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Foreword

The National Standard Reference Data System is s government-wide effort to give to the
technical community of the United States optimum sccess to the quantitative data of physical
science, critically evaluated and compiled for convenience. This program was established in
1963 by the President’s Office of Science and Technology, acting upon the recommendation of
the Federal Counci! for Science and Technology. The National Bureau of Standards has been
assigned responsibility for administering the effort. The general objective of the System is to
coordinate and integrate existing data evaluation and compilation activities into a systematic,
comprehensive program, supplementing and expanding technical coverage when necessary,
establishing and maintaining standards for the output of the participating groups, and
providing mechanisms for the dissemination of the output as required,

The NSRDS is conducted as a decentralized operation of nation-wide scope with central
coordination by NBS. It comprises & complex of dats centers and other activities, carried on
in government agencies, academic institutions, and nongovernmental laboratories. The inde-
pendent operational status of existing critical data projects is maintained and encouraged.
Data centers that are components of the NSRDS produce compilations of critically evaluated
data, critical reviews of the state of quantitative knowledge in specialized areas, and
computations of useful functions derived from standard reference data.

For operational purposes, NSRDS compilation activities are organized into seven
categories as listed below. The data publications of the NSREDS, which may consist of
monographs, looseleaf sheets, computer tapes, or any other useful product, will be ciassified
as belonging to one or another of these categories. An additional “General” category of
NSRDS publications will include reports on detailed classification schemes, lists of compila-
tions considered to be Standard Reference Data, status reports, and similar material. Thus,
NSRDS publications will appear in the following eight categories:

Jategory Title
i General
2 Nueclear Properties
3 Atomic and Molecular Properties
4 Solid State Properties
5 Thermodynamic and Transport Properties
6 Chemical Kinetics
7 Colloid and Surface Properties
8 Mechanical Properties of Materials

The present compilation is in category 5 of the above list. It constitutes the sixteenth
publication in a new NBS series known as the National Standard Reference Data Series.

A. V. Astin, Director.
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PREFPACE

This report wes prepered under contract by the Thermophysical Properties Ressarch Center (TPRC) of
Furdue University and forms a continustion of the work described in the first report NSRDS-NBS8-8.

The work presented in this report comprises the eritical evaluation, snalysis, and synthesis of the svailable
thermal conductivity data and the generation of recommended valuss for twelve metallic elements, mainly for the
solid state, for a range of graphites, and for three finids in the gasecus state. These are cadmium, chromium,
lead, magnesium, molybdenum, nickel, niobium, tanteium, tin, titanium, zinc, zirconium, Acheson graphite, AT
graphite, pyrolytic graphite, 875S graphite, 8208 graphite, acetone, ammonia, and methane, For each of the ma-~
terials recommended values are given over & wide range of temperature,

The senior staff engaged in this program consisted of the same peraonnel as for the first report. D C. ¥.
Ho and Dr. B. W. Powell collaborated on the sections comprising the metallic elements and graphites and Dr.
P. E. liley was responsible for the section om fluids. Dw. v, 8. Touloukian has served a8 sdviser io the @f@gram,
The cooperstion and assisiance recsived from other TPRO sia #f iz gratefully acknowledged.

This effort will continue into the third year, when it is hoped to complete the assessment of the data that are

available for the thermal conductivity for all elements and Lo include recommended values whersver possible.

In order to give s greater degree of confidence Lo the recommendations set forth in this work, following the
same procedure as that for the first repori, 2 proliminary version of the present report has been submitted inter-
nationally to some sixty expert workers in this field for their comments and criticiems. The authors wish to
express their appreciation and gratitude fo a1l who responded so generously. Particular ackrnowledgment is made

for the valuable contribations of the following individuals;

Prof. N. G. Bicklund, The Royal Institute of Technology, Stockholm, Sweden,

Dys. B, L. Bailey and A. A. Cline, Grest Lakes Carbon Corporation, Niagara Falls, New York,
Prof. . F. Bonille, Columbia University, New York, New York,

Dr. A. Cezairliyan, National Buresu of Standards, Washington, D, C..,

Drof, E. Fitzer, Direktor der Institut fiir Chemische Technik der Technischen Hochschule Karlsrube, Kariszyube,
W, Germany,

Me. D, R, Flynn, National Bureau of S8tandarde, Washington, B <.,

Prof. P. Grassmann, Eidg. Technische Hochschule Instituf fir Kalorische Apparate, Riltetechnik und
Verfahrenstechnik, Zirich, Switzerland,

Prof. B. A. Greenhorn, Purdue University, W. Lafayeite, Indiana,

Prof. M. Hoch, University of Cincinnati, Cincinnati, Chie,

me, D, T, Jamieson, National Engineering Laboratory, East Kilbride, Scotland,

Dr. 4. Kaspar, Aerospace Corporation, Bl Segundo, California,

Prof, 4. Kestin, Brown University, Providence, Hhode island,

Dr. €. A. Klein, Raytheon Company, Waltham, Massachuseiis,
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Dy,
Dy. BE. MoLaughlin, Imperial College, London, England,

. Klemens, Westinghouse Research Laboratoriss, Pittgburgh, Pennsylvania,
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Laubitz, National Research Council, Ottaws, Canada,
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. Lozier, Carbon Products Division, Union Carhide Corporation, Cleveland, COhbio
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MeClelland, Aerospace Corporation, El Segundo, California,

I

. L. McElroy, Oak Ridge Nationsl Laboratory, Cak Ridgs, Tennesses,
M

prof. T. Makita, Kobe University, Kobe, Japan,
Mr. I B, Mason, Atomic Energy Research Establishmeent, Harwell, England,
My, R. A. Meyer, General Atomics, San Dlego, California,

Dr. M. L. Minges, Air Force Materials Laboratory, Wright-Patterson A, F. Bass
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, Uhio,
Prof. A. Missenard, Ssint-GQuentin, France,

sy, C, D. Pears, Southern Resesrch lnstitule, Birminghare, Alabama,



Dr. R. L. Powell, National Bureau of Standards, Boulder, Colorado,

Dr. F. Richter, Thyssen Rohrenwerke Akiiengesellschaft, Disseldorf, W, Germany,

Prof. B. H. Sage, Californiz Institule of Technology, Pasadena, California,

Dr. E. 1. Shobert, Stackpole Carbon Company, St. Marys, Pennsylvania,

Prof. A. E. Sheindlin, Director of Scientific Research Institute of High Tempevature, Moscow, U. 8. 8. R, |

Dr. G. A. Siack, General Electric Research Laboratory, Schensciady, New York,

Mr. L. M. Swope, Chairman of ASTM Committee -5 on Manufactured Carbon and Graphite Products, Aerojet
General Corporation, Sacramento, California,

Dr. F. L. Shea, Great Lakes Research Corporation, Elizabethion, Tennessee,

Prof. N. B. Vargaftik, Moskovskii Aviatsionnyi Institut, Moscow, 1.5, 5 R,

It goes without saying that while the individuals mentioned sbove have read selected parts of the preliminary
version of this report and given helpful comments and criticisms, this in no way commits them to the views ex~

pressed in this report for which the authors assume cqmplete responsibility.
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THERMAL CONDUCTIVITY OF
SELECTED MATERIALS

By

C. ¥, Ho, B. W, Powell, and P. E, Liley

ABBTRACT

available thermasal conductivity data and the generation of recommended values for twelve metallic elementis, mainly

for the solid state, for a range of graphites, and for three flnids in the gaseous siale.

These are cadmiuvm, chro-

mium, lead, magnesium, molybdenum, nickel, niobium, fantaluwm, tin, fitanium, zine, zirconium, Acheson

graphite, AT graphite, pyrolytic graphite, 8758 graphite, 8908 graphile, acetone, ammonis, and methane.

For

each of the materials recommended values are given over a wide range of temperature.
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PART I

THERMAL CONDUCTIVITY OF METALLIC ELEMENTS



PART I - THERMAL CONDUCTIVITY OF METALLIC ELEME? NTB

A, Introduction

The metallic elements studied in this report congist of cadmium {solid and lignid states), chromium,lead
{=zolid and liguid states), ”nagnesium {zolid and liguid 5 tates), molybdenum, nickel, nloblum, tartalum, tin (solid
and liguid states), titanium, zine {solid and liguid states), and zirconium. Whereas the seven metailic elements
of the first report that were studied in the solid state have cubic ervstal structures, of those now considered, only
chromium, lead, molybdenum, nickel, niobium, and tantalum have this symmetirical structure. The others can
be expected to yield thermal conductivity values that are dependent on the crystal orientation ar and which may differ
for polyerysialline and single crysinl samples, For non-cubic metals the recommended values are mainly fox
yandomly oriented polycrystalline samples of each metal, but whenever sufficient dats are available for the main

Y

crystal divections of single ¢ rystals, the thermal conductivities for these dirvections will also be given.

The general mathod of pmeed&re has followed closely that adopted in the first report L L11.% The Thermo-

physicsal Properties Research Center {TPRC) dats shests for each material have heen thoroughly updated, the

original papers have been critieally re-examined and more complete specification tables have been prepared.

The method previcusly adopted for dealing with the thermal conductivity data for metallic elements at low
tempevatures has again been sollowed [ 2-41. For each metallic element the ezperimentsl curve yielding the high-
est thermal conduetivity values in the region of the maximum has heen acoepted as represeniztive of the values
for the sample of the highest purity so far examinect From fhese data 2 value of 8, the imsurib;wimp@rﬁecti@ﬁ
parameter, hag been deriv od, as indicated previously, and this has been used to calculate thermal conductivity
values from 1 K to about 1.5 Ty, where Ty, is the temperature corresponding to the thermal conductivity maxi-

mum, by using the eguation

R - i
k= [T +R/T]7H {z

R

where

S+ 1)
_ ‘o vafim + 1) P
ot = " {8/ <2}

Here a, m, n, and ¢ are constants for 2 metsl whereas of and 8 sre dependent on the purity and perfection,

Theoretically,

£
?

B =p /L
o
where e, is the residual elsctrical resistivity and L, is the theorstical value of the Lorenz function and egual to
2.443 % 1 5-8Voli2 T2, Using the theorstical relationship as given by Eguation (3}, Equations (1) and (2) can be

written &8

e b o -

k= [aT + p/IyT] 1 {4)
¢ ‘3, :’I’} + 1 .

ot = a"\p/m L) ) (5}

Eguations (4) and (5) give explicitly the relationship between the thermal conductivity and the residual electrical
resistivity of a metailic element, though their application is more limited than Equations (1) and {2) due to the

iimited applicability of Equation (3).

As explained before, the thermal conductivity in this range of temperature is particularly sensitive to the
degree of purity and perfection of the sample, since § decreases as the purity and perfection increase. The
values that have been used for § in each instance are given in Table 1 together with the associated constants s and

parameters, Due to The insufficiency of available low-temperature t srmal conductivity data for these meizliic

3
References appear under the heading RE EFERENCES.



elements it is hardly possible to determine the constanis 2, m, and o' of Equation (%), and therefore only the values
of n and v’ of Equation {1) sre determined from the available data. Here the values for o' are the average values
and actually o' varies from sample to sample and is a function of & depending upon sarople purity and perfection, It
can be seen in Table 1 that the values of § of column 9, derived from thermal conductivity data and used for sub-

g, are compearable with those of column § derived for the same sam-

&

urements whenever available using

Q‘(‘
=2}

quation (3}, For the lafter o, ¢

values of the elsctrical s /e, .. of eolumn 6 relate
K

rature thermal conductivi ! <& nis have been reporied, wheresas

-

the \:r&L;e of this ratic given in the last column of Table 1 are the hi

repovted go far. Compari
on of the values in these two columns reveals large differences for most of the metallic slements, This indicates

that the much purer samples now becoming available will possess correspondingly lower values of 8 and h gher

thermal conductivities, It is clear that in the low tempersture reglon most of the thermal conductivity values now
given will need to be increased subseguently.

