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PREFACE

This technical report was prepared by the Center for Information aad
Numerical Data Analysis and Synthesis (CINDAS), Purdue University, West
Lafayette, Indiana, under the suspices of the Office of Standard Referemoce Data

of the Nationsl Buresu of Standards (NBS), Department of Commerce, Washington,
D.C.

This report represents the most exhaustive compilation asnd critical evalu-
ation of the recorded world kmowledge on the electrical resistivity of vanadium
and zirconium, and is ome of a series of technical reports on the oloétrtcal
resistivity of selected elements. The literature search and data compilation
have been done in s most extensive and detajiled manner, msking it possible for
all users of the subject to have access to the original data without having to
duplicate the laborious and costly process of literature search and data ex-
traction. Also, for the active researchers in the field, a detailed discussion
is presented for each material, reviewing the available data and information,
giving details of data analysis and synthesis, and discussing the considera-
tions involved in arriving at the final recommended values.

It is hoped that this work will prove useful not only to the engineers and
scientists in the field but also to other engineering research and development
programs and for industrial spplications, as it provides s wealth of knowledge
heretofore unknown or inaccessible to many. In particular, it is thought that

the ocritical evaluation, analysis and synthesis, and referemce data genmeration
constitute a unique aspect of this work.

Although this report is primsrily the result of financial support and
interest of the NBS Office of Standard Referemce Data, the extensive documen-
tary activity essential to this work was supported by the Defense Logistics
Agency of the Department of Defense. Thanks are due Dr. H. J. White, Jr., of
the NBS Office of Standard Referemoce Data for his guidance, cooperation, and
sympathetic understanding during the course of this work.




ABSTRACT

This work compiles, reviews, and discusses the available data aad informa-

tion omn the electrical resistivity of vanadium and zirconium and presents the
recommesded values resulting from critical evaluation, correlation, analysis,
and syathesis of the available dats and information. The recommended values
presented are uncorrected and also corrected for the thermal expansion of the
material and cover the temperaturs raunge from 1 K to above the melting point
into the molten stats. The estimated uncertainties in most of the recommended

values are about +2% to +5%.

Key Vords: vanadium; zircomium; conductivity; ecritical evaluation; dsta
analysis; dats compilation; data synthesis; electrical conduotivity; electrical
resistivity; elewents; metals; recommended values; resistivity.
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1. INTRODUCTION

The principal objective of this project was to exhaustively compile,
critically svasluate, analyze, and synthesize all the available data and infor-
sation on the electrical resistivity of a large number of selected elements and
to generate recommended values o7 r a full range of temperature from 1 K to the
melting point and beyond. The results on the electrical resistivity of vana-
dium and zirconium are presented in this work, which is one in a series of
similar works on the electrical rosistivfty of selected elements, some rmb-
lished [1-3]1, The comprehensive study of the electrical resistivity of the
elements at the Center for Information and Numerical Data Anmalysis and Syn-
thesis (CINDAS) has been a continvation of a similar extensive work om the
thermal conductivity of the elements [4]).

Tl; general background information om this work is given in Section 2,
which includes a brlef introduction to the theory of the electrical resistivity
of metals and s detailed explanstion of the specifics and conventions used im
the presentation of the data and information.

The experimental data and information and the recommended values for the
electrical resistivity of the two eloments are presented in Section 3. Ia the
discussion of the electrical resistivity of each element, individual pieces of
available data and information are reviewed, details of data analysis and syn-
thesis are given, the considerations involved in arriving at the final assess-
ment and recommendation are discussed, the recommended values and the experi-
mental data are compared, and the uncertainties in the recommended values are
stated. The recommended values uncorrected smd corrected for the t' ermal ex-
pansion of the material are both presented in this section. The values cover
the temperature range from 1 K to above the melting point.

The last three sections are for ackmowledgments, appendices, and refer-
ences. There are two appendices given. The first appendixz presents a logical
organization of the methods for the measurement of electrical resistivity. The
methods are designated with respective code letters and the same code letters
are used in the 'Method Used’ column of the Table of Neasurement Informatiom

1Numbers in brackets indicate literature references listed inm Section 6.
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for indicating the experimental methods used by the various authors. The

second appendix presents conversioa factors for the units of electrical resis-~
tivity, which may be used to convert easily the electrical resistivity values
in the SI units given inm this work to values in any of the several other units

listed.




