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PREFACE

This technical report was prepared by the Thermophysical and Electronic
Properties Information Analysis Center (TEPIAC), a Department of Defense Informa-
tion Analysis Center. This Center is operated by the Center for Information and
Numerical Data Analysis and Synthesis (CINDAS), Purdue University, West Lafayette,
Indiana, under Contract No. DSA900-76-C-0860 with the Defense Supply Agency (DSA),
Alexandria, Virginia, with Mr. J. L. Blue being the Program Manager, and under the
technical direction of the Army Materials and Mechanics Research Center (AMMRC),
Watertown, Massachusetts, with Mr, Samuel Valencia being the Contracting Officer's

. Technical Representative.

This report reviews the recorded world knowledge on the electrical resistivity
of alkaline earth elements in a most comprehensive and detailed form making it possible
for all users of the subject to have access to the original data without having to dupli-
cate the laborious and costly process of literature search and data extraction. It is
quite appropriate at this point to mention that only original sources of data have been
used for the critique of the data and that all cited documents are available at CINDAS.
Also, for the active researchers in the field, a detailed discussion is presented for
each material, reviewing the available information together with the considerations
used by the author in arriving at the final recommended reference values.

It is hoped that this work will prove useful not only to the scientists in the field
but also to other engineering research and development programs and for industrial
applications, as it provides a wealth of knowledge heretofore unknown or inaccessible

. to many. In particular, it is felt that the critical evaluation, analysis and synthesis,
' and reference data generation constitute a unique aspect of this work.

While this work is prepared by the staff of TEPIAC/CINDAS's Reference Data
Division, it would not have been possible without the direct input of TEPIAC/CINDAS'
Scientific Documentation Division. Furthermore, valuable suggestions and guidance
to this work have come from Dr, H. M. James and Dr. C. Y. Ho of CINDAS' senior
staff,

Y. S. TOULOUKIAN
Director of CINDAS
Distinguished Atkins Professor
West Lafayette, Indiana of Engineering
December 1976 Purdue University
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ABSTRACT

This technical report presents and discusses the available data and information
on the electrical resistivity of alkaline earth elements (beryllium, magnesium, calcium,
strontium, barium, and radium) and contains recommended or provisional reference
values. . The compiled data include all the experimental data available from the liter-
ature. The temperature range covered by the compiled data is from cryogenic temper-
atures to above the melting temperature of the elements. The recommended values are
generated from critical evaluation, analysis, and synthesis of the avaiiable data and
information and are given for both the total electrical resistivity and the intrinsic
electrical resistivity. For most of the elements, the recommended values cover the

temperature range from 1 K to 1000 K.
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1. INT? DUCTION

The purpose of this work is to present and discuss the available data and infor-
mation on the electrical resistivity of alkaline earth elements, to critically evaluate, ana-
lyze, and synthesize the data, and to make recommendations for the most probable values
of the electrical resistivity over a wide temperature range. Of this group of elements
experimental electrical resistivity data are available in the world literature for Be, Mg,

Ca, Sr, and Ba and there i8 no resistivity data for Ra. {

Table 1 contains information on the densities, crystal structures, phase tran-

‘ sition témperatures, and certain other pertinent physical constants of the alkaline earth
elements. This information is very useful in data analysis and synthesis. For example,
the electrical resistivity of a material generally changes abruptly when the material un-
dergces any transformation. One must, therefore, be extremely cautious in attempting
to extrapolate the electrical resistivity value across any transition temperature. No at-

tempt has been made to critically evaluate the temperatures and constants given in Table
1, and they should not be considered as recommended values.

This work is organized in six sections. In the theoretical background section, some
results of the theory of electrical resistivity are presented and briefly discussed. In the sec-
tion on data evaluation and generation of recommended values, the general procedures and '
methods for data evaluation and for the generation of recommeéended values are outlined.

In the data presentation section, the electrical resistivity of each of the alkaline
earth elements is presented separately in the order of increasing atomic number. Values
of electrical resistivities are given for both the solid and liquid states. For an element
at moderate and high temperatures the true electrical resistivity values for different high-
purity (99.9% samples at each temperature should be but little different; therefore, a
set of recommended electrical resistivity values can be given for a high-purity element.
At low temperatures, however, the electrical resistivity values for different sampies
with small differences in impurity and/or imperfection differ greatly, and a set of recom-
mended values applies only to a sample with that particular amount of impurity and im-
perfection. Thus, the low-temperature electrical resistivity of an element could be
presented as a family of curves, each of which would be recommended for a sample with
a particular amount of impurity and degree of imperfection, and hence a particular resi-
dual resistivity, p,. In this work, two well~defined curves are recommended for the fuil

temperature range: one representing the intrinsic electrical resistivity, p T which i8 a
unique function of temperature and is zero at absolute zero, and the other representing
the total resistivity, p, for the purest form of each element on which measurements have
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been made. The latter curve at low temperatures is only applicable to the particularly
characterized specimen with residual electrical resistivity clearly specified. These two
curves approach each other closely, on a logarithmic scale, for temperatures above

about 100 K. Figure 1 shows the relationship betweenpi, po» and p.

*~ The recommended or provisional electrical resistivities are tabulated with uni-~

form but step-wise increasing increments in temperature as the temperature increases,
The estimated accuracy of the recommended or provisional values for each element in

4
each different temperature range is given in the discussion, The asterisked values in the |

tables are interpolated, extrapolated, or estimated in the temperature ranges where no

experimental data are available.

From the recommended values of p and 04 which are tabulated in this work, the ‘
electrical resistivity of a particular sample at low temperatures can be estimated in z
either of the following two ways. One way is to find the difference between the measured :
resistivity value and the recommended p value at the same low temperature (i.e. below
100 K) and then add this difference to the recommended p values at other temperatures,
The second way is to compare the measured low temperature value with p i get the dif-

ference which is the residual resistivity of this particular sample, and then add this p, to

the recommended 0; at the other temperatures.

In the figure showing experimental data, a data set that consists of a single point
is denoted by a number enclosed by a square, and a curve that connects a set of data points
is denoted by a ringed number. These numbers correspond to those in the data table and in
the accompanying table on specimen characterization and measurement information. When
several sets of data are too close together to be distinguishable, some of the data sets
or data points, though listed in the table, are omitted from the figure for the sake of
clarity. For all elements except francium, both logarithmic plotting and linear plotting
of electrical resistivity are used in order that details may be clearly shown for both the
low and high temperature regions. The recommended curves are presented in the same
figure, The solid curve represents recommended values, and the dashed curves give pro-
visional values, In the figure, the melting point (M, P, ), normal boiling point (N. B. P, ),
and critical temperature (C. T.) of the elements are indicated. Some of these trans:tion
points are also mentioned in the text. At the melting point the resistivity exhibits large
discontinuity.

botn el oo

The tables on specimen characterization and measurement information give for
each set of data the following information: the publication reference number, author's
name, year of publication, experimental method used for the measurement, temperature

- e eadgdia
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range covered by the data, substance name and specimen designation, as well as the de-
tailed description and characterization of the specimen and information on measurement
conditions that are reported in the original paper. In these tables the code designations
used for the experimental methods for electrical resistivity determination are as follows:

D.C. Potentiometer Method

D.C, Bridge Method

A.C,. Potentiometer Method

A, C, Bridge Method

Eddy Current Method

Galvonometer Amplifier Method

Induction Method

Q-Meter Method

Voltmeter and Ameter Direct Reading

Other than above and described in the remarks

<o -~ 0l UODOW®»

i

For a comprehensive yet concise review of all these methods, the reader is referred to

the references given in Appendix 7.1.

In the Thirteenth General Conference on Weights and Measures held in October
1967 in Paris, the unit "'ohm-meter" (symbol: §2 m) was adopted as the SI unit for elec-
trical resistivity. In this work, the SI units are used. Table 2 gives conversion factors
which may be used to convert the electrical resistivity values in {} m presented in this
work to values in any of the several other units listed.

In the summary and conclurions section, figures are presented in which all the
recommended curves on the intrinsic electrical resistivity are grouped together in order

to facilitate a visual comparison,
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2. THEORETICAL BACKGROUND

The electrical resistivity, p, of a metal is often described approximately by the
Matthiessen rule [2]

p(T) = py +py(T), | (1)

where p, is the residual resistivity at absolute zero temperature and pj is the intrinsic
resistivity, which is the temperature-dependent resistivity of an ideally pure sample of
the metal. The quantity p, arises from the presence of impurities, defects, and strains
in the metal lattice, while p; 18 caused by the interaction of the conduction electrons with
the thermally induced vibrations of the lattice ions; that is, the phonons in the crystal.
For a pure annealed sample at room temperature, p, is only a small fraction of the total
resistivity. There are a number of mechanisms that could produce a deviation from the
Matthiessen rule, resulting in a termAp appearing on the right-hand side of equation (1).

The first comprehensive survey of such deviations was made by J. Bass [3]. A more
recent study by Cimberle et al. (4] brings references up to date.

The intrinsic resistivity due to electron-phonon interactions may be approximated
by the Bloch-Grineisen-relation [5]

O /T

z5 dz
(-1 (1-¢%

__¢C T ¥
pi(T) = Meg (3;) J; , (2)
where C is a constant, M is the atomic weight, T is the absolute temperature, and GR
is an empirical temperature characterizing the metal's ideal electrical resistivity in the
same way that the Debye temperature, 8p: characterizes a solid's lattice specific heat.
It is often true that 8r = fp- Below about 0.1 OR this relation reduces to

py(T)~124.4 S ai‘: (3)
At high temperatures, as T = OR’
C T
pi(D) = o34 jo-nj- . (4)

The Grilneisen-Bloch equation is derivable only for idealized monovalent metals with Debye
phonon spectra and spherical Fermi surfaces, totally neglecting the effect of Umklapp
processes. However, because of its comparative simplicitiy, this equation is still a most
valuable tool for analyzing and discussing experimental data.

The Grttheisen-Bloch equation never holds over the entire temperature range for




the alkaline earth metals, By inverting the computatjon, one may intercompare the beha-
vior of different metals by interpreting the experimental results in terms of deviations
from the Gruneisen-Bloch equation. This is often done by employing 6R 882 variable
parameter and computing the value that it must possess at any temperature in order that
the Gruneisen-Bloch equation may agree with the experiment at that temperature.

In all alkaline earth metals the electrical resistivity increases abruptly at the
melting point and shows weakly negative temperature dependence in the liquid phase. The
sudden change is due to the greater disorder of the liquid state and the disappearance
of any definite crystal siructure.

Mott [6] has presented a simple and fairly successful theory of liquid metals. He
ignored the disordered positions and diffusive movements of the vibrating ions and assumed
that near the melting point the ions of the liguid metal stiil maintain a more or less reg-
ular pattern, With an Einstein model of single frequency oscillators he obtained

o 80 L
(252) ~== (=) ®
ST m
m

where oL, and pg are the electrical resistivities of the liquid and solid phases, Tm is the
mejting point, and LF is the latent heat of fusion in kilojoules per mole. The calculated
values of (pL/pS)Tm according to this formula compare moderstely well with experimen-
tal data for alkaline earth metals,

A single crystal of a metal with a cubic crystal structure has an isotropic resis-
tivity, and the resistivity of the polycrystalline material is the same, apart from a smafi
extra contribution in a polycrystal that may sometimes be caused by grain boundaries.
But in a single crystal of noncubic metal, the resistivity is often very anisotropic, its
value depening on the direction of the flow current. Likewise, polyecrystalline specimens
of such metals, if preferentially oriented, as by rolling or drawing, wiil have direction-
dependent resistive properties.

In isotropic metals with the close-packed hexagonal and rhombohedral (trigonal)
structures, the electrical resistivity parallel to the principal crystaliine axis is desig-
nated as p;, and electrical resistivity perpendicular to the principal axis is designated as Py
When values for o y 8ndp, have been determined for a single crystal,one may calculate
‘ a value of p for a polycrystalline sample without preferential orientation by using the
i equation of Voigt [7]:
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Equation (6 ) has been used fairly commonly for the determination of p of a poly-
crystalline specimen from single crystal axial resistivities, and it usuaily gives sat-
isfactory agreement with direct observation on polycrystals. However, Nichols [8] has

found the relation
1
p=3(py +2p)) (7)

to be more suitable for metals with large anisotropy ratio, and to be perfect in the
case of c.p.h. Mg.
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3. DATA EVALUATION AND GENERATION OF RECOMMENDED VALUES

The data analysis and synthesis employed in this work whenever possible included
critical evaluation of available data and relatea information, reconciliation of disagree-
ments in conflicting data, correlation of data in terms of various parameters, and curve
fitting with theoretical or empirical equations. Besides critical evaluation and analysis
of the existing data, semiempirical techniques have been employed to fill gaps in data and to
extrapolate existing data so that the resulting recommended values are internally con-
sistent and cover as wide a range of temperature as possible.

In the critical evaluation of the validity of electrical resistivity data, any unusual
dependence or anomaly was carefully investigated, the experimental technique was re-
viewed to see whether the actual boundary conditions in the experiment agreed with those
assumed in the theory, and the author's estimations of uncertainty were checked to en-
sure that all the possible sources of errors were considered. The sources of errors may
have included uncertainty in the measurement of specimen dimensions and of the distance
between the potential probes, uncertainty due to the effects of thermal expansion, uncer-
tainty in temperature measurements, uncertainty in the sensitivity of measuring circuits,

and 8o on.