* H

The recommended thermal conductivity values ave reporied collectively in Tables Za, 2b, and 2¢ andplotied

in Figures 1 and 2. These recommended valu s annezled high-purity meials with puri

elecirical resistivity indicated in the Tables. The idual e‘;ecf ical resistivity characterization is very imporiant

23T

v and regidual

only &t low temperatures below 100 ¥ and istherefore not given in Tables 2b and 2¢. Table 23 contains the recomimended
values st temperatures below 100 X and Tables 2b and 2¢ contain those above 100K, The tamperamz’es given in Tables 22
and 2bave indegree K and those In Table 2o are indegree C. Inthetables the third significant figureis given only for

internal comparison and for smoothnegs and ig not indicative of the degree of accuracy.

in Figure 1 the therrmal conductivity curves that ave reproduced for those metallic elernents that become super-
condecting shove I K include values that have been obtained for both normal and superconducting states. The recommend-
ed values are, however, limited at present to the normal state of each metallic element. With lead and tin, since Ty, isbe-
low the transition temperature at which the metal normally becomes superconducti

iz possible todetermine Ty, by

!
using measurements made in the presence of a magnetic field of sufficient strength for the sample to remain in the

7 gk
normal state.

inorder to make recommendations at higher lemperatures the available exp@rimeuta informationfor the thermal

e@mduciivity of each metallic element has been pie’ﬂ‘ed ona linear femperature scale as shown in Pigures 5to 14, These
curves have been carefully examined in the light of the information given in the accompanying ﬂpeeaﬁcsﬁ;x tables and from

other congiderations. In the specification tables, the code designations used for the experimental methods are as follows:
£ Comparative method

“rical method

w
)
fod
’3

Forbes bar method

1. Longitudinal beat flow method

P Periocdic or transient heat flow method
B Radial heat flow method

T Thermoelectrical method

An attempt has been made in each figure to nclude a curve that seems likely to prove the most probable for each

$631

metallic element and this is drawn fo form a smoocth continuation of the above mentioned low-temperature curve,
-

Use is made of electrical resistivity {or conductivity) data whenever possible and this information and other per-

tinent comments regarding the treatment of the data for each metallic element are given in the following section.

B. Thermal Conductivity of & Group of Selected Metallic Elements
Cadmium
Four curves are available for the thermal conductivity of cadminm at low temperatures. That giving the
highest thermal conductivity is by Hosenberg [ 5] for a single crystal of 99. 995 percent Cd with the direction of
hest flow inclined at 79 degrees to the hexagonal axis of the crystal Only this one crystal direction



appears to have been investigated, but Mendelssohn and Fosenberg [ 6] obtained values for a cast polycrystalline
sample that was stated to be of 99. 9999 percent purity. These values are so very much lower, that, if the purity
is ag stated either the thermal conductivity of cadmium in the region of the maximum and below is very strongly
dependent on the crystal orientation, ox the purer of these samples must be unannealed and in 3 highly strained
condition; alternatively this sample is less pure than stated,

The two curves published by Zavaritskii [7] relate mainly to the superconducting state, bhut do include a
few valuee for the normal state. These are for two single crystals that appear o be of the same material but with
the heat flow direction respectively perpendicular and parallel to the hexagonal axis. At the transition temperature
{6.53 K given by Zavaritskii) these results indicate the thermal conductivity ratio k, /k, tobel.31. Zavaritskil's
paper contains a thermal conductivity value at this temperature for one other sample. This was also for the per-
pendicular direction and the value is about three times that of the plotied curve and is comparable with the higher
curve of Rosenberg. This last value has been used for the derivation of 8 and the calculation of the low-tempera~
ture curve for cadmium in the normal state and to about 1.5 Ty,. Since this is for a sample that tends {o approxi-
mate to the higher perpendicular direction, corresponding values have also been derived for the parallel direction
and for pelyerystailine cadmium, assuming k, /k = 1.31 at 6.53 K,

Further measurements are reqguired in this temperature range, and the present values can only be re~
garded as tentative,

At higher temperatures, Goens and Griineisen [ 8] give values in fair agreement for two single crystals
{curves 13 and 14) approximating to the perpendicular dirvection and for one {curve 12} approximating fo the
parallel direction, These results indicate that over the range 21 t0 293 K i«:i /k, increases from about 1.12 to
about 1.25. If seems reasonable to raise the ki value at 21 K to give the same ratio of 1.25, particularly as it

then lies close to Rosenberg's curve.

The recommended low temperature curves have been smoothly extended o higher temperatures. That for
the perpendicular direction at first approximates to curve 8, and then follows Goens and Grlineisen's derived
values for k to about 300 K. The curve for the parallel direction is derived from this on the basis of k’,/ = ki/‘l.25
and for pelyerystalline eadmium by assuming k = 1/3 (Zi;l + k// }. It is noted that on account of the effect of aniso~
tropy the thermal conductivity of cadmium single crystals (and other single crystals of non-cubic crystal structure
with different impurities will form many families of curves {instead of one single family of curves), Each family
of curves corresponds to each erystal orientation, Within one family of curves (with the same orientation but with
different impurity) the curves are non-crossing whilst curves of different families might cross one another st

temperatures above Tyy.

Further extrapolation of these curves to the melting point is believed o be justified. Most of the available
datu in this temperature range conform with these recommendations to within 5 percent. Only determinations by

Mikryukov and Rabotnov [ 9] for a single crystal and by Mikryukov, Tyapunina, and Cherpakov [10] for a poly-

-
crystalline sample at temperatures below 400 K seem noticeably high,

It is of interest that several workers who had included electrical resistivity measurements had obtained
Lorenz functions that agree to within a few percent with the theoretical value at temperatures near normal,

For liguid cadmiuvm the only available thermsl conductivity data are those of Brown [11]. Unfortunately
Brown's values for the solid state are geen to differ from most others in having a positive rather than a slight

o

egative coefficient. He made no electrical resistivity measurements, but when his dats for the liquid phase are

used with the electrical resistivity values of Matuyama [ 12] for temperatures near the melting point and 100 K
2

above, the resulting Lorenz functions are 2.50 x 107% and 2,34 x 107°VIK™?, which seem reasonably acceptable.

L

Turthermore, use of these resistivity values in the equation proposed by Powell [13] for liguid metals

Cadminm becomes clectrically superconducting nt and helow 0. 53 K {more recent value given as 0.56 K). The
thermal conductivity of the superconducting state is not treated here.



k=2.382x308Tp™ + 0,012 (8)

yvields values for k that are only some 4 percent greater than those obtained by Brown. The recommended curve
has been drawn through the mesn of his data. At the melting point the ratio of the recommended thermal conduc—

tivity values for the solid state ki » BEgolyerys, k/ y to that for the liquid state are, respectively,2.26,2.1, and1.8.

The recommended values are thought to be accurate to within +£4 percent of the true values at moderate tem-~

peratures, +6 percent at high temperatures, £10 percent for molten cadmium, and £15 percent at low temperatures.
Chromium

Only two groups of workers, Lucks and Deem [14]and Powell and Tye [15] have measured the thermal con-
ductivity of chrominm fo temperatures appreciably above normal. The investigation of Powell and Tye was of
interest in that they comwmenced with an electrolytically deposited tube of the metal and followed the changes
brought about by heating to successively higher temperatures. Affer their final heating to 1410 C the thermal con~
ductivity at 50 C was 3. 68 times the initial value, and the density had increased from 6,975 £0 7.15 g em ™. At
470 K the value of Lucks and Deem for a chemically pure ductile chromium is greater by 1.7 percent, at 1000 X,
the region of greatest difference, by 11 percent, and at 1270 K by 5 percent. In view of this good agreement for
two quite independent determinations, the most probable curve from 470 to 720 ¥ has been drawn as a smooth curve
through the points of Lucks and Deem and from 720 to 1270 X through the mean values of Lucks and Deem and
Powell and Tye. This curve has been extended o both higher and lower temperatures and at temperatures of 320
and 345 K it passes two of the points obtained by McElrey et al. [16]. Just below, at 311 K, is the Néel tempera~
ture, where these workers found signs of an wpward turn and promised further confirmatory measurements in this

region.

The foregoing completes the information available for relatively pure chromium above the Néel temperature,
Whilst at the moment the agreement appears very good, this is for only two samples, so may be somewhat fortui-
tous, particularly as large values of the Lorenz function are indicated. The Lorenz function of Powell and Tve fell
from 3.75 x 107% t0 3.15 x 1078V?K™? over the range 323 o 1273 K, indicating about one third of the heat conduction
at the lower femperature to be by phonons. With two different conducting mechanisms present in fairly comparable
proportions and with a Néel temperature included it is conceivable that the thermal conductivity may not be a
simple function of chemical purity or temperature and that the curve for a high-purity chromium may differ from

that now proposed.

At low temperatures, 8 has been derived from the experimental data of Harper, Kemp, Klemens, Tainsh,
and White [17] for a 99. 988 percent chromium with a residual electrical resistivity P, = 0.55x 1077 ohm em. This
vields a T, of 23 K and the calculated curve in this instance sgrees reasonably well with the experimental one up
to about 55 K. From 53 K to 311 K the curve has heen continued smoothly through the uppermost values of Harper
et al. to 150 K and on for ancther 150 K or so for which no measurements have yet been made. The slope of the

recommended curve changes abruptly at the Néel point.

The properties of chromium in the normal temperature region could also be influenced under some con-
ditions by a change of phase. At temperatures below 299 K it has been found possible to slectrolytically deposited
chromium having the close-packed hexagonal structure [ 18, 18]. The stable cubic form, to which the above
thermal conductivity curve applies, is obtained on heating. Chromium is certainly a metal for which measurements

on a further range of specimens would be of interest from about 106 X and upwards.

With the forgeing reservations, the recommended values are thought to be accurate to within £8 percent of
the true values at moderate temperatures, +5 percent at temperatures below 40 X, and £10 percent in the ranges
40 to 200 K and above 700 K.

Lead

There are 142 curves available for the thermal conductivity of lead,

&
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iead isotopes is the highest.

n the low temperafure region, curve 56 of Wolff | (267 for an snunealed pure gingls erystal enviched witl

The recommended values below 3

derived from this curve. From 3 fo 7 K the recommended curw

cloge to curves 17 and 6. The form
crystal and the Iatter by DeHaas

K were obtained by caloulation using a value of £

o follows closely curve 56 and from 7 to 35 K lies

is by Mendelsschn and Rosen sherg L8] for a 99, 998 percent pure single
and Rademakers [ 217 for a high-purity single crystal.

At normal and higher temperatures the thermal conductivity of lead is of particular interest owing to its

early use by Shelton and Swanger [227 (the same resulls were lat
nt le

sample used was the NBB mel

iting-point lead as available in the

The most recent publication on the thermal conductivity

T pa blished by Van Dugen and Shelfon :2“‘3:‘: The
i9 , having a freezing point of 327.4

H

of lead is by Lucks [ 24 . He usged a similar

comparative method to that just mentioned but with Armeo iyon ag the standard material. It was Lucks who had

organized 2 round-robin inves

mean values as reported by fou

ead samples, one of their most recent, with a freezing point of 3
polut of 827.31 C. The tabulzated smooth values of Lucks and those of Van Dusen and Shelton agreed exactly over

the common range of 850 to 15¢

300 C. For the purer sample,

other measuring laboratories.

(@]

Lucks' value at 50 C is greater by about 1.8 percent, and at 150 C by about 4.3

> for their two samples, and ext

tga’mz*‘; of the thermal conductivity of this same stock of Armeo iron and he uged the

He has studied two NBS Pyrometric Standard

ez

7,417 C and an earlier grade with a freezing

rapolation leads to complets agreement from 0 to

percent, whilst at 300 C the extrapolated differvence is nearly ¢ percent,

T

Tucks concludes "These daia ave believed significant and indicate the dais

of Van Dusen and Shelton should

not be uged for NES Pyrometric Standard lead having a freezing poini 6.1 C difference’,
Sunport for Lucks' higher set of values is forfheoming from the recently published values of Dauphinee,
pp A5 & ¥ P

Armstrong,snd Woods [ 53 .

aheolute Jongitudinal heat fiow method on a very pure lead

Their temperature range was

These workers had carvied out thei

r measurements several years previously by an

s
that was stated to be of 99,839 percent or better purity,

ahout -50 to 300 C. Two iﬁoiepemdenﬁ sets of measurements gave results that agreed

to within 1 percent but fitted straight lines of differing slop Lucks! values at 50 C for the higher {reezing point

W

N

et 2}, by only 1.5 percent.

recommended curve has been

function is of the order of 2.5 x 107V*K ™% and is thus in fairly good agreement with the earlier valuesof Lees [26]

and of Jaeger and Diesselhorst

ample are in close agreement and his extrapolated value a

Thus both of Lucks' curves recely

CD

drawn to fit closely with these two

o ¢ is greater than the mean value of Dauphinee

e independent support from other workers and the

recent determinations, The derived Lovrenz

(277, Nevertheless the divergence of the thermal conductivity curves with in-

crease in temperature for these two grades of lead is sufficiently unusuzl to warrent further independent investi-

gation. The 3 to 4 percent higher the

rmal conductivity values of Powell and Tye T28] were made on smaller and

less suitable samples and these values which were thought te have an uncertainty of =3 percent, heve been ignored

as likely to be too high, The

lead.

many eariier determinations are

considered low, probably due fo use of less pure

The two sections of the recommendsd curve below 85 K and above room temperature were extrapolated to

join smoothly together and the resuliing curve in the subnormal temperaiure region lies

267 by about 2 percent.

