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Abstract—In order to provide further information on the thermal and electrical conductivities of materials

that have been suggested for use as thermal conductivity reference materials, new data are presented for

copper (three samples), lead, iron (six samples), tungsten (two samples), Inconel 702 and 18/8 stainless

steel (nine samples). The thermal comparator method is suggested as a means whereby standard reference

samples may be readily intercompared. This method seems likely to be particularly appropriate for
materials having a large phonon component of thermal conductivity.

1. INTRODUCTION

IN MANY branches of scientific measurement,
reference materials, having accurately known
properties, serve three important functions:

(i) as a standard when comparative methods
are employed ;

(ii) as a reference material on which to check
the performance of newly installed equip-
ment associated withanaccepted method ;

(iii) as a reference material for use when
assessing the possibilities of a newly
developed method.

The measurement of thermal conductivity
is one in which a lot of care needs to be taken in
order to avoid insidious errors that can arise
from the presence of unsuspected heat transfers
and inaccuracies of temperature measurement.
It therefore tends to be a time-consuming
measurement requiring expert technical know-
ledge. These factors have led to the frequent
adoption of thermal conductivity reference
materials under category (i) and make (ii)
and (iii) more essential. Experience also indi-
cates that the thermal conductivity of a reference
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material should not differ too widely from that of
the test material. Hence, materials of accurately
known thermal conductivities are required
covering a wide range of values. The above-
mentioned uncertainties naturally hold for all
determinations and it is only in recent years that
generally accepted values are being suggested
for a few materials [1], and the need for the
complete characterization of these materials
is being appreciated. Further information is
required in many instances and the present
paper contains the results of several unpublished
sets of measurements made at the National
Physical Laboratory on some materials that
have already been employed as reference stand-
ards and on others likely to be of value for this
purpose.

These new thermal conductivity measure-
ments have been made by the longitudinal heat
flow method [2], although often they have been
limited to the lower temperature range of
50-350°C.

Electrical resistivity measurements, made by
the usual comparative potential drop method,
have also been included to give values for the
Lorenz function.

Finally, a simple method is proposed for the
intercomparison of a set of thermal conductivity
reference samples.
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2. NEW MEASUREMENTS
(i) Copper

Three sets of measurements have been made
on samples of high purity copper.

The first was a Johnson, Matthey & Co.
spectrographically standardized rod, 7 mm in
diameter and 15-cm long. Laboratory No. 4351,
stated to be oxygen free and of a high degree of
purity. The approximate estimates of foreign
elements present were stated to be silver
0-0005 per cent, nickel <0-0003 per cent and
lead <0-0004 per cent. This sample was first
heat treated to 900°C and electrical resistivity
measurements made as the sample was heated
to this temperature and cooled. These values
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showed no noticeable change due to the treat-
ment.

The other two were samples of ““pure copper”".
One was a rod 1 cm in diameter and approxi-
mately 10-cm long that had been tested on
behalf of Queen Mary College. London. the
other was a rod 1-27-cm dia. and 10-cm long that
was tested for the former Ministry of Supply.
No further details were supplied. nor were these
samples given any heat treatment prior to the
test.

Table 1 contains the results for these three
samples as read from smooth curves drawn to
fit the experimental data.

In order to facilitate comparison with earlier

Table 1. Thermal conductivity, 2, W cm™' C~, electrical resistivity, p. Q cm and Lorenz function. L = ip;T. V> K72 of

copper
Temperature JM. & Co., Sample 1 Q.M.C, Sample 2 M.S., Sample 3
*C °K A 108 p 108 L A 10% p 108 L A 10° p 108 L
20 293 — 175 — - 1-78 - e 173 —
50 323 3975 193 2:37, 389 1-95 235 4-06 193 242
100 373 394 225 239 3-89 228 2-37 399 227 242
200 473 3875 293 2:40 — o — 3-87 297 243
300 573 — 360 — e — — 375 3-68 241
400 673 — 433 — — — e 365 443 2:40
500 773 - 5-08 - — — e 3-60 517 241
600 873 — 5-88 — e — o 355 595 242
900 1173 — 830 e — — - — — —
Table 2. Comparison of data for copper at 50°C with those of earlier workers
Author Year Ref. 2 10° x p 10% x L
Jaeger and Diessselhorst 1900 3 3-824 1964 2:33
Lees 1908 4 [3-78] [197] [2:31]
Meissner oY) 1915 5 3-875 1.888 2:26
Meissner 2) 1915 5 3-805 193 228
Schofield 1925 6 [3:79] 1-97 [2-31]
Kannuluik and Laby 1928 7 [4-05] [1:915] [2-40]
Smith and Palmer 1935 8 393 1-895 231
Mikryukov 1956 9 [4-03] [193] [2-41]
Powell and Tye (n 1966 Present 397, 193 2:375
Work
Powell and Tye (2) 1966 Present 3-89 195 235
Work
Powell and Tye 3) 1966 Present 4-06 193 242
Work

Bracketed values involve extrapolation.
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data, the measurements reported by authors
who have made determinations of both thermal
and electrical conductivity are given in Table 2
at a mean temperature of 50°C. A certain amount
of extrapolation has been necessary in some
instances.