Many authors have included detaiied error estimates in their published papers,
and from these it is possible to evaluate the uncertainty for a particular method. How-
ever, experience has shown that the uncertainty estimates of most authors are unreliable.
In many cases the difference between the resuits of two sets of data is much larger than
the sum of their stated uncertainties.

Besides evaluating and analyzing individual data sets, correlating data in terms
of various relevant parameters was a valuable technique and frequently used in
data analysis. These parameters may include purity, density, residual eiectrical resis-
tivity and so on.

For 2 meaningful data correlation, information on specimen characterization is
very important. A full description of the specimen should include, wherever applicable,
the following: purity or chemical composition, type of crystal, crystal axis orientation
for a single crystal, microstructure, grain size, preferred grain orientation, inhomo-
geneity or additional phases for a polycrystalline specimen, specimen shape and dimen-
sions, method and procedure of fabrication, sample history or treatment, test environ-
ment, and pertinent physical properties such as density, hardness, and transition temp-
erature. Data on poorly characterized materials can hardly be analyzed or used for data
correlation,
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Besides specimen characterization, a full description of experimental details should
be given by the author in order that his data can be meaningfully evaluated and fully
utilized. Sometimes, as an initial method of evaluating the quality of a paper, consider-
ation might be given to the amount of experimental detail reported in the paper; lack of
experimental detail might lead to the results being given less weight.

Our preliminary recommended values for the electrical resistivity of the alkaline
earth elements were derived from experimental data that were considered relfable, using
computer least-mean-square error fit to a modified Bloch-Gritheisen formula of the form

py(T) = [8 +8 x (T/85) + Sy x B8/T)F] & (8 /T) ®
where S;, S, and S; are the coefficients,
8g = (Bg)o - CT , (9
[‘eR/ T 25 dz i

®(Bg/T) = 4(T/6p)° | , (10)

©>-1) @a-¢7%

(eR)o, C, P, S, S, and Sy are used as the variable parameters.

The first term represents the basic Bloch-Griheisen form; the second term was
added in order to get better fit to high temperature data and the third term can represent
a dominating low power law at very low temperatures. The computer provides a best
fit to a fixed number of specified data points (Tn, pn) minimizing the sum Q of the squares
of the fractional errors with which p, are represented by the fitting function p = £(T). If
desired, variable weights are assigned to the data points, minimizing

Q=Z W,[((T,) - p)/p,)? a1

The suitability of the form of eq. (8) has been tested by fitting it to previously smoothed
data for a number of metals. The r.m. s. fractional errors in these fits were as follows:

Li (80-450 K), .0024
Na (50-350 K), .012
K (40-300 K), . 0044
Rb (30-273 K), .012
Cs (30-273 K), .009
Cu (60-1200 K), . 005
Ag (40-1200 K), . 004
Au (40-1200 K), . 0044

Mg (60-900 K), . 007
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Ca (40-306 K ), . 0056
Zn (60-600K), . 006
Al (60-900 K ), .0033
Ni (60-600 K ), .015
Fe (80-1000K), . 0095
Pd (80-1300 K ), .003

In some cases errors in the smoothing contributed to these fractional errors.

The final recommended values are obtained by extrapolating the resulting values
from curve fitting values to somewhat lower and higher temperatures and correcting
them for thermal linear expansion.

In estimating the uncertainty of our recommended values, the accuracy that can
be achieved by the various experimental techniques, the scatter of data, and the purity
of the materials, among other factors, were taken into consideration. The ranges of
uncertainties of recommended and provisional values are less than or equal to +5%
and greater than +5%, respectively.

. eetltice s ol ekl . A
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4. ELECTRICAL RESISTIVITY OF ALKALINE EARTH ELEMENTS

4.1. Beryllium

Beryllium, with atomic number 4, is a steel-gray, very hard metal, similar to
magnesium in appearance and in chemical properties. It has a close-packed hexagonal
crystalline structure with a density of 1.85 g cm=3 at 293 K. It has been reported that
the crystal transforms to a body-centered cubic form at 1530 K, only 32 degrees be-
low the melting point of 1562 K. The normal boiling point is about 2749 K. Its critical
temperature has been estimated to be about 6170 K. Beryliium has only one stable iso-
tope, 9Be, but four other radioactive isotopes are known. Beryllium ranks 46th
in the order of abundance of elements in the continental crust of the earth (0. 00028% by
weight).

Temperature Dependence.

There are 80 sets of experimental data available for the electrical resistivity of
beryllium. The information on specimen characterization and measurement conditions
for each of the data sets is given in Table 4. The data are tabulated in Table 5 and shown
in Figures 2 and 3. Determinations of the electrical resistivity for the solid phase cover 1
continuously the temperature range from 1.35 to 1454 K.

Since beryllium is an anisotropic metal, resistivity values will vary according to
the relation of the direction of the resistivity measurements to the hexagonal axis of the
crystal. Grlneisen and Adenstedt [9] (curves 16 and 17), Grilneisen and Erfling {10,11]
(curves 12-14, 48-60), Martin, Bunel and Tilbury [12] (curves 59 and 60) and Mitchell [13)
(curves 51 and 52) are the investigators who have made measurements on single crystals.
However, their results are inconsistent and a need clearly exists for further det ~mina-
tion to be made.

Falge [14] has found that bulk beryllium becomes superconducting when cooled
below 0.026 K, Yoshihivo and Glover [15] have measured the resistivity of thin film
crystalline beryllium on a quartz substrate (curve 53) and found a suparconducting tran-.
sition temperature at about 9.3 K, Williams, Hinkie and Eatherly [16] investigated the
neutron irradiation effects ‘on the electrical resistivity of polycrystalline beryliium sam-
ples from 72 to 400 K (curves 34-43), : o

Most earlier determinations of the electrical resistivity of polycrystalline beryl-
lium resulted in higher resistivities than the later ones. Thesee results can be explained ;
by the lower purity of the specimens and by the omission of a heat treatment, which appears to




|
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be essential, Powell [17] (curves 18-33) demonstrated the important effect that annealling
at 973 K has on the resistivity; for his best polycrystalline specimen, e was lowered
from 6.7 t0 8.2 x 10”® (3 m by such treatment. The resistivity values obtained by Losana
(18] (curves 9-11) form an anomalous group from which it would seem that the samples
have much lower purity than was claimed.

From the examination of the data available for the electrical resistivity, it is
evident that there are deviations from the Matthiessen's Rule. The lowest values of p for
polycrystalline beryllium were reported by Berteaux [19] (curve 44). From his graph,
we obtained pyy = 3.0 x 10~ Qm. However, this value is lower than those for all single
crystal samples with perpendicular orientation, and the reported residual resistance

ratio Ryp/Ry.s = 49 is inconsistent with that shown in his graph, which gives psu/py, 2 = 200.

Therefore, his data were not considered in the generation of recommended values.

Reich, Quang, Kinch, and Boumain [20] (curve 3) and Powell [17] (curve 23) have the

next lowest electrical resistivity values for polycrystalline samples, and they are in

fair agreement, Comparison of their data with. the single crystal data indicates that
these samples had highly preferred perpendicular orientation, as is known for the sampie
of Reich et al. (Although Powell has annealed his sample at 973 K, this temperature

was too low for sample recrystallization). The above data and the low-temperature sin-
gle-crystal data of Grilneisen were used to generéte provisional values for the single cry-
stal measured perpendicular to the c-axis. A least mean-square-error fit to the selected
values of p-py was made with a modified Bloch-Grilneisen equation (8), from 20 to 873 K,
The following values were found for the coefficients in equation (8)s

8 8 Sy 6R)e ¢ P
25.945.10~Q m -1.996-10- Qm 0.3377°108 O m 1827.9K 0.373 1.90

The resulting values calculated from eq. (8) were extrapolated to lower and higher temp-
eratures, corrected for thermal linear expansion, and the final provisional values were
obtained,

Assuming that the anisotropy ratio of the resistivity can be used for the pure ele-
ment and using the results of Grineisen and Erfling (10] and of Mitchell (13] and the pro-
visional values of electrical resistivity for single crystals measured perpendicular to the
c-axis, the resistivity values for single crystals measured parallel to the c-axis were
obtained. These values and the data of Grilneisen et al. were then fitted by the modified
Bloch-Griineisen equation (8) and the following results were obtained:

4
1
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§ 8 S (6g)e c P
32.258-107%Qm 11.776.107%Qm 0.1815-107%Qm 1196.1 K .02085 1.90
By using equation (7) and the abeve single-crystal results, resistivity values

for the polycrystalline specimen were calculated from 10 to 1200 K. Above 1200 K, our
provisional valuee follow the trend of the experimental data of Tye {217 (curves 63-68) and
of Ho and Wright [22] (curves 73-80).." These values were then fitted by the modifiéd Bloch-
Grilneisen equation (8) with the following constants: -

5 5, Sg (8gle C P
28.117-10°8m 2.0718-10"°Qm 0.2676-1078Qm 1267.28K 0.2253 1.90

No data are available for the electrical resistivity of beryllium above the phase i
transition temperature (1530 K) or in the liquid state. '

The provisional values for the total and intrinsic electrical resistivities are listed
in Table 3, and those for the total resistivity are also shown in Figures 2 and 3. The pro-
visional values are corrected for the thermal linear expansion. The correction amounts to
-0.15% at 1 K, -0.1% at 200 K, 0.3% at 500 K, 1.3% at 1000 K and 2.4% at 1500 K. The
provisional values for the total electrical resistivity are for 99. 9% beryllium and those
below 100 K are applicable to specimens with residual resistivities of 0.00718 x 1078 &G m
(L to c-axis), 0.00426 x 1073Q m (// to c-axis), and 0.0332 x 10~% Q m (Polycrystalline).
The uncertainty of the provisional values for the total electrical resistivity is believed
to be within +8% below 1000 K and within +10% from 1000 K to 1500 K. Above 40 K, the un-
certainty of the provisional values for the intrinsic resistivity is a little higher than that
of the total electrical resistivity because of possible deviations from the Matthiessen's
Rule; below 40 K the uncertainty can be very large and values are not listed in the table.

ke
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TABLE 3. PROVISIONAL ELECTRICAL RESISTIVITY OF BERYLLIUM
(Temperature Dependence)

16

[ Temperature, T, K; Total Resistivity, p, 10-*Qm; Intrinsic Resistivity, p;, 10~ Qm]

Solid
T 1 to c-axis / to c-axis Polycrystalline
p pit [ pit P pi +
1 0.0072 0.0043 0.0336
4 0.0072 0.0043 0.0332
7 0.0072 0.0043 0.0332
10 0.0072 0.0043 0.0332
15 0.0073 0. 0044 0.0334
20  0.0076 0.0046 0.0336
25  0.0080 0.0049 0.0339 .
30 0.0086 0. 0054 0.0345 I
35  0.0096 0. 0062 0.0354
40  0.0109  0.0037 0.0074  0.0031 0.0367  0.0035
45  0.0127  0.0055 0.0090  0.0047 0.0384  0.0052 i
50 0.0150  0.0078 0.0112  0.0069 0.0407  0.0075 {
60 0.0218  0.0146 0.0180  0.0137 0.0675  0.0143 g
70  0.0325  0.0253 0.0293  0.0250 0.0584  0.0252
80 0.0483  0.0411 0.0471  0.0428 0.0748  0.0416
90 0.0711  0.0639 0.0736  0.0693 0.0989  0.0657
100  0.103 0.0954 0.111 0.107 0.133 0.0993
110  0.144 0.137 0.163 0.159 0.178 0.145
120 0.199 0.192 0.232 0.228 0.237 0.204
130 0.266  0.259 0.318 0.314 0.311 0.278
140  0.349 0. 342 0.424 0.420 0.401 0.368
150  0.447 0.440 0.550 0.546 0.510 0.477
175  0.758 0.751 0. 956 0.952 0.851 0.818
200 1.16 1.15 1.48 1.48 1.29 1.26
225  1.64 1.63 2,11 2.11 1.82 1.79
. 250 2.18 2.17 2.82 2,82 2.42 2.39
__‘ 273.15 2.72 2.7 3.54 3.54 3.02 2.99
. 293  3.21 3.20 4.19 4.19 3.56 3.53
: 300 3.38 3.38 4.43 4.43 3.76 3.73
1 350  4.70 4.69 6.20 6.20 5.22 5.19
j 400 6.08 6.07 8.07 8.07 6.76 6.73
1 450 7.48 7.47 9. 99 9.99 8.33 8.30
: 500 8.91 8. 90 12.0 12.0 9.94 9.91
1 550 10.3 10.3 14.0 14.0 11.5 11.5
' 600 11.8 11.8 16.0 16.0 13.2 13.2

+ At temperatures below 40 K, the uncertainty of p; is so large that values are not listed.

The provisional values for the total electrical resistivity are for 99.9+% beryllium and those
below 100 K are applicable to specimens with residual resistivities of 0.00718 x 10~} m
(L to c-axis), 0.00426 x 10-%) m (//to c-axis), and 0, 0332 x 10~ m (Polycrystalline).




