20 4.0 40 5.21 287 25.0 DATA SET 45* 77 6.48 126 13.8 50 5.57 4.2 4.4 299 26.0 273 22.67 132 14.5 75 7.13 

293 23.6 138 14.9 100 9.08 DATA SET 41 DATA SET 42 DATA SET 53 145 15.6 150 13.5 
DATA SET 46* 151 16.2 200 17.5 16 1.9 131 10.1 20 0.74 161 17.0 250 21.5 21 2.1 144 11. 7 293 28.9 77 3.18 167 17.5 273 23.1 26 2.1 155 12.7 273 19.54 174 18.2 295 24.7 38 2.4 161 13.3 DATA SET 47* 182 18.9 "IQO "11.4 

47 Z.7 1(i0 1::1.' 192 19.7 
56 3.2 173 14.3 293 23.8 203 20.5 
68 4.1 178 14.9 213 21.3 

*Not shown in figure. 



TABLE 3. EXPERIMENTAL DATA ON THE ELECTRICAL RESISTIVITY OF VANADIUM V (continued) 

DATA SET 64 ~cont. ) DATA SET 64 (cont. ) DATA SET 65 (cont.) DATA SET 65 (cont·2 DATA SET 66 (cant.) 

293 26.0 6.348 0.0114 13.494 0.0195 8.97 0.0135 44.13 0.395 83.60 2.75 
6.518 0.0114 13.678 0.0200 8.98 0.0147 53.89 0.755 90.52 3.22 

DATA SET 61 6.758 0.0116 14.306 0.0212 9.72 0.0147 57.22 0.936 
6.842 0.0117 14.395 0.0215 9.91 0.0159 81. 93 2.49 DATA SET 67 

q." 17.Q6 6.963 0.0117 14.550 0.0218 10.73 0.0158 85.28 2.92 

~ 7.066 0.0118 14.874 0.0225 11.17 0.0178 204.4 11.2 298.9 21.80 
DATA SET 62 7.140 0.0119 15.033 0.0228 11.62 0.0171 264.5 15.4 330.0 23.32 

~ 7.185 0.0118 15.188 0.0231 12.58 0.0185 298.1 19.1 347.1 24.10 
93 16.49 7.203 0.0118 15.207 0.0233 12.58 0.0197 362.0 25.56 :!i! 7.229 0.0119 15.702 0.0247 13.62 0.0197 DATA SET 66 368.4 25.57 0 DATA SET 63* 7.582 0.0121 16.273 0.0260 14.17 0.0213 415.3 28.82 )10 

7.607 0.0122 16.350 0.0264 14.45 0.0230 4.36 0.263 419.5 29.12 .-
273 18.2 7.723 0.0122 16.406 0.0263 14.46 0.0249 4.45 0.248 439.5 30.91 XI 

7.925 0.0122 16.664 0.0273 15.34 0.0239 5.21 0.258 484.5 33.48 m 
DATA SET 64 7.946 0.0124 17.032 0.0282 15.65 0.0254 5.64 0.279 487.2 33.65 sa 

7.994 0.0124 17.155 0.0285 16.94 0.0285 5.98 0.268 573.8 39.12 ~ 3.923 0.0105 8.208 0.0125 17.158 0.0286 16.95 0.0309 6.35 0.279 580,9 39.55 

~ 4.145 0.0106 8.331 0.0127 17.309 0.0291 17.63 0.0328 6.87 0.279 745.0 49.19 
4.175 0.0105 8.433 0.0128 17.989 0.0315 19.08 0.0315 7.74 0.268 
4.216 0.0106 8.628 0.0129 18.128 0.0319 19.09 0.0347 8.37 0.273 DATA SET 68 0 4.218 0.0105 8.768 0,0131 18.647 0.0338 19.86 0.0376 8.71 0.273 ." 4.270 0.0106 8.776 0.0130 18.541 0.0332 20.67 0.0406 10.21 0.268 292 26.4 < 4,289 0.01'06 9.241 0.0135 18.577 0.0335 21.51 0.0440 11.05 0.273 407 31.5 ~ 4.456 0.0106 9.318 0.0136 19.782 0.0381 22.38 0.0466 12.44 0.273 434 35.2 
4.516 0.0107 9.441 0.0137 20.133 0.0396 22.83 0.049/1 13.20 0.278 536 40.0 ~ 4.577 0.0107 9.728 0.0139 20.320 0.0406 23.30 0.0567 14.57 0.284 637 46.8 
4.793 0.0107 9.393 0.0137 30.024 0.115 0.0602 0.289 2 
4.849 0.0108 10.066 0.OH4 39.950 0.298 0.0614 0.278 !II: 
4.873 0.0107 10.156 0.0144 52.012 0.635 25.73 0.0664 17.41 0.289 847 57.1 ):10 
4.993 0.0108 10.338 0.0147 60.523 1.10 25.74 0.0718 18.85 0.289 1023 69.0 Z 

y... 4,998 0.0108 10.371 0.0146 73.034 1. 9] 26.25 0.0746 19.61 0,295 1037 64.1 C 
"0 5.004 0.0108 10.571 0.0150 79.067 2.24 27.32 0.0823 22.52 0.313 1051 69.1 ~ ::r 5.185 0.0109 10.792 0.0153 91.667 3.40 27.87 0.0891 24.86 0.319 1260 79.4 :D ~ 5.282 0.0109 10.828 0.0153 100.03 4.13 28.44 0.0982 26.39 0.345 1342 81.2 0 
9 5.294 0,0109 10.863 0.0153 189.09 11. 50 30.18 0.102 28.56 0.366 1470 88.0 0 

5.347 0.0109 11. 295 0.0160 298.0 19.90 30.20 0.119 30.31 0.388 Z (II 

2 ;if 5.414 0.0110 11.585 0.0164 31.43 0.134 33.47 0.411 DATA SET 69* 
:II 5.487 0.0110 11.833 0.0167 DATA SET 65 32.70 0.139 33.47 0.428 I: 
11 5.618 0.0111 11.885 0.0167 33.36 0.160 35.52 0.4::>3 200 12.70 
C 5.680 0.0110 12.085 0.0170 4.49 0.0116 34.72 0.173 36.24 0.481 300 20.11 01 5.705 0.0110 12.216 0.0172 4.86 0.0116 35.42 0.187 38.46 0.520 400 27.13 Jl' 5.802 0.0111 12.448 0.0176 5.47 0.0116 36.87 0.215 40.02 0.563 500 33.81 < 6.172 0.0112 12.725 0.0181 5.69 0.0121 37.61 0.237 41.64 0.585 600 40.15 ~ 6.190 0,0113 12.903 0.0184 6.41 0.0125 39.15 0.267 44.20 0.645 700 46.19 
jA) 6.269 0.0114 12.957 0.0185 7.22 0.0125 40.74 0.306 46.92 0.712 800 51.96 
Z 6.275 0.0113 13.160 0.0189 7.81 0.0128 4.1. 57 0.338 48.83 0,816 900 57.47 
P 6.456 0.0114 13.416 0.0194 8.13 0.0136 42.41 0.365 57.27 1.18 1000 62.76 
.!'- *Not shown in figure. .... Ii .,. .... .... 
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DATA SET 69 (cont.)* 

1100 67.84 
1200 72.75 
1300 77 .52 
1400 82.15 
1500 86.7) 
1600 91.17 
1700 95.5~ 

1800 99.9~ 
1900 104.84 
2000 108.84 
2100 113.35 

1'Not shown in fi~ure. 
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ELECTRICAL RESISTIVITY OF VANADIUM AND ZIRCONIUM 1113 

and Smith45 (data sets 52-55), and White and Woods48
.49 

(data set 59). Very recent studies have been made by Gautron 
et al.53 (data set 64) on a sample with the highest purity (i.e., 
lowest Po = 0.0 I X 10-8 fl m) and by Tsai et al.54 (data sets 
65,66) on a sample with Po = 0.0109 X 10-8 fl m. 

The temperature-dependent part of the electrical resis­
tivity below 21 K was reported to be proportional to T3 by 
White and WOOdS.48

•
49 This was confirmed later by results of 

Chakalskii et ai., IS Jung et at.,16-18 and by Aleksandrov et 
01. 19 The presence of the cubic term is evidently connected 
with s-d interband scattering. However, studies of Tsai et 
aU5 on the sample with Po = 0.0109 X 10-8 fl m found an 
additional T2 term which they attributed to electron-elec­
tron scattering (Pe). In order to verify these results, Gautron 
et al.53 carried out electrical resistivity measurements on an 
even purer specimen with Po = 0.01 X 10-8 fl m, and ob­
tained a value of(1.6 ± 0.2) X 10-11 fl cm/K2 for the coeffi­
cient of Pe that was compatible with the value of 
(1.3 ± 0.2)X 1O- II fl cm/K2 obtained by Tsai et 01.54 Gau­
tron et al.53 pointed out that the temperature-dependent 
electrical resistivity above 10 K is dominated by electron­
phonon interactions. Below 10 K, the electron-electron 
term makes a significant contribution, and it begins to domi­
nate below 5 K. Failure to detect thepe term in earlier stud­
ies (e.g., Refs. 15-18 and 48-50) was attributed to the fact 
that these studies did not involve measurements to low 
enough temperatures, and also to the fact that below 10K 
the electron-electron contribution is of the order of or less 
than Po, even for relatively pure specimens. 

An anomalous behavior of the electrical resistivity 
between 180 and 300 K has been observed by Burger and 
Taylor,46 Suzuki et 01.,74 Smirnov and Finkel,67 and by Ros­
toker and Yamamoto.73 However, Westlake3S found that hy­
drogen absorbed in the specimen affects the resistivity anom­
alously near 180 K and that hydrogen-free vanadium did not 
show such anomalous behavior. 

Comparison of the electrical resistivity data below 
room temperature indicates that the electrical resistivity of 
vanadium deviates from Matthiessen's rule. The deviations 
are dependent not only on the concentration of impurities, 
but also on their type. The deviations are larger for the less 
pure specimens. 

With the discussion given above in mind, the recom­
mended values are based on the data ofCourtneyl4 (data set 
11), Jung et al. 1

6-I8 (data sets 13-16), Gautron et al.54 (data 
set 64), and of TsaiS5 (data set 65), who all measured speci­
mens with residual resistivity ratio (RRR) > 1500. Special 
weight was given to the data of Gautron et 01.

54 on a speci­
men with RRR = 1970 andpo = 0.01 X 10-8 {J m. The de­
viation of the data from the recommended values for some­
what less pure specimens (Refs. 13,19,20,37,38,40,45,48,49) 
are shown in Fig. 1. 

