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1.

ABSTRACT

Thermal conductivity measurements were conducted over
the temperature range 200° to 1200°C on a specimen of Inconel
702 (79*3$ Nl, 17$ Cr, 2.5$ Al)

. t

The results plot smoothly
from 0.142 w/cm C at 200°C to 0.3*+1 w/cm C at 1200°C and are
in excellent agreement with previous NBS determinations for
this material.

2.

STATEMENT OF PURPOSE

To develop a method and apparatus for steady-state ther-
mal conductivity measurements at temperatures to 800°C and
above, and suitable for solids in the form of small specimens
(l/2-in. by 1-in. diameter disks), with the objective of pro-
viding samples for use by other laboratories as thermal con-
ductivity reference specimens in connection with their
measurements on solid semiconductors.

3.

WORK PERFORMED IN REPORTING PERIOD
(October 1 to December 31? 1961)

During this quarter measurements were made of the ther-
mal conductivity of a specimen of nickel-chromium alloy
(Inconel 702). The specimen was in the form of a right
cylinder 2.5*+ cm in diameter and 7.62 cm in length, which was
machined from the same solution-annealed hot-rolled plate as
were specimens previously measured in two models of the NBS
metals apparatus, in the NBS modified prototype absolute cut-
bar apparatus, and in the NBS steam calorimeter apparatus.
Since the thermal conductivity of this alloy is believed to
be well known (±2$) over a large temperature range, measure-
ments on this material should enable confirmation of the
accuracy of the high temperature absolute cut -bar apparatus.

Measurements were made over the temperature range 200°
to 1200°C in the high temperature model of the absolute cut-
bar apparatus . (For a description of this equipment, see



2

NBS Report 7323.) The specimen was supported between the
alumina tube below and the alumina rod above. The thermal
insulation used throughout the apparatus was alumina powder.
The power generated in the specimen heater was determined by
current and potential drop measurements, using a calibrated
volt box and shunt box in conjunction with a precision poten-
tiometer.

The temperature distribution along the nickel-chromium
specimen was determined by means of four butt-welded platinum:
platinum-10# rhodium thermocouples, fabricated from, calibrated
O .38 mm reference grade wire, pressed into four transverse
0.3 mm grooves in the convex surface of the bar. Each of the
four specimen thermocouples could be read against an ice
junction, so that temperature gradients could be determined
by difference.

The insulated room-temperature zone box was wired to
enable determination of the emf developed between similar leads
of different thermocouples. The emf was measured between the
platinum wires of the lower two thermocouple junctions in the
specimen, the platinum wires of the upper two junctions, the
platinum-10# rhodium wires of the lower two junctions, and the
platinum-10# rhodium wires of the upper two junctions. Thus,
the nickel-chromium alloy bar served as the central portion of
four differential thermocouples. These measurements were used
as checks of the internal consistency of the platinum

:
platinum-

10# rhodium thermocouples. In addition, they enabled deter-
mination of the thermoelectric power of the nickel-chromium
alloy vs either platinum or platinum-10# rhodium.

Thermal conductivity measurements were made at 200°C, and
in increasing order of temperature at 100 deg C intervals from
4-00 ° to 1200°C, and then in decreasing order of temperature at
900 °, 600°, and 300°C. Each conductivity determination
involved two tests. First, an "isothermal" test, in which
there was no power input to the specimen heater, was made to
determine variations between specimen thermocouples. This
test was followed by a "gradient" test with sufficient power
input to the specimen heater to maintain a longitudinal tem-
perature gradient in the specimen of about 4 or 5 deg C/cra.
In all of the tests, the guards were adjusted so that there
was little net heat exchange between the specimen bar assembly
and the surrounding insulation.

A program was developed to enable all data processing '

and calculations to be effected by means of the IBM 7090 com-
puter facilities installed at NBS during this quarter. The
analysis carried out is basically that described in Appendices
A and B of the Interim Technical Report Covering Period
February 23, 1959 ,

to March 31 ,
1961 (NBS Report 7135). The

major differences ares
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a) In th8 evaluation of heat exchanges between the
specimen and the surrounding powder insulation, the analysis
has been extended so as to allow for a linear variation of
the thermal conductivity of the insulation with temperature.

b) A simultaneous solution of the "gradient" test and
the "isothermal" test is carried out by the computer. This
tends to minimize the effect of any systematic errors which
might be present either in temperature measurements or in
heat flow.

c) The thermoelectric power of the specimen vs platinum,
and vs platinum-10$ rhodium, is also computed. The results
obtained vs platinum~10$ rhodium, are adjusted, using the
known thermoelectric power of platinum-10^ rhodium vs plati-
num, to yield a separate value for the thermoelectric power
vs platinum.