2. GENERAL BACKGROUND -

ﬁ K - 2.1. Theoretical Background
!
!

It was found experimentally by Matthiessen [5,6]) that the increase in the
electrical resistivity of a metal due to the presence of a small amount of
another metal in solid solstion is independent of the temperature. According
to this Matthiessen's rule, the total electrical resistivity of an impure metal
may therefore be separated into two additive contributions and writtem in the

form

ple,T) = po(c) + pi(T) (1)

where o is the residual resistivity cauvsed by the scattering of electroms by
- impurity atoms and lattice defects and is temperature-independent but dependent

N,

on the impurity concentration, ¢, and Py is the temperature-dependent intrinmsic
rosistivity arising from the scattering of electrons by lattice waves or

' phonons.

( In reality, however, deviations from Natthiessen's rule do occur. Thus,

in gemeral the electrical resistivity of an impure metal is given by

p(ec,T) = po(c) + pi(T) + A(e,T). ‘ (2)

where A is the deviation from the Matthiessean’'s rule.

The intrinsic electrical resistivity which is due to scattering of elec-

bl

trons by phomons may be approximated by the Bloch-Gruneisen formula {7,8]: ;

5z
: N Io /T 37 dx
5 p, = R (32)
i ”x["nr 0 (oF-n?
A = A{gE J’n“' e_dz (3b)
E Rl /0o (e*-1)

where C is a constant characteristic of the metal and proportionmal to the
square of the electron-phonon interaction comstant, M is the atomic weight, Ol
is a characteristic temperature of the metal which charscterizes its intrimsic
oleotrical resistivity in the same way as the Dedye temperature, OD. chsracter—
izes its lattice specific heat, and A = C/lol. The dimeansionless varisble of
integration z = bw/kT, where h is the Planck constant divided by 2x, @ is the

e b A RS UL LU LER. RPAR
" ¥ 1) ~ k)
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phonon amgular frequency, and k is- the Boltzimann constant. The derivation of
eq (3) is based op the simplifying assumptions that the Fermi surface is spher-
ical, that the conduction electrons can be treated as free in the first approx-
imation, that the spectrum of lattice vibrations is that of the Debye model,
that the phomon distribution is essentislly undisturbed by the scatterisg
processes, and that electron—phonon Umklapp processes cam be igmored. Conse~
quently, it is perhaps most ressonable to oxpect the Bloch-Griimeisen formmls to
agree with experiment in the case of monovalent metals. Nevertheless, the
intrinsic resistivity of many metals can be well represented by eq (3) over a
wide temperature range by a suitable choice of On and C, though no single

values of 0‘ can fit the data at all temperatures.

At lov tempersatures (T ¢ 92/20). eq (3a) reduces to

]
R R
7/
while at high temperatures (T ) On). to a good approximation, it reduces to
PO I i §
P, = . (s)
i aml FR}

Thus it agrees with the experimental facts that at very low temperatures the

intrinsic or ideal electrical resistivity (after subtracting Py from p) of most
metsllic elements is proportiomal to Ts which is attributed to olictron—phonon
intraband scattering, and at high temperatures the resistivity of most metals
increases approximately linearly with temperature.

In separating the electrical resistivity imto its components, the tem—
perature dependent part sometimes includes the eleotrical resistivity due to
electron—-electron scattering, Py} indeed, this is thought to be the domimant
temperature—dependent term in transition metals at low temperatures. That is,

P =Pyt P, + P (6)