At the highest temperatures, there is general agreement 
on the temperature dependence of the electrical resistivity. 
There are few good data from 300 to 1200 K. The recom­
mended values in this temperature range are based on the 
data of Neimark et al.28 (data set 26) and of Taylor and 
Groot55 (data set 67). However, Neimark et 01. have indicat­
ed rather high maximum error for their measurements. and 

RRR = 400 is reported by Taylor and Groot55 for their sam­
ple. The recommended values from 1200 to the melting point 
are based on the data of Gathers et al. iO (data set 2), Cezair­
liyan et a[.22-24 (data set 22), and of Peletskii et al.32.57 (data 
sets 30 and 69, respectively). A compromise has been made 
between their somewhat divergent results. The scatter of the 
data from other investigations reported in Table 2 (Refs. 
12,28-30,33,34,36,43,44,56) is of the order of ± 10%. The 
recommended values above 2202 K, in the liquid region. are 
based on the compromise between the only two data sets 
available, due to Seydel and Fucke9 (data set 1) and to 
Gathers et al.1O (data set 2). At 4000 K, the divergence in 
their values approaches 9%. The data of liathers et al. 'o 

indicate a lower melting point than the generally accepted 
value of 2202 K, presumably because their data were taken 
under pressure. . 

The recommended values of the electrical resistivity 
given in Table I and shown in Figs. 2 and 3 along with the 
experimental data, which were used to ,generate these values. 
are for vanadium of 99.99% purity or higher, but those be­
low lOOK are applicable specifically to vanadium having a 

. residual resistivity of 0.0100X 10-8 fl m. The table gives 
both values uncorrected and corrected for thermal expan­
sion, while the figures show only the uncorrected recom­
mended values and mostly uncorrected experimental data. 
The values for the thermal expansion were taken from Ref. 
121. The uncertainty in the recommended values is estimat­
ed to be within ± 10% from 7 to 20 K and ± 5% at lower 
and higher temperatures. 

Electrical resistivity of slightly less pure vanadium with 
different residual resistivity can be calculated from the rec­
ommended values using the Matthiessen rule. This proce­
dure involves subtracting Po from the recommended P value 
to obtain the temperature-dependent part to which Po of the 
specimen in question be added to generate a set of values 
applicable to that specimen. However, it should be pointed 
out that this procedure neglects contributions due to devia­
tions from the Matthiessen rule. In this regard it is noted that 
the data of Jung et al. 18 indicate an increase in Po by a factor 
of 2 would result in a temperature-dependent resistivity ap­
proximately 4% higher up to 20 K while an increase of Po by 
a factor of20 would increase it by 13% in the same tempera­
turerange. 

Vanadium is a transition element and its low-tempera­
ture electrical resistivity depends on the type as well as on the 
concentration of impurities. The electrical resistivity of low­
er purity vanadium is, therefore, difficult to estimate, espe­
cially at low temperatures « 250 K). However, judging 
from the data reported by Jung et 01.,16-18 it appears that for 
specimens having residual resistivities less than 
0.5 X 10-8 fl m only small uncertainties 
«0.01 X 10-8 (J m at 20 K, and -0.3X 10-8 fl m at 
100 K) are introduced by the application of Matthiessen's 
rule. The data from Refs. 16-18 (data set 13) and from Ref. 
38 (data set 38) with sample residual resistivity of 
0.52 X 10-8 n mandO.81 X to-8 fl m,respectively, are also 
shown in one of the figures for illustration. 

Additional information on the electrical resistivity is 
reported in Refs. 58-95. Data of Henslet et af.35 (data sets 

J. Phys. Chem. Ref. Data, Vol. 13, No.4, 1984 



1114 DESAI, JAMES, AND HO 

I~ 

1-

I I~ 

t--t"'{,.-.; ,Ion"') ,-+---+----+--'-+-+--+------1--1 -r--
~ I 

1-

i 

'-
,-

-

1-

1-

1-

CINDAS TEMPERATURE. K FIGURE I 

J. Phys. Chern. Ref. Data. Vol. 13. No_ 4_ 19S4 



4 

3 

2 

2 

10 

8 

6 
E 5 
~ 4 

(I) 

'9 3 . 
~ 2 
:> 
~ 
U5 
~ I 

8 S 6 

~ 5 
~ 4 
W 3 

2 

10-

8 

6 
5 

4 

3 

z 

I 

10 

8 

2 

6 
5 
4 

ELECTRICAL RESISTIVITY OF VANADIUM AND ZIRCONIUM 1115 

I I I I I I I I I I I I I III I I 
f-- RECOMMENOED~ ~ 

(liquid) 
J-

I. ,-l-I •• 
I----

(z6) ~~ I\t ELECTRICAL RESISTIVITY OF 
I----

VANADIUM V "\ 1 ~r.t 
I---- I~' \ ± ~. -~-~2.l-~ 

" -'fr;.@J V ,\ 30 
. y'I ~ ~ 

I---- 0' J-
JJ 1\ 

f-- /' ~ 1-

~. 
I---- If- I-

f-- --

. '" 4Zr~i 
- " 

I 
I----

lit C-""- RECOMMENDED 
I-

T YP I CAL ~ /1 ) ( below 100 K applicable specifically 
~ -f-C, /"p -O.O'OO,'O-Snm) 

I----
(po :0.81 x 10-8 .n m) / / 0 

I-

II II· l~y)6 
I---- " I I .4;1/ 1----r----l-q//r--
I-- I I ~'. 1-

, ,I __ ~' 1--+-/ jgij 
~-&-~ I I - -~tl 64 

Ip, -d!~~~ n m) - " / 
I-- 1-

- I-

(i6l 
-

r~ 
,-

- ~ I-

i I-- 1-

r- .Y 1-

I-- I-

I---- II I-

I 
I Ts 5'j K~ 

I I I I I I I I I I Tm2i2 Kill 
I 23456810 2 3 4 5 6 8 10

2 
2 3 4 5 6 8 103 2 345 

CINDAS TEMPERATURE, K FIGURE 2 

J. Phys. Chem. Ref. Data, Vol. 13, No.4, 1984 



f-
og 

~ 
tt 
g , 
:II 
CD 
:"" 
CJ 

J 
< 
~ ... 

,!>J 

J 
,p. 
.... 
I .... 

200 

tOO 

160 

E 
c: 140 

III 
IQ 

>- t20 
~ 

~ 
t; 100 
(f) 
LaJ a::: 
-' 80 « 
U 
CE 
~ 

frl 60 
-' LaJ 

40 

20 

o o 200 400 600 800 ICoo 1200 1400 1600 1800 2000 2.2.00 2400 2600 2800 3000 3200 3400 3600 3800 4000 

aNDAS TEtvPERATURE, K fiGURE :3 

-. .... .... 
G) 

C 
m 

~ 
1; 
!II: 
m 
Y' 
~ o 
% o 



ELECTRICAL RESISTIVITY OF VANADIUM AND ZIRCONIUM 1117 

33,34), GUrp4l (data sets 43, 44), and ofWruk and WertSl 

(data sets 61, 62) are for films/foils; readers are directed to 
Refs. 96-115 for additional information/data on films. The 
data of Courtney l4 (data sets 8-10) are hydrogen-doped va­
nadium and additional information/data on various doped­
vanadium samples are reported in Refs. 65, 72, 102, and 
116-119. Effects of irradiation are discussed in Refs. 71, 72, 
and 120, of annealing temperature in Refs. 66, 112, 116, and 
120, and of pressure in Refs. 73, 74, and 122. 

3.2. Zirconium 

There are 43 data sets available from 23 references 
(Refs. 33,49,123-144) for the electrical resistivity of zirconi­
um specimens with purity 99.8%-99.99%. The temperature 
range covered by these data sets is from 1.7 to 2127 K. The 
information on specimen characterization and measurement 
condition for each of the data sets is given in Table 5. The 
data sets are tabulated in Table 6 and shown partially in Fig. 
4. 

From liquid-helium temperature to room temperature 
the only set of data for high-purity zirconium is that of White 
and WOodS49 (data set 27) on a specimen with residual resis­
tivity ratio (RRR) 168. Above lOOK these data appear to 
be trustworthy. but their reliability below 100 K is not suffi­
cient to permit reliable interpretation in terms of any low-

temperature conduction mechanism. However, White and 
Woods pointed out a T 4

.
5 dependence of the temperature­

dependent resistivity above 13 K as indicating rather strong 
electron-phonon s-s interband scattering. This and earlier 
work of Kemp et al. 14I (data set 31) on a specimen with 
RRR = 25 was supported 15 years later by Volkenshtein et 
al. 131 (data set 12) using a specimen with RRR = 34. Fur­
thermore, the data of Volkenshtein et a1. 131 suggested the 
existence of a T2 term below 13 K which was undoubtedly 
related to electron-electron scattering. T3 dependence indi­
cative of s-d electron-phonon scattering was neither ex­
plored nor reported by these or other low-temperature stud­
i~ (Refs. 131-137,140). Carefullow-tt:lIlpt:rature studies on 
a very pure specimen are required to detect such depen­
dence. 

The recommended values below 293 K are based on the 
data of White and Woods49 (data set 27), who studied the 
purest specimen (Po = 0.25x 10-8 n m). 

In the temperature range up to Ta-/3 = 1137 K, there 
appears to be fairly good agreement ( ± 10%) among the 
data ofBykov et al. 127 (data set 7). L'vov et al.33 (data set 13), 
Peletskii et al. 133 (data set 15), Powell and Tye138 (data sets 
22-24), Ditig et al. wI (data set 37), and ufCuuk et al. l44 (data 
set 38). The recommended values up to 800 K are based on 
the data ofPeletskii et al. 133 (data set 15). In the temperature 
range from 800 to 11 J 7 K, the T(".commendations were guid­
ed by the data of Cezairliyan and Righini 123,124 (data set 2), 

TABLE 4. RECOM~IE"''DED VALUES FOR TIlE ELECTRICAL RESISTIVITY OF ZIRCONIU}la 

[Temperature. T. K; Electrical Resistivity. P. 10-8 n ml 

--------
T p T p 

___ u~..uL correc~ed uD!!Q[r!!c!;ed !!Qrrected 

1 0.250 0.250 700 104.2 104.5 
4 0.250 0.250 SOO 114.9 115.3 
1 0.250 0.250 900 123.1 123.6 

10 0.253 0.253 1000 128.8 129.4 
15 0.2S3 0.283 1100 132.0 132.8 

20 0.357 0.357 1137 132.6(a} 133.4(a) 
25 0.491 0.490 I137------iiO:8{~)----iii:3(p) 

30 0.712 0.711 1150 111.1 111.7 
40 1.443 1.441 1200 112.2 112.8 
50 2.495 2.492 1300 114.5 115.2 

60 3.7S 3.7S 1400 116.5 117.3 
70 5.15 5.14 1500 118.6 119.6 
80 6.64 6.63 1600 120.4 121.S 
90 8.18 8.17 1700 122.3 123.5 

100 9.79 9.78 1800 124.0 125.4 

150 17.85 17.84 1900 125.8 127.4 
200 26.35 26.33 2000 127.5 129.3 
250 34.9 34.9 2100 129.1 131.0 
273 38.8 38.8 2127 129 .~( s~ !31.4! s) 
2093 420.1 420.1 UZ7 141 .. Ht) 

300 43.3 43.3 
350 51.9 51.9 
400 60.3 60.3 
500 76.5 76.6 
600 91.5 91. 7 

aThe values are for polycrystalline zirconium of pnrity 99.95% or higher. but 
those beloy 200 K are applicable specifically to zirconium having a residual 
resistivity of 0.250 x 10-S n m. the columns headed uncorrected and corrected 
refer to values uncorrected and corrected for thermal expansion. respectively. 
Solid line separating tabular values indicates solid to liqUid state trans for­
QatioD. while dotted line indicates solid phase transition. 