Since temperature gradients in the specimen are rather
small, it is essential that the conversion of thermocouple
emfs to temperature does not introduce any additional uncer-
tainties. The equation

E = 16. 82614

-

10. 30487(nL) 2

+ 7-912461(^3 - 2.053050C^) 4

- 2 . 8537^8 ( 1.0 “6 1000
) ,

where T is temperature (°C) and E is emf (millivolts), was
found to fit the platinum: platinum-10$ rhodium thermocouples 9

calibration data provided by the NBS High Temperature Measure
ments Laboratory quite closely over the temperature range 0°

to 1^50° C. This equation was incorporated into the computer
program, for conversion of all thermocouple voltages to tem-
perature .

The thermal conductivity of the nickel-chromium alloy
as determined by simultaneous solution of the various pairs
of tests is shown in figure 1. The points plotted are
weighted averages of the values obtained in each pair of
tests for the three thermocouple spans. .Due to uncertainty
in the effective distances between thermocouples, there was
some scatter in the individual values obtained for each span.
The average of the three values, weighted according to the
length of each span, retains only about one-third. of this
uncertainty.
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The circles shown in figure 1 represent measurements
made in increasing order of temperature, and the inverted
triangles those made in decreasing order of temperature.
The solid line shown is the cubic equation of least-mean-
squares fit to all of the data points represented by circles.
This equation is

k=0. 1198+0. 07387 (tt^) +0.1915(t^) 2 -°-08265(^^) 3

'1000 1000 ‘ 1000
'

where T is temperature (°C) and k is thermal conductivity.

To enable closer scrutiny of the deviation of individual
determinations from the curve, these are shown in figure 2 as
percent departures from the smooth curve plotted against tem-
perature. The dotted lines bound the region plus and minus
two standard deviations from the solid line. The maximum
departure from the solid line of any point represented by a
circle is 0.6 percent. The inverted triangles depart signi-
ficantly from, the solid line as the temperature decreases,
being high by 1.1 percent at 600°C and by 3.2 percent at
300°C. It is believed these two departures reflect an actual
change in the specimen conductivity rather than measurement
error. Inconel 702 is reported to age-harden if held for b
hours at temperatures around 730°C. It would not be sur-
prising to detect a change in thermal conductivity at lower
temperatures after the specimen had passed slowly through
this temperature range, as it did in the decreasing-
temperature tests.

The smoothed results of this determination are tabulated
in the second column of table 1 at 100 deg C intervals over
the temperature range 200° to 1200°C. Results obtained by
several other methods on specimens cut from the same plate of
nickel-chromium alloy are included in table 1 for comparison.
The data presented in the third column were obtained by means
of the modified prototype absolute cut-bar and are discussed
in detail in NBS Report 7135* The tabulated values are those
from the quadratic equation of least-mean-squares fit through
data points for peened thermocouples only. The data in the
fourth column represent the manually smoothed data from
numerous runs on two specimens of the alloy in two models of
the NBS metals apparatus [ l]

.

The fifth column presents data
obtained on a specimen six inches in diameter and one inch
thick in the NBS steam calorimeter apparatus. The tabulated
values correspond to the linear equation of least-mean-squares
fit to the calorimeter data available as of this date. With
the exception of one point (steam calorimeter at 600°C) the
thermal conductivity values tabulated in table 1 are within
±1 percent of their mean value at any given temperature.
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Since all of the results presented in table 1 are from
this laboratory, results obtained on similar alloys by an
independent laboratory may also be of interest, Powell and
Tye of the National Physical Laboratory recently reported a
series of measurements on a group of nickel-chromium alloys
somewhat similar in composition to the alloy being investi-
gated at NBS , The chemical composition of the NBS alloy is
presented in table 2 along with the composition of three of
the NPL alloys. Table 3 presents tabulated thermal conduc-
tivity values for the NBS alloy as determined by this inves-
tigation and for the NPL alloys as reported [2], Inspection
of table 3 reveals that the thermal conductivity values for
the four alloys have a range, at any given temperature, of
about 13 percent at the lower temperatures and that the
values converge at higher temperatures such that the range
at 800°C is only 3 percent. The data acquired at NBS for
Inconel 702 show a slightly larger increase with temperature
than do the NPL results for Nimonie alloys. As noted above,
this may be partly due to different thermal histories.