As in the case of the scattering of electroms by phomoams, electrom—
electron collisions are of two types: normal prooesses in which the total wave
vector is conserved, aad Umklapp processes in which the total wave veotors be-—
fore and after the oollision differ by a reciprocal lattice vector. On the
other hand, unlike electron—phonon Umklapp processes which are frozem out at
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low temperatures if the Fermi surface is everywhere clear of the zome boumdary,
electron-electron Umklapp processes are not frozem out at lov temperatures,
Normsl processes, involving the collision between two s-band conduction elec-
trons, do not comtribute directly to the electrical resistivity because they do
not change the total momentum and thus have no effect on the currest. Normal
processes involving the scattering of an s-band conductionm electroa by a non-
conductiang d-band electros do csoantribute to the electrical resistivity, and are
thought to be the dominant temperature-dependent resistive processes in transi-
tion elements and their alloys at very low temperatures, since their resistivi-
ties show the Tz temperature dependence expected for electrom-electron scatter—
iag rather than the T’ temporature dependence expected for the intrimsic resis-
tivity. This temperature dependence of the electrical resistivity due to
electron—electron scattering:

p = cTz &)

comes sbout through the double application of the exclusiom primciple in the
scattering processes; it applies to both the initial states and final states,
In oq (7), a is a constant.

Umklapp processes between two conduction electrons do oontribut‘ to the
selectrical resistivity. Becauss these processes in;olvo a reciprocal lattice
vector, the wave functions of the electrons involved camnot be regarded as
simple plane waves, but must be treated as true Bloch functions having the
periodicity of the lattice. The results of this are to introduce iato the
expression for the resistivity the square of an interferemce factor. Appar-
ontly this factor is quite small, as the low temperature electric-i resistivity
of most ordinary metals does not show the T2 temperature dependence expected
for such a resistive mechanism,

b

Substituting eqs (7) and (3b) into eq (6) yields

] 5z
SR G bl
%

Equation (8) has been used frequently in analyzimg the experimeatal data and ia
genersting the recommended values for the electrical resistivity at low temper-

atures,
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2.2. Presentation of Data and Information

In each of ths subsections im Section 3, electrical resistivity dats sad

information for each element are presented in the following order:

(1) A discussion text,
(2) A tadble of recommended values,

(3) A figure presenting experimental data as a function of temperature in
s log-log scalse,

(4) A figure presenting recommended values and selscted experimentsl dstas
(on which the recommendations were based) as a function of tempersture

in a log-log scale,

(5) A figure presenting recommended valwes and selected experimental data
(on which the recommendations were based) as a function of temperature

in a linear socale,

(6) A table giving measurement information op the experimental dats pre-~
sented in the figures, and

(7) A tadble of experimental data for all the data sets 1listed inm item 6
above.

In the discussion text omn the eslectrical resistivity of each element,
individual pieces of available data aad information are reviewed, details of
data analysis and systhesis are given, the considerstions imvolved in arriving
at the final assessment and recommendation are discussed, the recommended
valses and the experimentsl d;ta are compared, and the uncertainmties of the

recommended values are stated.

The gecommended values are for well-annealed high~purity specimens of the
respective elements; however, those values for low temperatures are applicabdble
only to the particular specimens having residual electrical resistivities as

given at 1 K in the tables.

The recommended valuwes uncorrected and corrected for the thermal expansion
of the element are bdoth given in the table. The uncorrected and corrected

values are related by the followiag equation:

(1) = [1 . “Lm M. (9

pcortoctod

0 ] pnncorroctod

where AL = L - Lb and L and Lo are the lengths of the specimen at any tempers-
ture T and at s reference tempersture To. respectively. The thermal expaasion
correction amounts roughly to adbout -0.2% at low temperatures, zero at room
temperature, about 0.3% mear 500 K, and about 1.5% to 2.5% near the melting

poiat of the element.

LT e e,
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The recommended values in some cases are given with more sigunificaat fig-

ures thaa warranted, which is merely for tebular smoothuess or for the conven-
ienoce of iateransl comparison, Hence, the number of significant figures given
ia the table has no bearing on the degree of sccuracy or uacertaiaty ia the

valuess the uncertainty im the values is always explicitly stated.

Ia the figures, a data set consisting of a single data point is denoted by
a number eaclosed by a square, and a curve that conmects a set of two or more
data poiats is donotid by a ringed number. These dats set numbers correspond
to those listed im the accompanying tables providing measurement informationm
and tabulating aumerical data for each of the data sets. When several sets of
data are too close together to be distinguishable, some of the data sets,
though listed and tabulated in the tables, are omitted from the figure for the
sake of clarity. The data set nuabers of those data sets omitted from the
figure are asterisked ia both tables providing the measurement information and

tabulating the experimental data.