J. Phys. Chem. Ref. Data, Vol. 13, No.4, 1984 
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D~ata 

Set 
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Ref. 
No. 

123 

123, 
124 

125 

125 

125 

126 

127 

128 

128 

Author(s) 

Cezair1iyan. A. and 
Righini, F. 

Cezair1iyan, A. and 
Righini. F. 

Cezair1iyan, A. and 
Righini, F. 

Cezair1iyan, A. and 
Righini, F. 

Cezair1iyan, A. and 
Righini, F. 

TABLE 5. 

Year 

1974 

1974 

1974 

1974 

1974 

HOrz, G., Hammel, M., 1974 
and Kanbach, H. 

Bykov, V.N., Rudnev, 1972 
1.1., and Solov'ev, 
V.A. 

Bychkov, Yu.F., 1973 
Likhanin, Yu, ~., and 
Ma1'tsev, V.A. 

Bychkov, Yu.F., et a1. 1973 

MEASUREMEfiT INFORMATION ON TIlE ELECTRICAL RESISTIVITY OF ZIRCONIUM Zr 

Method 
Used 

T 

T 

T 

T 

T 

B 

A 

A 

A 

Temp. 
Range, K 

2097-2128 

1092-1265 

1500-2100 

1500-2100 

1500-1900 

1173-1973 

288-128. 

77,295 

77,295 

Name and 
Specimen 

Designation 

Specimen II 

Specimen 3 

Specimen 1 

Specimen 2 

Specimen 3 

B-Zr 

Iodide 
Zirconium 

a-Zr 

w-Zr 

Ccmposition (weight percent), Specifica:ions and Remarks 

99.98 Z~. 125 ppm 0, 40 ppm Hf, 30 ppm Fe, 6 ppm C, 3.3 ppm H, 3 ppm 
AI, 2.1 ppm N, 1.5 ppm Ni, 1.5 ppm Si, 1.0 ppn Ti, less than 6 ppm 
other elements; s?ecimen 76.2 mm long, 6.3 rom 0.0., 0.25 rom thickness; 
small rectangular hole (0.5 x 1 rom) fabricated in the wall at middle 
of the specimen; approximated blackbody condi:ions; Tm = 2128 K; data 
extracted from fi&ure; estimated inaccuracy in the measurement is ±3% 
(imprecision ±0.05%). 

99.98 ZI, 125 ppm 0, 40 ppm Hf, 30 ppm Fe, 6 ppm C, 3.3 ppm H, 3 ppm 
AI, 2.1 ppm N, 1.5 ppm Ni, 1.5 ppm S1, and 1.0 ppm Ti: specimen tube 
fabricated from rods by removing center portion using an e1ectro­
erosion technique; nominal dimensions of specimen were 76.2 rom long, 
6.3 rom ·C.D., and vall thickness 0.5 mm; outer surfaces of the specimen 
were polished to reduce heat loss due to thermal radiation; a-B trans­
formation tempera:ure 1147 ± 10 K; data extracted from figure; esti­
mated inaccuracy of the measurement is ±2%. 

99.98 Zr, p01ycrysta1line from Materials Research Corp., 6 ppm C, 
3.3 ppm H, 125 ppn 0, 2.1 ppm N, 3.0 ppm AI, 30 ppm Fe, 40 ppm Hf, 
1.5 ppm Ni, 1.5 P?m Si, 1.0 ppm Ti; ~ominal d~mensions are 76.2 rom 
length, 25.4 rom (effective length), 5.3 rom O.D., 0.5 rom wall thick­
ness, and 0.5 x 1 mm rectangular bla~kbody ho:d; inaccuracy in 
measured value is ±2%. 

Similar to the abDve except different specimen. 

Similar to the abDve except different specimen. 

Drawn Zr wire of 0.5 mm diameter of ~arzgrade (produced by electron 
beam zone melting) from Materials Re.earch Corp., Orangeburg, NY; 
<10 ppm 0, 40 ppm C, 15 ppm AI, 50 Pem Fe, 100 ppm Hf, and <75 ppm 
other; surface impurities were removad by pol:shing mechanically 
and electrolytically; wire was heatei by D.C. for 30 minutes at 
1650 C in high vacuum of 5 x 10-7 torr for recrystallization; data 
extracted from figure. 

0.056 Fe, <0.001 V, 0.0065 Mn, 0.007. Mo, 0.0:2 Cu, 0.0041 Cr, 0.0041 
Ni: meas~remcnts :n 10-~ rom Hg vacuun; data extracted from figure. 

99.8 Zr (iodide); remelted in arc furnace. 

Similar to above except subjected to hydrostatic pressure of 100 Kbars 
at rOOm temperatuTe to get metastable w-Zr phase. 
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TABLE 5 • MEASUREMENT INfORMATION ON THE ELECTRICAL RESISTIVIT! OF ZIRCONIUM Zr (continued) 

. Data 
Set 
No. 

10 

Ref. 
No. 

129 

11* 130 

12* 131 

13 33 

14 132 

15 133 

16 133 

Author(s) 

Martrnyuk, M.N. and 
Tsapkov, V. 1. 

Real,~, C. 

Volkenshtein. N. V •• 
Novoselov, V.A., and 
Startsev, V.E; 

L'vo\", S. N., Mal 'ko, 
P. 1., and Nemchenko, 
V.F. 

Zhorcv. G.A. 

Peletskii, V.E., 
Druzhinin, V.P., and 
Sobol, Ya.G. 

Peletskii, V.E., 
et a1. 

*Not shown in figure. 

Year 

1973 

1973 

1971 

1971 

1970 

1970 

1970 

Method 
Used 

T 

A 

A 

A 

Temp. 
Range, K 

2127 

4.2,293 

0.6-71.0 

309-1331 

Name and 
Specimen 

Designation 

1000-2000 MRTU 95-67-66 

302-136" 

1229-l98J 

Composition (weight percent), Specifica~ions and Remarks 

99.76 Zr; values are reported for solid and for liquid at melting 
point; accuracy of measurements ±4%. 

Polycrystalline zirconium 100-250 A thick vacuum deposited films 
onto very smooth, optically polished, square-shaped alkalizine boro­
silicate substrates at room temp.; prior to the film condensation, 
the substrates had been degassed by baking in vacuo at 350'C for 6 hr 
and cleaned afterwards by both ultrasonic agi:ation at 50 kHz and 
ionic bombardment using a glow discbarge of 5 KV; zirconium was evap­
orated from a copper liquid-nitrogen-cooled c:ucible employing a 270· 
beam deflection electron gun under pressure 0: the order of· 10-10 

torr; both the film thickness and the condensation rate were accur­
ately controlled .ith ·a piezoelectric quartz crystal monitor main­
tained f-t the substrate temperature; the films were annealed for 3 hr 
at 300·C to remove frozen-in structural defects and subsequently cooled 
down to 4.2 K (tetragonal crystal structure characteristic of the B 
phase a~ shown by electron-diffraction analys:s) using liquid helium 
as the refrigerant; the specimens were always kept under vacuum at 
the concensation ?ressure; to minimize the deformation arising from 
differer.tia1 t:hernal expansion between metal and glass, both heating 
and cooling rates were lower than l'~/sec; after the annealing process, 
measurerr.ents were taken; to avoid oxidation or adsorption of some 
other gaS8S, all the experiments were performed in the vacuum condi­
tions utilized for film preparation. 

99.9 Zr, polycrys:al; tabulated valu~s calculated from PT/P273 values 
reported graphically assuming 38.8 l)-sQ m for P273; P300/P 4 .2 = 34. 

99.9 Zr; sample was prepared froln bars (rods) obtained by iodide 
process; PSO O/P4.: ~ 26; data extracted from figure. 

99.56 Zr, 0.23 Nb. 0.02 Fe. 0.04 Hf. 0.005 Cu, 0.01 Ni. 0.03 Ti. 
0.005 Mo, 0.005 A:, 0.01 Sn, iodide zirconium; density 6.59 g cm- 3; 
rod specimen 58.6 mm length and 9.84 mm diameter; measurements in 
5 x 10-5 mm Hg; greatest relaLive er:or in determination 2.8%; aver­
age values of several heating and cooling experiments. 

99.9 Zr, 0.01 C, 0.005 N2 , 0.01 0z, 0.009 Fe, 0.03 Nb, 0.002 AI, 
0.005 Cu, 0.003 To, 0.005 Si; compac: samples obt:ained by electron­
beam meltine in vacuum; specimen dimensions are cylinder 60 rom long 
and 9 rom diameter; sample heated in ~esistanc€ furnace with a molyb­
denum heater; measurements in 10- 5 mn Hg; experimental error ±l.5 to 
2% • 

Same as above except sample heated b;> electron bombardment. 
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Data 
Set 
No. 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

Ref. 
No. 

l34 

l34 

135 

l36 

l37 

138 

138 

138 

139 

139 

49 

140 

TABLE 5. 

Author(s) 

E11iJtt, R.O. and 
Hill, H.H. 

El1iJtt, R.O. and 
H:Lll, H.H. 

Bettarton, J.O. and 
Easton, D.S. 

Clinard, F.W., Jr. 
and Kempter, C.D. 

Cape, J .A. and 
Hake, R.R. 

Powe~l, R.W. and 
Tye, R.P. 

Powe~l, R.W. and 
Tye, R.P. 

Powell, R.W. and 
Tye, R.P. 

Kiselev, N.A. 