The thermal conductivities of two of the
present samples are higher than most and agree
well with the two highest values of Kannuluik
and Laby [7] and Mikryukov [9]. The values
for L also tend to increase with increase in
thermal conductivity and purity. This group of
higher thermal conductivity values seems the
most probable for high purity copper.

(ii) Lead

The lead sample was a Johnson Matthey & Co.
spectrographically standardized sample, of
Laboratory No. 5873, and of diameter 7 mm
and length 15 cm. It was estimated to have a
purity greater than 99-995 per cent lead, with
estimated impurities of cadmium 0-001 per cent,
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Table 3. Thermal conductivity, ,, W cm~! C™2, electrical
resistivity, p, i) cm, and Lorenz function L, V3, K2 of lead

Temperature
A P L x 108
°C °K
0 273 — 193 —
50 323 0-360 234 261
100 373 0-356 275 2:625
150 423 0-351 318 2:64
200 473 0343, 363 2:64
250 523 0-335 40-8 2:62
300 573 [0-326] 457 [2:60]
3273 6005 (solid) {0-316] [49-2] [2-59]
3273 6005 (liquid) [0-155] [94-0] [2-43]

Bracketed values are extrapolated.

copper and silver each 0-0005 per cent and
bismuth 0-0003 per cent.

The results read from smooth curves for this
sample are given in Table 3.

The thermal conductivity experimental points
are plotted in Fig. 1, together with the data of
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other workers from about room temperature
upwards. This figure serves to convey some idea
of the broad band which is covered by these
experimental values. The workers concerned
can be identified by the ringed letters and the
accompanying legend. References to some have
already been given; the others have references
[10-28].

Probably good to 13 per cent, our values are
about the highest obtained for lead. Only the
values by Mikryukov and Rabotnov [22]
for a single crystal specimen of lead are at all
comparable. The electrical resistivities of the
sample used by these workers are also in fairly
good agreement with the present values, being
some 1 per cent lower at about 130°C and some
3 per cent greater at nearer 300°C. Thus, their
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earlier value of van Dusen [16] by 14 per cent.

(iii) Iron

The results of new measurements can now be
reported for two samples of high purity iron
and another sample named ‘‘Purefree” Iron,
which is of lower purity than Armco iron.

One of the high purity irons, No. 1, had been
submitted for test by Tube Investments Limited.
This was in the form of a rod of length 15 cm and
diameter 1-27 and was stated to be Type 1 as
supplied by Metals Research. The other high-
purity iron, No. 2, was a rod of similar diameter
but rather shorter, which had been machined
from one of several disks that had been specially
prepared by Metallurgy Division of the National
Physical Laboratory. Determinations of the

Table 4. Stated analyses of iron samples, weight per cent

Pure iron sample Armco iron sample . Purefree
iron sample

Element No. 1 No. 2 No. 3 No. 4 No. 5 No. 6
Carbon 0-0050 00014 0-0045 00230 0-0200 00300
Silicon < 00010 00053 0-0002 00070 0-0040 0-0800
Sulphur 0-0040 00035 00015 00200 00230 00100
Phosphorus 00030 00017 00010 0-0070 0-0060 00150
Nickel 00250 0-0055 0-0006 0-0830
Manganese 0-0010 <00010 00020 00250 00300 00100
Aluminium 00038 trace
Chromium 00070 <0:0010 nil
Cobalt 00020 nd.
Vanadium 0-0040 nd.
Molybdenum  <0-0100 nit
Copper <0-0100 nil 0-0830
Oxygen 00040 0-0008 <0-0005
Nitrogen 0-0006 0-0007 < 00010
Hydrogen 0-000048 0-000016

Lorenz functions show a steady increase from
2:60 x 1078 V2K ™2 at 405°K to 273 x 1078
V2K ™? at 570° K whereas those of the present
work remain relatively constant at a value of
(262 + 0:02) 1078 V2 K2,

The thermal conductivity values of Jaeger and
Diesselhorst are exceeded in the present work
by some 4-5 per cent, those of Shelton and
Swanger [20] by about 5-3 per cent and the

thermal conductivity of this iron have already
been made mainly from 650 to 1000°C by means
of the stacked-disk-radial-heat-flow method.
These results are being reported independently?
but some values are included in Table 5.

The sample of Purefree Iron, No. 6, was

* For a short account, see Annual Report National Physical
Laboratory, pp. 128-130. H.M.S.0. London (1964).
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supplied by Low Moor Best Yorkshire Iron
Limited in the form of a rod approximately
20-cm long and 2-54-cm dia. for tests to 800°C.

The stated chemical compositions of the
above irons are given in Table 4, together with
those of another high purity iron, No. 3, [29]
and the two Armco irons, Nos. 4 and 5, for which
thermal and electrical conductivity values have
already been reported. No. 4 was the sample first
tested [30, 31] and No. S was that submitted by
the Battelle Memorial Institute [32] in con-
nection with their round-robin tests.