TABLE 3. PROVISIONAL ELECTRICAL RESISTIVITY OF BERYLLIUM (Continued)
( Temperature Dependence)

(Temperature, T, K, Total Resistivity, p, 1078 Qm; Intrinsic Resistivity, Pi> 1078 Qm]

Solid

T 1 toc-axis // to c-axis Polycrystalline

p Ri p pPi p Pi

650 13.3 13.3 18.1 18.1 14.8 14.8

700 14.8 14.8 20.2 20.2 16.5 16.5

750 16.3 16.3 22.3 22.3 18.3 18.3
800 17.9 17.9 24.5 24.5 20.0 20.0

850 19.5 19.5 26.7 26.7 21.8 21.8

900 21.1 21.1 28.9 28.9 23.7 23.7

950 22.7 22.7 31.2 31.2 25.6 25.6

1000 24.4 24.4 33.5 33.5 27.5 27.5
1100 27,8 27.8 38.3 38.3 31.5 31.5
1200 31.5 31.5 43.3 43.3 35.7 35.7
40.1 40.1

44.8 44.8

49.9 49.9




18

0% m

ELECTRICAL RESISTIVITY ,

n‘ T Y‘T
- T [ i 1 1T I ] ) J
(N O A S I B ) B A A R
| : i @\ -
| R -— | ¥ ] ‘ R
sl — - ELECTRICAL RESISTIVITY OF _ N ‘@%v
“ - BERYLLIUM Be - P
AR TR ® -
i : ! ‘ , : 7 . W
2| I &
o\
0 I | L E
8
&
5
4
3
2
- PROVISIONAL
{# c-axis)
1 . )
s - ~
6 ) ',*'/ - PROVISIONAL
5 ‘ e | (polycrystalline)
4 v P ;/ : . .
< a 58]
3 e T e i K .
b ™~ - PROVISIONAL
2 X (L c-oxis)
\\;
54 52
o'
8 N - "T’ Ta——
—_— i
4 _'_]7_'_7 _77___(7// /
3 L - ey ‘t}b
2 PROVISIONAL (polycrystalline) /«// o
o 7,
/ / / / 3\\ | |
o3 e . & : L / | PROVISIONAL (L c-axis) .
) e e/ S
. w < ' . PROVISIONAL (# c-axis}
S : ' N8P 2749 K -
m cP a0 K -
3 “. ‘; A 4 ? (cl. L} -i‘e‘e‘: :::: :
2 o , | | 5 . . x
' 2 3 4 56 8 10 2 3 4 58 8 10 2 3 4 56 8 0 2
CINDAS TEMPERATURE , K FIGURE 2

T,




ELECTRICAL RESISTIVITY , 10°8a m

450

425

s

350

2%

t44-]

S S

I

ELECTRICAL RESISTIVITY OF :
BERYLLIUM Be :

o T
€ ’f
g h
Q% " A
- PNV
& RN
: '
2 %0 v -7 /
¥ - . /1 ‘k.‘ »,‘/
Pl oA
fa 7 7
d ’ P i
7 /'/ PROVISIONAL
1. =~ (patycrystalline)
00 1% T a0 1450

TEMPERATURE |, K

- - - PROVISIONAL
. {polycrystalline)

l

e

FIGURE 3




'%$ "t Jo10 peyioday ~md | [BuI ‘wawideds IA0qE IWY 03 TE[TUNS 1 & €L2-28°02 VY 8C61 K ‘i1poisuapv pue 3 ‘oevjampan 6 L1 ]
.81 20229 porxodoy =2 3 #g "1 AusTap 13T U WD §§ Y PUT INIWTIP U] W ]
cawmdads tsrxe [eualexaq 01 [Irexed NBuay Qi vauIdAds [TIsA1d apBuls fdand zog £L2-6°02 V 8261  °H ‘1powruopy puv ‘3 ‘mosppurun 6 91

*2'd vV puE
- ‘omty ‘eenoq Ccpol ‘laudfem

=W B 968 °1 = £31%09p ‘) 8 °06ST = 3wnod Junjow laang og S1°£6C 1961  ‘°E°H ‘®Wmpood ‘°3°f ‘fiaqdwe) 62 gy , &
W08~ (X'P)> '
terxe reacdvxaq o3 renorpuodiad mifeal Yie uamideds (e1sAio ajBurs taand PRE €L2-%°0Z ¥V o¥e1  ‘A°H ‘Bapai poe 3 ‘wasiapan 01 9
02 = (X'} >
terxe [raodrxay 03 re(ndrpadzad y:fuat ke wawmrdads vis.Ud adurs taing y Tog €Lz-1£°02 V¥ 0861  “d°H ‘Poigsd pwe -3 ‘zasrepen) Ol g1
*FIXE SITPAOIIS PUS 1IDIIND 271 LINIIQ OTIUE O 81 (X 'f)=> 3T0QM 4 1 = (X‘r)>
tgrxe rewodexay 01 Jepoipuadiad yifuog yitw uaunsads —dunw._o a8uis taand ¢ Teog €LT-9¢ "0Z v 0861 *d°H ‘Smjpag pue -3 ‘vesppunay O 2t _
*M 162 1T (WO 3 918 °1 AjSuap fune 3V
2IpUN $3[QINID TIIAIIq U PIULIa STA GOWIAdE tag *UZ Jo a0ua) ‘aand 296°66 (X cLOT-EL2 6c61 *] ‘vueso] st 11
‘TWIIC 1y JIQUum $3[qIONId _
TIM9q Ty PITYA st TawWIdads 0D 110°0 P a3 2400 IV L1°0 ‘aand 18L°66 9ed £L01-€L2 6£61 1 ‘eaceory BT 01
! ‘une 2y 20pan saiqlongd viioq ur pourgoa
i ST B2WIRds LN D ‘€D JO 3TAI *ND ITT0°0 ‘31 TS0 IV 1T 0 ‘aund g5 66 soa €L01-gL2 6261 Y ‘euesry Rl ¢
*TO1120.1300 uorFardxy Loyl ou taomey P
~$1p 82qoad [rime0d pue ‘uOLIdAS 804D UAWIDIAS ‘N 91 °FLZ JB AJTIS}SAL M

*O1ILd FJTTIFISIA YT WO POIENOIED 212 TILP AJANSISIT [UIIID ‘Ul g

X "1 X § 1 TOISTIWP Tawidads pod tBuniaw iq pairdaad suw wounaads 294 §°0 o9  O1°6LT-5E°1 otel ‘g BwApUR M ‘aoTesIK L2 8 1
*£332wWy Jo ~d10) umypr.lag WO} PIUFEWI0 STA UIUNI3ds f2Ind og £62-2°Y q 1261 Q"D ‘ORAIN PUE D°p ‘wemmITIX 92 L !
"W g1 sEM
43521 PUE ;WO £J5 °) ST BONI2S 85010 atdwes tramidads 3aoqe Ay 03 aT(IUEnS zog cLe-¥8 6267 ‘3 ‘s ST 9

*Buot @ §°ZT PUT WD T6L°0 FEM U018

29015 Tewdeds tedTI2WY JO *0) WM[ILiog 243 WIOJ) PITITIO St uaurgdads
43¢ ¢ 0> PUT ‘IS ‘Ul ‘2d ‘1D *Iv JO 20va3 ‘ag €56 taand {reidsdwuwo) 109 cL8-18 6261 pg e 2 ¢

"IY OS1 10] D 003 I PA[JUTE STM

TI9dS 1 003-0¢ IS UIEAB WOLINPUF Aq 1STI ST BIWIOIAS WY L0000

-PTE ‘2D 100°0> ‘1S 300°0 ‘INX 600°0 IV S}00°0 ‘21 9310 ‘039 1°0 aand 8L6H 00+-2°¥ €961 ‘e ‘°y ‘Y 02 ¥
‘aq 0ST 203 D 008 ®
poITouTT ST Cauttddds i 00s-02 2218 Bl fmorjonpay g 1STI LTI S000°0> ‘p ‘TlITtURog pue
P 1S ST00°0 3D *IN Q9¢3 100°0> IV £00°0> ‘34 S200°0 ‘09g 20 !oand 60ZTH 00%-2°¥% £961 "D ‘wury Y ‘ydtey 02 4
*R°O ‘9377 pue
‘ST ‘Ml ‘CACA ‘oot
*fuoy (-uy 9 01 ¥) WD g1 03 01 pue fe@°q *29a001 ‘L3 LV
qa1eR o {0y £/1) @I ¢g9 *0 wordads pox [TIrzpurAd Lizand [rIdzawmwmo) L: 4 £62°LL V'3 2961 ‘eIg ‘wmmaagg ft3cH tanpivuds ¥ 4

*I9P10S WNPTT Y4 Ipew
222 SPOI 0} STONIIUTOD G} 119INWTIP U} WW ¢ ‘uourdads poa posIuTs

LANITIY QY ROZJ PIUTEIGO ST TIUXIIAS (21 JO 3oy *Bi¢ 1°0> tL1tand 431y zeg €63-2 \ 4 §e61 *€°S ‘SPoOM P D ‘;ym €2 Y
uolrutisoq P cov fow
suITMIN pe Cruonraomis ‘1iuadadd ytion) uonisodiwo) uawtaadg ZQHWE vommw. xcox {s)aoqiny .uﬂw_ .uo...W
puv ourex L poyraly

ouspuada eamersdwol) o N AUTTIYZE IO ALLALISISTY TVOILLOITT JHL NO NOILVITHOINI INJIKIUASYVIN ¥ T1EVL




‘0,3 10139 paarodoy ‘AT 0°1< I

"o

NI [T/ STOIINDT 0T X 1P L £q porerpeal; sea a1dures tuawyoads aaoqe aqy 1-8€M 1P 001-SL°CL v ZL61 ‘T 3@ L ‘SUenim 91 ¢t
*d°m ‘Alaoyrcy pue
) < 30339 potIodey "UONIPEOD Buissaad am 01 [a(rured st SrXE Gowdads faang 1-86M  S°Z0F-S°3L v ZL81 ‘e N ‘ODMIH ‘°ICCL ‘PureImin 91 W
"M €16 1€ Paaxy eay fwowrtdods aaoqe ayl (rx) =g €L6-C62 £561 "M ‘ljamod A G =
810 te 0 ‘soryiandun
utnw ) pae By . wd 3 §93 *1 Kisvap Suoy ‘uf 9 puT JIdwWElp al W | Jed (x) o  £L6-£62 €561 ‘M°H ‘Tlanod FA S
"N £26 18 PIITaI) JEaY ‘uawidads daoqe ayL (11a) g €L6-£62 £s61 ‘MY ‘llomod Lt 12
*etd B gy
Arsuap (o] WO § PUE ‘9pLe WD THQ ‘WO WD £¢ °¢ L[33rwxoadde adfg (1) e £L6-063 £c61 *M°d ‘TIamod i 0L
(428
"M £26 T€ Poeal) Teay ‘mamrdads aaoqe aqy (q)Z "oN 21 £L6-€6Z £S61 ‘M°H ‘Tamod LT 62
-T2 I £8°1 QIFTIP £°D 3 *H UrItI2UIY 1 4 $$ed0ad  Auriams., (1a)
a@ . mni11aq JO 3201q ¢ sTA STy ‘Juot WO 9°9 *uojI09S artnbs WD 0°1 Ivy (Q)2 ‘oN °g €L6-C63 £s61 ‘M H ‘Tlamod L1 8z
(1)
*q £26 T POITaL JTaY {mawidods daoqe Ay, gLd 'ON 99 EL6-C6T €s61 "M°H ‘Nemod LA SN 4
*3orpoad 2o1dves apnzd ¢, oedwo j umiog ysmag oyl wodj pravdoad aeq (A)
19TD PITYD ¢ WOLJ POTMITIE st Jeo] @ $2°ST PUT JIIWTIP W2 282 *2acy g.¥d 'ON9d £L6-C62 £561 ‘M Y ‘lamod Lt 92
(A1) (2)
‘N £16 I peiTad) jray fuamdads asoqe ayL BZ'd "ONad €L6-€£62 £S61 ‘MY ‘tramod A S -4
*e=-Wd 8 £28°1 Q1sTap twnyyl.2aq dYEY TemIdn woly paxedaad
I8q 18D POIIIYY ® WOI) poumqoTt sta Suol wWwo 1°11 PUt JI9Wep W £2°2 (A1) (2)
Ieq 1810 [OH O [QR{OSu; 3€ “1D §0°0 ‘RD £0°0 ‘a1 810 ‘[V E1°0 ‘94 S 86 82°d ‘ON°d £L6-€627 €561 ‘MY ‘namod VA S
(M v (3)
N £26 3% paseoa) w3y ‘wamidads da0qeT SYL 9z°9d "ON 2g £L8-£6CT €561 ‘M Y ‘tiamod LT ez
*pA100d Bd¥TINy
POt 24 T 303 WMROEA U PAIEIY WIQ PTY TP W 3yl £[wanbosqns ¢ 0001
1T {TIW 3P IPRIIND 0} IPEW UaDq pry dwane we 1oyt Inq (1197 ‘O SE () v (2)
Suyased swres aq wWod) SWOd pry STY) 10| WD 63 1 PUT IIIIUWTIP WO §9§ "0 I8 92°'d "ON 29 €L8-£63 £s6t ‘Mm°Y ‘tamod LI 32
(m (1
‘M £:6 1% poITall oy luamydads atoqe 2], 9z°g ‘oNog E£L6-C6Z €561 *Md ‘Tamod it 32
*Z19 1 Ansuap
tsionpoad JotdTax apnao 8, fgedwo) wmyiliag ysnag ayl woxy paxrdaad an (1
Ieq ST PI[[IYD € 0] PoUrgItim seu SU0] Wwd 2L PUT INIWETLP Wd ¢ g reg 92°d ‘ONad £L6~£62 £S61 ‘M H ‘Tlamod L1 o0z
(1 (@)
*N 16 1© pavaly jTay tuomidads daoqe aqL L°d "oN g ELB-L62 €S61 ‘MY ‘romod Lt et
*958 °1 Sirsaap
tsmonpouad 1037832 2PNID 8, WN{L.UIAY YSTIE IY) ta03) Ppazedaxd ITq ISTI PI{IYO
T 033 PeTIRITy SUOl W [ L1 *Uolidas datnbs WO G Jvq 1D TEO O pUT M (a)
‘BIX S00°0 ‘N S00°0 ‘€D §CO0 ‘TY 90°0 ‘23 €S0 ‘J S°T ‘BIv 16°1 ‘ag ¢ 96 L' ‘oX 2 €£L6-86C £567 ‘MY ‘[amod FA S ) 4
uonuui<a(g c.@ [P
‘. . . < Sl N osuey pasn N\ oN
SYITWIY pur ‘suonieat;idads ‘(1uadaad 1yfrom) uotiisodutn) H““E,._.»Hw. “dwiay P JTIX (s)amnny o cand