Kiselev, N.A. 

WhitE, G.K. and 
Woods, S.B. 

Berlincourt, T.G. 

MEAsmEMENT INFORMATION ON THE ELECTRICAL F.ESISTIVITI OF ZIRCONIUM Zr (conti:lUed) 

Year 

1970 

1970 

1968 

1968 

1965 

1961 

1961 

1961 

1961 

1961 

1959 

1958 

l1ethod 
Used 

A 

A 

A 

A 

A 

Temp. 
Range, K 

4.6-30.6 

1. 5-4.0 

4.2,300 

2.1-295 

8.8-24.1 

Name and 
Specimen 

Designation 

264-1196 No. 715 

87-1230 Van Arke1 Zr 

264-886 No. 050 

738-1353 

855-1356 

4.2-295 Zr3 

4.2-298 Zrl 

CJmposition (weight percent), Specifications and Remarks 

105 ppm 02, 8 ppm N2, 33 ppm C, and 27 ppm Fe; heating cycle; data 
extracted from figure. 

Same as above except cooling cycle; data extracted from figure. 

No details given. 

Commercial specimen 95-175 ppm Oz, 40 ppm N2, <40 ppm Hz, <1000 ppm 
Hf, <1000 ppm Nb, 200 ppm Fe, 100 ppm Ni, <100 ppm each Ti, V, Zn. 
Mo, and Pb; Po = 0.8 X 10-8 n m; annealed condition; cylindrical spec­
imen 0.25 in. diameter and 1 in. long; data extracted from figure; 
average of heating and cooling. 

Specimen cut from a button arc-cast in an inert atmosphere; finished 
sample vas then measured as machined without annealing; specimen 
was 1 x 0.1 x 0.01 in.; estimated absolute values of the resistivi­
ties are accurate to approximately ±2%; values calculated from 
graphicallyareported values of PT-P~.z and tabulated values of 
1.522 x 10- n m for P4.2' 

Graphite-melted Zr, 0.018 Fe, 0.043 C, 0.007 ~l, 0.007 Nb, 0.0075 Nz, 
0.1-0.602; extruded; average of heating and cooling; data extracted 
from figure. 

Van Arkel zirconium, 0.012 Fe. 0.016 C, 0.0023 Nz, and 0.3-0.6 Oz; 
cold sw~ged; average of heating and cooling; data extracted from 
figure. 

Arc melted low-carbon Zr; 0.045 Fe, 0.01 C, 0.008 Nz, 0.11 Oz; 
extrudec; average of heating and cooling; data extracted from figure. 

Specime~ prepared from iodide metal; average'of heating thermocouple 
and optical pyrometer measurements; Ta_

S 
= 1138 K; data extracted 

from figure. 

Same as above; average 'values of cooling theraocoup1e and optical 
pyrometer measurements; data extracted from f~gure. 

99.95 Zr, 132 ppm Hf, 79 ppm C, 24 ppm Fe, 11 ppm Ni, 21-50 ppm Oz, 
3-50 pprr Nz, <100 ppm Zn, 2-7 ppm each Ca, Cr, Mo, Si, Hz, and <10 
ppm other elements; arc cast annealed 4 hr at 1100°C, swaged at room 
temp.; annealed for 15 min. at 1000o~ and finally for 15 min. at 
800°C in a vacuum 1-2 x 10-6 rom Hg; values calculated from tabulated 
values of ideal resistivity (Pi), PZ95 = 42.4 x lo-an m and Po/PZ95 = 
5.96 x 10- 3

• 

Crystal bar from Westinghouse, 0.001 Ca, 0.01€ Cu, 0.075 Fe, 0.002 H, 
0.001 N, 0.016 O2, 0.013 Si; P273/P4.Z = 170. 
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TABLE 5. MEASUREMENT INFORMATION ON THE ELECTRICAL RESISTIVITY OF ZIRCONIUM Zr (continued) 

Data 
Set 
No. 

29 

30* 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40* 

41* 

42 

43 

Ref. 
No. 

140 

140 

141 

142 

142 

142 

142 

142 

143 

144 

144 

144 

144 

144 

144 

Author(s) Year 

Berlincourt, T.G. 1958 

Berlincourt, T.G. 1958 

Kemp, W.R.G., Klemens, 1956 
P.G., and White, G.K. 

ACenstedt, ,1. K. 1952 

Adenstedt, :i.K. 1952 

Adenstedt, 1.K. 1952 

Adenstedt, H. K. 1952 

Adenstedt, H. K. '1952 

Bing, G., Fink, F.W., 1951 
and Thompson, H.B. 

Cook, L.A., Castleman, 1950 
L.S., and Johnson, 
W.E. 

Co~k, C.L., et a1. 1950 

Co)k, C.L., et a1. 1950 

Co,)k, C. L., et a1. 1950 

Cook, C.L., et al. 1950 

Cook, C.L., et a1. 1950 

*Not shown in figure. 

Method 
Used 

A 

B 

B 

B 

B 

B 

B 

B 

B 

B 

B 

B 

Temp. 
Range, K 

4. 2-~,OO 

4.2-~,00 

Name and 
Specimen 

Designation 

Zr2 

Zr2' 

1. 7-.93 JM5000 

276-1213 Zr660 

924-1299 Zr660 

404-1189 Zr681 

902-1127 Zr681 

90 Zr757 

273-533 Westinghouse 
Ingot D-2l6 

277-1277 Low-Hf 

303-323 Sample A 

302-315 Sample B 

302-322 Sample C 

303-3W Sample D 

30l-3H Sample E 

Composition (weight percent), Specifications and Remarks 

Same as above except PZ73/P4.2 ~79 . 

Same as above except PZ73/P4.Z ~76. 

99.99 Zr from Messrs. Johnson, Matthey and Co., Ltd.; 3 mm diam. rod; 
annealed for 5 hr. at 950°C in vacuo: data extracted from figure: 
Po = 1. 98 x 10-sQ m. 

99.9 Zr, 0.1 Hf, 0.02 Fe, <0.005 Ti, <0.005 'AI, <0.005 Si, hafnium 
free from Foote Mineral Co.: samp~es prepared from as-deposited 
iodide crystal bars; cold-swaged condition: Rockwell hardness A-36: 
first heating run; values obtained by multiplying 43.2 x 10-8Q m 
(resistivity at DOC) by resistivity ratio as function of temperature 
reported graphically. 

Same as above Except second heating run. 

Similar to the above except as deposited iodide crystal bar, 0.036 Hf, 
<0.005 Fe, <0.C05 Ti, <0.005 AI, <0.005 Si: Rockwell hardness A-22; 
first heating run. 

Same as above Except first cooling r'un. 

Similar to the above except 0.032 Hf, 0.04402, 0.005 N2, 0.005 Si, 
and <0.003 eact AI, Si, and Ti: cQld-swaged, machined and annealed 
at 973 K from iodide crystal bar: 0.22 in. diam. and 10 in. length; 
Po = 39.6 x 10-sQ m. 

Pure Zr, 0.04 Rf, 0.04 Fe, 0.02 Nt, 0.007 Ti, 0.003 Sn, 0.001 AI; 
arc-melted ingot of WEM crystal bEr produced from lot CB-37: ingot 
forged at 1650 to a 1 in. square bar: measurements made at Battelle. 

Foote crystal bar, 0.04 Hf, 0.08 a, 0.04 Fe, 0.004 AI, 0.005 each 
Cu, Ca, 0.001 each Ti, Mn, Pb, Mo, 0.01 Hg, 0.003 each Ni, Cr: 
machined to smooth cylinder 0.358 in. diam.; annealed above recrystal-
1izat~on temp.; data extracted frcm figure. 

Same as above except machined to (.306 in. ,:I1am. cylinder. 

Same as above except swaged from C.306 in. ,:I1am. to 0.125 in. diam. 
(84% reduction in area). 

Same as sample B except annealed for 1 hr. at 500°C. 

Same as sample C except swaged from 0.125 in. diam. to 0.048 in. 
diam. (85% reduction in area) • 

Same as sample D except annealed for 1 hr. at 500°C. 
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." TABLE 6. EXPERIMENTAL DATA ON THE ELECTRfCAL RESISTIVITY OF ZIRCONIUM Zr .., 
:r .., 
'< 
!II [Temperature, T, K; Electrical Rasistivity, p, 10-8 S1ml 
0 :r 
CD 

~ T P T P T 
:a P T P T P T P 

~ DATA SET 1 DATA SET 2 (cont.) DATA SET 4 (cont.) DATA SET 7 :cont.) DATA SET 10 DATA SET 13 (cont.) C 

J 2097.0 128.52 1145 120.5 1850 123.61 556.6 85.3 2127 ]28.8 468 75.00 
<: 2099.1 128.56 1146 127.5 1900 124.60 576.1 88.4 2127 ]41. 3 526 82.14 
~ 2101.6 128.61 1146 117.4 1950 125.59 595.5 91.5 577 91.07 - 2104.3 128.68 1147 119.1 2000 126.58 618.8 93.0 DATA SET 11* 621 98.21 
~ 2106.6 128.74 1148 118.0 2050 127.62 646.0 94.6 708 107.1 Z 2108.5 128.81 1148 111.0 2100 128.59 661.5 97.6 4.2 0.14 766 114.3 0 

~ 
2111.0 128.85 1149 128.8 677.0 99.2 293 0.10 823 121.4 - 2113.5 128.89 1149 112.4 DATA SET 5 700.3 101.5 852 125.0 

UI 2115.9 128.94 1150 125.9 723.6 104.6 DATA SEl 12* 903 128.6 CO 
2118.5 129.01 1151 131.5 1500 117.65 746.9 106.1 976 132.1 ~ 