Figure 2 contains plots of the new experi-
mental results and the smooth curves from the
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FiG. 2. Thermal conductivity and electrical resistivity data
for six iron samples.

results of the earlier measurements. The com-
plete sets of derived values of A, p, and L for
the three high purity irons and the three relatively
pure irons investigated at the National Physical
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Laboratory are given in Table 5. This table also
contains corresponding data for a high purity
iron and an Armco iron measured by the Oak
Ridge National Laboratory [33].

Of the irons tested at the N.P.L., sample No. 3
has the highest thermal and electrical conduc-
tivity, and this is probably the purest iron. It is
seen from Table 4 to contain least silicon,
sulphur, phosphorus, nickel and oxygen, but
more carbon than sample No. 2. At 50°C,
the thermal conductivities of the other high
purity irons are lower by 2 per cent (No. 1)
and 4 per cent (No. 2), the Armco irons are lower
by 7 per cent (No. §) and 8 per cent (No. 4)
and the Purefree iron is lower by 21-5 per cent
(No. 6).

With increase in temperature, the thermal
conductivities decrease, and show the same
tendency to converge that has previously been
observed for irons and steels. The Lorenz
functions on the other hand agree more closely
at any particular temperature, and all increase to
a maximum value in the region of 400-600°C.
At the lower temperatures there appears to be
a little greater spread in the values of the Lorenz
function for the less pure Armco iron, as also
found by Flynn et al. [34], and much higher
values for the still more highly alloyed Purefree
iron. This last iron has been purposely included
as an example of a much less pure iron than the
Armco grade so often used. It clearly has a
Lorenz function well removed, except possibly
at high temperatures, from that of the other
samples included in Table 5.

The last column of this table contains the
mean value of the Lorenz functions for all of
the high-purity and Armco irons. This mean
value is seen to depart by less than 2-5 per cent
from any of the individual values obtained by
these two laboratories. By the use of these
values for the Lorenz function it scems that the
thermal conductivity of an iron of similar type,
high purity or Armco, could be calculated from
a knowledge of its electrical resistivity, probably
to within 12 per cent and certainly to within
4 per cent. The mean value of L extrapolated to
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Table 5. Thermal conductivity, i, W ecm ™ *C ™!, electricity resistivity. p, p§) cm.
Pure iron sample Armco iron
Temperature - -
No. 1 No. 2 No.3 No. 4
‘C ‘K A P 10°L A A 10%L A P 10%L A I3 10%L
50 323 @760 117 275 0745 119 275 0775 115 276 o713 122 269
100 373 0723 147 285 0714 149 285 0737 145 287 0682 150 275
156 423 0683 179 289 0675 182 250 0706 178 294 0649 187 287
200 473 0645 216 294 0640 218 295 . — — 0616 226 244
250 523 0610 256 299 0605 258 299 — - —— 0-586 269 301
300 573 — — — — 303 e — — — 0553 314 303
400 673 — — — — 410 - e — — 0486 431 311
500 773 — — — — 533 — — — — 0433 553 310
600 873 — — — 0390 679 304 — — — 0386 658 311
700 973 — — — 0339 852 297 — —_— — 0343 870 307
800 1073 — — - 0295 1042 2:86 — — — 0297 1055 292

0°Cis 266 x 1078 V? K~ 2 and the lower value
of 2:58; x 1078, obtained by the National
Bureau of Standards, for Armco iron, differs
from this by —3 per cent. This order of un-
certainty is double that suggested by the workers
at the Oak Ridge National Laboratory [33],
but they had only investigated two samples.
Some of the uncertainty may be the result of
experimental errors, but the appreciable lattice
component, being independent of p, is also
likely to be a contributing factor. Despite this
last factor, these further results support iron as
being one of the most acceptable reference
materials at present available.

(iv) Tungsten

The two samples of tungsten studied were
rods 0-4 cm in diameter and 10-cm long that were
obtained from Messrs. Johnson, Matthey & Co.
(Catalogue No. JM 740). The purity was about
99-99 per cent.* Figure 3 shows the results. For
one of these samples, Tye [35] has already
published thermal conductivity values over the
range 50-390°C and electrical resistivity data
from 20 to 1450°C, so, in this instance the new

* Spectroscopic analysis was stated to indicate about
0-01% Mo, with silicon very faintly visible and copper
barely visible.

measurements relate to the extension of the
temperature range for thermal conductivity to
718°C. When working in this higher temperature
range only the energy outflow was measured.
An Armco iron standard was used for this
measurement. Tye’s original work resembled the
measurements of the present paper in that up
to about 350°C the energy flow had been
obtained as the mean of inflow and outflow
observations, the latter then being measured
calorimetrically. At temperatures of about 315
and 390°C these two experiments had yielded
thermal conductivity values which agreed to
within I per cent, and at 182°C the high tempera-
ture assembly yielded a value that was only
lower by 27 per cent. Similarly, when the second
sample was assembled in the high temperature
apparatus, six sets of observations taken in the
range 135-240°C, yielded values that were
closely distributed about a mean curve located
some 1-2 per cent above Tye’s original curve.
These results indicated the experimental con-
ditions to be satisfactory, and measurements
have been made on the first rod to 478°C and on
the second to 718°C.