Panuuod) Woudpuedoq armurrsdwag) og  INWTTAWAL I0 XITALISISIY TYIINLOETI FHI NO NOLLVICHOINT INIIIYASVIIK ¥ T16VL




‘9InB1} O Ul CMOGS 0N o

|
| ]
{
~desS an WOy PARIBNIXD Idam TITp fmUY 0T X ¢ = *8J ¢-0) Lol : )
TOSTROf WO} pamIMqo stw cawidads sarmsfiasiod fn) 1000°0 > pur ‘eN *l ‘CIYO pae *°X ‘Dresexel . k
1000°0 ‘T 1000°0 ‘IS T00°0 “31X $00°0 ‘IV £00°0 “UIX £00°0 ‘21 800°0 ‘IN T0°0 00€-08 LT ‘"X ‘msoymEL ‘°It ‘mondvwex  I€ 5 ' |

‘ydcad mod) pardenXa d1aw TITP !patiodal alaw TITP
a2tmhs 30d IxxTfsal faanmczadizal O} JINSEIW 01 PISH SW JNIUOWIDIN

AT 3D 1Y 0C1 $SANITM WY tensqns zizenb suIeIsiad wo 2 payjrand ‘m °3°Y ‘*1aroln ' i
son Tl sIp Jo vonizdodras umnoes dq paindoad azow wyyy wngyifioq ¢aand c6 g6 £1-0°6 v »LET poe ° ‘oalqysox ST €S
*6,9°1 J0119 poitndas W I+ X ¢ X $ uorsuowip didwics puc spxe
freoSexaq o 01 2emorpaadiod st spxe $11 WadXs uawdads avoqr A 0y JUINUIS 006-0T Y sLet VI ‘Ttoym £ 2% ! 1

*¥35°1 20449 paraodaa 12[QET PMNIOOWS IY) WOIJ PNITIIXD
2T TITP *°SqQTT QAITISIY MinINSUT UITYUTI I 3B wnhora ul agf aand jo Suy !

-T1732 3802 sod 2;d1d) Sq Bwodd $EY UIIKIONS Jip W g X 2 X g Uojsudunp . M
sqduzes tspr [reodmxoy o o3 (ojuied sixT s) i udwipaads PnaLa1d opduls toang 006-01 v cLeY VIS ‘TIdYRIN 1 4 1 ]
*spxe [Tuodexay 07 {ai{Tand SINT #1] [ILw uawidads [TisS12 IPurs taang 9 \\oﬂ S1°CLZ-8L v Zr61 °q ‘westounan puw *q°H ‘Agsy It [ ! m
*sExe [enolexay 03 Jrhotpuadiad SIXT £11 v uawfdads [C1sia0 a3urs tfoang gTog e1°eL2 v Zré1 °3 ‘vesiAMUD pUE *A°H ‘ANUIT T <6
*sI¥T truodexaq o) (areacd SN 1] e vawidads [Ts41d opduls faang z/fem  strciz-6L v TY8T  °F ‘UasUTID puv "Q°H ‘ANPIT I 9%
*N €LL 1t poxaduwd) st 37 1dIoxd {uaujdods daoqe dYy 01 JTIIWIS £62~ 261 ‘19 VI ‘TUTNGTE 02 el¥
AN ‘eromrsy i
*Bupacip joq pur ‘mondTy) pue ‘v Z ‘vaasjomrty ‘°g"7
~X2 10q *Junsed £q pouTeIqo St Baw(oads aJpm Jadwelp wus 60 °0 ‘aand 9°66 €62~ L61 ‘eAmpsunuiaqz -V K ‘Suniqed 0 o9%
0281 2q 01 pUNo} STM N £62 It Li1susp
133201220QT] 19WIY aq Jo 10d00) *S°H *IJ WOJJ PIUTLIQO STH Rowdads
A $300] WO ¢ PUT JNDWTIP U WK 9°F POJ POISED T SEW UdWdads 21 foang £0t v 1261 ‘Acd wcwiplag 62 [+ 2 ]
GERIS Qroows 273 Wolj POISENXS araw wep hy 0911 = @ damriadwas akgaq Nrand yIig 970 -T°¥ 0L61 °J *xntadag 61 8
"N 9°STT 1% PO(EIUUT STw J[dWTS I CONTIPTIL] 123jT fuawrdads asoqe aqlL T-L8 9L°622-8Z°1L A\ L6t ‘Teid **J0°p ‘sweimim 9t s 4 ;
5o 30139 pawrodoy T AKX 1< 3
TS WI/FTVOINA (0T X £S 01 £q prncipeaay sew ajd.ues udwiaads aroqt oyl T-L8M 99 °26-FL°CL v TL6T TEW “°IN°r ‘swumn 91 ¥
%< 10113 porioday AN [ < I
LW W/ FUONNM OF X 61 °9 Aq pojrIpraay stw Jjdwes ‘wowyoads saoqe aql, -1t 06-S€°tL A 4 [42.34 ‘e KL ‘swerma 91 v
Siae 30110 POIIOCDY "AVIK T < T
T TID/$IONNIA 0T X £ °T Aq pNTIPTII] Sum odurs fuatrdads av0qe YL -8 06-16°2L v (2138 “Te 1 ‘°INCp ‘sweri 9f [
“ee 30319 porrod.y "oTiIpuod Juyssaad oqy 03 Jemmopuddlad sew sxT gowydads faang 1-L8M 9T1°0LE-$S°9L v 2L61 eI ‘e ‘suremin 91 -6C
"M £°¥CE 1T pajrouue sta adwics 3 uoHITIPTALY Jyje {udwdads aa0qT IRL T-86N SL°¥62-52°88 Y (4113 e K ‘swenma - 91 8t
‘2,0 10133 pawroday ‘AN 0°1< 3
T EI/SVONNIT 40T X $1°C 4q panEipesa) seu ajdwes twawmpdads aroqe oqL T-88M PL°LIT-2S°28 v 2L61 TE 19 ““K°p ‘sWRIMIN 9T Le
*9,3 2020 PoLIOdOY *ADIL 0°T < T &M ‘Sraaey pue
TN WI/STONNI . AT X 30 °] AQ PaITIPTILL Sta a(diwtes fudwtoads aroqe 241 T-86Y 18°66-8L°28 v L6 CCIN OTYUIH CCICC[L CSWIRIHIWM 9T 9%
uonnuilisaq . ‘o O\
. . N ‘23uey Pasn oN “ex
sYITWIY PUE ‘SUOTILIIIIAS ‘(1udd13d 1yS1ow) uoltsoduto) M””:aﬂ.umm -dwiag powdIC aedx (s)aoqiny -jay and

(ponuIu0d) (3duspuadeq e mtIddwal) 6g  INAITIXYALI 4O ALIALISISIY TVOIHIOTII FHL NO NOILLVITHOINI INTINTWISVIX "+ T19VL




n3ua| U3 WW 0] PUT INIWEIP U W £ BoWoads [wotapuyfho
Saedmo D winiyliiog Ysnig Wod} PIauItIqo 31T udwdads ‘sontanduly o1 wIdWw

4900 #0°0 PUE IV I9T°0 "IN §0°0 ‘IS S0°0 ‘dI 810 ‘DSI°0 ‘02U T laang Ted 658-062 8961 *d°r ‘Uump pue 4y ‘9AL  pe 63
9,1 30319 porrodax fuawidads aroqe aq o) Jepung (t18p) 11 2Q 9921-862 8961 ‘d°y ‘afL 12 89

‘o, 1 Ju2o pawrodax fuowroads anoqe Iyt OF JT(IWLS

aae stonedjiaads 12mo fwyd 951 Qisusp t+0 "o Hitandwy afiTiow 20
“VIX 10°0 1S £0°0 *3IX 10°0 ‘1Y 6070 "34 TT'0 ‘D TT°0 ‘02 ¥O°'1 ‘o4 1¥°86 (118%) 6 @8  892T-16Z 8961 d°y ‘9 h1 12 L
5,1 J0220 paadoa fuounoads saoqe oy 0) JENWIS (risp) 898  9L21-562 8961 ‘d°Y AL 12 99

o1 20132 pawtodaa fuowidads asoqr Ay oy

JT{IWLS 2T SUOHENJIMNAS Joqo iy 98 °T A1sudp (0 *0 Sitandwy oreIdw
2310 WK 10°0 ‘IS E0°0 "SI 10°0 IV 60°0 'O TI°0 ‘D TI'D ‘02 9°T *od 9F°86 (r18%) 9 20 8SZ1-662 8961 *dY "2hL 12 <9

2,1 20210 prirodoa fudwipoads daoqt o o3

V1TSS 22T STONRIYIAAS Jan0 iy R gogr T Hisuap (0 0 Huandwry dymow
220 ‘T 10°9 1S ¥0°0 "3 £0°0 "IV TIO ‘23 €170 *DTT0 ‘0T L7T ‘2T Z2°86 (ssoc) ¥ o9 e¥21-962 8961 ‘d°d 9kl 12 9

0,1 20140 pajrodas fiSuol mr ww 00T

pTe Jatowretp Uy urm £1 dpdwes featapurfd tlucduro ) wnippiag ysnag wogy

POTIEIQO 81 BawoAds possaad joq fwo I 9§ -1 Apsuap (1o ) Hianduwty dijjTow

2310 WX 10°0 ‘IS €00 ‘I 10°0 IV 60°0 2I €1°0 ‘'DST°0 ‘O §0°T *od ¥°86 (126Y) 229  £821~562 8961 ‘d°y ‘3L 12 €9
*3andy) Yy WOAJ PIIJEIIND IIam wITP {JJTIS
Zyansg] Areoneg {q svop 32w IWISINSEIW Yy tuowrtdods aroGE gl 0 Je[IUNg AND 000T-022 0961 DD ‘psukzony o 29
*2m31} oY} WI0J) PIIITIIND 31dM TITP oY Z/T 30}
N €16 1% partouTE sEN Tawdade AP o/ ¢ 1 LIsuop N geet jutod Sunow
fo1qO *puTlaAl]) *dIo) umyrj{id] YSTIF WOJJ PIUIEI(O STN UdNdads oq faing AND ooe-¥ 0967 *0°D ‘misuhzony g5 19
*a3ta1 Sutuyol ouoz seu 3t Wdaoxd udwisads IA0gL d1 07 JT[IUIS asT €62 v 2961 ‘Te3e * oy “UnIel 2t 09
“ay 91 10}
Y cott 1c vodze @1 porEIUue stw nawponds oyl fsown 2oy Suuijas suoz £q
X008 rodm popnliNe st [risfld tJuo] Ul g puT 1330WTIP UL ‘UL € g A[MTuny ‘g g ‘QvingL
-X%02cd3 BaRIIdAdS [F1542d opdurs 19 170 PUC "IS 1€0°0 IV €000 ‘SiX £30 0 tomd o8 €62 Y 2961 pue ‘-3 f ‘asumg ‘cpv ‘unanik ol 6°
P EL NS
"129Y N £6 Q1 Suti1ad31 mede sea 31 1daoxa tawyoads aaoqe ayy 03 JT{TWS ZT°€L2-2°0C v L¥6T ‘MCH Swowaqg  zg L
‘M €201 dr0qe
WA} 330 Uy, pogouanb,, Jomang sew 3f 1400x3 Dounoads ai0qu ayy 03 LT{WIS 2 eLe-2°02 v Ly61 ‘M°H Wowaq It 13-4

*surcad rrews A12a jo JEAOWAI pue
QIBIIZ TENDISHI SUC JO [LACWNT Y1 POMOYS UOEUTIEXI ABI-X jO 1{nsaT ¢3ut[o0d
2aramp ¥ oS- 8CR pUE ¥ o6 sallucy amyrandwol oy 1940 spordad Jordoys

20; PU® [ T JOJ Y €6 1T DAJEIUUE STw 3] 1IN0 Uow1dads Ja0gt M1 0} JE[IUNS Z2°CL2-2°02 v LT ‘M°H ‘towaq g o
‘suiea3 Japrws L|qeaapisuod jo uonlododd [[TWiS € iLw pue
“392; WITs A[3191diU0D 1SOWT *IZTMS U WD , P 29pI0 Jo sUIEd o 3TN Moys
TONTUTWERS L€I-X a1 JO ML £ °)°F "D UTIIdWY 2y Aq ss2%02d , Srranurs,,
3q paawdodd sew J270WEIp UL WD € 0 puT 3uof WD ¢ "¢ UIWIdds [ENIpUlAD faang T°6L2-2°02 v 1961 “M°H ‘momag T ae

—
uonrutisaq o eN

. . - c1sod:s - N ‘aftuey pasi (e}
SYIPWIY PUT ‘suonedijrdadg ‘Hwdatod jytiawl vomnsodizo) Mmﬂ:,.”_umm “duiay powNg IeIX sloiny g cara

tpenuiuoy) ouspuadag ornvzadwal) o NN UTTIYIL JO AUAIISISIY TVOIHIDTTI FHL JO NOLLVINHOJINT INIKIYSYIK "¢ JTavVl

W - agm cepae g e — - -~ -

o I N T TR R,



uonyyoods aAOqE 9 0 IBTUNYS

22¥ SUOnEOIIOads JXNO M) 10°0 PEB “IN 20°0 ‘9J T°0 *UI §00°0 ‘20 30°0
Y1 $00°0 ‘¥ T00°0 IS 100 IV $0°0 ‘31X 30°0 N $00°0 ‘R 101070 ‘O §€9°0 ZOTT ERT  ¥591-08C 4 0961 g3 YWhampuw ‘OB 22 0% .