2120.3 129.08 1151 124.0 1550 118.62 762.5 109.2 0.58 1.27 997 135.7 
2121.5 129.13 1153 110.2 1600 119.75 785.8 110.0 0.95 1.28 1020 137.5 
2123.2 129.19 1158 109.8 1650 120.87 805.2 111.5 1.9 1.28 1034 135.7 
2124.3 129.23 1171 110.0 1700 122.00 820.7 113.0 3.0 1.28, 1063 133.9 C 
2125.1 129.27 1188 110.5 1750 123.06 847.9 114.6 4.2 1.28 1092 133.9 rn 

fh 2126.4 129.30 1203 110.9 1800 124.10 863.4 116.1 6.0 1.28 1106 128.6 ~!! 2126.6 129.29 1219 111.2 1850 125.13 882.8 117.6 8.9 1.29 1135 117.9 
2126.7 130.80 1237 111.5 1900 126.14 894.5 117.6 9.6 1.29 1143 114.3 c.. 
2126.9 130.91 1248 111. 7 902.3 118.4 10.4 1.29 1172 114.3 l> 
2127.1 129.71 1260 111.9 DATA SET 6 910.0 120.0 11. 7 1.30 1208 112.5 I: rn 2127.2 131.06 1265 112.0 933.3 121.5 14.2 1.31 1230 114.3 Jb 2127.4 129.51 1173 111.9 960.5 122.3 14.7 1.31 1280 114.3 l> 2127.4 130.1L DATA SET 3 1272 114.6 979.9 124.6 16.4 1.33 1331 116.1 Z 2127.5 129.62 1370 116.7 991.6 123.8 17.2 1.34 C 2127.5 129.88 1500 115.97 1472 119.4 1007.1 126.1 19.7 1.38 DATA SET 14 :::r:: 2127.6 130.23 1550 117.06 1570 121.3 1034.3 125.3 24.3 1.54 0 2127.7 130.80 1600 118.14 1668 124.0 :'046.0 126.1 28.3 1. 75 1000 131.5 
2127.7 131.05 1650 119.25 1770 126.0 :'069.3 126.9 32.9 2.05 1100 134 
2128.1 130.35 1700 120.36 1868 128.8 :'084.8 127.6 36.8 2.40 1200 114 

1750 121.41 1964 130.8 :'115.9 128.4 41.4 2.84 1300 115 
DATA SET 2 1800 122.50 1973 131.0 :'135.3 127.6 43.4 3.08 1400 116.5 

! 
1850 123.60 :'146.9 125.3 46.7 3.30 1500 118 

1092 130.5 1900 124.62 DATA SET 7 :'166.4 109.2 50.7 3.78 1600 119.5 
1097 130.9 1950 125.65 :'181.9 110.0 52.0 4.06 1700 121 
1103 131.3 2000 126.68 288.7 46.1 1185.8 109.2 53.9 4.24 1800 122.5 
1111 131.1 2050 127.71 304.2 46.9 1189.7 107.6 55.3 4.42 1900 124 
1117 131.3 2100 128.61 323.6 50.0 ]282.9 107.6 63.2 5.27 2000 126 
1126 131.5 370.2 58.4 71.0 6.21 
1139 125.0 DATA SET 4 389.6 60.0 DATA SET 8 DATA SET 15 
1141 131.7 405.2 60.7 DATA SET 13 
1141 126.9 1500 116.07 420.7 63.8 77 10.9 302.0 44.48 
1141 123.0 1550 117.16 436.3 66.9 295 43.6 309 48.21 316.1 45.56 
1141 112.0 1600 118.30 459.6 71. 5 345 50.00 434.7 64.84 
1142 113.1 1650 119.39 475.1 73.0 DATA SET 9 360 57.14 546.4 83.41 
1143 118.6 1700 120.50 498.4 76.9 374 60.71 668.7 100.2 
1144 129.9 1750 121.56 517.8 81.5 77 14.2 403 60.71 805.4 114.2 
1144 114.7 1800 122.57 537.2 83.0 295 47.0 439 67.86 928.3 123.9 

*Not shown in figure. 



TABLE 6. EXPERIMENTAL DATA ON THE ELECTRICAL RESISTIVITY OF ZIRCONIUM Zr (contin'led) 

., 
T P T P T P T P T P T P 

DATA SET 15 ~cont.) DATA SET 18 DATA SE~ 21 (cont.) DATA SET 23 (cont.) DATA SET 25 (cont.~ DATA SET 27 ~cont.) 

928.1 126.0 1.5 1. 39 19.9 1.60 957 130 1138 114.6 220 29.651 
1037 131.1 1.8 1.36 21.3 1.64 1009 133 1159 114.8 250 34.851 
1051 130.7 2.3 1.38 22.7 1.68 1060 136 1175 115.2 273 38.851 
1118 132.9 2.6 1.39 24.1 1.73 1108 139 1278 117.2 295 42.651 
1154 122.2 3.0 1. 38 1145 142 1297 117.9 
1152 110.5 3.5 1.39 DATA SET 22 1159 139 1318 118.7 DATA SET 28 rn 
1236 112.0 3.9 1.39 1179 126 1334 119.8 r-rn 1282 112.4 4.0 1.40 264 44.7 1190 120 1340 120.1 4.2 0.224 ~ 1300 113.5 364 62.2 1205 121 1353 122.0 77 6.11 
1363 114.9 DATA SET 19 461 78.0 1213 122 298.6 42.6 ::tJ 

524 86.3 1230 121 DATA SET 26 (; 
DATA SET 16 4.2 0.1 564 92.1 DATA SET 29 

,. 
300 42.3 621 99.2 DATA SEl 24 855 117.2 r-

1229 113.4 664 104 971 :27.0 4.2 0.213 ::tJ rn 1275 113.4 DATA SET 20 709 109 264 50.2 1043 133.1 77 6.08 tn 
1296 114.9 764 115 324 60.8 1068 :'33.5 300.1 42.6 ~ 1324 116. i 2.1 0.91 812 119 364 67.7 1096 :33.5 
1405 118.5 14.7 1.02 863 123 421 76.9 1102 :'32.9 DATA SET 30* <: 1430 118.9 27.3 1.2 912 128 461 83.5 1108 :'29.9 

~ 1465 119.6 44.1 2.0 957 131 521 91. 2 1132 :20.0 4.2 0.216 
1606 122.6 54.7 3.4 1006 134 564 97.2 1138 :'18.9 77 6.08 0 1620 123.3 70.6 5.5 1057 135 615 103 1147 118.4 300 42.6 "TI 
1694 123.i 87.5 7.9 1i11 136 664 109 ll72 118.0 

~ 1743 125.2 105 10.8 1131 136 712 114 1234 117.6 DATA SET 31 
1835 124.2 118 13.1 1139 131 769 ll9 1278 117.2 Z 
1835 126.3 132 15.5 1142 127 789 123 1312 117.4 1.7 2.00 

,. 
1941 127.S 149 18.6 1148 121 861 127 1331 118.1 4.4 2.00 C 

,1983 128.2 163 21.4 1150 116 886 128 1340 119.6 7.1 2.00 2: 
180 24.7 1153 116 1356 122.2 14 2.00 1:!: 

DATA SET 17 190 26.5 1162 115 DATA SET 25 18 2.05 
,. 

208 29.9 1176 115 DATA SET 27 23 2.30 Z 
!- 4.6 1.39 233 32.7 1196 116 738 111.3 32 3.04 C 
'V 4.9 1.40 246 35.2 770 113.9 4.2 0.251 57 6.10 N 
:T 6.1 1.39 261 37.2 DATA SET 23 121. 7 15 0.276 66 6.97 ii 
~ 867 

7.6 1.43 271 39.3 927 126.1 20 0.341 77 8.72 
(") 
0 () 9.1 1.4:> 278 40.3 87 10.0- 949 127.4 25 0.486 91 11. 7 Z :T 

CD 10.4 1.4) 285 41.2 118 14.3 971 128.7 30 0.721 129 17.4 2: ? 11.4 1.39 295 43.2 167 23.2 1002 130.4 40 1.451 172 24.8 a: :D 13.6 1.4) 267 40.1 1031 131.1 50 2.501 212 33.1 :e. 16.2 1.42 DATA SET 21 367 57.6 1049 131.8 60 3.751 292 47.1 
C 18.0 1.45 464 73.7 1068 131.8 70 5.151 293 48.9 
!L 20.7 1.5,) 8.8 1.52 564 90.1 1099 132.2 80 6.651 
~ 22.8 1.57 10.2 1.52 618 99.8 1102 132.2 90 8.151 DATA SET 32 < 25.9 1.67 13.0 1.52 664 105 1115 132.2 100 9.801 0 :- 28.6 1.77 14.0 1.52 712 III 1121 129.9 120 13.051 276 43.6 .... 

30.6 1.83 14.9 1.53 764 116 1126 140 16.251 461 76.2 ~ 123.4 
Z 15.8 1.53 815 120 1132 118.7 160 19;551 580 94.0 
-~ 16.6 1.54 863 123 1131 116.0 180 22.851 689 108 
~ 18.3 1.57 909 127 1131 115.2 200 26.351 915 130 

....a. .... 
*Not shown in flgure. .... ID 
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DATA SET 32 (cant.) 

1019 136 
1137 117 
1164 117 
1213 lIS 

DATA SET 33 

924 130 
1028 133 
1073 130 
1085 126 
1096 124 
1110 120 
1122 117 
1152 115 
1176 115 
1253 114 
1299 116 

. DATA SET 34 

404 69.2 
570 99.8 
779 127 
931 139 
993 142 

1026 144 
1050 144 
1078 145 
1107 145 
1127 131 
1142 122 
1159 121 
1189 122 

DATA SET 35 

902 141 
1088 145 
1098 138 
1114 126 
1127 124 

DATA SET 36 

90 9.03 

*Not shown in figure. 

TABLE 6. EXPERIMENTA:' DATA ON THE ELECTRICAL RES:STIVITY OF ZIRCONIUM 

T P T P 

DATA SET 37 DATA SET 41* 

273 40.2 302.9 46.7 
298 44.1 306.2 47.3 
533 81.3 311.4 48.2 

317.0 49.4 
DATA SET 38 322.4 50.4 

277 39.9 DATA SET 42 
293 42.4 
334 50.1 303.1 47.8 
382 59.1 305.4 48.1 
471 74.2 309.8 49.0 
50S 79.9 315.3 50.1 
565 8S.5 319.7 50.8 
662 101.1 320.8 51.0 
763 111. 7 
832 118.2 DATA SET 43 
90S 123.9 

1013 128.7 301.1 49.0 
1069 131.1 303.2 49.4 
1113 131.1 305.5 49.8 
1129 118.8 310.4 50.6 
1136 111.1 315.6 51.6 
1156 110.6 321.6 52.S 
1172 111.0 
1197 110.6 
1253 111.8 
1277 112.6 

DATA SET 39 

303.5 45.9 
30.4.4 46.2 
306.0 46.5 
307.4 46.6 
308.0 46.8 
309.3 47.1 
310.8 47.2 
313.8 47.8 
323.0 49.6 

DATA SET 40* 

302.1 46.5 
305.0 47.0 
309.9 4S.0 
315.9 49.2 

Zr (continue:i) 
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Peletskii et al.133 (data set 15), and those of Kiselev139 (data 
sets 25,26). Data ofCezairliyan and RighinP23-125 (data sets 
2-5) and those of Peletskii et al.133 (data sets 15,16) were 
used to generate the recommended values for {3-Zr between 
1137t02127 K. The value of 141.3 X 10-8 f1 m for liquid Zr 
at 212 K follows the only available data of Martynyuk and 
Tsapkov129 (data set 10). 