Values of the thermal conductivity and elec-
trical resistivity as read from a smooth curve
fitted to the results for both samples are given
in Table 6. This table also contains the derived
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and Lorenz function, L, V? K, 2 of high purity, Armco and Purefree irons

sample Purefree iron sample Oak Ridge National Laboratory I;'gza;j

No. 5 No. 6 High purity iron Armco iron (for all

except

A 4 108L A o 108 L P} P 108L A P 108L No.6)
0719 12-5 278 0-608 158 298 0-748 1172 271 0-696 1272 274 274
0-686 156 287 0-600 187 301 0-698 1470 275 0-665 1581 282 282
0-654 191 295 0-588 220 306 — 1806 — — 19-21 — 2:89
0-621 230 2:97 0-570 259 312 0-621 2184 287 0-602 2300 293 294
0-588 270 3-04 0-552 300 317 — 26'10 — — 2729 — 299
0-555 312 302 0-532 346 321 0-555 3072 297y 0540 3205 302 301
0-492 418 306 0-483 450 323 0-489 4151 302 0-477 42-84 304 306
0430 54-0 3-00 0430 571 318 0436 5412 305 0-425 5563 306 306
0-382 688 301 0376 71-0 306 0-386 6889 305 0-379 7066 307 306
0339 862 3-00 0-335 875 301 0-338 8622 2995 0333 88:02 301 301
0294 1052 2-88 0298 1072 297 0297 10553 292 0293 10761 294 290

values for the Lorenz function, and, for com-
parison, the corresponding data from recent
measurements by Moore et al. [36] of the
Oak Ridge National Laboratory.

The electrical resistivity measurements from
the two laboratories are seen to agree to within
about 2 per cent over the whole temperature
range. The thermal conductivities agree equally
closely except below 250°C where the present

values increase more rapidly with decrease in
temperature, the difference amounting to 5 per
cent at 50°C. This difference is consistent with
the higher purity of the presemt samples, as
indicated by a p;73x/P4.2x ratio of 150, as
compared with a value of 35 for the ratio
P3oox/Ps as reported for the ORNL sample.
The latter had a density of 99-8 per cent of the
theoretical. This quantity. for the NPL samples
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T Thermal conductivity
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Thermal conductivity and electrical resistivity of tungsten.
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Table 6. Thermal conductivity, A, W em ™' C™ 1, electrical resistivity, p, uQ cm. and the Lorenz function, L. V¥ K™ of tungsten

Temperature NPL values ORNL values Mean
“C K A p 108 L A P 108 L 108 L
0 273 — 50 — — 5002 —_ .-
50 323 1-77 61 334 1-686 6157 321 328
100 373 1-68 73 329 1-602 7344 315 322
200 473 1-52 9-8 315 1-479 9-822 3-07 311
300 573 1-38 12:6 304 1-389 12-438 302 303
400 673 130 155 3-00 1-322 15-186 2:98 2:99
500 773 1-25 183 296 1-267 18:073 2-96 2:96
600 873 1-204 214 296 1-221 21-041 2:94 295
700 973 1-17 246 2:96 i-184 24070 293 294
750 1023 1-15 262 2:94 1-168 25-606 292 293

has not been determined but a rather lower value
would help to explain the close agreement of the
room temperature electrical resistivities.

The high values of the Lorenz function indi-
cate tungsten as having a relatively large lattice
component of thermal conductivity, which
decreases from about one-third of the total
thermal conductivity at 50°C to about one-fifth
at 750°C. Despite this large lattice component.
surprisingly good agreement is shown between
the Lorenz functions for the two sets of measure-
ments of Table 6, and, on this much too limited
evidence, it would seem that by using the mean
values given in the last column of the table and
measured electrical resistivity values, it should
be possible to calculate the thermal conductivity
of other tungsten samples to within some 3 per
cent.

Tungsten, with its high melting point, is
becoming a very strong candidate for use as a
thermal conductivity reference material at tem-
peratures of 1000°C and above. About a dozen
independent determinations have been reported
for the thermal conductivity of tungsten in the
range 1300-3000°C, but the reported values are
tremendously scattered, with the extremes in a
ratio of about 1:3. There is another group of
scattered values at temperatures around 200°K
with extreme values in the ratio of about 1:1-25,
but only one or two determinations had been
made on tungsten in the intermediate region
now partially covered by the recent NPL and

ORNL investigations. Not only is the close
agreement of these two sets of values a satis-
factory feature, but the natural extrapolation of
this mean curve to 3000°K has been shown [1]
to lie within +35 per cent of the experimental
values of four different workers in this higher
temperature region (Wheeler [37] Osborn [38],
Gumenyuk and Lebedev [39] and Timrot and
Poletskii [40]). Thus, there are encouraging
signs that the work on tungsten is producing a
material with a thermal conductivity that is
becoming known with fair certainty to really
high temperatures.