The tables providing the messurement information contain for each set of
experimental data the following information: data set number, refereace num-
ber, author(s), year of publication, experimental method used for the messure-~
ment, tempersture range covered by the data, name and specimen designation,
specimen composition, specification and characterization, and iamformation oa
measuroment conditions, which are contained inm the original paper. The experi-
mental methods used for the measurement of the electrical resistivity are indi-
cated in the column headed 'Method Used’ in the table by the followimg code

letters:

A Direct-current potentiometer method
Direct-current bridge method
Alternating-current potentiometer method
Direct heating method

Rotating magnetic field method

Transient (subsecond) method

Voltmeter asd ammeter direct reading method

+ € = O N oW

This symbol means either that the method described by the asmthor is
not sufficient for assigaiag a specific code letter or that the use
of a code letter would mot coavey emough of the information reported
in the research document, and therefore the method used is described
briefly in the last column of the table.




Details of these and other methods for the measurement of electrical resistiv—
| ity may be found in the literature references given ia Appendix 5.1, which
R presents & complete scheme for the classification and organization of the
;! . methods.
In the tables tabulating the experimental data, all the original data
reported in different units have been converted to have the same units: the SI

i units 10-' 8 m. The recommended values generated are slso given in the same
units. Conversion factors for the units of electrical rcsistivity. which may
be used to convert the electrical resistivity valves in the SI uanits given in
this work to values in other units, are given im Appendix 5.2.
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3. ELECTRICAL RESISTIVITY DATA AND INFORMATION
3.1. Vanadium

There are 69 sets of experimental data available for the electrical
resistivity of wndoped vaaadium as a funcotion of temperature. The residual
resistivity of the purest sample reported in this iavestigation is 0.01008 x
10"8 0., Information om the specimen characterization and measurement
condition for each of the data sets is given in table 2. Tio data are

tabulated in tsble 3 and shown partially in figure 1.

In the absence of a magnetic field, vanadium is a superconductor below its
superconducting transition temperature (5.46 K). The superconducting transi-
tion temperature is very sensitive to the magnetic field intensity: the higher
the magnetic field inteasity, the lower is the superconducting tramsition tem-~
perature. Aleksandrov et al. ([19] found that the supercomducting tramsition
temperature of vanadium would be lowered to 4.5 K in a magnetic field of ~0.5
kOe. Purthermore, their measurements for the nonsuperconductiag state of a
high purity vanadium specimen at ~5.4 K in a magnetic field of ~2.2 kOe showed
an iacrease of about 0.45% in the electrical resistivity; thus the influence of

the magnetic field on the electrical resistivity of very pure vanadium could be !

neglected.

The electrical resistivity measurements below room temperature have re-
ceived comsiderable attention. This is evideat ia the exteant of the measure-
monts of Pas et al. [13]) (data sets 6,7), Courtney [14] (dats sets 8-11),
Chakal’skii et al. [15]) (data set 15), Jung et al., {16-18] (data sets 13-16),
Aleksandrov [19]) (data sets 17,18), Azhazha et al. [20) (data sets 19,20),
Westlake and Alfred [37,38] (dats sets 37,38), Amitin et al. [40] (data sets
41,42), Taylor snd Smith (45] (data sets $2-55), and White and Woods [48,49])
(data set 59). Very recent studies have been made by Gautrom et al. (53] (data

s )

set 64) on a sample with the highest purity (i.e., lowest Py " 0.01 x 10
8

snd by Tsai et al, [54]) (data sets 65,66) on a sample with Po = 0.0109 x 10
Q=

The temperature dependent part of the electrical resistivity below 21 Kk
was reported to be proportiomal to‘T’ by White and Voods (48,49]. This was
confirmed later by results of Chakalskii ot al. (15], Jung et al. [16-18], and




1

by Aleksandrov et al. [19]. The presence of the cubic term is evidently con-
nected with s-d interband scattering. However, studies of Tsai ot sl. (55] on
the sample with Po ™ 0.0109 x 10"'8 0 m found an additionsl Iz term which they
attributed to electron-electrom scattering (p.). In order to verify these re-
sults, Gautronm et al. [353] carried out olootticnl resistivity measurements on )
an even purer specimen with Po = 0.01 x 10 0 m, and obtained & value of (1.6
+0.2) x 101! g cw/x? for p, that vas compatible with the value of (1.3 3 0.2)
: x l(f'11 L] ca/!2 obtained by Tsli ot al. [54). Gautron et al. [53]) pointed out

that the temperature depemdent electrical resistivity above 10 K is dominmated 5
by electron~phonon interactioms. Below 10 K, the slectron-electron term makes

—-— il e Bile .