The recommended values of the electrical resistivity 
given in Table 4 and shown in Figs. 5 and 6 are for zirconium 
of99.95% purity or higher, but those below 100 K are appli­
cable specifically to samples with Po = 0.250X 10-8 f1 m. 
The table gives both values uncorrected and corrected for 
thermal expansion, while Figs. ::; and 6 show only the uncor­
rected values along with experimental data which were used 
to generate these values. Thermal expansion values needed 
to carry out thermal expansion correction were taken from 
Ref. 190. The uncertainty in the recommended values is esti­
mated to be within ± 2% below 1137 K, ± 3% up to the 
melting point, and ± 4% for the liquid value at 2127 K. 

The low-temperature electrical resistivity of zirconium 
depends upon the type as well as on the concentration of 
impurities and is rather difficult to estimate. Data so far 
available does not permit one to establish the upper limit of 
Po for which Matthiessen's rule can be applied to estimate 
electrical resistivity. 

The data available in the literature for the temperature 
dependence of a bulk sample is reviewed in this report. How­
ever, additional information on the electrical resistivity is 
available in Refs. 50, 52, 82, 90, and 145-183. Attention is 
directed to Refs. 163, 179, and 184-186 for data on irradiat­
ed samples, Refs. 106, 111, 187, and 188 for data on films, 
Ref. 188 for data on doped zirconium, and Ref. 189 for data 
on pressure dependence of resistivity. 

4. Acknowledgments 
This work was supported by the Office of Standard Ref­

erence Data (OSRD) of the National Bureau of Standards 
(NBS), U.S. Department of Commerce. The extensive docu­
mentary activity essential to this work was supported by the 
Defense Logistics Agency (DLA) of the U.S. Department of 
Defense. 

The authors wish to express their appreciation and 
gratitude to Dr. H. J. White, Jr. of the NBS Office of Stan­
dard Reference Data for his guidance, cooperation, and 
sympathetic understanding during the course of this work. 

5. References 
IT. C. Chi, J. I'hya. Chern. Ref. Data 8,339 (1979). 
2T. C. Chi, J. Phys. Chem. Ref. Data 8,439 (1979). 
3R. A. Matula, J. Phys. Chem. Ref. Data 8, 1147 (1979). 
4C. Y. Ho, R. W. Powell, and P. E. Liley, J. Phys. Chem. Ref. Data 3, 
Suppl. 1 (1974). 

5C. Y. Ho, M. W. Ackerman, K. Y. Wu, T. N. Havill, R. H. Bogaard, R. A. 
Matula, S. G. Oh, and H. M. James, J. Phys. Chern. Ref. Data. 12, 183 
(1983). 

6A. Matthiessen and C. Yogt, Ann. Phys. (Leipzig) 122, 19 (1864). 
'F. Bloch, Z. Phys. 52, 555 (1928). 
8E. Gruneisen, Ann. Phys. (Leipzig) 16, 530 (1930). 
9U. Seydel and W. Fucke, J. Phys. F 10, L203 (1980). 
J(}G. R. Gathers, J. W. Shaner, R. S. Hixson, and D. A. Young, High 

J. Phys. Chem. Ref. Data, Vol. 13, No.4, 1984 

Temp.- High Pressures 11, 653 (1979). 
11M. Y. Yederuikov, V. G. Dvunitkin, and A. Zhumagulov, Fiz. Tverd. 

Tela 20,3302 (1978) [SOy. Phys.-Solid State 20, 1904 (1978)]. 
l2y. E. Peletskii, E. S. Amasovich, A. Y. Kostanovskii, E. B. Zaretskii, Ya. 

G. Sobol, and B. A. Shur, Teplofiz. Yys. Temp. 15, 1202 (1977) [High 
Temp. (USSR) 15, 1028 (1977)]. 

l3y. M. Pan, Y. G. Prokhorov, A. D. Shevchenko, and Y. P. Dovgopol, Fiz. 
Nizk. Temp. 3, 1266 (1977) [SOy. J. Low Temp. Phys. 3, 609 (1977)]. 

14D. R. Courtney, "Thermal Conductivity of Hydrogen Doped High Puri-
ty Yanadium" M. S. thesis (Iowa State University, 1977). 

15B. K. Chakal'skii, Y. M. Azhazha, N. A. Red'ko, and S. S. Shalyt, Pis'ma 
. Zh. Eksp. Teor. }<·1Z. 23, 513 (1976) LJETP Lett. 23, 468 (1976)]. 

16W. D. Jung, "Thermal Conductivity of High Purity Yanadium," IS-T-
693, Ames Laboratory Report, 1975, 110 pp. 

17W. D. lung, "The Thermal Conductivity of High Purity Yanadium," 
Ph.D. tlt~is (IUWll Stllte University of Science and Technology, 197:)) 
[Univ. Microfilm No. 76-1850]. 

18W. D. Jung, F. A. Schmidt, and G. C. Danielson, Phys. Rev. B 15, 659 
(1977). 

19B. N. Aleksandrov, E. D. Semenova, O. I. Petrova, B. P. Chemyi, and Y. 
M. Azhazha, Fiz. Nizk. Temp. 1, 388 (1975). 

2OY. M. Azhazha, N. Y. Yolkenshtein, Y. Yeo Startsev, Y. A. Finkel, V. I. 
Cherepanov, and B. P. Chemyi, Fiz. Met. Metalloved. 41, 1188 (1976) 
[Phys. Met. Metallogr. (USSR) 41,54 (1976). 

lIN. E. Alekseevskii, A. Y. Mitin, and N. M. Matveeva, Zh. Eksp. Tear. 
Fiz. 69, 2124 (1975) [SOy. Phys.-JETP 42, 1080 (1976)]. 

22A. Cezairliyan, F. Righini, and J. L. McClure, "Simultaneous Measure­
ments of Heat Capacity, Electrical Resistivity and Hemispherical Total 
Emittance by a Pulse Heating Technique: Vanadium, 1500 to 2100 K," 
NBSIR-74-600, Nat!. Bur. Stand. (U.S.) Inst. for Materials Research, 
1974, pp. 30-46, 

23 A. Cezairliyan, F. Righini, and J. L. McClure, J. Res. Nat!. Bur. Stand. 
Sect. A 78, 143 (1974). 

24C. W. Beckett, "Thermodynamics of Chemical Species Important to 
Rocket Technology," AFOSR-TR-75-0596, U.S. AFOSR, 1974, 200 pp. 
[AD A008 935]. 

15K. Kumagai and T. Ohtsuka, J. Phys. Soc. Jpn. 37, 384 (1974). 
26A. F. Prekul, Y. A. Rassokhin, and N. Y. Yolkenshtein, Zh. Eksp. Tear. 

Fiz. 67, 2286 (1974) [SOy. Phys.-JETP 40, 1134 (1975)]. 
27E. Lang and J. Bressers, Z. Metallkd. 66, 619 (1975). 
28B. E. Ncimnrk, P. E. Bclyakovu, B. R. Brodakii, L. K. Voronin, S. F. 

Korytina, and A. N. Merkul'ev, Heat Transfer-Sov. Res. 5, 141 (1973). 
29N. A. Chemoplekov, G. Kh. Panova, B. N. Samoilov, and A. A. Shikov, 

Zh. Eksp. Teor. Fiz. 64, 195 (1973) [SOy. Phys.-JETP 37, 102 (1973)]. 
30A. V. ArntYllnnv, T. N. M .. k,u .. nko, and L P Filippov, Teplofi7. Svoistva. 

Vescliestv Mater. 5, 105 (1972). 
31L. P. Filippovand R. P. Yurchak, Inzh. Fiz. Zh. 21,561 (1971) [J. Eng. 

Phys. (USSR) 21, 1209 (1971)]. 
32y. E. Peletskii, Y. P. Druzhinin, and Ya. G. Sobol, High Temp.-High 

Pressures 3, 153 (1971). 
33S. N. L'vov, P. 1. Mal'ko, and Y. F. Nemchenko, Metallofizika 37, 22 

(1971). 
34L. K. Voronin, A. N. Merkul'ev, and B. E. Neimark, High Temp (USSR) 

8,737 (1970). 
3sD. H. Hensler, A. R. Ross, and E. N. Fuls, J. Electrochem. Soc. 116, 887 

(1969). 
36U. Heubner, J. Nucl. Mater. 32,88 (1969). 
37U. U. Westlake and L. C. K. Altred, J. Phys. Chern. Solids 29, 19::11 

(1968). 
3sD. G. Westlake, Trans. Metall. Soc. AIME 239,1341 (1967). 
3~. R. Wertheimer and J. G. Gilchrist, J. Phys. Chern. Solids 28, 2509 

(1967). 
4°E. B. Amitin, Yu.A. Kovalevskaya, and Yu.Z. Kovdrya, SOY. Phys.-Solid 

State 9,704 (1967). 
41G. ]. Van Gurp, Philips Res. Rep. 22, 10 (1967). 
421. P. Druzhinina, T. M. Vladirnirskaya, and A. A. Fraktovnikova, Meas. 

Tech. (USSR) 8, 1032 (1966). 
43G. Horz, E. Gebhardt, and W. Durrschnabel, Z. Metallkd. 56, 554 (1965). 
44G. Horz, Z. Metallkd. 57, 871 (1966). 
45M. A. Taylor and C. H. L. Smith, Physica 28,453 (1962). 
46]. P. Burger and M. A. Taylor, Phys. Rev. Lett. 6, 185 (1961). 
4'J. A. Hren and C. M. Wayman, Trans. Metall. Soc. AIME 218, 377 

(1960). 
48G. K. White and S. B. Woods, Can. J. Phys. 35, 892 (1957). 



ELECTRICAL RESISTIVITY OF VANADIUM AND ZIRCONIUM 1129 

49G. K. White and S. B. Woods, Philos. Trans. R. Soc. London, Ser. A 251, 
273 (1959). 

50G. V. Samsonov, SOy. Phys.-Tech. Phys. 1, 695 (1957). 
51D. Wruck and C. Wert, Acta Metall. 3, 115 (1955). 
52H. H. Potter, Proc. Phys. Soc. London 53, 695 (1941). 
53G. J. Gautron, J. E. Zablocki, T. Y. Hsiang, and H. Weinstock, J. Low 

Temp. Phys. 49, 185 (1982). 
54C. L. Tsai, R. L. Fagaly, H. Weinstock, and F. A. Schmidt, Phys. Rev. B 

23,6430 (1981). 
sSR. E. Taylor and H. Groot, "Thermal Conductivity of Vanadium," 

TPRL 265, Thermophysical Properties Research Laboratory, W. La­
fayeUe, IN, 1982, :; pp. 

