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No. 736704, "Extreme High Temperature Research Studies, Technigques,

and Measuremsnts." The work was administered under the direction

of the Air Force Materials Laboratory, Research and Technology
Division, Mr. Hyman Marcus, Project Engineer.
Furds for this project are supplied to the Air Force Mat~

erials Laboratory by the Office of Aerospace Research.

This report covers work conducted fiom April 1, 1965,

jadl
R

through September 30, 1966. The manucscript was released by the

e

e

j

authors in Neovember 1366 as an RTD Technical Report.

i

i

This technicsl report has been reviewed and is approved.

pan Tatded

HYMAN MARCUS, Actg. Chief
Thermo & Chemical Physics Branch
Materials Physics Division

AF Materials Laboratory

Kl

i

s

b

it

(A

A TN
R

i

it

FUIR e/

g 16 oo g 411 il Hosbgpsiet agppes
il ey

T XTI

HOPRRIBINY LR LD

NS R [N - R TSN D e e —— s s N T s




{
4
19
i
i
I
{’4
o
i%
A1
i
%
g
I
#
%
i
f}%%
il
|
%
f
&
i
/
§
7
fY
b Ay P fopbpen: - oot st b

-

T AR Y
S

ORWATHATE SRR, 7
ot whwmmf lﬁﬂf?‘uﬂf/ﬂ#m G

ABSTRACT

The thermal conductivity K of tantalum, tungsten, rhenium, Ta-10W,
T§b1’ Taaz, and W-25Re alloys was measured in the temperature range
1

0-2800°K. The data are consistent and in agreement with theoretical P
considerations, :
f
For Ta, ;

K:(.718i.006)—(.4351.208)x10‘4T watt/cm®K 1500¢T<2700°K.

MY Hined i ¢ Yo vy D e R IO
7
!

For W-25Re,

7

3 For Ta-10W,

3

K=(.72%.004)~(.655&.082):(10'4? watt/cm®K 1500<T<2700°K, :

» £

3 T ~
0' §i§ i
For Tlll’ géi\
K=(.749:!:.005)—(.6755:.141):{10-41‘ watt/cm°K 1500<T<2800°K. g‘ :

4 '5‘.\:5

: For T222: {z

K=(.770+.003)-( .910&.103)::10”4’1' watt/cm®k 1500<T<2000°K. %\{

K For Re, ;éif

8 §§,j

K=(.631.005) ~( . 712£.154)x10™%T watt/cm®K 1500¢T<2400°K. g 3

5 | 8

K=(.701i.007)-(.30&&.270)x10-4T watt/cm®% 1500¢T<2600°K.
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NOMENCLATURE

K = thermal conductivity in watt/sec®K

e = total emittance

A

Shoti s A
A 4
S

o = Stefan-Bolt:zmann radiation constant
T = temperature in °K, at center of flat circular surface

a = radius of the specimen in cm

53
v

A

ftd
n
r;%;"

: half height of the specimen (center to end) in cm

AT = temperature difference (Ta-Tg) between center and
edge on the flat circular surface of the specimen

Ko’ K ' = constant, characteristic of the length to
diameter ratio of the specimen

Cp = specific heat, cal/g/°K

8 = time in seconds

A = area of the sample

m = mass of the sample in grams

d = density, g/cec

a
°
1]

b1
Ko +0.1>.2. Ko' a constant

2 L

r = independent radial variable
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INTRODUCTION

There 1is a great need for accurate thermophysical data on the
high temperature refractory metals and their alloys. Our paper reporis
measurements on the thermal conductivity of tantalum, tungsten, rhenium,

and Ta-10W, T,.., T,,,, and W-25Re alloys in the temperature range 1500-
2800°K 111’ "222

EXPERIMENTAL METHOD

Thermal Conductivity

The temperature distribution on the flat surface of a cylindrical
disc heated in vacuum by indnction has been used by Hoch, Nitti, Gottschlich,
and Blackburn(l)* to determine the thermal conductivity of solid materials.
The following equation applies:

eo°T 4°a-L E0T 4 a
) o)
K= = 37 ¢ — (1)
4.AT LK +.2n-K ' *a-AT 2 °
(0 (] 4(-—59'8
dr

This method has been applied earlier to various materials [ vardi
and Hoch(2), Hoch end Vardi(3), Jun and Hoch(4), and Hoch and Jun{5)].

Detarmination cf Total Emittance

When a specimen is heated to high temperature and then let cool in
vacuum, the specimen lgses heat from the surface to the surroundings only by
radiation. From the power balance, Hoch, et al.(6,7,8) derived the relation-
ship:

cp . d(1/T) . 3oA
> de o

(2)

Equation 2 yields Cp/e.