For molten lead there

the temperature coefficient.

are eight curves available and the

The recommended values are deri

value of the Lorenz function and are seen tc agree most closely

1

zhove the curve of Lees

valuss differ by about 80 percent and in the sign of

ved from elecirical resistivity and the theoretical

with the data of Dutchak snd Panasvak | 28] and of

Powell snd Tye [ 387, whose specimen in the molten state was from the same supply as the specimen measuved in

the solid state. At the melting point the ratic of the recommended thermal conduactivity for the solid lead to that

for the molten lead is 2.01, which is close to the value of 1. 94 obtained by Roll and Motz 121 for the corve~
: 1

sponding electrical conduetivity ratio,

The curve for superconducting lead from 1 to 7,19 K {the

The freezing point of this lead was quoted as 327. 3 C by Lucks

transition temperature) is also shownin Fignrel,

L24J’;
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but the values are not consideved sufficiently well established to be recommended,

The recommended values are thought o be accurate to within 43 percent of the true values af moderate
temperatures, £5 percent at high temperatures, and £10 percent at low temperatures and for molten lead.

Magnesivm

f magnesium. At low temperatures the purest
magnesiom siudied seems o be the anmealed Johnson Matthey sample of 99.987 percent magnesium content uged by

Kemp, Sreedhar, and White [32]. The rec mmended values below

25 K were caleulated using a £ value derived

from their data for this specimen, and the continuation of the recommended curve from 25 to 150 K closely foliows

their data, From 150 to 273 K and above 729 K no deter minations appear {o have been made for th thermal

i

3

The majority of the workers that have made thermal conductivity deterniinations on magnesium in the range

297 1o 729 K have included electrical vesisti

ity values for the same samples. The resuliant values of the Lorenz

&, . > P s n~f et ~% 14 s et 184 7 3 5 y 1.
function at about 373 K ronge from 2.16 x 107" 0 2. 48 % 1 a"%v2 7 and it seems significant that in only one work is

» data have been
g

eriticized and are thought to be uncertain {see Kempif, Smith, and Taylor 734] and Powell (857, The walues
At £ }

for the Lovenz function obtained by Schofield T367. Powell [35], and Powell et al, 1377 are in fair accord and

indicate that this guantity probably increases slowly with increase in temperature and has values of 2,27, 2.31,

, 2.85, 2,38, 2:37, and 2.38 % 107FVER 2 at te

s 0 mewm  amo g 3 699 ©
, 373, 475, 578, 873, 7Y3, and 822 4

&

Trom these values and the electvical resistivity of pure magnesium the most probabl

3 1

urve hae been derived. The slectrical resistivity at 273
5.61, 7.28, 9.00, 10.76, 12,51, and

certainty arises ag the ne‘i’cmg pcint, 923 K. is approached.

;..A
i

5.2 x 1078 ohm om

percené;

4

terminations have been made on v

Since no thermal conductivity de n magnesium, a provisional value can

he evaluated from Equation (6} proposed by Powell 7137, Roil and Motz 31 } have reported values for o which,

used with Equation (8), lead to thermal conductivity values ut 923 K and 1173 K respectively of 0.79 and 0.96 Watt

The recommended values are considered accurate within £3 percent of the true values at moderate tem-
peratures, £1¢ percent for low temperatures and as the melting point is approached, and £15 percent for the tiguid

ainte,

Molybdenum
But few thermal conductivity values have been reported for molybdennm at low few speratures and f has

been derived from the data of Rosenberg (5] for a 99. 95 peroent szmple of this metel. The maximum is about

35 K and the caloulsted curve has been extended to about 50 ¥ where the agreement with Rosenberg's data is stiil
good, This most probable curve approximately follows Rosenberg's to its upper limit {86 X} where it is some
4 percent above a very recent curve due to Biekinnd (28], A smoothly falling curve can be drawn through

Bhcklund's experimental values and this tends o digprove the shallow minimum st about 200 X w hich had been
indieated by Kannuluik (40,411, The recommended curve has accordingly been drawn some 2 percent above
Bhcklund'e curve to merge into that due to Tye | (427 for the range 323 to 473 K. This curve is continued smoothly
to the meliing point. It fzlls at & steadily decreasing rate and in the high temperature range lies up fo 10 percent
helow the values of Rasor and McClelland {437, Timrot, Peletskii, and Vo skresenskii [ 44], and those derived

from the thermal diffusivity daia of Kraev and Seel'makh (457, and exceads the derived values of Wheeler [46] by



about 10 percent and the thermal conductivity measurements of Lebedev [47] and of several other workers by still

greater amounts,

The recommended curve gives a value of 0. 94 W em ™™ at 1723 K, which with Tye's elecirical resistivity
of 44. 7 yobm cm leads to a Lovenz function at 1723 K of 2. 44 x 1078y 2,

Further messurements are required to confirm the exact form of the thermal conductivity curve, particu-
larly at high temperatures. The low temperature curve is for a sample with the high g of 0. 187 uohm cm and data
are certainly required for a purver sample. The present values should be within some %4 percent of that of high-
purity molybdenum near normal temperatures, =10 percent at low temperatures, and within £15 percent as the

melting point is approached.

Nickel

In view of the technological importance of nickel, it appears that insufficient aitention has been given to the
thermal conductivity of this metal. This examination of the available data indicates both the need for further work
and the interest likely to be found in attempting to more fully understand the conducting processes involved. No

very firm recommendations can be made at present.

Caly three curves ave available at cryogenic temperatures, there is the customary dearth of values at
temperatures just below normal, whilst at high temperatures the tendency, found for iron, for values to converge

with increase of temperature seeims completely lacking.

The B value used to calculate the low temperature values for the range 1 o 30 K has been derived from the
highest available thermal conductivity values in this region, those of Kemp, Klemens, and White [48] for an an-
nealed sample of 99. 987 percent nickel. In attempting to fit these results with the form of curve usually adopted
and considered satisfactory, the first difficulty arises, and suggests the need for further measurements on nickel
at low temperatares. As the present resulis do not fit the curve of Equation (1), a compromise has been adopted
and a value used for § to give a curve that is some § percent too high in the region of the maximum and about the

same amount low near 2 K.

At temperatures above normal the available values cover a wide band. Whilst those of Angell [49] and
Sager [50] can be discounted as of low accuracy, much of the spread is no doubt due to a strong dependence of the
thermal conductivity of nickel on purity. The sharp decrease in conductivity with increase in temperature that was
found with iron is again evident and again persists to the Curie temperature. With nickel, however, there is hardly
any tendency for the values to converge as the Curie temperature is approached, possibly because this temperature
is much lower than that with iron. Above the Curie temperature the thermal conductivity increases with tempera-
ture, and here again, the well separated individual curves remain roughly parallel to each other. A strongincrease
in the electronic component of thermal conductivity, ke’ can be expecied from consideration of the Lorenz eguation,
and the unusually high value of the consfant term in the linear equation that approximates to the temperature vari-

ation of electrical resistivity, p.

Assuming that

p=mT+c¢ {7}
the Lorenz relationship gives

k= LgT{mT + ¢)™t {8}
from which it follows that

dk

-3% = LgolmT + ¢)2 {9)

For most metals ¢ is close to zero and ke relatively constant, bui for mickel and iron sbove their Curie

temperatures, ¢ has large positive values and k  incresses strongly with T.
E e By
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It has been usual to assume that Ly = 2,443 x 107%V¥K 2 and then to derive the lattice thermal conductivity

component, kg, from

kg =k-k = k -~ 2.443 x 1067870t {10)

For nicke! in this high-temperature regicn the recent work of Powell, Tye, and Hickman [ 517 indicates
kg as found in this way to be velatively large, to vary from sample to sample, and fo increase with increase in
temperature wheress this quantity is usually expected fo decvease aceording to T™!. Thus it seems probable that
the conducting mechanisms of nickel are not fully understood. Further support for this is suggested by the rela-
tively high temperature to which a Lorenz function persists that is less than the theoretical vaiue. This even
seems to be the case with nickel at the Debye temperature (8 = 375 X}, where the above procedure would yield a

guite unacceptable negative value for kg,

Such considerations as the above indicate that the thermal conductivity of a sample of nickel cannot be pre-
dicted with any degree of certainty from an electrical resistivity determination and that further work is required

for nickel in both the experimental and theoreticsl fields.

A reasonably good link for the immediate sub-normal temperature range has been provided by the recent
messurements of Bicklund and Langemar [39] over the range 87 to 374 K, and the curve at present regaxded as
most probable for the thermal conductivity of pure nickel follows their curve fairly closely to a location betwaen
the curves of Shelton and Swanger [ 22] and the highest due to Powell et al. [581]. The mean course of these last
mentioned curves is followed to the Curie temperature, where a sharp minimum is shown and the curve to about
1400 X is drawn as a straight line again fitting the highest values of Powell et al. The uncertainty of much of this
curve is probably of the order of £10 percent.

Niobium

Niobium becomes superconducting at a higher temperature than any other metal. This no doubt helps to
acecount for the high proportion of thermal conductivity determinations on niobium that relate to the superconduct-
ing state. From the point of view of the present analysis, the highest values so far obtained in the superconducting
region are due to Kuhn [52] for a single crystal of about 99. ¢ percent purity. By applying an appropriate magnetic
field he has obtained thermal conductivity values for the normal state over the temperature range of1.3 t0 9.4 X.
His values are much higher than those of Mendelssohn [53,54] for 2 zone-refined 99. 299" percent pure single
crystal. The last-mentioned purity of the sample seems questionable. From Kuhn's data a 8 value has been de-
rived and calculated values have been obtained to about 1.5 Ty, 23 K. This is the curve for § = 3.991, and is at
present assumed to represent the thermal conductivity of niobium at low temperatures. It is realized that this can
scarcely be regarded as satisfactory. Furthermore, niobium is a metal that veadily takes up gaseous impurities
at high temperature, even from a relatively good vacuum, and improved preparation technigues will probably vield
samples for which this curve is too low.

Nor iz the situation much better at higher temperatures, except that above room temperafre all measure-
ments show 2 steady increase in thermal conductivity.

From 84 to 273 K there are no values at all. Indeed, since the two sets of measurements of White and

- -

Woods [ 557 and of Mendelssohn and Rosenberg [ 5, 6] made to about 80 K gave lower values than that used for de-
9.9

g percent Nb sample of the latter yielded values much lower

riving the low temperature curve and since the 8
than those of the 99.9% percent Nb sample of the former, there is need for experimental data for pure niobium to
he provided for the range from 1 fo 273 K. A probable curve has been drawn in this region, hut it is a very tenta-
tive line drawn to link on smoothly with another curve fitted to the avallable high temperature data. Until recently
the values in the range of approximately 223 fo 873 K were limited to five sets of measurements that differed by
about 20 percent, with the lowest of these measurements continuing to 1810 K. Now, however, a sixth set of values
has been reported by Raag and Kowger [56] that tends to suppori the highest of those previously given. These

workers determined the thermal diffusivity of a 99. 95 percent rod of niobium over the range 345 to 1155 K, They



clrimed an accuracy of +2 percentand to derive thermal conductivity, made use of the specific heat data of Jaeger
and Veenstra [ 57]. This is cerfainly vegarded as the most acceptable of the available specific heat data, Raag

and Kowger also measured the electrical resistivity and obtained valuss of the Lorenz lunction that increase from
2,78 % 1079VIKE 4t 300 K 10 2.77 x 107PVAK T2 2t 1200 K, and for the lower two thirds of this range are in reason-

able agreement with the data of Bell and Totile |58, 58]. The recommended curve has been drawn as a straight

Hine through the thermal conductivity data so derived by Haag and Kowger.

t still highor temperatuves, three sets of information are available, All are lower than the normal ex~
tension of the present curve, but this difference is probably associated with the reduced purity of the samples
stodied. The radial heat flow thermal conductivity determinations of Fieldhouse, Hedge, and Lang 1 60]
linear curve which is about 14 percent below the recommended curve at 1200 XK. Those of Voskresenskii,

Peletskil, and Timrot |

417 are within 2 percent of the curve of Fieldhouse et al., whilst the thermal conductivity

3

valuse deduced from the thermal diffusivity data of Kraev and Stel'makh [ 45] are lower than those of Fieldhouse

T3

20

ot al, 03 6 percent at 1800 K. These no longer increase luearly with temperature bat rise to 2 small maximum
at about 1800 X, In view of these resulis it seems reasonable to allow the curve at present recommended {o
continue its lnear increasse to about 1500 K and then to graduslly decrease ifs slope. In this high temperaturve

region thers ie clearly need for more experimental work on pure material that remains pure under the test con

The recommended values are thought to be accurate to within £5 to $10 percent at moderale temperatures

and +15 percent at low and high tempsratures. The curve for sapemonducting niobipm from 1 to0 $.13 K is also
shown in Figure 1, but the values are not considered sufficiently well established to be recommended.
Tantalum