“comyoods asoqe aq: 03

JELUNS 2T STOMIEIIIOAS JNO SND ST0°0 PUT "IN 2070 ‘94 €1°0 ‘WX 10°0

433 10°0 "L S00°0 "®) T00°0 ‘1S 80070 (V€00 SN EI0°0 ‘N 900°0 ‘O 98L°0 00017 €X eort~£oc - § 0961 ‘53 ‘Whiam e °f ‘o IT 42
ustn1oads a0QE 3 03 JT[ULS
23% SUORTIRISNS 2ANO M 10°0 P N §10°0 23 ST°0 ‘U 900°0 *XI 10°0 1
‘41 200°0 ‘¥ 300°0 ‘1S T0°0 [V £0°0 ‘3N 10°0 °X 9500°0 *H 2100'0 ‘O L2870 9%89% 2145011 q (11 '3 ‘Wi e L OH IT 8 )

TWONis 2 0Q% N 0}

Jeqnmys 318 suonednds 000 ) 1070 UL ‘IN £70°0 ‘93 S1°0 *UIN 800 "0
*23370°0 1L $00°0 "TD 200°0 *IS 800°0 ‘IV §0°0 ‘31X 900°0 N 5070°0 ‘oreco P8E6R LY¥1-262 g 0961 ‘S 3 W3 poe o OH 2T 123

*gIwioade 210GT I 07 JT(RIIS JIT SUOL TS 1910

fasndy; AN WOI] PAOEIIXI AIOMN TIED fyauwstoads Jo woyclodend ARy PRI OY

$2IMTLad 2053y 1T PIUNUEE JLe goe patrand SWINNDCA T IPUut 3IdM M €L6

AOLIG SWIMUIINETIW 10 $00°0 PUT “IN 1070 34 €T°0 ‘UK £06°0 ‘3D 800D

41 200°0 '€ 100°0 ‘1S 10°0 ‘I¥ SI0°0 ‘318 £00°0 ‘N 1200°0 ‘N €100°0 ‘O L1670 S2H9X 9T¥I-S62 Qe 0961 62 4BIMm e L OH 2T 9L
‘WIaWINdE AN0GE Y} 0 JE[IWIS X 81 00E-¥ 1 0961 '3 'WHKIM poe °p oH ST L

udwpoade aaoqe oY) 03 JepUlls
STon e Noads Joqio tAamdwy J({TIau 233 0 ‘Stamdwl Sr{IEIoUsoY Y0 foang €-2X €L 00e-¢ - 0961 ‘573 Y93Iy poe f ‘OR 22 1 23

MUNNOTA UT T 3N SIUIWAIINS
~TTW {MTMIIINAENT 10 PIST SR I3PJIF TIN2Y VOIS dnpuox pue spad]
tpaapen{y INNWEP W) €2 °p 20 $Iq JTMIATIIL U § 0 Aq *ui 1°0 pue Buop U1 2

2320 scoandods ayy tAaandus) HHIMOW $60 "0 “fatandurs SifEIOWUCY L80 "0 foand 2-2X 1L 00¢-¥ a 0961 s 3 “WNttam poe °f ‘o T <
*Dow}A0ds AN0qT Ay 03 IT[TWLS sog $28-€62 8961 3°f wmdpue g7y 9L e T
wow)dads 3roqe Q) O JTjIUIS € og L08-862 BI6Y “3°r Ty pur gy kL ¥ "
waur}dods dAoqE o O) JBIWIS Zod 098-862 8961 *Ir oM pIw gy ML % oL
uotnuih3ag P o
t ) ) §oMury  posn 8 N N
! SYITWIY PUT ‘SUOTILIHIINAG (11 341w} uonsodwin) vowtoadg - aeax (FraoyInyg . .
puE ey dway  powdg M Can)

ponanIL0d) tajuspuadog Symeasdwal) og  ILAITTXNIE JO ALIALLSIS3U TvIIMLOITIA 3HL XO NOILYINHOIN INTNIYISVI "+ ITEVL

24

AR B o I ~—




0 *2anB7) U1 TMOTS 0N o
N
g°1 cL¥ ] €62 »°8 €28 ¥er €18 06°€C 9L9 €0%
o°S gL Z°L €63 0°c1 cLY €061 8LS oLg )
.l'9 €3¢ HAETON) 9°21 £LE §8°P1 sy 9t2 i
8°S €63 8T 3Ad1D z°et eLe £8°6 oLe 622
6°0¢t €L8 9L°9 62 602 .
9¢ I\H1D £°9% €18 #8S'E  ST°gL2 11T 3A01D [ 961 71 ) {
6°12 €LL «L}0'0  2S°8L 95°1 28 0Ly \
8°C g6 8°LL £L9 91900°0 €702 9°02 £L0t (234
6°.3 gL8 6°cY cLe 8°61 €L8 9 1AHAD e ,
9°us [43A z-or €Lt L1 3A81D 0°61 cL8 26 ]
LA L9 L9 €8 281 €L9 00°6¢ €L6 z6
S-St € e £e 86°¢ S1°CLT 9°L1 gLy [ AN 088 96 .
6°t1 Lt 134 4 £62 «¥S10°0  20°6L 1°L €Le §5°L2 $8L 61L0°0 18
y'3 £i8 8S¥00°0  €€°02 [ 3¢+ bLY 6+90°0 9L '
L9 e T AU 0T ZAYUND 09°81 88¢ 1§
9°s £6C 91 3AUD 941 96¥ 2 ,
8°1g €L6 8°22 cLo1 cL°6 $°18¢ ]
IR Ky ) 8°L €18 0% S1°t62 1°22 cL6 cy9 +63 X4
5t gL 9°12 cL8 ¢ 9261 9 i
6°¢ct £l6 6°61 €L9 ST 3AHYD 44 £4 cLL 0s°1 8 '
¥'6 €18 €91 28 L°02 €LY £ AA¥1D
1°s¢ L 6°c1 41 2 #21°¢  S1°eLe £°03 €L8 S 3A¥1D
[ §d ¢4 €29 9°6 €8 0LL0°0 98768 6°61 €Ly L0°0%06°% £62 3
€Ll €L 08 £3e €L%0°0  SO0°8L 9°61 cLe 1S°8 Ly W0 0=90°1 123
8¢l L 1L €62 9L00°0 $£°02 ¥°61 gL 15°L L0¥
g-o1 €8 9 e T 3AdD .
[ 3] ey 0 JAHLD $1 IAUYD 6 JA¥ND €3°S th¥ i
08 €63 oLy 60¢ 0°06
9°Lg €L6 «€1°¢  SI°eLe 9%6°L 91°€LZ 86°C 68C oL
3 3\H1D 8°1¢ €8 8980°0 SE°06 2se°¢ ¥1°98 [T 4 692 +°89
€0 gL L£S0°0  €R’°LL 90¢°c TY8L ecg 632 8°8%
0T cL8 €°1z €L9 ¥210°0  LE°02 L1z ¥ 02 z6°t 602 08
L9l €L L9t €18 21672 0z°% gzt oLt 1°1c F
s-et €9 36 cLE €1 AW L6°2 w1 20°1 651 e e
1§88 cLs <8 €Lg L3R zot £°72
T3 fd1 4 <'9 fres 1€ STgLe §3AYID 05°0 ¥ 6°61
€°g €8 ¢ £62 ecL0‘0  LI'16 9Ly 0 c8 314
1°r £ze cr0°0 |82 9°L1 £63 9LE*0 L9 Tt
z°¢ €6% 61 340D 8L00°0  9£°02 Logt 18 SLE°0 2z €6
9°¢1 9°02 SCE°0 L €8 1
£€C 3 H1D S 8¢ €L6 Z13AdD 9°¢1 'y Ll )
S°es €18 ¥ AAH1D [34]
¢ 6t cL9 z°6¢ cLL LA £Lot PEREhE] <Y
(234 oL 0°tZ €L9 191 cL6 LR 1344 bAd
g°t . gLy z°61 cLs 0-c1 £L8 00°0¥ £96 L Lov 6°C
e €8 8 1 ) L) €LL (108 1 LL8 L0°9 2Ll 2T
L2 i +°01 gLe 6°c1 £L9 00°62 LLL €8y €8 ¢l
“3037 81 JAU1D {@od) 11 3Ad1D0 {F005) 9 FAU 1D {uod) ¢ 3AMID T3 w1
[] 1 o 1 g 1 d 1 g 1 ¢ 1
[0 o-01 "0 ‘Snapistsoy Y ‘I ‘osnexadwmal)
tsouepuadaq exmesadwol) 2@  INATTIXYIE 40 XLIALISISTY TVOINIOTTA FHI NO VIVA TVINTNINIIXT 'S T19VL




220°0 - £ 4
0%0°0 £°81
£30°0 9°e
6.0°0 c’9
¥.0°0 ¢
P IAHYD

s 6L°Ct
6C°S L6 1l

e ottt
96t #5701
ILv  6oor
86  SL'6
9Lt 19
ST LFe
T 0%'6
610 36
S0°0  S1°6
000 00°S
£ I 01D
06°cC 006
oL 61 008
£0°91 00l
€931 009
0%°% 008
oF°9 ooy
00°¢ 0SE
19 00E
ez 0cz
3284 002
£L°0 oct
1©°0 001
61°0 0s
61°0 ot
I ACRE]
0z °tt 006
otz 009
06°1C 002
oT°:1 009
oL Ct 008
L8 o0¥
069 ooz
ors oog
sg°2 s
T7409) 1§ 3. w10
d i

{panu13mod)

00°2 00z
00°T 0s1
€50 0ot
1 °0 0S
"0 ot
1€ 3.\400
95°t SI°Ele

RT.0°0  6°6w

$clto’o ¢£9°6L
$0100°0 62°8.

0¢ IA\UND
sI°e S1°8L2

¥ J\U1D

8 ST°ELZ
€9.0°0 L16°GS
S+0°0  S6°8L

«St IAULD
Sy €62
«L¥ IAUND
0°e €65
»9% IAHOD
9°ot €0¢
S¥ 3AUND
co°e 9°L0¢
$€6°0
S65°0
1€80°0
L820°0
E00
6950°0
¥5C0°0
9s510°0
<9100

sc10°0 093
8510°0 Lot
810°0 i e 4

¥F 3AU1D
d 1

£HE'S  9L°6ZC
+€9S°y  29°20C
1EI°F  ¥F°OST
090°E  €8°SFT
*#¥6°T  1Z°P18
€Z6°T  T0°'F6I
SLT'T  £0°CHI
+9S28°0  T¥°201
SHEL0  S6°C8
+€1TL°0  8T°IL
£F 3Au1o
«S8C°F  99°28
STFY 00706
00y SH°Z8
9LEF  BLEL
Zv dAUND
8SP°E 00716
SEFE 18729
OTP'E  SE°EL
T 3AuEND
891°Z  00°06
6F1°Z 1288
ZET°T 9808
601°Z  16°ZL
0% 3AHND
«8IS°9  9T°0L€
WE'9  91°p0E
609°C  B96LL
€8L°F  OL°ZIE
S86°C  ©9°Z8Z
6EC°C  16°193
L7 16762
L96°T  ¥9°l61
SeET  89°0Ll
SOI'T  TS°TIPL
106870 16°LIX
99F8°0  EI°T1L
108°0  L£°fOl
8LEL0  10°16
£0EL°0  SC°GY
€IIL'0  €S°6L

d

1

(a2copuadag armesadway) o8 NAITIANIE JO ALIAILSISTY TVOIULOITI AHT NO VIVA TVINIINIYILXI S I1avy

s9am3Byj OF UMOYS 10X » :