(v) Inconel 702

A piece of Inconel 702 was received in 1962
from the National Bureau of Standards at the
time when they were exploring the possibilities
of this material as a thermal conductivity
standard. A chemical analysis of this material
had been given in weight per cent as Ni 79-3,
Cr 17:0, Al 2'5, Ti 0-59, Fe 0-36, Si 0:19, Cu 0-14,
Co 0-08, Mn 004, C 0:066, P 0-002 and S 0-004
and the original stock was stated to be in a
solution annealed condition, having been held
at 1080°C for 1 h and then rapidly cooled in air.

Laubitz [41] has published the results of
measurements made on samples from this same
stock, but further work by Laubitz and Cotnam
[42] led to the conclusion that property changes
due to heat treatment would make Inconel 702
an unsuitable standard material. Measurements
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at the NPL on the electrical resistivity of a
rod 1-225cm in diameter and 15-cm long had
already indicated quite a strong dependence on
heat treatment. These results are plotted in Fig. 4
where the accompanying legend indicates the
sequence of temperature change. These measure-
ments show that at room temperature the elec-
trical resistivity can vary from about 121 to
132 uQ cm, that on heating, distinct curves are
followed to about 620°C by which temperature
the curves have converged and remain so to
about 900°C above which some divergence and
possible hysteresis is observed.

Thermal conductivity and electrical resistivity
measurements had previously been made on a
bar 2-5-cm dia. by the methods already described.
These results are plotted in Fig. 5. This Inconel
702 sample was heated inadvertently to above
600°C soon after the positions of the test and
standard rods had been reversed, and when only
a few observations had been made in the overlap
range and to about 300°C. It was on subsequent
cooling that a definite change in the room-
temperature electrical resistivity was noticed and
further work on this sample was discontinued.
Table 7 contains the smoothed results of this
experiment, together with values (4,,) derived
from the equation:

A =122 x 1078 (T/p) + 0060,

which had been fitted to a series of nickel-
chromium alloys examined previously [2].

These calculated values are seen to agree with
those measured in this work to within 3 per
cent.
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This table also contains the results of Laubitz
[41] and of Flynn and Robinson [43] for the
same initial state of this alloy. The agreement is
remarkably close, despite the lattice component
at 50°C amounting to some 50 per cent of the
total thermal conductivity.

(vi) Stainless steel (18 %, Cr, 8% Ni)

A sample of Staybrite steel of the 18/8 type
was included among the heat resistant alloys
alloys investigated by Powell [44], another
sample was steel No. 15 of the series of steels next
investigated at the National Physical Laboratory
[45]. This last was the sample used as a reference
standard when determinations were made of the
thermal conductivity of liquid mercury. [46]
At that time, several further measurements
made in the range 25-100°C gave values which
where lower than those previously reported.
At 25°C where considerable extrapolation had
been necessary, the difference was about 6 per
cent, at 50° about 25 per cent and at 100°C both
values agreed.

Seven further steels of this type have since
been measured, one to 950°C and the others over
varioussmaller temperatureranges. Thechemical
compositions, when known, are given in Table 8,
and values read from smooth curves fitted to the
experimental data for these samples are given
in Table 9.

When the samples were supplied in the form
of thin walled tubes, strips were cut and grouped
together to give a cross sectional area comparable
with that of a rod 1 cm or so in diameter.

The accuracy of the thermal conductivity

Table 7. Thermal conductivity, A, W cm~* C™1, electrical resistivity, p, uQ cm, and Lorenz function, L, V? K™ 2,
of Inconel 702 for the solution-annealed state

Temperature Present measurements Flynn & Laubitz
Robinson [43] [41]
°C °K A Acake p 108 L P A
50 323 0-120 0117 1254 4-66 —
100 373 0-129 0-125 125-8 4-36 — 0-1283
200 473 0-146 0-142 126:6 391 0-145 0-1447
300 573 0-163 0159 1274 363 0-162 01627
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values is believed to be about 2'5 per cent and
that of the electrical resistivity values about
1 per cent. It is clear from the values presented
in Table 9 that real differences exist between the
conducting properties of these samples. The
electrical resistivities show differences of as
much as 12 per cent at 20°C, but only 9 per cent
at 300°C. The thermal conductivities, on the
other hand, differ by 7 per cent at 50°C and by
about 15 per cent at 300°C.

Samples (iv)c and (vi)15 and (vi)17 increase
in thermal conductivity most rapidly with in-
crease in temperature.

The Lorenz functions also differ rather more
(~ 18 per cent) at 300°C than at 50°C (~ 12 per
cent). Use of the mean values included in the
tables would have given calculated thermal
conductivities differing from the measured ones
by up to +9 per cent.