At low temperatures the highest curve af present available is that of While and Woods for a 99,9 per-
cent tantalum that had been annealed at 2500 €. The value of £ derived from these measurements has been used

to give calcalated values up to sbout 30 K. White and Woods' experimental curve has been followed up to about

\93

5 K. From here to about 300 K is a region of uncertainty and lacking in experimental evidence,

Roserberg [ 5] had obtained considerably lower values for a purer but unannealed sample, and had indicated
2 minimum in the region of 85 K but this occurred towards the upper limit of his method and appesrs unlikely. In
the approximate temperature range of 323 fo 400 K, however, thermal conductivity values due to Deverall {63
Tve [42], and Denman (84 ] agree to within sbout %4 percent and all  have mall positive temperature coeffi-
cients, Hence, from sbout 65 ¥, the fentative recommended curve has been sma@‘;hiy extrapolated to give o
shallow minimum st about 250 K and then to pass through & point at 373 X which is the mesan value cbiained from
these three sets of data. This curve has been continued through the upper portion of Deaman's curve approxi-
mately Hrearly o ghout 1300 X and then with gradually decressing slope as the melting point is approached. In
this upper tempersture range the proposed curve lies some 9 percent above the mean values of Rasor and
MeClelland [ 437 and of Peletskil and Voskresenskii [ 5], and from 5 to 10 percent below the values derived by
Wheeler [ 467 from thermal diffusivity determingtions. There are however, unceriainties assoclated with the

density and specific heat data reguired for deriving thermal conductivity values from thermal diffusivity measure-
sp £ X 3

ments, and other available values of density and apecific heat could bring Wheeler' s dats into close agreement at
the highest temperature. For similar veasous, it seems possible that the thermal diffusivity determinations of
Kraov and Stel'makh [ 45] could vield thermal conductivities having a negative temperature coefficient at these
high temperatures. This would support some of the messurements of Jun and Hoch {GG}, b;zt, thege seem low.
gince, if the recent electrieal resistivity data of Peletskil and Voskresenskii [657 of 108. 8 yohm em at 2900 K

represents the value for pure tantalum, any thermal conductivity at this temperature that ower than the recom-
L P Y

mended value by more than 2 percent would bring the Lorenz function helow the theoretical value.

1t is of interest to note that the 1314 measurements of Worthing [ 871 which must have been the first report-
ed measurements for temperatures @f the order of 2000 K ave only from 16 to 22 percent above the proposed curve.

10



The uncertainty of the proposed corve is probably of the order of +5 percent at roorm fempersiure, rising

to 10 percent at the highest teraperature. The curve for superconducting tantalum from I o 4.48 K is aiso shown
in Figure 1, but the values ave not considered sufficiently well established o be recommended.

In this section it is only proposed to consider white tin, No thermal conductivity values ave available for
the gray cubic form of tin to which the white tetragonal form transforms under cerialn conditions at about 13 C.
The majority of the thermal conductivity determinations on tin relste to the supperconducting state, and thus 114
of the available 133 curves are st temperatures below 5 K.

1n this low-temperature region the highest thermal conductivity ourve is that of Zavaritskii {887 for a high-~

purity zingle orystal in the normal state messured with heat flow perpendicular to the fetragonal axis. The resi-

o
8
®
:

electrical resistivity of this sample was reporied to be {1+0.5) x 107¥%okm cm. He also reported data from
2.6 in 4.8 K for two other single crystals measured with heat fiow parallel to the teiragonal axis, All these three

erystals ave apparently of the same material. These dats indioate the thermal conductivity anisotropy ratio
?ﬁ ,fi;jf to be 1.44.

An attempt was made to derive values of § from Zaveritskil's data so as to complete his curves down to
¢ K. However, preliminsyy ealoulations indicate that the values of Ty for his curves are below 1.5 XK. His data
are therefore st temperatures shove 1.5 Tp, and Eguation {1) eamnot be used o fit his thermal conductivity data.
Furthermore, & values cannot be aceurately derived from his vesidual elecirical resistivity data either, since

the Intter have 50 percent unceriainty. Cons uently no values below 3 K are given for tin,
o ¥

The recommended curves for k, and k, from3i05 K follow Zavariiskii's data, The values for poly-

H

sk

et 114 5 1o iat i = 1/9{9 1 A & to £ of srves have b Araen
grystaliine tin are caloulated asswming kpd}fcrys. /312 kB, + kﬁ 3. From 5to 36K the curves have been arawn

approximately paraliel to that of Rosenberg L 5] for & 99, 897 percent tin single crystal sample. There are no
measurements from 38 to 98 X and only those of Lees 7267 cohtained from & rod of Kahlbaum pure polyerystaliine
tin, from 8% K to normal temperature. Lees 8ppesrs from general evidence to have been a careful worker, but
the purity of his sample may have been rather low, hence for polycrystailine tin & smooth curve has been drawn
from 36 X to lie some 2 percent above that of Lees. The continuation of this curve to the meliing point conforms
reasanabij{r well with most of the higher experimental values for polyverystalline tin in this temperature range. The
values of »‘:‘ and k, from 36 K to the melting point are derived from values of ‘Kpalycrys. based on the assumption
that k.L [k ., = 1.44 is valid also in this temperature range. This anisotropy ratio is further supported by the
slectrical resistivity measurements of Bridgman T497. He cbiained room-temperature values for 0, and o | of
o, = 1.44.

14.3 and 9, 9 yohm om, respectively, which gives %,

The curve of Milkryukov and Raboinov [8] is displaced to much higher values, sbout 10 percent higher than
the recommended curve for ki . Their measurements are reported as beiog made on 2 single crystal of tin, The
crystal divection in which the measurements were mads ig not stated, but from the reported electrical resigtivity,
which ranges from 14.45 gohm om 8t 117.2 C 10 18.54 gohm om st 187.1 C, it seems ikely that this was the high
conduetivity direction. It is further noticed that over thie temperature range their Lovenz function vanges from
594 x 107 to 2. 88 x 1078V2K 2 and are probably some 15 to 20 percent too high, since those of Lees (26 and of
Jaeger and Diesselborst [27] are in fair agreement af 291 K with vaiues of 2.47 x 107 and 2.53 x 1079V %,
respectively. Thus the high values of Mikryukov and Rabotnov appesr to be capable of a reasonable explanation.

The seven sets of data available for the thermal conduetivity of molten tin show closer agreement than for
many other raetals. The proposed straight line for the thermal conductivity of tin in the liguid state has been
drawn through & mean value {6.317 W em ™K ™) ot 573 K and 2 derived value at §73 K obtained from the eguation

ko= 2,443 x 107877t (11)
when using the value of Boll and Motz (317 of 59.6 yohm em for the value of p. It is interesting to note that at

1473 K this lins aiso conforms closely with the value derived from the p-value of 72.0 uchm om which Roll and

foh
[



fotz obtained. Also that the thermal conductivity values of Nikolskii et al. [707] fit this line well up to 833 K, At
1860 K, however, the recommended thermal conductivity value is some 55 percent greater than the almost term—
perature independent value which Filippov [71] and Yurchak and Filippov [ 72] have given in separate papers ag

derived from thermal diffusivity measurements,

At the melting point the ratic of the values proposed for the solid state k

. k
L
the liguid state are, respectively, 2.18, 1.96, and 1.52.

polyerys. * k// to that for

The recommended values for polycrystalline tin are thought to be zccurate to within +3 percent of the true
values at moderate temperatures, +5 percent at high temperatures, and £15 percent at low temperatures. The
values for k N and E%/ of tin single crystal should be acourate to within £6 percent at moderate tempsratures, 10
percent at high femperatures, and £15 percent at low temperatures, For molten tin the values are probably good
to 5 percent near the melting point, but an increasing uncertsinty remains to be resolved at higher temperatures,
The curves for superconducting tin from 1 to 3.72 K are also shown in Figure 1, but the values are not considered
sufficiently well established to be recommended,

The calculated curve for polycrysiailine titanium at Jow temperatures has been based on the experimental
curve of White and Woods [62] for a 99,99 percent titanium sample that had been annealed at 800 C for 50 hours,
The experimental and caleulated curves agree closely over the range 7.3 to 20 K. Beyond 20 K the calculated
values are higher, and at the maximum, which occurs at about 41 K, the difference has risen to the order of 10
percent. Well before 1.5 Ty, is reached, however, the curves cross. Titanium has a relatively shallow maxi-
mum for the samples so far studied and it seems clear that the normal form of Equation (1), which is more appli-

cable to the thermal conductivity of high-purity samples, does not apply well to this case.

Froin just above Ty, to the 293 K value of Powell and Tye [ 73] for & sample of very high purity with

Pogsie = 42.7 yohm cm, a gsmooth curve with a gradually decreasing slope has been drawn.

Over the temperature range from about 300 to 900 K the 11 sets of thermal conductivity values that are
available cover a wide range, with the highest values some 50 percent greater than the lowest. With most metals,
the purer the sample, the higher is the thermal conductivity. In the present instance, however, the two highest
curves are those of Loewen [74] for 2 commercially pure titanium, for which no analysis is given, and of
Mikryukov [75] for a sample of 99,6 percent purity. The situation is further complicated by the fact that
Mikryukov reported at the same time values for a sample of 99. 9 percent purify which are mainly some 6 to 12
percent lower. For the less pure sample Mikryukov's data indicate a higher Lovenz function and one that is
increasing with increase in temperature, whereas the results for the purer sample are more in accord with the
Lorenz function found by Powell and Tye [ 73] and Deem, Wood, and Lucks [76] which gives mean values de-
creasing from 3.24 x 107 at 323 K t0 3.06 x 10 *V2K 22t 773 K. Whilst admitting that complications might well
be associated with the high phonon conductivity component of this metal, a tentative curve from room temperature
upwards has been derived by assuming values of the Lorenz function of the order found by these three groups of
workers. The Lorenz function has been assumed to continue to fall steadily t0 2.4 x 1078V2K ™2 a1 1673 X, and in
the uppermost range use has been made of the electrical resistivity data compiled in [77]. A minimum thermal
conductivity is indicated at about 650 K. Over the range 750 to 1400 K the suggested curve shows no step at the
phase transition (1155 K} and lies some 30 to 3 perecent above 2 curve deduced from the thermal diffusivity meas-
urements made by Rudkin, Parker, and Jenkins [78] on a sample of titanium for which no details were given.

From 1417 fo 1606 X similarly derived values lie on 2 reasonable continuation of the proposed curve.

The close-packed hexagonal crystalline form of this metal transforms into body-centered cubic form at
about 1155 K. Any associated change in the thermal conductivity has vet to be experimentally investigated. The

curve derived from the measurements of Rudkin, Parker, and Jenkins has a gradual drop of about 8 percent in
T p

i2



is region, whereas according to the previcusly -quoted electrical vesistivity data [77], the slectrical conductivity
wereases by about 10 percent, Since these changes are aboul egual and opposite, no break has been introduced at
is stage in the proposed curve,

Quite apart from the importance of titanium in modern technology, facts such as the foregoing shouid en-
ourage further investigation o be undertaken of the thermal and electrical conductivities of titanium in the trans-
yrmation region and above.

The values given by the proposed curve are thought to be sccurate to within £10 percernt of the true values
t moderate temperatures, and 15 percent at low and high temperatures.

The low-temperature thermal conductivity messurements on zine single crystals are found to involve &
lifficulty that has not been met with the sariier metals treated. The curves for k . and k appear to ¢cross both
hove and below the temperature where the thermal conductivity is & maximum,

This behavior oceurs with curves 22 and 23 of Table 13. Both relate to measurements made by Mendelssohn
wnd Rosenberg L6] on samples prepared from the same batch of 89. 697 percent purity zinc. Sample No. 3 {curve
23) has the higher maximum, but lower values are shown for this below about 7 K and above 27 K. This sample was
1 single crystal with the hexagonal axis at 13 degrees to the rod axis, and thus gave values approximating to k!/ .
Sample No, 2 {(eurve 22}, with the lower maximum was 2 single crystal with the hexagonal axis at 80 degrees to the
rod axis and so gave values that approximated to k. The data for another sample No, 4 (curve 34) with the hexa~
gonal axis at 13 degrees to the rod axis measured gy Rosenberg [ 5] agree well with those for sample No. 3.