56S. N. L'vov and V. F. Nemchenko, "Temperature Relation of Thermal 
Electromotive Force and Specific Electric Resistance of Titanium, Va­
nadium and Chromium and Their Borides,Carbides, and Nitrides," Vy­
sokotemp. Neorg. Soooin., 100-7 (1965); Bngl. transl .• LA TR 6717, 
LASL, 1967, 14 pp. 

S7V. E. Peletskii, Teplofiz. Vys. Temp. 16,72 (1978) [High Temp. (USSR) 
16,57 (1978)]. 

58B. L. Altshuler and A. G. Aronov, Pis'ma Zh. Eksp. Teor. Fiz. 27, 700 
(1978) [JETP Lett. 27, 662 (1978)]. 

59B. W. Roberts, "Properties of Selected Superconductive Materials," 
NBS-TN-983, Nat!. Bur. Stand. (U.S.), Washington, DC, 1978, 103 pp. 

6ON. I. Kulikov, J. Phys. F 8, L137 (1978). 
6·S. N. Khanna and A. Jain, J. Phys. F 7, 2523 (1977). 
62R.1. Jaffee,.Proc. Int. Symp. High Temp. Techno!. 61 (1960). 
63L. A. Moraga and A. Vilche, Thin Solid Films 38, 117 (1976). 
64S. N. Khanna and A. Jain, J. Phys. Chern. Solids 38, 447 (1977). 
G5W. K. McIntire and J. B. Cohen, Acta Metall. 2;:J, 1;I::>:i (11;175). 
66D. L. Grigsby, "Vanadium Silicide. Data Sheet," EPIC-DS-154, Hughes 

Aircraft Co., 1967,49 pp. [AD 810 374]. 
67yU. M. Smirnov and V~ A. Finkel, J. Exptl. Theoret. Phys. (USSR) 49, 

1077 (1965) [SOy. rhY5.-JnTr 22,750 (1966)]. . 
68D. L. Grigsby, "A Compilation on the Transition Regions of Element 

Superconductors," EPIC-IR-28, Hughes Aircraft Co., 1966,35 pp .. 
6~. Biget, R. Rizk, P. Vajda, and A. Bessis, Solid State Commun. 16,949 

(1975). 
7or. F. Smith, J. Phys. F 2,946 (1972) [AD 754 662]. 
"P. Vajda and M. Biget, Phys. Status Solidi 23, 251 (1974). 
72J. F. McLlwain, C. W. Chen, R. Bajaj, and M. S. Wechsler, "Effect of 

Neutron Irradiation on Vanadium." IS-2833. Iowa State University of 
Science and Technology, Department of Metallurgy, 1972,21 pp. 

73W. Rostoker andA. S. Yamamoto, Trans. Am. Soc. Met. 67, 1002 (1955). 
74H. Suzuki, S. Minomura, and S. Miyahara, J. Phys. Soc. Jpn. 21, 2089 

(1966). 
750. N. Carlson, and E. R. Stevens, Encycl. Chern. Techno!. 21,157 (1970). 
76V. Weiss, R. V. Jelinek, J. G. Sessler, A. V. Latorre, and R. D. Ziemer, 

"Air Weapons Materials Application Handbook Metals and Alloys," 
ARDC-TR-59-66, U.S. Air Force, 1962 [AD 287184]. 

771. P. Druzhinina, A. A. Fraktovnikova, and T. M. Vladimirskaya, TepIo­
liz. Vys. Temp. 14, 221 (1976) [High Temp. (USSR) 14, 200 (1976)]. 

78D. G. Westlake and J. F. Miller, J. Phys. FlO, 859 (1980). 
7~. Weinstock, C. L. Tsai, and F. A. Schmidt, J. Phys. (Paris) Colloq. 2, 

1026 (1978). 
8°H. N. Dunleavy and W. Jones, J. Phys. F 8, 1477 (1978). 
8'S. N. L'vov, P. I. Marko, and V. F. Nemchenko, Metallofizika 64, 63 

(1976). 
82K. Hiram, Y. Wasooa, A. Jain, and R. Srivasmvn, J. Phys. F 7, 419 (1977). 
83E. V. Vasileva, A. S. Gorbova, and D. A. Prokoshkin, Metalloved. Term. 

Obrab. Met. 5, 51 (1976) [Met. Sci. Heat. Treat. Met. (USSR) 18, 453 
(1976)]. 

B4H. L. KhaTOo. 0. P. Gl1fltll, ,mn M. P. H,.mkar. Phy. Rev. B lR, 5419 
(1978). 

850. K. Belousov and I. I. Kornilov, Dokl. Akad. Nauk SSSR 210, 374 
(1973). 

86p. B. Allen, Phys. Rev. Lett. 29, 1593 (1972). 
87E. W. Collings, Phys. Rev. B 9, 3989 (1974). 
88R. D. Parker and M. H. Halloran, Phys. Rev. B 9, 4130 (1974) [AD 

785941]' 
89y. S. Postnikov, V. E. Miloshenko, G. E. Shunin, and E. I. Shukhalov, 

"Effect of the Normal-Superconducting Transition on the Internal Fric­
tion of Vanadium," edited by E. M. Savitskii, Strukt. Svoistva Sverkhpro­
vodyashchikh Mllter. 105 (1974). 

WS. N. L'vov, P. I. Mal'ko, and V. F. Nemchenko, Fiz. Met. Metalloved. 

32,485 (1971) [Phys. Met. MetaIlogr. (USSR) 32,35 (1971)]. 
91N. A. Chernoplekov, G.Kh. Panova, B. N. Samoylov, A. P. Zhernov, and 

A. A. Shikov, Fiz. Met. Metalloved. 36, 978 (1973) [Phys. Met. Metal­
logr. (USSR) 36, 72 (1973)]. 

92G. Kerker and K. H. Bennemann, Z. Phys. 264, 15 (1973). 
93E. M. Savitskii and V. P. Polyakova, Tr. Inst. Fiz. Met. Ural. Nauchn. 

Tsentra. Akad. Nauk SSSR 28, 44 (1971). 
940. G. Grechko, S. N. L'vov, and Y. N. Bondarev, "Physical Properties of 

Group IV-VI Transition Metal-Germanides," Metallidy-Str., Svoistva, 
Primen., 142 (1971). 

95J. C. H. Chiu, Phys. Rev. B 13, 1507 (1976). 
o<A. A. Tepluv, M. N. Mikheeva, V. M. Golyanov, and A. N. Gusev, Zh. 

Eksp. Tear. Fiz. 71, 1122 (1976) [SOY. Phys.-JETP 44,587 (1976)]. 
97K. A. Osipov, A. F. Orlov, and G. F. Ivanovskaya, lzv. Akad. Nauk 

SSSRMet.1, 178 (1974) [Russ. Metall.!, 108 (1974)]. 
98R. Chander, R. B. Howard, nnd S. C. Jain, J. Appl. I'hys. 38, 4092 (1967). 
99D. W. Hoffman and J. A. Thornton, Thin Solid Films 45, 387 (1977). 
lOON. E. Alekseevskii and V. M. Sakosarenko, Phys. Status Soiidi A 34,541 

(1976). 
101 A. Borodziuk-Kulpa, B. Stolecki, and C. Wesolowska, Thin Solid Films 

67,21 (1980). 
!o2E. Lang and J. Bressers, Z. Metallkd. 67, 66 (1976). 
!03R. L. Chaplin, K. Sonnenberg, and R. R. Coltman Jr., Radiat. Eft'. 27, 

119 (1975). 
'
04K. I. Lakh and Z. V. Stasyuk, Fiz. Elektron. (Lvov) 5,102 (1972). 

IOSC. Reale, Phys. Status Solidi B 58, K5 (1973). 
'
06p. H. Schmidt, J. Vac. Sci. Technol. 10, 611 (1973). 

!0
7G. Linker, O. Meyer, and M. Gettings, Thin Solid Films 19, 177 (1973). 

lOOW. Felsch, Low Temp. Phys.-LT 13, Proc. Int. Conf. Low Temp. Phys., 
13th, edited by K. D. Timmerhaus, W. J. O'Sullivan, and E. F. Hammel, 
3,543 (1974). 

"
09G. Linker, J. Nucl. Mater. 72, 275 (1978). 
"°0. S. Kreillilla, Radiotckh. Elr::kllUll. 17, 1269 (1972). 
I!!p. H. Schmidt, R. N. Castellano, H. Barz, A. S. Cooper, and E. G. 

Spencer, J. App!. Phys. 44, 1833 (1973). 
112v. D. Korshunov and Y.1. Tarakanov, Izv. Vyssh. Uchebn. Zaved. Fiz. 

15, 143 (1972) [SOY. Phys. J. 15, 1674 (1972)]. 
mV. D. Korshunov and V. I. Tarakanov, Fiz. Khim. Obrab. Mater. 5, 46 

(1974). 
!l4R. J. Noer, Phys. Rev. B 12, 4882 (1975). 
115J. E. Nestell. Jr .. "Optical Properties and Structure ofVanarlinm, Nio­

bium, Tantalum, Chromium, Molybdenum, and Tungsten Films," 
Ph.D. thesis (Dartmouth College, 1979) [Univ. Microfilm No. 80-01173]. 

116M. Eto and T. Narutani, J. Mater. Sci. 9, 1902 (1974). 
117D. T. Peterson and C. L. Jensen, Metall. Trans. 9A. 1673 (1978). 
!18K. Watanabe and Y. Fukai, J. Phys. FlO, 1795 (1980). 
1 '91. P. Druzhinina, A. A. Fraktovnikova, and T. M. Yladimirskaya, Teplo­

fiz. Vys. Temp. 14, 652 (1976) [High Temp. (USSR) 14,579 (1976)]. 
120J. T. Stanley, J. M. Williams, W. E. Brundage, and M. S. Wechsler, Acta 

Metall. 20, 191 (1972). 
121 Properties of Selected Ferrous Alloying Elements, edited by Y. S. Toulou­

kian, and C. Y. Ho, Vol. 111-1 of McGraw-Hill /CINDAS Data Series on 
Material Properties (McGraw-Hill, New York, 1981),269 pp. 

122N. B. Brandt and O. A. Zarubina, Fiz. Tverd. Tela 15,3423 (1973) [SOY. 
Phys.-Solid State IS, 2281 (1974)]. 

123 A. Cezairliyan and F. Righini, Rev. Int. Hautes Temp. Refract. 12,201 
(1975). 

124A. Cez;airiiyall and F. Rigltiui, J. Res. Nal!. Bur. Stand. Sect. A 79,81 
(1975) [AD A013 906] . 