It would seem that some other factor than
electronic conduction influences the thermal
conductivity. This could be the lattice con-
ductivity, which is given by :

by =h = A

ana, by assuming the usual theoretical value of
the Lorenz function to apply to the electronic
component, A, then:

dy=A— 2443 x 1078 T p~%.

Values of 4, and 4, derived from these equations
are included in Table 9. 4, is seen to differ
appreciable both in actual value and temperature
dependence. Furthermore, whereas 4, has often
been found to vary inversely as the absolute
temperature, the present values are mostly seen
to decrease less rapidly, while for samples (iv)c,
(vi)15 and (vi)17, 4, increases slightly with tem-
perature. The values of 4, depart by + 14 per
cent and —8 per cent from the mean value at
50°C and by -+ 30 per cent and — 20 per cent at
200°C. The highest values of A, vary least with
temperature.

Full sample characterization would be re-
quired to attempt to reach an explanation of
these results. The results for several samples of

R. W. POWELL and R. P. TYE

18/8 stainless steel have been presented and
examined in this way in order to direct attention
to the very distinct differences that occur, and to
show that much still remains to be discovered
about heat conduction in these alloys. A detailed
investigation would be both interesting and
useful.

A question that arose was whether conduc-
tivity measurements made with the heat flow
directed along the length of the tube would apply
to a particular practical case in which the heat
flow was normal to the wall of the tube.

In order to attempt to answer this experi-
mentally difficult question. electrical resistivity
measurements were made on small sections by
the four-probe method. Since these measure-
ments indicated the electrical resistivities for the
two directions to agree to within about 1 per
cent, the thermal conductivities were considered
to agree within the same order. Whether the
lattice component was the same in the two
directions, now seems open to question.

3. A NEW METHOD FOR CHECKING
THERMAL CONDUCTIVITY STANDARDS

The particular aspect of the work last described
had arisen before the thermal comparatormethod
had been developed [47, 48]. By means of a
thermal comparator of the direct reading form it
is now considered possible to detect differences
of a few per cent in the thermal conductivity of
samples that have been similarly prepared and
are tested under the same conditions. Further de-
velopments of the method are thought likely to
enable greater sensitivity to be attained. This
method of course measures in a comparative
manner the total thermal conductivity of a
material. For this reason, and in the light of the
importance of variations in the lattice component
that have now become evident, attention is
directed towards the advantage of the thermal
comparator as a means of intercomparing and
checking thermal conductivity samples. It could
be used for instance with stainless steels to test
whether samples of nominally the same steel,
really do possess the same thermal conductivity.
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The thermal comparator would also offer a most
useful method for comparative check measure-
ments on the various metallic and nonmetallic
solids that are used as thermal conductivity
standards. There had previously been no simple
method available for the intercomparison of
such samples, particularly of those that are
non-conductors of electricity.

ACKNOWLEDGEMENTS

Acknowledgement is made to the several suppliers men-
tioned in connection with certain of the samples who have
allowed reference to be made to the results of tests conducted
on their behalf. Thanks are also due to various members of
the staff of the Thermophysical Properties Research Center,
who have assisted with the preparation of this paper. It is
published with the approval of the Director of the National
Physical Laboratory.

REFERENCES

1. R. W. PoweLL, C. Y. Ho and P. E. LiLEy, Thermal
conductivity of selected materials, NSRDS-NBS 8,
U.S. Government Printing Office, Washington, D.C.
(November, 1966).

2. R. W. PoweLL and R. P. TYE, The thermal and electrical
conductivities of some nickel-chromium (Nimonic)
alloys, The Engineer 209, 729 (1960).

3. W. JArGER and H. DIESSELHORST, Thermal conductivity,
electrical conductivity, heat capacity and thermal power
of several metals, Wiss. Abh. Phys.-Tech Reichsanst.
3, 269 (1900).

4. C. H. Less, Bakerian Lecture, The effect of temperature
and pressure on the thermal conductivities of solids.
Part I1. The effect of low temperature on the thermal
and electrical conductivities of certain approximately
pure metals and alloys, Phil. Trans. R. Soc. A208, 381
(1908).

5. W. MEissNER, Thermal and electrical conductivity of
several metals between 20 and 373° Abs., Ann. Phys.
[4], 47, 1001 (1915).

6. F. H. SCHOFIELD, The thermal and electrical conducti-
vities of some pure metals, Proc. R. Soc. A107, 206
(1925).

7. W. G. KanNuLuik and T. H. LABY, The thermal and
the electrical conductivity of a copper crystal at various
temperatures, Proc. R. Soc. A121, 640 (1928).

8. C. S. SMiTH and E. W. PALMER, Thermal and electrical
conductivities of copper alloys, Trans. Am. Inst. Min.
Metal Engrs 117, 225 (1935).

9. V. E. MIKRYUKOV, Thermal and electrical properties of

copper alloys, Vest. Mosk. Gos. Univ., Ser. Mat., Mekh,

Astron, Fiz i Khim. 11 (2), 53 (1956).