The last equation requires the knowledge of the specific heat to
obtain the total emittance. The following specific heat equations, derived
in an earlier paver{(9), were used.
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For Ta, Te-10W, Tlll' and T222,
2

Cp = 3.17x10° +5.073x10" 1 cal/g°K.

For W and W-25Re,

6 10

Cp = 3.022x10" +5.368x10 0142432101972 ca1/gk.

For rhenium,

6

Cp = 3.023x10™245.81x10"°1 -al/g°K.

EQUIPMENT AND EXPERIMENTAL FROCEDURE

The equipment and experimental procedure have been described
earlier(2,6).

MATERIALS

The tantalum and tungsten were obtained from the Pansteel Metal-
lurgical Corporation, North Chicago, Illinois. The Te-10W, ’1'11 , and T 22
samples were supplied by the Thermophysics Branch, AFML, RTD. he rhenium,
W-25Re samples were supplied by General Electric Company, NMPO, Cincinnati,
Ohio.

Compositionai analysis on the various samples is given in Table 1,
which also gives the grain size of the samples used. The sample dimensions
and the ratic of specific heat to total emittance is given in Table 2.

EXPERIMENTAL RESULTS

The experimental results on the various samples are given in
Tables 3-9. In Figure 1, all the data obtained on tantalum are represented.
The best straight line obtained by least squares analysis gives

K = (.7184.006)-(.435£.208)x10" T watt/cm°K.

It has to be pointed out that all five samples of tantalum were machined in
our shop from the same 1" diameter tantalum rod. The samples were used
differently, heated to high temperature, and several of them used in the
study to show that Cp/e(5,6,7) is constant and finally in the the.mal conduc-
tivity measurements shown here. As one can observe in Table 2, an extrenely
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large grain growth has orcurred during these rung. The data presented in
Figure 1 were obtained by two experimenters; samples 1, 4, and 5 by one, and
samples 2 and 3 by the other. Keeping all this in mind, one can see that
the data are fairly consistent.

~

In Figure 2 we have plotted the thermal conductivity of the tsnta-
lum base alloys. They all have a thermal conductivity a little less than
tantalum and their slopes are parallel to each other. The only larger than
expected fluctuation is observed in the Ta-10W in which sample No, 1 was
first run, afterwards heated to 2700°K and the other points, marked sample
No. 2 taken. This seems to indicate that sample No, 1 was not in equilibrium.
The data can be represented as

¥ e PR R B A oy \"%*'f?‘\‘:?&‘ A P}%Eﬁyy{v
e W B

Ta-10W K = (.720&.00&)-(‘655i.082)x19-4r watt/cm°K.

T K = (.749&.005)-(.675&.141)x10-aT watt/cnK.

111

A A

T K = (.770&.003)-(.910&.103)x10-4T wvatt/cn®K,

222

In Figure 3 we show the data on pure rhenium, tungsten, and W-25Re :
alloy. The tungsten sarples 1, 2, and 3 were all wmachined from the same <
tungsten piece. Sample No. 1 was repolished and machined to obtain sample = |
No. 2, after which it was again repolished to obtain sample No. 3. 1In the b
W-25Re material, sample No. 2 is a powdered metaliurgy sample and sample
No. 1 is an arc-cast sample; the differences between the twe shows up mainly
in the density.

N

For rhenium K = (.60&&.005)-(.712&.154)x10‘4T watt/cm°K.

[Rorevn

A
W-25Re K = (.701+.007)-{.304%.270)x10 T wstt/cm°K.

DISCUSSION OF THE RESULIS

The variation of the thermal conductivity temperaiure can be :
evaluated theoretically using the equation given by Mottt and Jones{10), S

R _
T A(1+2(1Ly'1‘)

where R is the resistance, is the linear thermal expansion coefficient, )

5 and y is the Grineisen constant. A is a constant. If all the conduction is ;
electronic, then the electrical resistivity and thermal conductivity are i
related by the Wiedeman-Franz-Lorenz relation, K'R/T = L_. These relation-
ships give °

L
0.1 0.
RK=3 1+2oLy'r-A(12°LYT)'
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Using the values 1.75 for y, and 1x10-5/°x for the linear thermal expausion
coefficient, we find that between 1500-2500°K the thermal conductivity should
decrease by 3.5%.