8SOL°0  SS°9L 15£8°0 8°cot el £18 ,
«06L°0 0°c6 121 oLy .
Gt AAH1D 6£6L°0 C°¥6 %°g oLz ) w
9994°0 ¥°g8 z'L £z6 ‘
8%y SL°VET zeeL o 198 £°9 €62 q
#589°¢  0Z°S9Z L0ZL°0 s-2L
€98°2 8% ¥ET oC 37410 _ a
612°Z  18°50% ¥C dAU1D
$9S°T  SS-ULL 6°62 oL .
921°T  8°6C1 *£°82 tL6 zcz €9
Z06°0  S$8°¥IL 8°¢Z £L8 6702 gL :
269L°0  €2°88 8°61 e 17t £y
0°91 £L9 .gel €25
8¢ 3AUND ¥zl €8 *6°6 £y m
T ey ©°9 £L¢ 3
ESF'T 18766 19 ele »0°S £z 3
L08°T  2I°06 9°F £z oI°¥ €52 '
78E°T  BL°ZS 8°¢ £63
6% 1AH1D
1€ 3AUAD TC dAEND M
8°0g Ti5
990°C  W¥L-LIT £°82 £L6 yuz £Ls
£50°2  06°SIT 0°¥Z £L8 zc oL 1
8¥6°1  ¥E°101 0°0Z £LL 281 €19 3
668°T  LL°T6 2°91 £L9 S P gie
€98°T 25728 8°21 eLe €°01 £
9°6 oLy L 08
9¢ 9AUID #9°9 £Le *T9 o i
2 £ze T £62 1
262°1T  1¥°001 3 €62 :
6L2°1  OL°L6 ®2 3A410 3
*€S2°T  21°26 2€ 4A4ND
42°T  BI'I6 «Z°6C o6
1€2°T  81°98 9°1¢ o6 ¥z £L8
F12°T  b9°08 €92 €8 L1702 £LL
S61°T  SL°EL #2°22 eLL 631 oLy
€81 £L9 et o 3
€¢ 4AH1D o531 £L8 66 oLy [
011 oLy 9°9 L
66L°L  ¢°To¥ L e 0°s £zt
88979  0°99¢ 1°9 €ze zy €62
£60°9  Z°8¥C o1° £62
SI1e°s  1°STe ZaE1D
LE9°%  1°00E T H )
299°¢  s°coT 2°63 5
6£9°C  t°ce 0°z8 cLe 9°c2 €18
w01z 0°102 £°L2 €8 8°12 el
£9£°1  1°6S1 0°cZ cLL 181 £19
1€96°0  9°231 «Z2°6T €19 99t €L
(w63} v¢ IaunD ("wwoa) o IAUND 3603) 9T IAL 1D

d L d 1 d 1




*agndy; o umoys jox ,

1231 ;
3TH 0°82 <06 st'ez  £'9Ls 095t 6601 00L°¢ z°nLe i ]
0:c1 6°0¢ 618 09°61  £'6LL 2205 §°TInT 660 205 ;
oost 6°cC 992 $6°91  §°g99 £R°FZ 006 L0% "0 207
+z 611 0L9 09°¥2 oL8 €6°6T  $°00S 012 z18 . p
sg1Y 0°zt 80S 08°22 808 ov°L £68 €561 9 15 3AL1D | !
101 101 ook oL '8t ST Ly £°662 86°F1  $eey .
co01 16 £sg 08°91 £99 2211 truge 0s°t z'oLz :
tos <" e6z 00°91 o 19 3AUND 669 $-cot 162°0 z'06 !

208 0g°ct b9 #50°¥ 1°e6z 120 z0z
ere 5L 32900 0£°01 Z8p ot ey 9Lzt .
932 e g 90b 0c CE  CUEIIN €0 974800 9% 341
59 089 oog t2°9 L9¢ z1'82  6°2L6 .
29 64 2 sSL°F g6 Zcrz zUess ¥°92 0001 98°6 2oL
€09 0¥ °T b *0L°¥ £62 €6°6T  Z°9hL S°bz €6 19°2 z-06 _
o +99°p 63 P2t 2°r19 22 068 vz z°nz
@ TR RG] FL°0I  £°90S £°02 008
0L 3AHND o1°L 36€¢ £°81 L ¢ 316310
3L 3AW1D £0°9 00g #CZ b S62 z'8 £zt . ]
£+ L 03 °¥2 658 c°L .8 00°L v 052
4 tse 3% vz v 8521 oce 99 3AU10 ¢-c 0zg ) 1z
»o6k SOH €521 1839 18 0Lz gL 6°¢ug
6°t¥ PINR FZ .40 5¢ 6 9% 06°5¥ 8521 £1°F £-T8e
1°cy 90€1 68 I+ o1°LE 11t 79 3Ad1D wl9°E b2
£t secl £0°¥y 00g «EL°L Yo zi-0¢ 666 627 9°912
yoob 011 ¥e0 L +9°p €62 2L°¢3 806 z's 208 s1°g €112
6 esotl t5°0 ¥ +8C b £63 26°02 69L «6% 267 £9°2 ¥-sc1
< oot %95 % €62 ster 0cs 9 152 12°2 ce1e1
€ 96 €L 3AEND 8T°0T  ¥°CsY £ 822 ur T
v S16 69 AAU1D 889 £°pLE 0t €12 R
< BOL 0e°€3 ez8 »19°% 9962 Lz 202 65°1
: gco 0z"02 gL 08 b 9931 Lt 161 »1°1
¢ sie 00°L1 ¥ 06°0¥ TLIT $9 AAMID 0t 9L £06°0
9 a9cr 00°91 829 0C "9¢ S LOTIT S0 4 699°0
o1 65 £2°p S °gog £8°6T €88 0T b 6521 0090
“9L°F 63 °02  2°8LL 01°6¢ g1t 19 3AL1D 60
L K% ) £ 110 4 £6S £0 a1 €°9¢%9 36°G2 T°0101 5170
S0t o114 £0°%23 €°%09 21208 4 £62 ok o 1]
e ¥ 9Tr1 TL 3AU10 sEF°L 968 02°CT  €°T§9 T
1708 8:€1 SOL°b €163 szl oS «09 3010 $13°0
g5t gort 07"z 208 #15°9 £ 1Le *160°0 y
1°9% 6IeT S0°61 |12 §9 3410 «0S ¥ 2°562 09°¢ €6z 050 °0
1y oLt RS oo ©60°0
€°6¢ 0511 o1°t1 29¢ 09'¢h S0zt SERYRE] €5 3 81D 0500
3Use it 016 LEF 0z Tk 3021 12070
scg £cot or-e ¢ zer R £ET1 05 '9F £821 200€ °E 2'EL? te0°n
| 2 4 SO0t “QL°r £5¢ oF°2¢ SCrotl (¢T38 4 4 921 gee” <06 4200
6°1¢8 296 «99 b 262 18°82  €°6S6 99°0F  S°CLIT e+Z 0 z-02 +50°0
(Muesy ez I w1 T2 3a810 (o579 3 03D U05) €9 JALID «85 320D "Wo9] < A.6.10
g i d 1 d 1 d 1 d 1 J 1
(panuntod) (asuopuado osmiraadwal) €  IXATTTANIE JO ALIALLSISIY TVOIULDITI 3HL NO VIVA TVINIIIMIAXT € I1AVL




‘e mBy; U) GAOys 0N

8¢S Lo
6°8% 6et
L $521
8°LE Loct
0°9¢ oIt
9°0¢ oze
0°et L1
1°01 0l
0% 3AY1D
oLy (21144
9°cY¥ voel
8°ch “wit
1°68 et
9°+e SUTT
Syt clot
6°2% o
L°Et 6%
1°8€ L
6°2¢C o%L
2°Ct 149
£°92 <13
€61 0wl
g9 aee
8" cot

& 3Ad10
Jd 1

{p>rumimos) (suspuadaq srmesadwal) o INArTTAYIE JO ALIALLSISIN TVOIIHLOITA JHL NO Vivd IVINIIOHIIXT ¢ 319Vv1L




29

4.2. Magnesium

Magnesium, with atomic number 12, is a silvery-white, light, and fairly tough
metal. It has a close-packed hexagonal crystalline structure with a density of 1.74 g cm™3
b at 293 K, which is 35% lighter than aluminum. It melts at 922 K and boils at about 1364 K.
i Its critical temperature has been estimated to be 3537 K. Naturally occuring magnesium is ;
k composed of three stable isotopes, the most abundant being 2‘Mg, which constitutes 78.7%. 1
Five other radioactive isotopes are known to exist. Magnesium is the seventh most abund-
ant element in the continental crust of the earth (2.33% by weight).

Temperature Dependence

There are 59 sets of experimental data available for the electrical resistivity of
magnesium. The information on specimen characterization and measurement condition
for each of the data sets is given in Table 7. The data are tabulated in Table 8 and shown
in Figures 4 and 5. Determinations of the electrical resistivity for both the solid and
liguid phases cover continuously the temperature range from 1 to 1171 K.

Since monocrystalline magnesium is an anisotropic metal, resistivity values will
vary with the direction of the resistivity measurements relative to the hexagonal axis of
the crystal. Goens and Schmidt [35-37] (curves 46-59), Alderson and Hund {38] (curves
41 and 42), and Nichols [8] (curves 12-17) have made measurements on single crystals
up to 473 K.

Only one data set is available for amorphous magnesium. Ferrier and Herrell
[39) (curve 44) have measured the electrical resistivity of an amorphous specimen, which
was produced by vapor quenching at liquid nitrogen temperature (curve 44). At 273 K the
electrical resistivity of amorphous magnesium is about 4.5 times that of the polycrystalline
material.

‘ The resistivity minimum apparent in the results of Rorschack and Herlin r40]
(curve 11), Spohr and Webber (41} (curves 19 and 20), and Sharkoff [42] (curves 38-40),
can be attributed to an impurity effect caused by trace amounts of certain transition
metals in solid solution [43].

[ U

ol Ao,

Most earlier determinations of the electrical resistivity of polycrystalline magne-
sium resulted in higher resistivities than the recent ones. These results can be explained
by the iower purity of the specimens. The present recommended values are based on the
data of Roll and Motz (44] (curve 8), Delaplace et al. (45] (curves 23 and 24), Das and
Gerritsen [46] (curve 29), Hedgcock and Muir [47] (curve 32), Seth and Wood [48] (curve
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34), and Powell, Hickman and Tye [49] (curves 36 and 37). A least-mean-square-error
fit to weighted values of p-pg, uncorrected for thermal expansion of the material, was
made with the modified Bloch-Griineisen equation (8) from 20 to 900 K. Weights are
assigned to individual data sets in such a way that they have approximately equal weight
at the low and high temperature range. The following results were obtained for the
coefficients in equation (8):

Sy Sy Sy (W) ¢ P
6.83:1078Q m -0.302-1078Q m 0.141-1078Q m 426 K 0.044 1.90

The Debye temperature deduced from the specific heat measurements is 396+564 K, in
rough agreement with our 6R* Correction to the fitted values for thermal linear expan-
sion yielded the final recommended values.

The recommended electrical resistivity values for single crystals of magnesium
as measured along the c-axis are based on the data of Alderson and Hund [38; (curve 41),
Toens and Schmidt [35] (curves 46-59), and Nichols [8] (curve 17). A least-mean-square-
error {it to their data for p-py was made with the modified Bloch-Grfineisen equation (8)
from 15 to 472 K. The following values were found for the coefficients in equation (8):

5 S S (6g)e C p
5.06:107%) m 0.670.10-3¢, m 0.074.10°8¢, m 363 K -0.109 1.90

The resulting values were corrected for thermal linear expansion to get the final recom-
mended values, The recommended values above 472 K are estimated.

The recommended electrical resistivity values for single crystals measured
perpendicular to the c-axis are based on the data of Alderson and Hund [38] (curve 42),
Goens and Schmidt [35; (curves 46-59), and Nichols [8] (curve 12). A least-mean-square-

error fit to their data for p-po Was made with the modified Bloch-Grllneisen equation (8)
from 15 to 469 K. The following values were found for the coefficients in equation (8):

s, 8 8 (Bg)o c »
8.04:1078Q m -1.06-1078Qm 0.349.10°8Q m 522 K 0.202 1.90

The resulting values were corrected for thermal linear expansion to get the final recom-
mended values, The reconimended values above 469 K are estimated.

By using equation (7) and the above single crystal results, the resistivity values
for the polycrystalliine material can be calculated. The resulting calculated values are
within 3% of the recommended values obtained from the experimental data for polycryvstal-
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line specimens. This indicates that the grains in the polycrystalline specimens were

essentially random in orientation,

There are three data sets available on the electrical resistivity of magnesium in
the liquid state. Van Zytveld et al. [50] (curve 28) found a very small temperature depend-
ence of the electrical resistivity. Scala and Robertson [51] (curve 43) found a weak nega-
tive temperature dependence, while Roll and Motz {44 ] (curve 8) found a positive tempera-
ture dependence. Comparision with the electrical resistivity data of other alkaline earth

elements in the liquid state suggests that the electrical resistivity of liquid magnesium

should have a weak negative temperature dependence. The data of Scala et al. have been
normalized by matching their values with the data of Van Zytveld et al. at the melting
point, 922 K, The normalized values from 922 to 1171 K were fitted with a linear equa-

tion to obtain:

p (D) =26.1-0.0016 x (T - 922) 922 K< T< 1200K (12)

where p is in units of 10-8Q m and T in K. At the melting point (922 K), the electrical

resistivity of magnesium in the liquid state is about 76% higher than that of the solid state.