P E
- e a

a significant contribution, and it begins to dominate below 5 K. Failure to
detect the p, term in earlier studies [e.g., 15-18, 48-50] was attributed to
the fact that these studies did not involve measurements to low enmough tempers-
tures, and also to the fact that below 10 K the electron—electron contribution

is of the order of or leas 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 al. [74], Smirnov and

Finkel (67], and by Rostoker and Yamamoto {73]. However, Westlake [38] found
that hydrogen sbsorbed ia the specimen affects the resistivity anomously nesr
180 X and that hydro;on-ttog vanadiom did not show such smomalous behavior.

l. Comparison of the slectrical resistivity data belov room temperature indi-
cates that the electrical resistivity of vanadium deviates from iatthioslon's
rule. The deviations are dependent not only on the concentration of impuri-
ties, but also on their type. The deviations are larger for the less pure

SRIP R

specimons.

With the discussion given above in mind, the recommended values are based
on the dats of Courtney [14) (data set 11), Jung et al. [16-18] (data sets
13~16), Gautron et al. [54] (data set 64), and of Tsai [55) (dats set 65), who
all measured specimens with RRR ) 1500. Special weight was given to the data
of Gsatron ot sl. [354] on a specimen with RRR = 1970 aad Po = 0.01 x 10"8 g =,
The deviation of the data from the recommended values for somewhat less pure

specimens (13,19,20,37,38,40,45,48,49) are shown in figure 1.

At the highest temperatures there is general agreement on the temperature
dependence of the electrical resistivity. There are little good data from 300
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to 1200 K. The recommended values in this temperature range are based on the
dats of Neimark ot al. [28) (data set 26) and of Taylor and Groot ([55] (data
set 67). However, Neimark et al. have indicated rather high maximum error for
their measurements, and RRR = 400 is reported by Taylor and Groot [S55) for
their sample. The recommended values from 1200 to the melting point are based
on the data of Gathers ot al. [10] (data set 2), Cezairliysn ot al. ([22-24)
(data set 22), and of Peletskii et al. [32] (data set 30) [57] (data set 69).
A compromise has been made betweon their somewhat divergeat results. The scat-
ter of the data from other investigations reported in table 2 [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 Fucke [9] (data set 1) and to Gathers et al. [10]
(data set 2). At 4000 K the divergent im their values approaches 9%. The data
of Gathers et al. {10] indicate a lowver melting point tham the generally accep-

ted value of 2202 K, presumably because their data were taken under pressure.

The recommended values of the electrical resistivity given in table 1 and
shown in figures 2 and 3 along with the experimental data, which were used to
genarate these values, are for vanadium of 99.99% purity or higher, but those
below 100 K are applicable specifically to vanadium having a residual resistiv-
ity of 0.0100 x 10—8 0 m. The table gives both values uncorrected and correc-
ted for thermal expansion, 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 uncertaiaty in the recom—
mended values is estimsted to be within +10% from 7 to 20 K and +5% at lower

and higher temperatures.

Vanadium is a transition element and its lov-to-porat;ro electrical resis-
tivity depends on the type as well as on the comcentration of impurities. The
electrical resistivity of lower-purity vanadium is, therefore, difficult to
estimate, especially at low temperatures (<250 K). However, judging from the
data reported by Jung et al. [16-18], it appears that for specimeas having
residusl resistivities less than 0.5 x 10-' 0 = only small uncertainties (<0.01
x 10-‘ Om at 20 K, and ~0.3 x 10.a O m at 100 K) are introduced by the appli-
cation 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-'
S mand 0.81 x 10—8 2 m, respectively, are also shown in one of the figures for

illustration.