P. MaccHiA, Further research on thermal conductivity

at low temperatures, Atti Accad. Naz. Lincei Rc. 16,

507 (1907).

11. R. ScHOTT, On the thermal conductivity and heat

10.

17.

18.

19.

20.

21.
22.

23.

24,

25.

26.

27.

28.

29

595

capacity of several metals at low temperatures. Verh
Dt. Phys. Ges. 18, 27 (1916).

. T. PEczaLskl, A contribution to the study of the

thermal conductivity of solids, Ann. Phys. 7, 185 (1917).

. R. W. KING, Measurement of heat conductivities of

metals at high temperatures, Phys. Rev. 11, 149 (1918).
. S. Lussana, Influence of pressure on the conduction of

heat and electricity in metals and on the law of Wiede-

mann-Franz, Nuovo Cim. 185, 130 (1918).

. S. KoNNO, On the variation of thermal conductivity

during the fusion of metals, Sci. Rep. Tohoku Univ. 8.
169 (1919).

. M. S. vaN DuskN, a simple apparatus for comparing

the thermal conductivity of metals and very thin
specimens of poor conductors. J. Opt. Soc. Am. 6, 739
(1922).
M. D. O’'Day, A new application of the bar method for
the measurement of thermal conductivity, Phys. Rev.
23, 245 (1924).
A. W. SMITH, The thermal conductivity of alloys, Ohio
St. Univ. Stud. Engng, Expl., Sta. Bull., 30 (1925).
C. C. BpweLL and E. J. LEwis, Thermal conductivity
of lead and of single and polycrystal zinc, Phys. Rev.
33, 249 (1929).
S. M. SHELTON and W. H. SwWANGER, Thermal con-
ductivity of irons and steels and some other metals in
the temperature range 0 to 600 degrees cent., Trans. Am.
Soc. Steel Treat. 21, 1061 (1933).
C. C. BipweLt, Thermal conductivity of metals. Phys.
Rev. 58, 561 (1940).
V. E. MikrYUKov and S. N, RABOTNOV, Thermal and
electrical conductivities of single and polycrystalline
substances from 100°C to the melting point, Uchenye
zapiski Moskov ordena Lenina gosundarst Univ m.v.
Lomonosova fizika, 74, 167 (1944).
J. L. Weeks and R. L. SerrerT, The thermal conduc-
tivity of synthetic sapphire, J. Am. Ceram. Soc. 35,
15 (1952).
J. H. KoENIG, E. J. SMOKE, H. R. WisELY, E. RUH,
A. V. ItLyN and B. R. EicuBauM, Development of
ceramic bodies with high thermal conductivity, Rutgers
Univ. N. I. Ceramic Research Sta., Prog. Rept. 4,
(1953) [AD 29335].
F. FrancL and W. D. KINGERY, Apparatus for deter-
mining thermal conductivity by a comparative method,
data for Pb, Al,O,, BeO and MgO, J. Am. Ceram. Soc.
37, 80 (1954).
E. RuUH, Improved method of measuring thermal con-
ductivity of dense ceramics, J. Am. Ceram. Soc. 37,
224 (1954).
H. Suzuki, N. Kuwayama and T. YAMAUCHI, An
improved apparatus for measuring the thermal con-
ductivity of highly conductive hard ceramics, J. Ceram.
Ass. Japan. 64, 161 (1956).
V. E. MiIkrYUKkoOV and N. A. TYAPUNINA, Investigation
of temperature dependence of thermal conductivity,
electrical conductivity and heat capacity of bismuth,
lead and bismuth-lead alloys, Fiziker Metall 3, 31
(1956).
. F. Apcock and C. A. Bristow, Iron of high purity,
Proc. R. Soc. A153, 172 (1935).



59

30

3L

32

33.

34.

35.

36.

37.

38.

39

6 R. W. POWELL and R. P. TYE

. R. W. PowkgLL, The thermal and electrical conducti-
vities of metals and alloys: Part I, iron from 0 to 800°C,
Proc. Phys. Soc., Lond. 46, 659 (1934).

R. W. PowgLL, Further measurements of the thermal
and electrical conductivity of iron at high temperatures,
Proc. Phys. Soc., Lond. 51, 407 (1939).

R. W. PoweLL, M. J. HickMaN, R. P. TYE and M. J.
WOODMAN, Armco iron as a thermal conductivity
standard: new determinations at the National Physical
Laboratory, Progress in International Research on
Thermodynamic and Transport Properties, p. 446.
AS.M.E. (1962).

W. FULKERSON, J. P. MooRe and D. L. McELroy,
Comparison of the thermal conductivity, electrical
resistivity and Seeback coefficient of a high-purity iron
and an Armco iron to 1000°C, J. Appl. Phys. 37, 2639
(1966).

D. R. FLyNN, H. E. RoBiNsON and T. W. WATSON,
Heat Transfer Section, National Bureau of Standards.
Private communication (1964).