Goens and Grineisen [ 8] had previously made measurements on four single crystals of zinc at temperatures
of 21.2, 83.2, and 283.2 K. From these measurements they derived values for k// and k N at these temperatures,
Their values are given in the following table:

values for Ideal Undeformed Zinc Crystals Parallel and Perpendicular
to the Hexagonal Axis as Extrapolated by Goens and Griineisen

T,K k, , Wem K™ k, , Wem™ K™ k, /&, o, , tohm cm p, »ichm cm 0,/0;
21.2 5.65 7.09 6.797 0.0366 0.0440 1.202
83.2 1.372 1.316 1.043 1.155 1.293 1.119
293.2 1.242 1.242 1.00 5.83 6.056 1.038

These thermal conductivity values seem to be consistent with those of Mendelssohn and Rosenberg at tem-

peratures above Ty,. Whereas k, >k, at21.2 X, k, <k at83.2X and the two thermal conductivity values agree

at 2932 K. The electrical resistivity values on the other hand show no similar eross-over. The electrical con-

ductivity for the perpendicular direction exceeds that for the parallel direction at all three temperatures.

Zavaritskii [71 has made thermal conductivity determinations on zine single crystals at lower tempera~

tures. 7Zinc becomes superconducting at T = 0.825 K and he was mainly interested in the thermal conductivity of

the superconducting state. He found k, > k, for the normal state at temperatures close to T as well as for the

superconducting state. These findings are also in accord with Mendelssohn and Rosenberg's meagurements.

The three sets of available measurements of the low temperature thermal conductivities of zinc crystals are
therefore self-consistent. They show a type of pehaviour, however, that is quite incompatible with the treatment of
Cezairliyan and Touloukian [2-47] which has formed the basis of the evaluation of thermal conductivity values in this
low-temperattire region. The use of different values for 8 yields a family of curves which never intersect at tem~
peratures below Ty,

Whilst this unusual behaviour appears to be reasonably well established, if clearly requirves explanation and

therefore calls for further experimental investigation. Since the resistivity data of Goens and Griineisen show no

-

&‘Given by Zavaritskii; recent information suggesting Tc = (,875 K.
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cross-over it seems likely that the explanation might be associsted with & marked difference in the anisotropy of
the electronic and lattice components of the heat conduction. Thers seems no reason why other non-cubic metals

should not show similar departures from what has coms to be regarded as normal bshavicur,

Pending further information, it is considered ill-advisable to present any recommended curves for the
thermal conductivity of single crystals that cross one another, and, for the time being the recommendations for
zine will relate only to the polyerystalline form. These will be derived at low temperature in the same mupner that
has been used throughout this work,

The highest low-temperaturs value is & single obsezvation af 8,825 K reported by Zavaritskii [7] for &
single crystal of zinc having the hexagonal axis pevpendicuiar to the direction of measurement. From this value
the corresponding thermal conductivity of a polyerysialline sample has been derived, using the ratic of kj. to a(,
obtained by Zavaritskii at this temperature for two other samples. This has been used fo evaluate § and o derive
the curve for polyorysialline zine in the normal state and up to about 8§ K, Beyond the maximum the curve con-

tinues to reach the value derived for polycrystalline zine from the single crystal data of Goens and Grimeisen

around 83 K, It then continues with steadily falling conductivity and passes some 2 psrcent below the polycrys-

talline value derived in the same way at 205 K. From here to the meliing point the proposed curve has asbout the
mean slope of the sariler values but is drawn in & rather higher position to compensate for the reduced purity of
these specimens. I is located about mid-way between the early messurements of Shelton and Swanger [22] and

the most recent valuss which are due to Mikryukov and Rabotnov [8].

A need clearly exists for new measurements on polyerystalline zine of the high purity now available. A
£

more complete examination of the conducting properties of gingle crysials of zine ig also most desirable,

There is also & very strong case for a vedetermination of the thermal conduectivity of molten zine, slthough
the position has been somewhst improved whilst this report was in progress by the recently reported measure~
ments of Dutchak and Panasyuk [28]. Theirs is the third determination to be made of the thermal conductivity of
molten zinc, The earlier measurements of Konno (78] and Bidwell [ 807 bad agreed closely with sach other but
posed problems when considered in the light of the electrical resistivity. Both workers obtained a negative tem-~
perature coefficient, whereas the thermal conductivity as derived by use of the theoretical value of the Lorenz
function should have a strong positive coefficient. - Also, the ratio of the two conductivities, thermal and electri-
cal, for the solid and lguid states ave far from comparable. The present recommended curve gives a thermal
conductivity of 1.0 W em ™K ™ for solid zinc at the melting point. In the liguid state, if a mesn line is fitted o the
data of Konno and Bidwell, it yields a value at the same temperature of 0.8 W em™ K™, Hence the ratic kg/ky =
1.87 and this may be compared with a value of 2. 2 as obtained by Roll and Motz [31] for the ratio g}L,/’pS.

The recent values of Dutchak and Panasyuk [ 297 for the thermal conductivity of molten zing in the range 713 to
575 K do show about the expected incresse with increase in temperature, but are considered foo high since they
give a ratio kg/ky of 1.72.

The broken line shown in Figure 13 yields a ratio kS/’iqL of about 2.0 and is regarded as being a more
likely representation of the thermal conductivity of molten zine. It is tentatively proposed, but clearly further
experimental investigation is reguired.

The recommended values are thought to be accurate to within £3 percent of the true values at moderate

temperatures, =5 percent at high temperatures, and +15 percent at low temperatures and for molten zinc.

Zireonium

The f-valus has again been calculated from experimental data due to White and Woods [62], and, using
this f~value, the low-temperaiure section of the proposed ocurve hag been derived fo about 20 X, An extension of
this curve passes through the data of White and Woods near 8¢ XK, but at higher temperatures considerable uncer-

tainties arise. Inthe tempevature range 94 to 237 K the only determination available is at 121 K. This is the

uppermost point due to White and Woods where radiation corrections could lead to some uncertainty. From 298 fo



hout 900 K several sets of values ave available; these are consistent in indicating the thermal conductivity versus
smperature curve to have 2 minimum within this range, but this is sbout the mit of their consistency. The mini~
aum value ranges from sbout 0. 170 to 0. 245 W cm ™ K™%, Mikryukov {757 obtained this highest value for 2 86. 9
ercent sample of lodide zirconjum which is seen to have an unusually low elecirical resistivity. Indeed, the guoled
siue of 36. 1 gohm cm at 331 K {which extrapolates to about 26 yobm cm at 273 K} has to be compared with Treco's
73 K value of 38,8 yohm cm [81], which is the next lowest value reported for zircomam, Treco dbtained his
‘alue for an oxygen-fres high-purity zirconium and found the 273 K resistivily to increase to 57.7 pyohm cm af 2:5
tomic percent of oxygen. As zirconium is a metal that readily combines with oxygen, this seems a factor which
would help in explaining some of the conductivity differences. Bince zirconium has a hexagonal crystal structure
selow about 1135 K, another contributing factor could be the varying degrees of preferred orientation. No infor-

nation appears to be available, however, regarding the anisotropy of the conductivity of zirconium.

At high temperatures the two sets of data available for the thermal conductivity again differ considerably.
That of Timrot and Peletskii [82] appears to be much too low in its lower temperature range, for, at 1200 K, use
5f the electrical resistivity value of 117 yohm om selected by Touloukian [77] leads to 2 Lorenz function of only
2.0 x 1078YIK 2,

Over the range 331 to 898 K the mesn Lorenz function reported by Mikryukov {751 trom his messurements
on two samples decreases from 3.42x 107840 3. 11 x 10872 "% whilst that of Powsll and Tve [83] for three sam-
oles at 323 K is 3.10 x 1678 %, decreasing to 2,73 x 1078V % ot 823 K for two samples. Bing et al, [84] for
three samples reported mean values of 3,14 x 107%W2K ™ 44323 X and 2. 84 x 1678y~ at 523 K.

Ziveomium i5 clearly a metal that requires considerably more experimental investigation before any very
firm recommendation about its thermal conductivity is possible.

Por the present a smooth curve showing a steadily decreasing rate of fall of thermal conductivity has been
drawn from the valus of 0,35 W em™t K™% at 90 K to €. 232 W em™ K™ 2t 273 X, the latier value having been derived
srom Treco's electrical resistivity and a Lorenz function close to the mean valee indicated by the three sets of
measurements last mentioned. This value lies 4 percent above the lowest-temperature value of the smocth curve
cbtained by Moss (857 for nominally high-purity zirconium, and the curve now proposed follows about this amount
above Moss' curve until it commences to cross the curve of Fieldhouse and Lang {86 and to lie some 3 percent
below this curve to the highest temperatur

As with titenium at about 1155 K, the true curve of thermal conductivity of zirconium versus temperature
could be expected to have a discontinuous change al about 1135 K where a phase transformation occurs. The elec-
trical resistivity has been found to undergo a drop of about 14 percent in this region, but the only thermal conduc-
tivity measurements which extend above and below this region, those of Fieldhouse and Lang, shown no comparable
increase in thermal conductivity, but possibly a decrease in slope. Hence the proposed curve has been drawn with
no discontinuify, but this is clearly another aspect of the thermal conductivify of zirconium that requives further
investigation.

The proposed curve may represent the thermal conductivity of very high-purity polycrystaliine zirconium
to about *10 percent st temperatures below 800 K, the uncerisinty. increasing to +20 to %25 percent as the melting
point is approached.

Predictions could be made with more certainty at high temperatures if the electrical resistivity determina-

tions were extended to temperatures sbove the present upper limit of about 1250 K.
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PART II - THERMAL CONDUCTIVITY OF GRAPHITES

A, Introduction

Since graphits is not & specific material but & large family of materials and since graphite crystal is highly
anigotropic due to its two-dimensional layer gtruciure, the thermal conductivity of graphite covers a very wide
range. The available thermal conductivity data for graphite are shown in Figure 15 and the information on the test
specimens corresponding to the respective curves in the figure is given in Table 15, For the sake of clarity, only
three-tenth of the 580 curves listed in Table 15 ave plotied in the figure. For those curves not shown in the figure,
one is referred to the TPRC Data Book, Volume 3, Chapter 1 (1%, in which complete numerical data tables are

also given.

Graphite falls into two categories: Natural graphite and artificial graphite, Of the latier category pyrelytic
graphite distinguishes itself from pilch-bonded artificial graphite for its well-oriented crystal structure such that
the thermal conductivity of treated pyrolytic graphite measured both parallel and perpendicular to the laver planes
approaches the values for ideal graphite single crystal [2]. Due to the lack of sufficiently large single crystals of
graphife and the difficulty in handling them, information on graphite single crystals can best be obtained through
the study of pyrolytic graphite. Experimental evidences indicate that the anisotropy of the thermal conductivity of
pyrolytic graphite is far greater than that of natural graphite, In Figure 15 the highest thermsal conductivity curves
are for pyrolytic graphite in the dirvection parallel to the layer planes. At temperatures above 100 ¥ they are high-
er than the thermal conductivity of all known solids except diamond. In contrast, the thermal conductivity of pyro-
iytic graphite in the direction perpendicular to the layer planes is comparable with that of the insulators., In be-
tween these two extremes lie the whole family of curves of pitch-bonded graphite varieties and natural graphites,
the location of the curves depending upon the combined effect of varicus parameters such ag impurity, imperfection
{defects), the orientation and the size and the degree of ordering of the graing and of the crystallites, the degree
of graphitization, i.e., the ratio of the amount of the crystalline graphits to that of the cross-linking intercrystal~
line carbon, the nature of the raw material, porosity and the size, shape, number, and distribution of the pores,
and so forth.

In graphite at temperatures below about 2000 K, heat is conducted primarily by lattice vibrations (phonons).
This is evidenced by the fact that the Lorenz function of graphite is highly dependent on temperature and on the type
of graphite and af room temperature it is two hundred to several hundred times the value for good metallic con~
ductors, that the thermal conductivity of graphite above room femperature varies approximately as T™!, which is
# and that the
low temperature dependence of the thermal conductivity of graphite is different from that of metals. At very high

typical for a nonmetaliic erystal in which the phonon-phonon { Umklapn) seattering is predominant
yP p E ¥

termperatures (above 2000 K}, howaver, the thermal conductivity of graphite varies much more slowly than T71,
and becomes nearly temperature independent 2t least up to 3000 X. This behavior has been explained by Kaspari4 ]
in terms of ambipolar (slectrons and holes) thermsl conduction in graphite at very high temperatures. He showed
that, in this high temperature vegion, the Wisdemann-Franz law holds for graphite with 2 Lorenz number of about
g{/ej?, in consequence of the established ambipolar elsctrical conduction in graphite.

At low temperatures the phonons are scattered mainly by the boundaries of crystallites, and, sccording o
Cagimir's theory [ 5] , the thermal conductivity should be proportional to the averags size of the crystallites and
to the specific heat. It has been expsrimentally verified that ai low temperatures the thermal conductivity of
graphite is indeed roughly proportional to the crystallits size [see, for example, & and 7). However, the thermal
conductivity of graphife at low temperatures does not have the same temperature dependence as the specific heat
{T? dependence shove 106 K), bul rather varies more rapidly with temperature {as great as T¢-7) [see, for exampie,
6, 8-101.