The recommended values for the total and intrinsic electrical resistivities a-e
listed in Table , and those for the total resistivity are also shown in Figures 4 and 5.
The recommended values are corrected for the thermal expansion. The correction
amounts to -0.48% at 1 K, -0.20% at 200 K, 0.57% at 500 K and 1.90% at 900 K. The
recommended values for the total electrical resistivity are for 99.9%% magnesium and
those below 100 K are applicable only to specimens with residual resistivities of
0.008.107%Q m(//to c-axis), 0.01-1073Q m (Lto c-axis), and 0.0062.1078Q) m (polycrys-
talline). The uncertainty in the recommended values for the total electrical resistivity is
believed to be within +8% below 30 K, +5% from 30 to 100 X, 3% from 100 to 600 K, +5%
from 600 to 922 K, and within +10% above 922 K. Above 30 K the uncertainty in the
recommended values for the intrinsic resistivity is slightly higher than that in the total
electrical resistivity, because of possible deviations from the Matthiessen's Rule;
below 30 K the values are very uncertain and are not listed in the table.

it ; . po— . -
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TABLE 6. RECOMMENDED ELECTRICAL RESISTIVITY OF MAGNESIUM
( Temperature Dependence )

[ Temperature, T, K; Total Resistivity, p, 1078 Qm; Intrinsic Resistivity, Py’ 10~8 Qm]

Solid
T // to c-axis L to c-axis Polycrystalline
(o] (] [} P p P;
1 0.0080% 0.0100%* 0. 0062*
4 0.0080* 0.0100%* 0.0062*
7 0.0082* 0.0100% 0.0064*
10 0.0086 * 0.0108% 0.0069%
15 0.0101% 0.0130% 0.0086*
20 0.0136%* 0.0175% 0.0123*
25 0.0204 * 0.0255% 0.0193%
30 0.0320 0.0240 0.0383 0.0283 0.0309 0.0247
35 0.0502 0.0422 0.0572 0.0472 0.0488 0. 0426
40 0.0760 0. 0680 0.0837 0.0737 0. 0744 0.0682
45 0.110 0.102 0.119 0.109 0.109 0.102
50 0.151 0.143 0.164 0.154 0.151 0.145
60 0.255 0.247 0.282 0.272 0.261 0.255
70 0.381 0.373 0.430 0.420 0.398 0.392
80 0.520 0.512 0.603 0.593 0.557 0.551
30 0.671 0.663 0.789 0.778 0.728 0.722
100 0.827 0.819 0.983 0.973 0.908 0.902
110 0.986 0.978 1.18 1.17 1.10 1.09
120 1.15 1.14 1.38 1.37 1.28 1.27
130 1.31 1.30 1.58 1.57 1.47 1.46
140 1.47 1.46 1.77 1.76 1.66 1.65
150 1.63 1.62 1.96 1.95 1.84 1.83
175 2.02 2.01 2.44 2.43 2.30 2.29
200 2.42 2.41 2.90 2.89 2.75 2.74
225 2.81 2.80 3.35 3.34 3.19 3.18
250 3.19 3.18 3.80 3.79 3.61 3.60
273.15 3.54 3.53 4.20 4.19 4,05 4,04
293 3.84 3.83 4.55 4.54 4.39 4.38
300 3.94 3.93 4.67 4.66 4.51 4.50
350 4.68 4.67 5.52 5.51 5.36 5.35
400 5.42 5.41 6.39 6.38 6.19 6.18
450 6.16 6.15 7.25 7.24 7.03 7.02
500 6.90 6.89 8.09 8.08 7.86 7.85
550 7.53 7.52 8.93 8.92 8.69 8.68
600 8.35 8.34 9.76 9.75 9,52 9.51

* Provisional Values

The recommended values for the total electrical resistivity are for 99.9%% magnesium and
those below 100 K are applicable only to specimens with residual resistivities of 0.008- 1078

(/to c-axis), 0.01° 10"(7 m (1 to c-axis), and 0.0062:10-*Q) m (polycrystalline).




TABLE6. RECOMMENDED ELECTRICAL RESISTIVITY OF MAGNESIUM (Continued)
(Temperature Dependence)

[ Temperature, T, K; Total Resistivity, p, 107 Qm; Intrinsic Resistivity, o;’ 1078 Om]

Solid Liquid
- // to c-axis 1 to c-axis Polycrystalline T
o o; p 0; P Py o
650 9.07 9.06 10.6 10.6 10.4 10.4 922 26.1%
700 9.78 9.77 11.4 11.4 11.2 11.2 950 26.1%*
750 12.0 12.0 1000 26.0%
800 12.8 12.8 1050 25.9*
850 13.6 13.6 1100 25.8%
900 14.4 14.4 1150 25,7%
922 14.7 14.7 1200 25.6%

* Provisional Values.
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4.3. Calcium

Calcium, with atomic number 20, is a silvery-white moderately soft metal. It
has a face-centered cubic crystalline structure, which transforms to body-~centered
cubic form around 720 K. Its density is 1.55 gm cm™3 at 293 K. It melts at 113 K and
boils at 1795 K, Impure calcium can also occur in a close-packed hexagonal form,
which is stabilized by the impurities in calcium and is stable between about 523 and 720 K.
Naturally occuring calcium is composed of six stable isotopes, the most abundant being
40Ca which constitutes 96.97%. Eight other radioactive isotopes are known to exist.
Calcium is the fifth most abundant element in the earth's continental crust, of which it
forms 4.15% by weight.

Temperature Dependence

There are 16 sets of experimental data available for the electrical resistivity of
calcium, The information on specimen characterization and measurement condition for
each of the data sets is given in Table 10, The data are tabulated in Table 11 and shown
in Figures 6 and 7. Determinations of the electrical resistivity for both the solid
and liquid states cover continuously the temperature range from 1.36 to 1138 K.

The data for the electrical resistivity of calcium show considerable scatter.
Around room temperature, there is a sudden jump from the low-temperature data to
those above room temperature as if there is a phase transition. This discrepancy is
probably due to specimen contamination at higher temperatures, Katerberg et al. [68]
(curve 10) found a small discontinuity near the phase transition temperature around
720 K. The data of Smith et al. [69] (curves 4 and 5) also show slope changes near the
transition, which, however, give a quite different shape from that indicated by the data
of Katerberg. The data of Swischer [70] (curves 14-16) do not show any discontinuities.
The recommended values were generated based on the data of Cook and Laubitz [71)]
(curve 12) and Kayser and Soderquist [72] (curve 1). A least-mean-square-error fit was
made with the modified Bloch-Grlneisen equation (8) to the selected data for p-ny from
30 to 300 K and to the estimated values up to 1113 K. At the phase transition temperature
around 720 K the possible discontinuity was ignored. The following results were obtained
for the coefficients in equation (8):

5 S Sy (6g)0 C P
3.341-1078%C, m 0.296-10-3C, m 0.087.10°8QOm 300.9K 0.0281 2.0

The Debye tempe: ture deduced from specific heat measurements is 234 +5 K which is
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about 20% lower that the present value for eR The resulting values from equation (8)
were then corrected for thermal linear expansion to become the final recommended
values.

Only one data set is available on the electrical resistivity of calcium in the liquid
state. Van Zytveld et al. 1507 (curve 6) found that the temperature dependence of electrical
resistivity is small and weakly negative. At the melting point (1113 K), the electrical
resistivity of caleium in the liquid state is about 126% higher than that of solid calcium.

The recommended values for the total and intrinsic electrical resistivities are
listed in Table 9, and those for the total resistivity are also shown in Figures 6 and
7. The recommended values for the total electrical resistivity are for 99.961% calcium
and those below 30 K are applicable only to a specimen with residual resistivity of
0.045:1078%Q m. The recommended values from 1 to 293 K are corrected for the thermal
linear expansion. The correction amounts to ~0.47% at 1 K, -0.38% at 100 K and

-0.2% at 200 K. The uncertainty in the recommended values for the total electrical
resistivity is believed to be within +10% below 40 K, within +5% from 40 to 300 K, and
within +20% from 300 to 1150 K. Above 40 K the uncertainty in the recommended values
for the intrinsic resistivity is slightly higher than that in the total electrical resistivity
because of the possible deviations from the Matthiesen's Rule; below 40 K the p ; values
are very uncertain and are not listed in the table,
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TABLE 9. RECOMMENDED ELECTRICAL RESISTIVITY OF CALCIUM
(Temperature Dependence)

[Temperature, T, K. Total Resistivity, o, 1078 m; Intrinsic Resistivity, p;, 1078 O m]

Solid

T P Pi T o Pi

1 0.045* 250 2.82 2.77

4 0.045% 273.15 3.11 3.06

7 0.046° 293 3.36 3.31
10 0.047% 300 3.45 3.40
15 0.051% 350 4, 09% 4. 04%
20 0.060% 400 4.,73% 4.68*
25 0.075% 450 5.37% 5.32%
30 0.100% 500 6. 02% 5.97*
35 0.133* 550 6.68% 6.63*
40 0.175 0.130 600 7.35% 7.30%
45 0.224 0.179 650 8., 02% 7.97%
50 0.277 0.232 700 8.70% 8.65%
60 0.396 0.351 750 9.38% 9.33*
70 0.522 0.477 800 10.0 * 10.0 *
30 0.652 0.607 850 10.7 * 10.7 *
90 0.782 0.737 900 11.4 * 11.4 *
100 0.913 0.868 950 12.1 * 12.1 *
110 1.04 0.997 1000 12.8 * 12.8 *
120 1.17 1.12 1100 14.3 * 14.3 *
130 1.30 1.25 1113 14.5 * 14.5 *
140 1.43 1.38
150 1.56 1.51
175 1.88 1.83
200 2.19 2.14
225 2.51 2.46

Liquid
T p
‘ 1113 33. 0%
1150 33. 0%

* Provisional values,

e ide il dedes el

The recommended values for the total electrical resistivity are for 99, 96+% pure calcium
‘ and those at temperatures below 30 K are applicable only to a specimen with residual
resistivity of 0.045 x 1078 3 m,
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4.4, Strontium

Strontium, with atomic number 38, is a silvery-white metal, resembling calcium
in its properties but softer. It exists in three structural modifications: face-centered
cubic q-~Sr stable below 488 K, close-packed hexagonal 8-Sr stable between 488 and
815 K, and body-centered cubic y-Sr stable above 815 K. The density of o-Sr is
2.60 g cm™3 at 293 K. The metal melts at 1042 K and boils at about 1645 K. At room
s temperature and a high pressure of 3.5 x 10° Pa, o-Sr undergoes a phase transformation
to a body-centered cubic structure similar toy-Sr. Naturally occuring strontium is
composed of four stable isotopes, the most abundant being 38Sr which constitutes 82.56%.

Twelve other radioactive isotopes are known to exist, one of which, the longest-lived
: 9Sr with a half life of 28.1 years, is of great importance. This radioactive isotope
! is one of the best long-lived high energy beta emitters known and is very useful. But it
also is a product of nuclear fallout and presents a health problem. Strontium is the fif-
teenth most abundant element in the continental crust of the earth (6. 0375% by weight).

-

Temperature Dependence

There are 11 gets of experimental data available for the temperature dependence
of the electrical resistivity of strontium. The information on specimen characterization
and measurement condition for each of the data sets is given in Table 13. The data are
tabulated in Table 14 and shown in Figures 8 and 9. Determinations of the electrical
resistivity for both the solid and liquid states cover the temperature range from 1. 32 to
1093 K.

The data of Messiner and Voigt [27] (curves 8 and 9), Rinck 76] (curve 11), McWhan,
Rice, and Schmidt [77] (curves 1-3), and Rashid and Kayser 78] (curve 4) were not for
high-purity specimens. At temperatures below 815 K the recommended values are based
on the data of Cook and Van der Meer 73] (curve 6), Rashid and Kayser [78] (curve 5), and
Katerberg et al. [68] (curve 10). These three sets of data for 99.5% pure specimens
appear to be reasonably consistent. A least-mean-square-error fit was made with the
modified Bloch-Grilneisen equation (8) to the selected data for p-p, from 50 to 800 K. The
following results were obtained for the coefficients in equation (8):

’ s, 5 8 (B c P
6.015-10~%m -0.02743- 10°8Qm 0 142.7 K 0.0108 0

eaiiia - ol st il .

The Debye temperature deduced from specific heat measurements is 147 K which is very
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close to the present value for eR The resulting values from equation (8) were then
corrected for thermal linear expansion to become the final recommended values.

There appears to be no discontinuity in the electrical resistivity at the temperature
of 488 K where the transition from ¢-Sr to 8-Sr occurs. However, at the g8-Sr toy-Sr
transition around 815 K, there is a sudden jump of about 40% in the resistivity values.
Above 815 K the recommended resistivity values are based on the data of Katerberg et
al. [68] (curve 10). Their data were fitted with a linear logarithmic equation up to the
melting point resuiting in the following equation:

10gyg p = -1.6233 +1.137 x logyy T 815K < T < 1042 K 13)

Only one set of data is available on the electrical resistivity of strontium in the
liquid state, Van Zytveld et al. [50] (curve 7) found that the temperature dependence of
electrical resistivity is small and weakly negative. At the melting point (1042 K), the
electrical resistivity of strontium in the liquid state is about 31% higher than that of

solid strontium.

The recommended values for the total and intrinsic electrical resistivities of ]
strontium are listed in Table 12, and those for the total electrical resistivity are also
shown in Figures 8 and 9. The recommended values for the total electrical resistivity
are for 99.95%% pure strontium and those at temperatures below 30 K are applicable
only to a specimen with residual resistivity of 0.80 x 1078Q m. The recommended values
from 1 to 293 K are corrected for the thermal linear expansion. The correction amounts i
to -0.54% at 1 K, ~0.42% at 100 K, and -0.21% at 200 K. The uncertainty in the recom-
mended values for the total electrical resistivity is believed to be within +10% below 50 K,
within +5% from 50 to 815 K, within +10% from 815 K to 1042 K and within +20% above
1042 K. Above 40 K, the uncertainty in the recommended values for the intrinsic resistiviﬁ

is slightly higher than that in the total electrical resistivity because of the possible

deviations from the Matthiessan's Rule; below 40 K Pi values are very uncertain and are
not listed in the table.
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TABLE 12. RECOMMENDED ELECTRICAL RESISTIVITY OF STRONTIUM
( Temperature Dependence)

(Temperature, T, K; Total Resistivity, p, 10~ 8 Q. m; Intrinsic Resistivity, p;, 10~8 ; m]

Solid ;
!
]
T P Py T [ Py
1 0.800* 250 11.3 10.5
4 0. 800* 273, 15 12.3 11.5
7 0. 800 293 13.2 12.4
10 0. 805% 300 13.5 12.7
15 0. 835% 350 15. 7 14.9
20 0.918% 400 17.8 17.0
25 1. 065% 450 20. 0 19.2
30 1.257% 500 22,2 21.4
35 1.460%* 550 24.5 23.7
40 1. 700% 600 26. 7 25.9
45 1. 94* 1. 14% 650 28.9 28.1 i
50 2.18 1.38 700 31.2 30.4 z
60 2.68 1.88 750 33.4 32.6
70 3.16 2.36 800 35.6 34.8
80 3.64 2.84 815 36.1 35.3
90 4,12 3.32 815 48, 8% 48.0%
100 4,58 3.178 950 54.5% . 53.7*
110 5.04 4.24 1000 62, 2% 61.4*
120 5.50 4.70 1042 65.6% 64.8*
130 5.94 5.14
140 6.39 5.59
150 6.84 6.04
175 7.95 7.15
200 9.04 8.24
225 10.2 9.35
. Liquid
i
1 T P
j 1042 84. 8*
H 1093 84, 7*
:
]
1

* _Provlsional values

The recommended values for the total electrical resistivity are for 99.95%% pure strontium
and those at temperatures below 30 K are applicable only to a specimen with residual
resistivity of 0.80 x 1078} m.