R. P. TYE, Preliminary measurements on the thermal
and electrical conductivities of molybdenum, niobium,
tantalum and tungsten, J. Less-Common Metals 3, 13
(1961).

J. P. MOoRE, R. S. GRAVES, W. FULKERSON and D. L.
MCcELRoOY, Metals & Ceramics Division, Oak Ridge
National Laboratory, Private communication.

M. J. WHeeLer, Thermal diffusivity at incandescent
temperature by a modulated electron beam technique,
Br. J. Appl. Phys. 16, 365 (1965).

R. H. OsBorN, Thermal conductivities of tungsten and
molybdenum at incandescent temperatures, J. Opt. Soc.
Am. 31, 428 (1941).

. V. S. Gumenyuk and V. V. LEBEDEV, Investigation of

40.

41.

42,

43,

44,

45.

46.

47.

48.

the thermal and electrical conductivity of tungsten and
graphite at high temperatures, Fizika Metall. 11 (1).
30 (1961).

D. L. TiMroT and V. E. PoLeTski, Use of heating by
electron bombardment to investigate the coefficient of
heat conductivity in high-melting-point alioys and
compounds. High Temperature 1 (2), 147 (1963).

M. J. LauBitz, The unmatched guard method of
measuring thermal conductivity at high temperatures,
Can. J. Phys. 41, 1663 (1963).

M. J. LauBitz and K. D. CornaM, Thermal and
electrical properties of Inconel 702 at high tempera-
tures, Can. J. Phys. 42, 131 (1964).

D. R. FLYNN and H. E. RoBINsON, Heat Transfer Sec-
tion, National Bureau of Standards (Private communi-
cation reported by M. J. LAuBITZ).

R. W. PoweLL, The thermal and electrical conducti-
vities of metals and alloys: Part 2, Some heat-resistant
alloys from 0 to 800°C, Proc. Phys. Soc., Lond. 48,
381 (1936).

R. W. PoweLL and M. J. HickMaN, Iron and Steel
Institute, Special Report No. 24, pp. 242 (1939).

R. W. PoweLL and R. P. TYg, The thermal and electrical
conductivity of liquid mercury. International Develop-
ments in Heat Transfer, pp. 856-862. A.S.M.E. (1961).
R. W. PoweLL, Experiments using a simple thermal
comparator for measurement of thermal conductivity,
surface roughness and thickness of foils and of surface
deposits, J. Scient. Instrum. 34, 485 (1957).

R. W. PoweLL and R. P. Tyg, The thermal conductivity
of ceramic materials and preliminary measurements
with a new form of thermal comparator, Special
Ceramics, 1962, edited by P. PoPPER, pp. 261-280.
Academic Press, New York (1963).

Résumé—Afin de fournir plus de renseignements sur les conductivités thermique et électrique de matériaux

proposés comme matériaux de référence pour la conductivité thermique, de nouvelles données sont

présentées pour le cuivre (3 échantillons), le. plomb, le fer (6 échantillons), le tungsténe (2), 'Inconel

702 et I’acier inoxydable 18/8 (9 échantillons). La méthode du comparateur thermique est proposée afin

de pouvoir facilement comparer entre eux les échantillons de référence standard. Cette méthode semble

vraisemblablement adaptée spécialement aux matériaux ayant une composante élevée de conductivité
thermique par phonons.

Zusammenfassung—Um weitere Informationen iiber die thermische und elektrische Leitfahigkeit von

Materialien zu geben, die zur Verwendung als Referenzmaterialien bei der Bestimmung der Wirmeleit-

fahigkeit vorgeschlagen wurden, sind neue Werte angegeben fiir: Kupfer (drei Muster), Blei, Eisen, (sechs

Muster) Wolfram (zwei Muster). Inconel 702 und 18/8 Stainless Steel (neun Muster). Zur Messung, die

auch den Vergleich der Standardreferenzmuster untereinander erlaubt, wird die thermische Kompara-

tionsmethode vorgeschlagen. Diese Methode erscheint besonders angebracht bei Materialien mit einer
grossen Phononkomponente der Wirmeleitfahigkeit.

AHHOTANBA—]IpUROAHTCH HOBHIE

HAdHHBIE O TeENJo-i

9JIEKTPOTNIPOBOAHOCTU MATEPHUIAJIOB,

HCNOJb3YEMBIX B KAuecTBEe CTAHZAPTOB TEMJIONPOBOTHOCTH @ LIA Melu (3 o6pasuoB) cBUHIA,
wmedena (6 oGpasnos), Bosbdpama (2) u Hepkaseowed craan unxoxexb 702 n 18/8 (9 ofipas-
1oB). IIpejyoMxes METO TEPMUYECKOTO KOMIAPATOPa, MO3BOJAINAN JIerKO ¥ TIPOCTO CpPaB-
HUTh Meay cofoll crangaprubie oGpasusl. Merton mpefcTaBiaAer o0colblif uHTepec A
MaTepUason, uMelomnx (oapiwoil GOHOHHBI KOMIIOHEHT TeIJONPOBOLHOCTH,