3

References appear under the heading REFERENCES,
*#The general feature of the thermal conductivity of nonmeiallic exrystals has been briefly discussed in the
INTRODUCTION to Part 11 of the first report (3],
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The specific heat of graphite was treated by Komatsu and Nagamiya (117 and Gurney (12] assuming that in
the laver-type siructure of graphite each layer can be treated separately as a two-dimensional crystal, thus yield-
ing a T? dependence of the specific heat of graphite at low temperatures instead of the familiar T2 law for most
solids, From another approsch, by employing a semirigerous analysis of the normal mode problem for the trans-
verss vibrations, Kxumhanst and Brooks [ 13] showed the T? dependence of the specific heat to be a conseguence of
the elastic anisciropy of graphite. Experimentsily this T% dependence has been confirmed by the measurements of

" DeSorbo and Tyler [14] in the temperature range from 13 to 54 K. Measurements by Keesom and Pegriman 5]
also confirmed this 72 dependence for temperatures between 10 and 20 K, though both theory {187 and experiment
[15,17-197 showed that the T? law does not hold below 10 K and that eventually the T% law predominates.

3 4
£

This anomaly of the thermal condactivity of graphite, which increases with temperatare fagter then does the
Iy

specific heat at low temperatuves (above 10 K}, has been explained by Klemens (207 in terms of 2 mean fres path

for waves in the hexagonal plane, which, a3 2 consequence of the crysiallite geomeiry, is considerably larger for
longitudinal than for transverse waves, resulting in an increased comiribution of the former to the thermal conduc-
tivity. Another explanstion for this anomaly was proposed by Hove and Smith [21] in terme of g two-medium
theory, which ig based on their assumption that the piteh-bonded artificial graphite is comprised of fwo media; the
graphite particies (each of which is made up of many single crysiallites) and the intergranular ungraphitized carbon
{pitch residue). They considered the thermal conductivity of graphite particles as having a 72 dependence while that
of the ungraphitized carbon, which is assumed fo be an isoiropic thermal conductor, is considered to have a 7% de-
nendence, and the latter can be taken in series with the former to obtain the toial conductivity. In this way, as they

claimed, the anomalous temperature dependence of the artificial graphite can be immediately explained.

This two-medium theory has, however, been crificized by Klein and Holland and their co-workers [22,23]

p
on the ground that, while magnetic susceptibility results [24] imply thet there is little if any nongraphitic carbon in
pyrolytic graphite, experimental results indicate that the thermal conductivity of pyrolytic graphite at low tempera~

tures is not proporticnal to T2, but rather varies more rapidly than TZ also.

Klein and Holland [ 22] found that scross the layer planes the thermal conductivity of turbostratic pyrolytic
graphite below 20 K is nearly proportional to T ?. Slack [25] also reported a similar temperature variation for a
sample of pyrolytic graphite deposited at 2250 C. It was concluded that heat transfer across the layer planes

proceeds entirely through the latiice vibrations.

Along the layer planes, Klein and Holland's results [22] indicate that the thermal conductivity of turbo-
stratic pyrolytic graphite varies as T2 % from about 10 to 80 K. On another sample of pyrolytic graphite that had
been heat-treated at 3250 C [ 23], their thermal conductivity data above 10 K exhibit a T2 .7 dependence that accords
with Berman's measurements on a natural graphite crystal [6].

At temperatures below 10 K the thermal conductivity of pyrolytic graphite slong the layer plane falls much

stente
siavh

lees rapidly than it does shove 10 K, leading fo the conclusion that electrons are involved in the layer-plane heal

transport at very low temperatures [271. Thus the thermal conductivity along the layer planes of pyrolytic graph-
ite below 10 K can be expressed [ 22] as a swm of two texms: aT + an, where aT represents the elecironic con~
teibution, BT the phonon contribution, and nw2.§ as predicted from 2 long-wave-length treatment of the "effective”
phonon velocity, which shows that the in-plane modes of lattice vibrations are seviously enhanced relative to the
port they play in the lattice specific heat.

Because of the large anisotropy of graphite crystals, the over-all thermal conduction of conventional graphite will
be mainly determined by the basal-planebehavior, Therefore, to sum up the discugsions on the low temperature region,

S0 2ghove 16 K and as aT +hT%5~ -2 helow 10 K,

the thermal conductivity of graphite should vary as T2

" pyrelytic graphite whose adjacent basal plapes are randomly rotated with respect to one another and thus do not
display evidence of threse-dimensional ordering.

BES
The thermal conduetivity of pitch-bonded artificial graphite behaves also in the same manner, see, for example,
Deegan's curves [ 26] in Figure 15.
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In Figure 15 it can be seen that in the low temperature region there seems 1o be a trend for the thermal con-
ductivity of pitch-bonded graphite that the higher the curve the steeper ig is slope. Probably this can be explained
as the direet result of the aforementioned fact that the thermal conductivity of graphite crystal along the hasal
plane varies with temperature more rapidly than that across the basal plane, in addition to the difference in magni-
tude dus to anisotropy.

In manufacturing the pitch-bonded artificial graphite [ 28,287, when the caloined petroleum coke is crushed
or milled to obfain the dry aggregate, the individual particles, although irregular in shape, tend to have one di-

mension larger than the other two. This results from the fact that, in the coking process, the aromatic molscules

&

nd to be oriented with the planes of the benzene rings parallel to the cellular walls of the coke. These walls

=1

suzlly fracture so that the length of coke particles is in the direction of the layer planes of the ultimate graphite
erystalline structure. In the process of forming, the long axes of the particles tend to fake a preferved orientation:
either paraliel fo the direction of extrusion or perpendicular to the direction of molding pressure. The final graph-
ite product retains the same pattern of grain orientation. The with-the-grain direction is parallel to the direction

of extrusion in exiruded graphife and perpendicular to the direction of molding pressure in the molded pilece. The

acrogs-the-grain divection ig perpendicular fo this, Therefore, it is apparent that the low-temperature thermal
conductivity of pitch-bonded graphite measured in the with-the-grain direction is not only higher {due to inherent
anigotrophy) than that measured in the across-the-grain direction but alsc varying more rapidly with temperature
;

{due to inherent difference in temperature dependence),

For a group of different graphite samples measured in the same divection, say, in the direction with-the-
grain, it is also appavent that the higher the curve the steeper is its slope. Since, other things beingequal, higher
thermal conductivity implieg higher degree of ordering and better alignment of the axes, and therefore the contri-

bution to the total heat flow from conduction in the basal-plane direction is higher.

In Figure 15 itis also observed that many of the maxima of the thermal conductivity curves seem to fall approxi-
mately ona straight line (in the logarithimic plot). Thereare, however, many exceptions, notably the curves for samples
of Canadian natural graphite[ 10, 207 and many of the lower curves. The information available for this correlation of
thermal conductivity maxima is extremely sparse due to the termination near room temperature of almostall the low tem
perature curves of pitch~bonded graphite before reaching their maxima, Itigtherefore highly desirable to have system~
atic measurements extending from low to hightemperatures for asetof selected graphite samples withthermal condue-
tivity covering a wide range. While knowingthat the thermal conductivity maxima falling on a straight line in logarithmic
plotis a characteristic feature of the thermal conductivity of s metaliic element™ and therefore can hardly be true for
28

graphite, the following tentative eguation has beenderived for thisline:

o,
ey
R

3 = A 8 algr T4.85
o 4.64 x 10 Tm

where T,, is the temperature corresponding to the thermal conductivity maximum k... This line (3 curve in
m 4 i T

linear plot} is intended mainly for the pitch-bonded graphite varieties.

Pitch-bonded artificial graphite is a mixture of crystalline graphite and cross-linking intercrvstalline
carbon which may have alsc been graphitized or partially graphitized, and is usually of high purity but low density,
with numerous pores distributed throughout. Itg thermal conductivity (or thermal resistivity) is the result of con-
tributions from all sources and is therefore affected by many factors. In order to understand some of the factors
affecting its thermal conductivity, the production process is here briefly reviewed [28,29]. In manufacturing the
pitch-bonded graphite, the raw material such as calcined petroleum coke ig first crushed or milled to obtain fine
particles, which are then combined with coal tar pitch to make the plastic mix, This mixture is heated to assure

homogeneity and is then formed into pieces by extrusion or molding. The formed pieces are then heated by gas to

a temperature of 750 to 900 C in a kila to coke the pitch binder in the pieces to develop an infusible car

3

bon bond

On

‘See References [2-4] of Part I of this report.
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{the so-called first bake). In order to improve the density and otber properties of the final product, the baksd
pieces are pitch-impreguated at this stage. Finally the impregnated pieces are beated in an slectris furnace to 2
tempersiure in the 2606-3000 C range to convert carbon into graphile, kmown as graphitizing.

First of ail, the thermal conductivity of pitch-bonded artificial graphite is affected by the nature of the

e

starting raw material., Cokes from different sources behave differently with respect to the shapes of the ¢rushed
e

particles. Some vield longer and movre splintery particles then others and each coke source tends to bave s dif-
ferent particle eccentricity, which affects the degree of alignment on molding or extrusion. The other major
difference among petroleum cokes is the graphiticity, or perfection attained by the graphite crystals after heating
to 2600 0 30006 C, which affects greatly the properties of the final producis, Besides the difference in the atiain-

B

ahle perfection of graphitization, some petroleum cokes are algo graphitized more easily than the others and ve-
guire lower graphitizing temperature. Thus the sengitivity of thermal conductivity to thermal history can vary
considerably with graphites of different coke sources. Therefore, graphite samples of the same composition and
manufactured under identical prosess conditions but from different coke sources might have different anisciropy

ratios and ditferent thermal conductivities.

Purity of the sample is an important factor affecting thermal conductivity. 1 graphife
is usually high, higher than that of the natural graphite [31]. This is psrtly because, during the graphitization
process, 2 large fraction of the impurities, which are present in the original materials to the extent of about 1 per-
cent, distill away, since the temperatures involved are higher than the boiling points of most of the impurity com-

pounds.

Density (or porosity} is another important factor. Results on the variati

ite with bulk density obtained by workers at Baltelle Memorial Institule an

the thermal conductivities of a series of samples of graphife measured pars

densities 1,41, 1.55, 1.65, 1.70, and 1.75 g cm™ ave, respectively, 0.795, 1.21, 1.46, 1.88, and 2,34 Wath
em IR, The conductivity versus density curve is nearly linear in the density rvange from 1.41 %0 1,65 g om™® and

also in the range from 1.65 to 1,75 g om™ with a gradual change of slope avound 1.65 g om™, Thus, in the
density range from 1.41 t0 1.65 g em™, samples with 1 percent difference in density would have about 5 percent

1

difference in thermal conductivity, while in the range 1.65 to 1.75 g em™, 1 percent difference in density would
cause about 10 percent difference in thermal conductivity. It should be noted that besides the bulk density {or
total porosity), the size, shape, number, and the way of distribution of the pores also have effect on thermal con-
ductivity. In the same graphite stock, thermal conductivity and density can vary not only from piece to piece but
also within 2 piece of graphite, In many cases in 2 large piece of graphite thermal conductivity and dengity are
the highest near the surface and are the lowest at the center of the piece, with intermediste values gradually de-
creasing from the surface to the central vegion. Consequently, specimens cut out of the same plece of graphite

may not have the same thermal conductivity and density.

As mentioned before, the thermal conduetivity of graphite is roughly proportional fo the size of the crystal-
lites, which make up the grains (graphitic particles). Thus the crystallite size is a very important factor influenc-~
ing thermal conductivity. Due to the large anisotropy of graphite crystals, thermal ¢
the degree of ovdering of the crystallites. Ancther important factor is the crys
centration of defects are of important influence. The effect of lattice defects on the thermal conductivity of graphite
has been extensively studied [see, for example, 10,26,33-40] by investigating the effects of irradiation damage on
thermal conductivity. The thermal conductivity of graphite is drastically reduced by irradiation, which produces lattice

5 s

defects, and it can be recovered by annealing. Smith and Rasor [10] found that neutron irradiation causes the

5

thermal conductivity of graphite to decrease markedly at 2 rate that decreased with exposure time and also the
exponent of the temperature dependence decreases with exposure. Mason and Knibbs [377 found that when the
erystallite size of graphite is so small (<100 N that the number of crystal layers per unit volume is greater than
the number of displaced atoms, clusters camnot form and the thermal resigtivity is directly proportional to the

s
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kS = Py 'Y 4 Py i 2 i &
irradiation dose, and that when the crystallite size is large (> 100 &), so that the diameter is greater then the dis~
tance between clusters, the nuwmber of clusters is independent of crystallite size and the thermal resistivity varies
only as the square root of the dose. Unpublished work by Meyer {407 indicated that the irradiation effect on

thermal conductivity is inversely proportional fo the irradistion temperature from room temperature to 1400 C.