• 25 A. Cezairliyan and F. Righini, J. Res. Nat!. Bur. Stand. Sect. A 78, 509 
(1974). . 

126G. Horz, M. Hammel, and H. Kanbach, J. Nucl. Mntcr. 55, 291 (1975). 
127y. N. Bykov, I. I. Rudnev and V. A. Solov'ev, Elektron. Str. Fiz. Svoistva 

Tverd. Tela 1, 42 (1972) . 
. mV. A. Mal'tsev, Fiz. Met. Metalloved. 36, 413 (1973) [phys. Met. Metal­

logr. (USSR) 36,174 (1973)]. 
' 29M. M. Martynyuk and V. I. Tsapkov, Zh. Fiz. Khim. 47, 1308 (1973) 

[Russ. J. Phys. Chern. 47,741 (1973)]. 
!3OC. Reale, Rev. Bras. Fis. 3, 431 (1973). 
BIN. V. Volkenshtein, V. A. Novoselov, and V. E. Startsev, Zh. Eksp. Teor. 

Fiz.60, 1078 (1971) [SOY. Phys.-JETP 33,584 (1971)]. 
mG. A. Zhorov, High Temp. 8, 501 (1970). 
mV. E. Peletskii, V. P. Druzhinin, and Ya.G. Sobol, High Temp. 8, 732 

(1970). 

J. Phys. Chem. Ref. Data, Vol. 13, No.4, 1984 



1130 DESAI, JAMES, AND HO 

134R. O. Elliott and H. H. Hill, J. Less-Common Met. 22, 123 (1970). 
135J. O. Betterton Jr. and D. S. Easton, "Electrical Resistivity of Zirconium 

Alloys," 0RNL-4370, U.S. ABC, 1968, pp. 23-24. 
136F. W. Clinard Jr. and C. P. Kempter, J. Less-Common Met. 15, 59 (1968). 
137J. A. Cape and R. R. Hake, Phys. Rev. A 139, 142 (1965). 
138R. W. Powell and R. P. Tye, J. Less-Common Met. 3, 202 (1963). 
139N. A. Kiselev, "Device for Determining the Electrical Resistance and the 

Melting Point of Metals and Alloys," Metallurgiya, Metallovedenie, Fi­
ziko-Khimicheskie Metody Issledovaniya 3, 1 (1958); Eng!. transl.: OTS-
60-510873,280 (1961). 

1400J'. O. Berlincourt, Phys. Rev. 114, 969 (1959). 
'''w. R. G. Kemp, P. G. Klemens, ana G. K. White, Aust. J. Phys. 9, IHU 

(1956). 
142H. K. Adenstedt, Trans. Am. Soc. Met. 44, 949 (1952). 
1430. Bing, F. W. Fink, and H. B. Thompson, "The Thermal and Electrical 

ConductivitiCII ofZir<;anium and Its Alloy.," DMI-65, U.S. AIle, 1951, 
19pp. 

'44L. A. Cook, L. S. Castleman, and W. E. Johnson, "Preliminary Report 
on the Electrical Resistivity of Zirconium," W APD-25, Westinghouse 
Electric Corp., Dec. 20, 1950. 

145M. Nakagawa, W. Mansel, K. Boening, P. Rosner, and O. YogI, Phys. 
Rev. B 19, 742 (1979). 

146y. M. Azhazha, P. N. Y'yugov, L. N. Reshetova, A. A. San'kov, and M. 
I. Tarasova, Izv. Akad. Nauk SSSR, Met. 1, 41 (1975) [Russ. Metal!. 1. 36 
(1975)). 

147G. Horz and M. Hammel, J. Nuc!. Mater. 55, 284 (1975). 
1481, A. Baranov, Yu. F. Bychkov, Y. P. Korzhov, Y. A. Mal'tsev, M. P. 

SIavgorodskii, and R. S. Shmalevich, "Elfect of Rhodium on Supercon­
ductivity of Zirconium and Some ofIts Alloys." Sverkhprovodyashchie 
Splavy Soedin., 140 (1972). 

1490. B. Fedorov, M. T. Zuev, E. A. Smirnov, and A. E. Kissel, Sov. At. 
Energy 34, 85 (1972). 

I5OS. M. Panae, M. S. Anana, ana K. P. Argarwala, Phys. Status ~ii<1l; A 
10, K137 (1972). 

151F. Claisse, M. Cormier. and C. Frigout, High Temp.-High Pressures 4, 
395 (1972). 

152L. A. Hall and F. E. E. Germann, "Survey of Electrical Resistivity Mea­
surements on 8 Additional Pure Metals in the Temperature Range 0 to 
273 K," Nat!. Bur. Stand. (U.S.) Tech. Note 365-1 (1970), 85 pp. 

I53W. B. Blumenthal and J. D. Roach, Encyc!. Chem. Techno!. 22, 614 
(1970). . 

154yU. M. Oolutvin and E. O. Maslennikova, Izv. Akad. Nauk SSSR, Met. 
5, 174 (1970) [Russ. Metall. 5, 129 (1970)). 

IS5E. R. Parker, Materials Data Book for Engineers and Scientists 
(M"Grllw-HiII, N .. w York, 191'17), 398 1'1' 

156p. W. Bridgman, Proc. Am. Acad. Arts Sci. 81, 165 (1952). 
IS7C. F. Squire and A. R. Kaufmann, J. Chem. Phys. 9, 673 (1941). 
IS8J. D. Fast, Z. Anorg. Allg. Chern. 239, 145 (1938). 
159J. C. McLennan. L. E. Howlett. and J. O. Wilhelm. Trans. R. Soc. Can. 

Sect. 3 23, 287 (1929). 
16\Jp. Clausing and O. Moubis, Physica 7,245 (1927). 
161p. W. Bridgman, Proc. Am. Acad. Arts Sci. 63, 347 (1928). 
162W. Meissner and B. Voigt, Ann. Physik (Leipzig) 7,761,892 (1930). 
163E. Akatsu, "Chemistry of the Fission Products," JAERI-M-7873, Japan 

J. Phys. Chem. Ref. Data, Vol. 13, No.4, 1984 

Atomic Energy Research Institute, Tokyo, 1978,78 pp. 
164N. Y. YoIkenshtein, E. Y. Oaloshina, and T. N. Panikovskaya, Zh. Eksp. 

Teor. Fiz. 67, 1468 (1974) [SOY. Phys.-JETP 40,730 (1975)]. 
165 Thermophysical Properties o/High TemperatureSolid Materials. Volume 

1: Elements, edited by Y. S. Toulouidan (MacMillan, New York, 1967), 
1152pp. 

166A. A. Yaynshteyn, P. S. Rusinov, and N. Y. Papina, Fiz. Met. Metal­
loved. 48, 957 (1979) [phys. Met. Metallogr. (USSR) 48, 49 (1979)]. 

167K. Moers, Z. Anorg. Allg. Chern. 198, 262 (1931). 
168W. M. Martyniuk and Y. I. Tsapkov, Izv. Akad. Nauk. SSSR Met. 181 

(1974) [Russ. Metall. 108 (1974)]. 
'··U. Kassmann ana A. Men, Techmka. 17,74 (19(2). 
1700. L. Grigsby, "Electrical Resistivity of Selected Materials," EPIC-IR-

44, Hughes Aircraft Co., 1966, 15 pp. 
171M. Antler and S. J. Krumbein, "Contact Properties of Conductive Hard­

wc .... b IIm1 ufTiu Nickel Pllltc," ill Electricul Cuntucts-196':;, Proc. Eng. 
Seminar on Electrical Contacts (Univ. of Maine, 1965), pp.103-137. 

172N. Fuschillo and R. A. Lindberg, "Electrical Conductors at Elevated 
Temperatures," ASD-TRD-62481, U. S. Air Force, 1962 [AD 299 020]. 

173R. W. Dayton, "Zirconium and Its Alloys," in Reactor Handbook: Mate­
rials (1955), Vol. 4, pp. 459-504. 

174B. Lustman and F. Kerze Jr., The Metallurgy of Zirconium (McGraw-
Hill, New York, 1955), 776 pp. 

175H. M. Rosenberg, Philos. Trans. R. Soc. London Ser. A 247,441 (1955). 
176J. H. DeBoer and P. Clausing, Physica 10, 267 (1930). 
InJ. H. DeBoer and J. D. Fast, Z. Anorg. Allg. Chern. 187, 193 (1930). 
J78R. Huett, "The Physical Ordering Principle of Crystals in Nature," Wis-

senschaftlicher Bericht, Gesmthochschule Siegen, Abteilung Oummers­
bach, 1-2 (1978). 

119C. Brehm and P. Lehr, Melaux 46 (551-2), 253; (553), 325; (554), 359 
(1971). 

I~. B. Stewart and Y. J. Johnson, "A Compendium of the Properties of 
Materials at Low Temperature (Phase)," WADD-TR-60-56, Part IV, 
U.S~ Air Force, 1961, 501 pp. 

181D. Greig and G. J. Morgan, Philos. Mag. 27, 929 (1973). 
182T. Pay and I. Saxl, "Physical Properties of Zirconium and Its Alloys," 

UJV-2708-M, Ustav Jademeho Yyzkumu, Ceskoslovenska, Akademiec 
Yed. Rez., 1971, 119 pp. 

183y. F. Degtyar~va, Yu. S. Karimov, and A. G. Rabin'kin, Fiz. Tvered. 
Tela 15,3436 (1973) [Sov. Phys.-Solid State 15, 2293 (1974)]. 

184M. Rosenbaum, B. A. Bisogni, and T. H. Blewitt, 1. Nuol. Mater. 48, 201 
(1973). . 

185 A. M. Omar, J. E. Robinson. and D. A. Thompson, J. Nuc!. Mater. 84, 
173 (1979). 

186y. F. Filippov, "Study of Some Properties of Zirconium with Additions 
of Transition Metals," JPRS-59873, Joint Publications Research Service, 
1973, pp. 75-83. 

187C. Reale, Phys. Lett. A SO, 53 (1974). 
188Z. Bastl, Collect. Czech. Chem. Commun. 40,1987 (1975). 
189A. Eichler and W. Oey, Z. Phys. 251, 321 (1972). 
1!IOy. S. Touloukian, R. K. Kirby, R. E. Taylor, and P. D. Desai, Thermal 

Expansion, Metallic Elements and Alloys, Vol. 12 of Thermophysical 
Properties 0/ Matter-The TPRC Data Series (IFI/Plenum, New York, 
1975),1348 pp. 