11
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Additional information on the electrical resistivity is reported ia refs.
[58-95]. Data of Hensler et al, [35] (data sets 33,34), Gurp [41] (data sets
43,44), and of Wruk and Wert [51) (data sets 61,62) are for films/foilss
readers are directed to refs. [96-115] for additional informatios/dats oa
films. The data of Courtney [14] (data sets 8-10) are hydrogen-doped vamadiwm
and additional information/data on various doped-vanadium samples sre reported
in refs. [65,72.102,116-119]. REffects of irradiation are discussed is refs.

(71,72,120], of annealing temperature in refs. [66,112,116,120), and of pres-
sure in refs. [73.74,122]. :

v o £ oL L MR O e AR
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TABLE 1. RECOMMENDED VALUES FOR THE ELECTRICAL RESISTIVITY OF VANADIUM®

[Temperature, T, K; Electrical Resistivity, p, 1078 g m]

. T [ T [
1 0.0100(d)  ¢,0100 700 47.2 47.4
4 0.010S 0.0105 800 53.1 53.4
‘ 7 0.0117 0.0117 900 $8.7 59.1
i 10 0.0145 0.0145 1000 64.1 64.6
: 15 0.0232 0.0232 1100 69.1 69.7
20 0.0391 0.0391 1200 73.8 74.5
28 0.0661 0.0660 1300 78.5 79.4
30 0.112 0.112 1400 83.2 84.2
40 0.304 0.304 1500 87.8 . 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 8.22 8.21 2202 115,6(s) _ 118.5(s)
| 200 12.43 12.42 2202 135.1(2)
250 16.37 16.36 2400 137.6
. 273 18.14 18.14 2600 140.4
. 293 19.68 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 4.2 3800 162.0
4000 166.8
% 8The values are for vanadium of purity 99.99% or higher, but those below 100 K

are applicable specifically to vanadium having a residuval resistivity of
0.0100 x 103 O m. The columns headed wmcorrected and corzrected refer to
values uncorrected and corrected for thermal expansion, respectively. Solid
line soparating tabular values indicates solid to liquid state tra: .formation.

"Auuin. superconductivity suppressed by magnetic field.
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ata
and

re at 293 K to suppress possible porowity; sssple asmealad in

ia

1S
wsasuremeat temperatute not reported, however assumed to be 293 K.

3 P233s/pg = 11.5;
Pt T

Sample suppliied by Netal Physica Inetitute of Acedemy of Sciemces of

data obtained from Pp/P17y from figure and Pryy =
prior to forging;

0.2-0.22 81, 0.27-0.65 Fe,

rule.
0.03-0.16 Al; 22 mm x 0.42 am diameter rod forged from imgots at

0.008-0.01 Mg,

Tesistance msssured by Kiethly D.C. Amplf-
d ia e

fier emplifying voltage output of ssaple dus to varying magnetic

0.04 ¥Wg; fused by electrom basm; 0.5 ma diaseter

wire 16 ca long; ssnesled at 1500°C for 15 mimutes at 1.5 x 10”* corr.

Composition (weight perceat), Specifications and Remarks
2 m from Mathiesson's

Ng at 112) K for 5 hr; deasity 6.2 g cw™
99.9 v, 0.05 84, 0.03 Pe, 0.04 Ti, 0.1 0, 0.06 ¥; specimen from A. C.

Mackay Ltd.; in the form of sheat that was some melted and cold

Same as shove encept ammssled at 107! porr at 1600°C; Pyee/Pe.2 = 15.
Same a8 above except dismeter 0.96 un; sunesled specimmm.
Same a8 sbovs except dismeter 1.)) wm; annealed specimen.

99.63 ¥; polycrystallime; 13.1 x 3.7 x 0.8 un plste prepared by cut- ,
the USSR; D273/0 = 15; data obtained from py/Ps7s from figure

‘ting with corvadus disk uader emulsics lsyer subjected to 10

Specimen from Imphy Kullmenm; 0.3X total impurity; 87X cold drawn.
Ssme ss sbove ancept specimen cold-hardened.
Same as above except specimen cold-havdemed.
Same as sbove except specimen cold-hardemed.
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TARLE 2. MEASUREMENT INFORMATION ON THME ELECTRICAL RESISTIVITY OF VAMADIUM vV (contimued)
Neme and
Specimen
_Desigmation
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3.2, Zirconium

There are 43 data sets available from 23 references (33,49,123-144] for
the electrical resistivity of zirconium specimens with purity 99.8-99.99%. The
temperature range covered by these data sets is from 1,7 to 2127 X, The infor-
mation 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 figure 4.