— e—
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4.5. Barium

Barium, with atomic number 56, is a soft, silver-white metal, resembling calcium
chemically. It oxidizes very easily in air, melts at 1002 K, and boils at 2174 K. Its
density is 3.5 g ecm™3 at 293 K. The critical temperature of barium has been estimated
to be 3670 K. Barium crystal has a body-centered cubic structure. At a pressure of
about 5.9 x 10° Pa, the body-centered cubic structure transforms to a close-packed
hexagonal form. Naturally occuring barium is composed of seven stable isotopes, the most
abundant being 1%Ba, which constitutes 71.66%. Thirteen other radioactive isotopes are
known to exist. Barium is the fourteenth most abundant element in the continental crust

of the earth (0.0524% by weight).

Temperature dependence

There are 21 sets of experimental data available for the electrical resistivity of
barium. The information on specimen characterization and measurement condition for
each of the data sets is given in Table 16. The data are tabulated in Table 17 and shown
in Figures 10 and 11. Determinations of the electrical resistivity for both the solid and
liquid states cover continuously the temperature range from 1.26 to 1451 K.

The data for the electrical resistivity of barium show considerable scatter. At [ow
temperatures, the data of Meissner and Voigt (27] (curve 5), Meissner, Franz, and
Westerhoff [79] (curve 10), and of Rashid and Kayser [807 (curves 6 and 7) are not for
high-purity specimen. Above room temperature, Rinck [81] found a distinct slope change
about 650 K (curve 13) which he assumed to be due to phase change at this temperature.
The data of Grintherodt, Hause, and Kunzi [82] (curve 9) are similar to Rinck's. The
data of Grube and Dietrich [83] (curve 14) also show a discontinuity near 650 K, which
however, exhibits quite a different nature from that indicated by the data of Rinck. The
data of Katerberg, Nieneyer, Penning, and Van Zytveld (687 (curves 11 and 12) show no
4 slope change at 650 K, but show a slope change near 530 K. Cook and Laubitz [841 pre-

; sented data for pure and hydrogen charged Ba from 300 to 750 K (curves 15-21). Their

! data for pure barium differ from all previous data and show no evidence of transition

: at any temperature.

' A least-mean-square-error fit was made with the modified Bioch-Grilneisen equation

‘ (8) to the data of Cook and Laubitz (84 (with correnction for the effect of hydrogen) and of
Rashid and Kayser 7807 (curve 8) from 30 to 750 K. The following results were obtained

for the coefficients in equation (8):
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S S 5 (Ao c P
5.870-1078C'm 0.3428-10°%G m 0 72.8K 0. 0252 0

The Debye temperature deduced from specific heat measurements is 110 K which is al-
most 40% higher than the present value for fR* The resulting values from equation (8)
were then corrected for the thermal linear expansion and extrapolated to lower and
higher temperatures to become the final recommended values.

There are three data sets available on the electrical resistivity of barium in the liquid
state. Van Zytveld, Enderberg, and Collings [50] (curve 3) and Grintherodt et al. [82]
(curve 9) found that the temperature dependence of the electrical resistivity of liquid
barium is small and weakly negative. However, Genter and Grosse [85] (curve 2) found
a very large positive temperature dependence. On comparison with the electrical
resistivity data for other alkaline earth elements in the liquid state, indicated that the
electrical resistivity of liquid barium should have a weakly negative dependence on
temperature. The data of Van Zytveld et al. and of Griintherodt et al. were normalized
by matching their values at the melting point of 1002 K. The normalized values were
then least-mean-square-error fitted with a linear equation to yield the provisional values.
At the melting point (1002 K), the electrical resistivity of barium in the liquid state is
about 25% higher than that of solid barium, '

The recommended values for the total and intrinsic electrical resistivities are listed
in Table 15, and those for the total resistivity are also shown in Figures 10 and 11. The
recommended values for the total electrical resistivity are for 99.5% pure barium and
those at temperatures below 100 K are applicable only to a specimen with residual resis-
tivity of 0.081 x 10~8Q m. The recommended values from 1 to 293 K are corrected for
the thermal linear expansion. The correction amounts to -0.5% at 1 K, -0.37% at 100 K,
and -0.18% at 200 K. The uncertainty in the recommended values for the total electrical
resistivity is believed to be within +10% below 30 K, within +5% from 30 to 750 K, and
within +10% from 750 to 1300 K. Above 40 K the uncertainty in the recommended values
for the intrinsic resistivity is slightly higher than that in the total electrical resistivity
because of the possible deviations from the Matthiesen's Rule; below 40 K, the oi values
are very uncertain and are not listed in the table.
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TABLE 15. RECOMMENDED ELECTRICAL RESISTIVITY OF BARIUM
(Temperature Dependence)

{Temperature, T, K, Total Resistivity, p, 1078 ¢, m; Intrinsic Resistivity, pj, 1078 i m

Solid

T P Pi T p Pi

1 0.081% 250 26.9 26.8

4 0.082% 273.15 30.2 30.1

7 0.104% 293 33.2 33.1
10 0.189% 300 34.3 34.2
15 0.501% 350 42.4 42.3
20 0.940% 400 51.4 51.3
25 1.42 * 450 61.4 61.3
30 1.92 * 500 72.4 72.3
35 2.41 * 550 84.7 84.6
40 2.91 * 600 98.2 98.1
45 3.39 3.31 650 113. 113.
50 3.88 3.80 700 130. 130.
60 4.86 4.78 750 148. 148.
70 5.84 5.76 800 168, * 168, *
80 6.83 6.75 900 216, * 216, *
90 7.83 7.175 950 244. * 244, *
100 8.85 8.77 1000 275, * 275, *
110 9.89 9.81 1002 276. * 276, *
120 11.0 10.9
130 12.0 11.9
140 13.1 13.0
150 14.3 14.2
175 17.2 17.1
200 20.2 20.1
225 23.5 23.4

Liquid
T p
1002 306. *
1050 303, *

* Provisional values

The recommended values for the total electrical resistivity are for 99.5'% pure barium and
those at temperatures below 100 K are applicable only to a specimen with residual resistivity of
0.081 x 1078 m.
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4.6. RADIUM

Radium, with atomic number 88, is a brilliant white, radioactive metal, and is the
last member of Group II A elements. Its density has been estimated to be about 5 g cm-3,
which is, however, questionable. The melting and boiling points of radium have been
given as about 973 K and 1900 K, respectively. Radium has no stable isotope and has
sixteen radioactive isotopes known to exist, with half-lives ranging from less than 1
millisecond (?18Ra) to 1620 years (225Ra). One gram of the longest-lived 226Ra undergoes
3.7 x 10!* disintegrations per second; this amount of radioactivity has been defined as
one curie. Radium occurs in nature and is present in all uranium minerals in trace

quantities.

Temperature Dependence

Although no information appears to have been published regarding the electrical
resistivity of radium, a value of 0.186 W cm~1 K™1 attributed to Chirkin (871 for the room
temperature thermal conductivity of radium does appear in the Handbook of the Physico-
chemical Properties of the Elements edited by Samsonov [887, Neither the basis of this
value nor its probable reliability is known.

We have roughly estimated the lattice thermal conductivity of radium at 293 K to
be 0.013 W cm™ K™ by extrapolation to the atomic number 88 of a curve drawn through
the lattice thermal conductivity values of caicium, strontium, and barium in a logarithmic
graph of lattice thermal conductivity versus atomic number. The lattice thermal conduc-
tivity values of calcium, strontium, and barium are taken from Cook and Van der Meer
[73). Using the Wiedermann-Franz-Lorenz law, the electrical resistivity at 293 K is
estimated to be 41 x 10~  m,

On the basis of the expected similarities between radium and other cubic-structure
alkaline earth elements, namely calcium, strontium, and barium, we have roughly esti-
mated the provisional intrinsic electrical resistivity of radium from 200 to 500 K by a
least-mean-square-error fitting to the intrinsic electrical resistivity values of calcium,
strontium, barium with a logarithmic equation with temperature and atomic number as
the independent variables. The resulting equation is as follows:

10gs0 p; = -0.95 10g;(T - 1.18 logeZ + 1.37 log,oT x logyZ (14)
where Z is the atomic number and T is the absolute temperature.

The provisional values are listed in Table 18 and shown in Figure 12. The uncer-
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tainty in the provisional values is believed to be within + 80%. The room temperature
electrical resistivity value is about two times of the value calculated from Chirkin's

thermal conductivity data.
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TABLE 18. PROVISIONAL ELECTRICAL RESISTIVITY OF RADIUM
(Temperature Dependence)

[Temperature, T, K; Intrinsic Resistivity, p;, 1078 Q m]

T pi

44
54
65
76
85

88
115
145
177
212

e o o e
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5. SUMMARY AND CONCLUSIONS

The electrical resistivities of alkaline earth elements have been surveyed and

studied over the years by a number of investigators, including Meaden [89] and Cook,
Laubitz, and Van der Meer [71, 73, 8471, Electrical resistivity data are presented

also in a number of handbooks such as those of Kaye and Laby [907, Landolt-B8rnstein
(91], AIP [92], CRC [931, etc. However, their main concern is to provide a general
picture by giving only one or a few particular sets of data, and only a limited temperature

range is covered.

The purpose of the present work is quite different from that of the above men-
tioned works. There are two major aims: (1) to exhaustively search the open literature
so that all the available experimental data are comprehensively compiled, and (2) to
generate recommended reference values by critical evaluation, analysis, and synthesis
of the existing experimental data. These aims are now achieved. This work has pre-
sented the most comprehensively compiled experimental data and information on the
electrical resistivity of alkaline earth elements and has provided the recommended
reference values over a very wide range of temperature. The recommended values
were obtained by least squares fitting of the selected experimental data or by corre-
lating the related properties,

A comparison of electrical resistivity data from the literature with the present
recommended values are shown in Table 19. Table 19 shows that the recommended
electrical resistivity values from the various sources are quite different, up to 100%
in some cases, that the more recent values are not necessarily closer to the truth, and
that many oi the values contained in popular handbooks are much in error. This
attests to the need of reliable reference values such as those generated in the present

work.

With a view to bring out any similarities or differenccs between the re commended
values {or the alkaline elements, the recommended values of the intrinsic resistivities
for all the six elements are shown together in Figure 13. It can be seen from Figure 13
that the electrical resistivities of calcium, strontium, barium, and radium which have
cubic crystailine structure, form a nice family of curves with systematic variations, those
of heavier elements being the higher. The electrical resistivities of beryllium and
magnesium, which have hexagonal crystalline structure, vary differently from the above
mentioned and from each other., Their cross-over is due to the fact that beryllium has

a much higher melting point.
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7. APPENDIX

7.1. Methods of Measuring Electrical Resistivity
A. Steady State Methods 1

Voltmeter and ammeter direct reading (V) [94%, p. 169, 119, pp. 244-5)
2. DC Potentiometric Method (A) [89%, pp. 151-8]

a. 4-probe potentiometric method
3. DC Bridge Method (B) (89, pp. 141~51]

a., Kelvin Double Bridge

b. Mueller Bridge

c. Wheatstone Bridge
4. van der Pauw Method (P), [95]*

Galvanometer Amplifier Method (G), [96*, pp. 159-62]

B. Non-steady State Methods

1. Periodic currents involved
a. Direct connection to sample

(1) AC Potentiometric Method (C) 89, pp. 161-2)
(20 AC Bridge Method (D) [89, p. 162]
(3) Q-Meter Method (Q)

b. No connection to sample

(1) Mutual Inductance Method (M)[97]*
(2) Self-inductance Method (S) [981*
(3) Rotating Field Method (R) [99]*

2. Non-periodic currents involved
a. Direct connection to sample
(1) Transient (subsecond) technique (T) [100]*
b. No connection to sample
(1) Eddy current decay method (E) 101, 89, p. 1031

'
1

C. General Comments

1. Code "I'"means Induction Method

This is a combination of Items B.1b. and B.2.b. above. Subsumed under I is
M, R, S, or E. Used only if author indicates induction method used and does
not report which specific one.

2. The symbol "~ is used if method described by the author is not sufficient to assign
a specific code presently used. For exampie, if the author stated that ''AC Method"
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* References are given in Section 6.
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was used in his measurement but no specifics were given, the following wording would
be used in the column Composition, Specifications, and Remarks: "Experimental
method described as an AC metw. " 'In the column for Method Used on the Specifica-
tion Table the following symbol would appear: - .
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