The results of the tests made to date in the high tem-
perature absolute cut-bar apparatus serve as an indication
of the precision and accuracy possible with this apparatus.
It is felt that measurements can scon begin on materials
having thermal conductivity similar to those of thermoelec-
tric materials of interest.

k* FUTURE ACTIVITIES

Additional measurements will be made on the. specimen of
Inconel 702 to determine If the thermal conductivity at lower
temperatures was actually changed by heat treatment. Such
measurements are considered necessary to establish the
ability of the high temperature absolute cut-bar apparatus to
reproduce results after operation at high temperatures.

Initial measurements on lower conductivity material will
be -undertaken soon on a 1/2-inch by 1-inch diameter disk of
Pyroceram 9606. Thermal conductivity measurements on Pyro-
ceram. 9606 were made in the modified prototype absolute cut-
bar apparatus and are currently underway in the NBS metals
apparatus. Thermal diffusivity determinations are being made
at NBS by the Heat Measurements Section. This material was
chosen as having a thermal conductivity similar to that of
many thermoelectric materials. Preliminary results indicate
that it may be an excellent reference material.

A series of tests will be made with the Pyroceram 9606
specimen to evaluate the effects of heat exchanges with the
insulation and of thermal contact resistance. Following the
completion of tests on Pyroceram 9606, measurements will be
undertaken on selected thermal conductivity reference samples
provided by the Bureau of Ships.



Work will be begun soon on an annual report describing
activities since April 1. 1961. The report will present
much more technical detail concerning the high temperature
absolute cut-bar apparatus than has previously been given.
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TABLE 1

Thermal Conductivity of a Nickel-Chromium. Alloy (Indonel 702)
by Several Independent Methods at NBS

Temp * 9

°C
This

Investigation

Prototype
Absolute
Cut -Bar

Metals
Apparatus

Steam
Calorimeter

-100 —

—

----- 0.103 -----

0 —

—

--—

-

.114 -----

100 —

—

,127 —

—

200 Oelb-2 0 . lb-

2

,142 -----

300 .1 57 ,159 .158 . -----

4oo ,.175 .177 ,176

500 o±9b ,197 .196 -----

600 ,215 ,217 .218 0,213

700 ,237 .238 —-

—

.235 ,

800 .259 o260 ,258

900 .281 ----- .280

1000 ,303 —

—

,303

1100 ,323 —

—

fe* O* -----

1200 »34l te- AmS BU. «m>
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TABLE 2

Chemical Compositions of Four
Nickel-Chromium Alloys

Composition, weight percent

Cr A1 Ti Fe Si Cu Co Mn C Ni

NBS Alloy 17.0 2.5 0.59 0.36 0.19 0.14 0.08 0.04 0.066 79.3

Nimonic 75 20.53 0.23 ,0.12 0.79 0.06 0.27 0.126 77.9**

Nimonic 80* 21.0 1.2 2.5 0.5 o.-5 —— 0.6 0.04 73.7**

Nimonic 90 19.5 1.40 2.45 0.4i 0.65 0.14 16.5 0.03 0.06 58.9**

^Nominal Composition
**By Difference

TABLE 3

Thermal Conductivity of Four
Nickel“Chromium Alloys

Temp.

,

°c
NBS

Inconel 702
NPL

Nimonic 75
NPL

Nimonic 80
NPL

Nimonic 90

200 0.142 0.157 0.138 0.146

300 .157 .175 .155 .165

4oq .175 .191 .168 .184

500 .194 .210 .184 .200

600 .215 .226 .210 .218

700 .237 .243 .235 .237

800 .259 .260 • 255 .253

900 .281 .276

USCOMM-NBS-DC
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