From liquid-helium temperature to room temperature the omnly set of data

for bhigh-purity zirconium is that of White and Woods [49] (data set 27) on a
specimen with RRR = 168. Above 100 K these data appesar to be trustworthy, but
? their reliability below 100 K is not sufficient to permit reliable interpreta-

tion in terms of any low-temperature conduction mechanism. However, White and

Voods pointed out a T"s

above 13 K as indicating rather strong electron-phonon s-s interband scatter-
ing. This and earlier work of Kemp et al. [141] (data set 31) onm a specimen
with RRR = 25 was supported fifteen years later by Volkenshtein et al. [131)
(data set 12) using a specimen with RRR = 34. Furthermore, the data of
Volkenshtein et al. [131] suggested the existonce of s Tz term below 13 K which

dependence of the temperature~dependent resistivity

vas undoubtedly related to electron-electron scattering. T3 dependence indica-
tive of 3-d electron-phonon scattering was neither explored mor reported by
these or other low-temperature studies [131-137,140]. Careful low-temperature

E studies on & very pure specimen is required to detect such dependence.

The recommended values below 293 K are based on the data of White and
Woods [49) (data set 27), who studied the purest specimen (po = 0,25 x 10-8
2 m).

In the temperature range up to Ta-ﬁ = 1137 K there appears to be fairly
good agreement (+10%) among the data of Bykov et al. [127] (data set 7), L'vov
et al. [33} (data set 13), Peletskii et al. [133) (data set 15), Powell and Tye
[138] (data sets 22-24), Bing et al. (143] (data set 37), and of Cook e’ al.
{144] (data set 38). The recommended values up to 800 K are based on the data
of Peletskii ot al. [133] (data set 15). In the temperature range from 800 to
1137 K the recommendations were guided by the data of Cezairliyan and Righini ‘
{123,124] (data set 2), Peletskii ot al., [133]) (data set 15) and those of 1

Kiselev [139) (dsta sets 25,26). Data of Cezairliyan and Righini [123-125])
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(data sets 2-5) and those of Peletskii et al. [133) (data sets 15,16) were used

to generate the recommended values for B-Zr between 1137 to 2127 K. The value

of 141.3 x 10.8 2 m for liquid Zr at 212 I follows the only available data of

Martynyuk and Tsapkov [129] (data set 10).
The recommonded values of the electrical resistivity givem in table 4 and
shown in figures 5 and 6 are for zirconmium of 99.95% purity or higher, but
8

those below 100 K are applicable specifically to samples with Py = 0.250 x 10

G m. The table gives both values nncorrected and corrected for thermal expan-

sion, while figures 5 and 6 shov only the uncorrected values along with experi-
Thermal expansion values

mental data which were used to gemerate these values.
[190]).

needed to carry out thermal expansion correction were takem from ref.
The uncertainty iz the recommended values is estimated to be within #2% below
1137 K, #3% up to the melting point, and +4% for the liquid value at 2127 K.

Zirconjium is a transition element, and its low-temperature electrical re-
sistivity depends upon the type as well as or the concentration of impurities.

The low-temperature electrical resistivity of low purity zirconium is rather

difficult to estimate. Data so far avajilable does not permit ome to establish

the upper limit of P, for which Natthiessen’s rule can be applied to estimate

electrical resistivity.