The thermal conductivity of graphite is affected by the size of the graphitic particles {grain size). However,
this effect is differant with different tvpe of graphites, and no general conclusion can therefore be drawn, As dis-
cugsed indetail before, due to the planar shape of the calcined pstrolsum coke particles, in the forming process
the long sxes of the particles tend fo take & preferred orientation: either parallel to the direction of extrusion or
perpendicular to the divection of molding pressure, and the final graphite product retains the same pattern of
grain orientation, Thersfore, the thermal conductivity is highly dependent on the grain orientation and also on the

degree of ordering of the grains,

The graphitizing temperature has s tremendous effect on thermal conductivity, During graphitization, the

3%

hermal conductivity of the material can increase by a factor of the order of twenty-five [28]. This is due to the
increased perfection, growth, and vearrangement of the graphite crystallites, these being quite small and in ran-
dom srrangement in the gas-baked carbon pisce, The thermal conductivity of any piece of graphite is, therefore,
direcily dependent upon the highest temperature reached in graphitization, The higher the graphitizing temperature

the greater the femperaiure uniformity and the longer the graphitizing time, the higher is the thermal conductivity

of the end product., Consequently, the hest ireatment sssociated with messurements on a sample of graphite made

at temperatyres higher than ite graphitizing temperature may increase its thermal conductivity. It should be noted

@

s mentionad before, that some petrolenm cokes are graphitized more easily than others and therefore the

3

sensitivity of thermal conductivity to thermal history can vary considerably.

The thermal conductivity of graphite from room temperaturs to about 2000 K decreases gradually and mono-
tonically with inoreasing tempersture and varies roughly as T8, in accord with the theory of phonon conduction.
Above 2000 K the thermal conductivity varies much more siowly than T~ and in fact becomes nearly independent

of temperature due fo the contribution of ambipolar electronic thermal conduction, as discussed earlier. Howes

~

er,
at very high temperatures approaching the sublimation temperatare of graphite, the thermal conductivity of pitch-

honded graphite decreases abruptly, falling
BLap PLey =

v about an order of magnitude in a relatively small temperature in-
terval [41-437. Euler [42) vegarded this as being due to the loosening of the graphite structure at these very high

. ) a1 . is [
mperatures, and & consequent large irreversible drop in density. However, Rasor and McClelland L41J found no

&

perma

nent change in density from their measurements, Since the specific heat of graphite measured by them has an

abhrupt and large increase at about the same temperaiure atf which the thermal conductivity has an abrupt and

et

ayge decrease, they explained this striking festure being due to the formation of thermally produced lattice defects ~
vacant lattice sites, and suggested » vacancy concentration of about 0.5 atomic percent at the sublimation tempera~

ture and an energy of formation of 7.7 0.5 eV for the vacancies.
Goloving and Kotova [ 447 have demonstrated that when graphite is heated in a gaseous reagent such as
carbon dioxide or oxygen at high temperatures zhove 2300 X, unsteady-state internal diffusion within the graphite

cours such that carbon atoms diffuse from within the solid 1o the surface on which the reaction with the

s of the graphite specimen and the depth of loosening increases. However, the density af the surface
i »antly and remsins at shout one half of the original density for a wide range of teroperatuxes

as of removal of graphite mass of 15 to 30 percent. The conditions of Golovina and Kotova

Euler 142,43 and of Rasor and McClelland [41], furthermore, Anacker and Mannkopfl {71

red {rom those of

report experiments which yielded no marked drop in thermal conductivity, =0 more studies near the upper tem-

perature iimit of graphite are required.
A correlation between the thermal and electrical conductivities of graphite was first proposed by Powell in

1937 [45]. For Acheson graphite from room temperature to 1073 K he suggested the following equation for the

86



variation of the Loreng function with temperatures

L= ko il = 9,183 T8 {2}

k= 0.12307T7%8

where L is the Lorenz function, k the thermal conductivity in Watt om™K™, ¢ the electrieal conductivity in
chm™ om™, and T the temperature in K. Based upon further available data, Powell [46] later proposed the
eguation

k=2.20T12 + 0,18 (4)
for the Cevlion and Hilger and Acheson graphites and
k= 3.16T71% + 0.25 (5)

for the Cumberiand graphites.

Currie, Hamigter, and MacPhersen [ 28] derived an empirical relationship between the room-~temperature
thermal conductivity and the room-~temperature electrical resistivity of pitch-bonded artificial graphite based upon
the dats of Powell [45], Powell and Schofisld [477, Johnson [ 48], Neubert [49],and of Micinski [50]. They
elaimed that the following eguation would vield the thermal conductivity of graphite at 25 C accurate fo within 5
percent:

k= §.0013p71

o
<y
t”

where the thermal conductivity, k, is in Watt em ™K ™! and the slectrical resistivity, o, is in ohm om and measured
at 256 C. -

Mason and Kunibbs [ 517 demonstrated that for a given graphite the thermal resigtivity varies linearly with
electrical resistivity when either the orientation or the crystallinify varies, They atiributed this correlation o the
fact that the flow of both heat and electricity is restricted essentially to the crystal layer planes and that in both
cases the flow is controlled by scattering at crystal boundaries. They derived the following relationship, appiic-
able at 20 C,

= 1 \
k= 7575+ 6.0613 ™
which was shown to hold fairly well for over forty graded graphites, and enables the thermal conductivity to be
estimated from electrical measurements to within %15 percent.

Although there ave 580 curves liated in Table 15, yet most of the measurements are for low and/or moder-
ate temperatures and many are for unidentified graphite specimens. It is found that no graphite has available
thermal conductivity data covering the full range of femperature,

The graphites studied in the following section include Acheson graphite™, ATJ graphite, pyrolytic graphite,
8758 graphite, and 8808 graphite. They are selected mainly because they seem to be the only graphites with
available thermal conductivity data covering a fairly wide range of temperature. This selection, therefore, does

not give a faiv representation of all the graphites in common usage.

It is understood that most of the other pitch-bonded artificial graphites can alsc be called Acheson graphite.
Here this group is intended mainly for those early measurements in which the graphite specimens used were
known only as Acheson graphite,
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There are many other important graphites for which, unfortunately, the svailable thermal conductivity data
are not sufficient at the present time fo include them in this study. It is hoped that due fo the current great interest
in graphites many further measurements on thermal conductivity will be made over wide ranges of temperature and
that in the subsequent updating and revision of this work many other graphites can then be included. If is interest-
ing to note that in the Directory of Graphite Availability [52] publighed in 1963, there are listed over 230 grades of
graphites manufactured by 18 companies in the United States. For many of these graphites there are not any

published experimental thermal conductivily data avaliable.

The available data for the five graphites being studied are separately plotted in Figures 18 te 22. The
information on the specimens corresponding to the respective curves in the figures has been given in Table 15.
Each figure includes two heavy broken lines which seem likely to represent the most probable curves for each
graphite. However, due to the lack of experimental data in low and/or high temperature regions for most of these
graphites, many sections of the recommended curves have been obtained by extensive extrapolations and are very

tentative and subject to modification and revision in the Hght of further work.

The recommended thermal conductivity values are reported collectively in Figures 16 and 17 and in Tables
16a and 16b. Table i6a gives temperatures in degree K while Table 18b gives temperatures in degree C. In the
tables, the third significant figure is given only for internal comparison and for smoothness and is not indicative
of the degree of accuracy. BSome pertinent comments regarding the treatment of the data for each graphite are

given in the following section.
B, Thermal Conductivity of a Group of Selected Graphites

Acheson Graphile
Acheson graphite is generally referred to as the graphite manufactured by using the production process

g

invented by Dr. E. G. Acheson {1856-1931) 153]. Before the second world war and especially in Europe, the

commereially available axtificial graphife was known only as Acheson graphite. Most of the thermal conductivity

data for this group are from early measurements and are therefore of higtorical interest also.

There are 20 curves available. As shown in Figure 18, the available data for specimens measured along
the direction of extrusion cover the temperature range from 93 to 2000 K while those for specimens measured
perpendicuiar to the direction of extrusion ave over the range 93 to 3048 K. Most of the data were produced by
Powell [ 457 and Powell and Schofield [47] for two different gets of specimens, and their data are in good agree-
ment when taking the anisotropy of the specimens info account. Buerschaper's (547 data for the two principal
directions{curves 44 and 45) nesr room tempsrature are also in agreement with thelr dats. However,
Buerschaper's data increase monotonically as the temperature decreases down fo 93 K indicating that the thermal
conductivity maxima are at temperatures st least below 93 K, which s considered very unlikely. Although there

is no experimental information available for the locations of the thermal conductivity maxima, it Is believed that

d

the maxima of the curves would not be at temperatures lower than 280 K.

ot

The recommended curve from 300 ¢

[«

3000 K for the divection perpendicular to the axis of extrusion follows
- o~ £y

the curves of Dowell and Schofield [ 477, while the curve for the divection parallel to the axis of extrusion from

300 to 1000 ¥ passes through the mean of Powell's curves [45]. From these two sections of the recommended
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The highest thermal conductivity curve {No. 481) for the divection paralls! to the layer planes is that of
Tie Combarisu (58] for a specimen deposited st 2100 C and annealed under a pressure of 200 bars for 10 10 15
minutes at 2800 C. The recommendsd curve follows Combarien's data to 300 X and is then extended to higher
temperatures socording to the temperature dependency indicated by Taylor's [60] ourve {¥No. 519), which is for
a sample axmeded at 35060 ©, At high temperatures the recommended curve Hes close to curve 514 of Johnson and
watt [ 61]and nearly passes through & point (No. 558) obtained by Hoch and Vardi [62]. It is intevesting to note tha
st room temperature the thermal conductivity of highly-oriented and well-annealed pyrolytic graphite in the direc-
tion parallel to the layer planes is 4.7, 5.0, and 11,3 times higher than the thermal conductivity of silver, copper,
and tungsten, respectively, and is only slighily lower than that of Type Iia diamond. AL 2000 K itis gtill 2,5 times
higher than that of tungsten,

The recommended values for the direction perpendicular to the layer planes are derived from the values
for the direction paraliel to the layer planes based upon the assumed anisotropy vatio given as a function of tem-
persture, The anigoiropy rafic in the thermal conductivity of pyrolytic graphite at temperatures below 1 K lies
between 2 and 3 as reported by Slack [25]. Iis exact value is determined by the elastic constants and by the
ellipscidal shape of the crystallites. In the liguid-hellum temperaturs region Klein and Holland [ 22] found that the
ratic is close to 3, which remains the sams for samples deposited st different temperatures, but rises rapidly witk
temperature above 26 K. For highly-oriented and well-annealed sample, Hooker, Ubbelohde, and Young [2]
found that the Tatic increases o about 100 st 90 K, 196 2t 150 K, 215 a1 200 K, 211 af 250 K, and 210 i 300 K,
Tavior [86] also found that the anisotropy ratic for his samples is 210 at 3060 XK. From 300 fo 800 K Taylor's data
indicate a nearly constant anisotropy ratic. Since the datz of Tayior [ 607 and of Hocker et al. [2] are close to thal
of De Combarieu [ 58] 2nd since their samples are all similar, the above-mentioned values for the anigotropy
ratio at diffsrent temperatures are adopted for deriving the recommended values for the direction perpendicular
to the layer planes, The resulting curve has 2 maximum conductivity of 1,55 Watt em™ 1K™ at about 30 X, and lies
close to the curves (No, 579, 4988, and 498) of Hooker, Ubbelohde, and Young 163,2] in the temperature range
from 90 to 300 K. From 250 to §30 K it kas the same temperature dependency as curve 520 of Taylor [60]. It
is noted that the values are lower than the thermal conduectivity of aluminum oxide by 3.7 and 5 times at room
temperature and 2000 K, respectively.

The uncertainty of the recommended values for the direction parallel to the layer planes at temperatures
below 1500 K ie probably of the order of £10 to 20 percent, and that at temperatures above 1500 X is probably
twice as great. The values for the direction perpendicular fo the laysr planes are intended only for indicating
the general trend,

8758 Graphite

8758 graphite™ is 2 medium-grain (0,032 inch maximum), pitch-bonded petroleum-coke-base graphite,
which is formed by extrusion into rods 20 or 24 inches in dismeter and 72 inches long. It is produced by Speer
Carbon Co., with typical density 1.67 g em™ and typical ash content (.70 percent [64]. As ghown in Figure2l,
thers are six curves available for the thermal conductivity of this graphiie over the temperature range from 433
to 3708 K.