The data available in the literature for the temperature dependence of a
However, additional information on the

bulk sample is reviewed in this report.
Attention

electrical resistivity is available in refs. (50,52,82,90,145~183).
is directed to refs. [163,179,184-186] for data on irradiated samples, refs.
[106,111,187,188) for data on films, ref. [188]) for data on doped zircomium and

ref. [189] for data on pressure dependence of resistivity.
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TABLE 4. RECOMMENDED VALUES FOR THE ELECTRICAL RESISTIVITY OF ZIRCONIUM®

[Temperature, T, K; Electrical Resistivity, p, 10-8 g m)

T p T [
—unscoxrected __corrected upcorrected  corrected
1 0.250 0.250 700 104.2 104.5
4 0.250 0.250 800 114.9 115.3
7 0.250 0.250 900 123.1 123.6
10 0.253 0.253 1000 128.8 129.4
15 0.283 0.283 1100 132.0 132.8
20 0.357 0.357 1137 132.6(a) 133.4(a)
1 25 0.491 0.490 ' 1137 110.8(g) 111.3(p)
; 30 0.712 0.711 1150 111.1 111.7
40 1.443 1.441 1200 112.2 112.8
Ny ¢ 50 2.495 2.492 1300 114.5 115.2
’ 60 3.75 3.75 1400 116.5 117.3
: , 70 5.15 5.14 ' 1500 118.6 119.6
ke 80 6.64 6.63 1600 120.4 121.5
g 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 _129.5(s)  131.4(s)
293 42.1 42.1 2127 141.3(R)
300 43.3 43.3 ]
350 $1.9 $1.9
; 400 60.3 60.3
. 500 76.5 76.6
; 600 91.5 91.7

_ 8The values are for polycrystalline zirconium of purity 99.95% or higher, but
y those below 200 K are applicable specifically to zirconium having a residual
2 resistivity of 0.250 x 10°8 g m. the columns headed uncorrected and corrected
1 refer to values uncorrected and corrected for thermal expansion, respectively.

Solid line separating tabular values indicates solid to liquid state transfor-
mation, while dotted line indicates solid phase transition.
a: cphs B: bce.
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5. APPENDICES
5.1. Methods for the Measurement of Electrical Resistivity

At the Center for Information and Numerical Data Analysis and Synthesis
(CINDAS) of Purdue University, the experimental methods for the measurement of
electrical resistivity have been classified into various categories according
to a similar scheme used by CINDAS for the classification of methods for the
measuremont of thermal conductivity [191, pp. 13a-25a). This classification
scheme of CINDAS is presented below, Note that the letters in parentheses fol-
lowing the respective methods are the code letter used in the ‘Method Used'’
column of the Table of Measurement Information for indicating the experimental

methods used by the various authors.

Methods for the Measurement of Electricsl Resistivity
A. Steady-State Methods

1, Voltmeter and ammeter direct reading method (V) (192, p. 159; 193, pp.
244-5]

2. Direct~curreat potentiometes nethod (A) (194, pp. 151-8]
a. 4-probe potentiometer method

3. Direct~current 5rid;o methods (B) [194, pp. 144-51)
a. Kelvin double bridge method
b. Mueller bridge method
c. WYheatstome bridge method

4, Direct-heating method (K) [195,196)
B. Non-Steady-State Methods

1., Periodic curreant method
a. Direct connection to sample
(1) Alternsting-current potentiometer method (C) [194, pp. 161-2)
b. No conpection to sample
(1) Rotating magnetic field method (R) [197]

2. Non-~periodic current method

a., Direct comnection to sample

(1) Transient (subsecond) method (T) [198]
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§.2. Conversion Factors for the Units of Electrical Resistivity :

48

The recommended values and experimental data for the electrical resis-—
tivity tabulated in this work are in the units: 10-8 8 m. Conversion factors
for the units of electrical resistivity, which may be used to comnvert the

values given in (10-8 Q m) to values in other units, are given below.

n [+ n [-] 8

Multiply the Value

Units to be Converted to Given in (1078 g m) by
ohn-meter (2 m) 1x 1078
ohm—-centimetexr (02 om) 1z 10‘6
obm-inch (0 in.) 3.937 x 1077
ohm-foot (8 ft) 3.281 x 1078
microohm—centimeter (puQ cm) 1
abohm~centimeter (abQ cm) 1x 103
statohm—centimeter (statl cm) 1.113 x 10'-18
emu (= abQ cm) 1zx 103
esu (= statQ om) 1.113 x 10_18

-1

ohm—-circular mil per foot (0 cmil ft ) 6.015

Example: 1.000 x 1078 g » = 3.937 x 107 @ in..
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