For the dirvection perpendicular to the axis of extrusion, the data of Lucks and Deem (curve 94) [55] agree
well with the higher curves (117,114, and 115) of Rasor and McCleliand [ 41}, Curve 117 is the result of meas-
urements made affer prolonged heating the specimen at temperaturss greater than 2480 K and thus represents the
stable thermal conductivity values at high femperatures, Accordingly, the recommended curve from 4383 to 3800 K
follows closely the curves 94, 117, 114, and 115,

For the divection parallel to the axis of extrusion, only the data of Fieldhouse, Hedge, and Waterman
(curve 112) [56] are available. If 2 smoocth curve is drawn through their data, the resulting curve, together with

the recommended curve for the direction perpendicular to the axis of extrusion just obtained above, will give

#*This graphite was previously designated in the development stage as 7087 graphite.
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anisotropy ratios of 1, 64 at 800 K, 1.52 8£1400 ¥, and 1,49 at 1800 K, These values of the anisotropy ratio for
the thermal conductivity are much greater than the anisotropy ratio of 1.19 for the electrical resistivity of this
graphite as reported by Rasor and MeClelland [41]. This is inconsistent with the statement of Rasor and
MeClelland [41] that thess two anisotropy ratios are approximately the same. Since the dats of Lucks and Deem
[55] and of Rasor and MeClelland [41] for the direction perpendicular to the axis of extrusion are in good agree-
ment, curve 112 is suspecied to be too high. This conclusion is further supported by the fact that, as shown in
Figurs 15, curve 112 is so high that it approsches or even exceeds some of the curves for the same temperature
and divection for pyrolytic graphite and hot-pressed graphites of much greater anigotropy. It is decided therefore
" that the recommended curve will not follow curve 112,

it ip noted that the anisolropy ratio of piteh-bonded graphite above room ifemperature is generally decreasing

with incresse in temperaiure. To give a liitle weight to curve 112, it is assumed that the anisotropy ratio of this
graphite at 380¢ K is 1.18, which is the anisotropy ratic of this graphite for the slectrical resistivity as reported
by Bagor and MeClelland [41], and that the anisotropy ratio decreases by about 10 percém from room temperature
to 3800 K. The latter assumption is based upon the anisotropy ratio of ATJ gravhite which is also 1,19 2t 3800 K

as indizated by the derived recommended values and which decreases by about 10 percent from room temperaturs

to 3800 K, Thus the recommended values from room temperature to 3800 K for the direction parallel to the axis

of extrugsion are caleulated from the values for the direction perpendicular to the axis of extrusion according to the
assumed values of anisotropy ratio.,

Both of the recommended curves have been extensively sxtrapolated down to 0 X to indicate the general
trend of the curves.

The uncertainty of the recommended values for the direction perpendicular to the zxis of extrusion that are
derived from experimental data is probably of the order of 10 to £20 percent, and that of the values obtained by
sxtrapolation is probably twice as great. The values for the direction parallsl to the axis of extrusion sre intended
only for indicating the general tvend.

8908 Graphite
8908 graphite™ is a fine-grain (0. 008 inch maximum), pitch-bonded petroleum-coke-bage graphite, which ig
formed by extrusion into rods 2.5 to 8 inches in diameter and 24 to 72 inches long. It is produced by Speer Carbon

Company, with typical density 1.63 g om™ and typicsl ash content 0.08 percent [ 65, As shown in Figure 22, there
are six curves svailable for the thermal conductivity of this graphite over the temperature range from 798 fo 3756 K.

For the direction perpendicular to the axis of extrusion, all the three svailable curves are of Rasor and
MeoCleiland [41]. A curve passing through the mean of their data from 1000 fo 3800 K serves as the recommended
curve,

For the direction parallel to the axis of extrusion, all the three curves, which cover the temperature rangs
798 to 1809 K, are of Fieldhouse, Hedge, Lang, Takada, and Waterman [ 88]. Of these three Curves, curve 8,
which is for the specimen heated only cnee, coincides with the curve of Rasor and MoClelland, noting that they are
for diffevent divections. Curve 7, which is for the specimen heated twice, is higher than curve 6 by about 20 per-
cent, and curve 8, which is for the specimen heated three fimes, crosses all the curves and is higher than curve §
by 36 percent at 860 K and lower than Rasor and MeoCleliand's curve by 25 percent 2t 1800 K, Under this confusing
circumstance, a small section of the recommended curve has been drawn through the middle portion of curve 8,
using as & guide the general trend of the other recommended curves,

From these two sections of the recommended curves the anisotropy ratio can be caleunlated and is equal fo

st

.18 at 1000 X. By assuming that the anisotropy ratio above room temperature decresses Hnearly with incresse
Y Py P

:ﬁThis graphite was previously designated in the development stage ns 3474D graphite.



in temperature and that at 3800 X it is equsal to 1,08, which is the anisotropy ratic for the electrical resistivity of
this graphite as reported by Rasor and McCleliand (417, the recommended values from 1000 to 3800 X are obtaine:
by caleulation based upon the recommended values already derived for the direction perpendicular to the axis of

extrusion.

Both recommended curves have been excessively extrapolated from 1000 K down to § K to indicate the
general trend of the curves,

The uncertainty of the recommended values ahove 1000 K that are derived from experimental data is
probably of the order of +10 to £20 percent, and that of the values obtained by extensive extrapoliation is probabl
twice as great. The values below 1000 X are intended only for indicating the general trend,
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PART NI - THERMAL CONDUCTIVITY OF GASES

A, Introduction

Recent developments have resulted in more sccurate experimental and theoretical methods of determining
the thermal conductivity of gases af high temperatures. Despite such developments, data obiained by older tech-
nigues for more moderste temperatures still, in some cases, differ by 2 significsnt amount, In the analyses which
follow, preference has been given to experimental dafe over theoretical values, or, where anly theoretical values

exist, to those derived by the most reliable basis,
B. Thermal Conductivity of 2 Group of Sslected Guases

Acetone

Most of the experimental data for the thermal conductivity of gaseous acetone are reported from two labora~
toriss [2564; 367, 368, 3707 while two other values (2127 are available, In addition two corvelations {223, 801,

602 ] have been made, the former with no source references and the latter based upon 254, 367, 388, 3707

In an analysis of these dala, the Vargaftik method of plofting the logarithm of thermal conductivity as s func-
tion on the logarithm of sbaohite temperature was tested and the best curve through the available points was found

£,
)

o differ insigoificantly from a straight line. The recommended values were therefore obinined by assuming &

[

straight line relationship, the data of (3687, 368, 3707 being preferred over those of [ 2541 The departure plot
shows that 1! the experimental dats points except three values of [254 7 fall eclose 4o such & correlation and that the
sversge deviation iz about one percent. The three dats points of (2547 are some four to six percent lower, More
experimental measurements are desirable to confirm the acouracy of the choice made above.

The gecuracy of the recommended values can be agsessed at within two percent for temperatures below 450
¥ and possibly as low as eight percent for the highest temperature tabulated,

Ammonis

Several measurements of the thermsal conductivity of gaseous ammonia made over moderately large temper-
sture ranges (51, 95, 96,105, 568, 587-5887, for smaller ranges or single temperatures [ 14, 59, 86, 187, 22387 and

correlations [105, 187, 22, 5217 have been compared with more recent experimental and correlated vaiues [59,

6446477,

The trend with temperature of the Keyes [ 1877 correlation appesrs to be erroneous above 400 X and was
ignored in the preparstion of the recommended values, More difficult to explain are the published dats of
Ziebland et al. (8487 which are higher than his preliminary values {5897 and which, with the exception of two data
points (588, 6447, are higher than all other values. The measurements of Baker and Brokaw [644 ], while paral-
leiling the Ziebland values below 400 K, exhibit 2 {rend af higher temperatures more in agreement with all other
work,

e

The recommended vaiues were therefore chosen to fall nesr the average of all measurements for tempersa-
tures below 400 K and to approach the trend in the Geler and Schafer data 1587 ] for the highest temperatures, The
conclusion which can be drawn from the departure plot is that the recommended values should be sccurate to shout
1.5 percent for temperatures below 400 K and possibly fen percent for the highest temperature tabulsied. More

precise estimation will require more accurate measurements o be underiaken in ovder to resolve differences of up

S

to thirteen percent which exist between present data,

%

* Reference numbers used in the text and figures of Part IT of this report refer to the references listed in the
section of References in TPRC Dats Book Volume 2, Chapter 1.
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Methane

s

About twenty measurements of the thermal condustivity of gaseous methane ot atmospheric pressure have
been reported, of which eleven {56, 168, 187, 305, 331, 537, 603, 645, 649, 6560, 651} extend over appreciable
temperature ranges, A graphical plotting of all the da’a revesled ressonable agreement below sbout 300 K and
relatively poor agreement above400 K. After s careful analysis of the differing dats it was decided to base the
higher temperature values upon the measurements of Geier and Schafer [587 ] which, as can be asceriained from
the departure plots, fall almost exscily midway between the exiremes of other measurements for temperatures
sbove about 525 K. Even the Geler and Schafer data appear somewhat uncertain in trend for temperatures above
800 K and this fact has limited the extent of the extrapolation of the values to higher temperatures.

The recommended values were obtained from s smosth curve drawn through all the data for temperatures
nelow 400 ¥ and through the Geler and Schafer data for higher temperatures. The recommended values are con~
sidered accurate to within one percent for temperatures below 300 X, two percent for temperatures between 300
and 425 K and six percent for all other temperatures tabulated,
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TABLE 17. THERMAL CONDUCTIVITY OF GASEOUS ACETONE (mW em ™ K™Y

T.K k
260 0, 0803
260 0. 0867
27 0. 0933
280 0. 1002
280 g, 1073
300 g, 11486
310 3. 1222
3290 0. 1300
330 0, 1380
340 0.1463
35 8. 1548
360 0. 1635
370 0, 1725
380 0.1817
390 0.1911
400 0.2008
410 0.2106
420 0.2208
430 0, 2308
440 0.2412
450 0,252
4690 0. 263
47¢ 9.278
480 0, 286
490 0. 298
500 0.310
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TABLE 18. THERMAL CONDUCTIVITY OF GASECUS AMMONIA (mW cm™t K™H

K k T K k
200 0.152 550 0. 580
219 0. 182 560 0. 595
220 0. 171 579 0. 810
230 4. 180 589 0.825
240 0,188 580 3. 840
25¢ 8. 187 600 4. 658
260 0, 206 8510 0,871
27% 0. 215 820 0. 688
280 0,225 830 g. 702
290 G. 235 540 0.717
300 0, 246 650 8,733
316 0, 256 860 0. 748
320 3. 287 670 0.754
330 0. 278 680 0. 780
340 0. 280 650 0,795
350 0. 302 760 0.811
360 9,314 710 0,828
37 0. 327 720 0. 844
380 6. 328 730 0. 861
280 0. 362 740 0. 877
400 0. 364 750 0. 894
410 0.377 760 0. 810
420 9, 3990 770 6. 827
430 0,404 780 0. 944
440 0.418 720 0. 962
450 0. 433 809 0,878
460 0. 447 819 $. 988
479 0.462 826 1.9012
480 0,476 830 1.028
480 0.491 840 1.048
500 G. 80 850 1.063
516 0. 520 860 1.080
526 0. 535 870 1.086
530 0. 550 880 1,113
540 0, 565 880 1,130
906 1.148
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TABLE 18. THERMAL CONDUCTIVITY OF GASEOUS METHANE (mW em™! K™%

T,K k K k X k
100 0. 106 400 0,454 700 1. 041
110 0,117 410 0. 501 710 1. 960
120 0,128 420 0, 518 720 1.0v9
139 0,139 430 G, 537 730 1.9098
140 0. 158 440 0. 556 740 1,319
150 g. 162 450 0. 574 750 1,137
180 0,173 460 0. 593 7640 1,187
176 G.184 470 G, 613 710 1.1%38
180 $.185 480 0.633 786 1,189
180 g. 207 490 0,652 796 1,220
200 0,218 500 0. 671 800 1,243
216 0. 230 510 0. 690 810 1.262
220 0. 242 820 0. 710 820 1.283
230 g, 254 B3¢ 0.728 830 1,308
240 0. 2686 540 0,745 840 1.328
250 8. 277 550 G, 767 850 1,348
260 0. 288 560 0. 788 8§60 1. 37¢
270 0. 361 570 0, 804 8%v0 1.392
280 G.314 580 0. 823 880 1.4%5
280 0. 328 580 0. 840 890 1.438
300 0. 343 5060 ¢.858 900 1.460
310 §. 357 810 0.876 516 1.482
329 0. 371 820 0. 894 920 1.508
330 0. 384 830 0.912 930 1.527
340 0,399 840 0. 930 940 1.55¢
350 0.412 650 G, 948 950 1.573
360 G. 426 660 ¢, 967 960 1.597
370 0, 440 5§70 0. 985 870 1.620
380 0. 4556 880 1. 004 980 1.643
390 G. 469 680 1.022 990 1.666

1000 1.680
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