The thermal conductivity of the tantalum alloys i{s somewhat lower
than that of pure tantalum, as requirzd by theory. The decrease in K between
1500 and 2500°K is &% for Ta, 9% for Ta-10W and Tlll’ and 12% for T222’ which
is in agreement with theory.

The thermal corductivity of tungsten drops extremely rapidly between
1500-2100°K and only drops very little between 2100-2600°K. Why the rapid
drop in tungsten thermal conductivity betweea 1500-2100°K (which haas also beer
observed by other investigators) cannot be explained at this moment. The
thermal conductivity of rhenium drops 1Z% in agreement with theory. The
crystal structure of rhenium is hexagonal, and therefore, should have two
distinct values for the thermal conductivity. The axial ratio of rhenium is
close to ideal and therefore we have assumed that the two thermal conductiv-
ities would not be too different from each other. The miuterial used in this
investigation was cut from a sheet which was probably rolled. Therefore,
the messurements give an average thermal conductivity. The W-25Re alloy has
a thermal conductivity much lower than that of tungsten, as expected, its
decrease between 1500-2500°K is 4%. Thus the addition of 25 wt. % Re modifies
the W material in so far as thermal conductivity behavior is concerned.

Purther investigation may be necessary to explain the Leuavior of
the thermal conductivity of tungsten and especially to fird out the minimum
alloying which is required to eliminate the rapid decrease in thermal conduc-
tivity.

*
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TABLE 1. CHEMICAL COMPCSITION OF .
THE SAMPLES USED ;
(Everything in ppm, except where noted.)
Tantalum Ta-10W Tl 11 Tg22 i
Impurity
1 2 3 & 5
\/"\) w
C 19 137, 30% .5 25 22 95
H 17 2.7 0.9 ND** 5 12
N 17 16 18 ND 23 ND
0 17 655,114,12* 36 29 i 6
W 9.0% 7.8%  8.5% -
=
HE 2.0% 2.5% .
W Re W-25Re =%
Ne. 1 Ne. 2 .
c 7 47 23 25
B <5 2 &
N <5 <5 ND .
L
0 <5 11,16 4 22 &
Re 25.064%  24.5% -
Fe 0.001%
-
£
* Data indic.tes sezregation i
** Not detected &
4
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Material Sampie
Ta 1

2
3
y
5
Ta-10W 1
2
T 1
1
2
T222 1
2
Re 1
W-Re 1
2
w 1
2
3

= e R T S

DIMEHSIORS, GRAIN SIZE AND RATIO OF SR

~ .

MR

N

TOT ST

Bl

TO TOTAL EMITTANCE FOR THE SAMPLES USED

Bisa.
o

2.4892
2.2232
2.2232
1.9075
1.9062

2.1265
2,12581

2.5476
2.5476

2.2524
2.2524

1.0711

1.9196
1.9208

2.5339
2.4785
2.0801

Height
cs

L3927
.21258
2018
. 2316
L2273

.3254
.3145

. 2504
- 2508

.3320
.3320

.1582

.076¢6
.2393

.2999
L2714
.2700

Mass
g

Ji.8141
13.7184
13.0145
11.0043
10.7614

12.5351
18.8511

22.6119
22.6110

27.8%49
27.8%49

2,9890

4.3870
11.6877

28.5044
24.9065
17.6461

Density

g/emd

16.65
i6.63
16.62
16.63
16.60

16.%1
16.91

16.73
16.73

16.81
16.81

20.97

19.73
19.19

18.89
19.03
19.23

B N

C HEAT

Avg.

Grain Bia. Cp/e
e o2l gm®K
.26 .2310¢.916

21552006

1.04 L1938, 006
1.23 .210%.010
1.86 .219% 008
2192 D08

. 2094, 306
-1982.005

2092 013
.1972.008
.210%.004

.020 .175%.012
.216 .252%.004
. 0i1 .198%.003
7 .142%.004
.1532.002

.035 .182%.005
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COMDUCTIVITY OF TANTALUM
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N2 by M) 4 e

[T« R T« S
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(S RV, IV, BV RS, IV, |

[S W R}
LIV, I T B AL W - VR N
w0 N

K
watt/eom’K

.617
- S84
. 580
. 597
~ 608

-6%1
.678
L6983
-675
.643
.627
.603

. 703
.68C
.598
-680
. 567
-574

.§03
. 640
.6€5
.668
.621
2
-667
.613
.707

.601
.630
.616
. 597
.615
.610
.597
.605
.616
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] TABLE 4. THE®MAY. CONDUCTIVITY OF Ts-i0W

- Sample Temp °K AT°K K/e K

3 cal/sec em®K watt/cm®K

3 1514 i8 .696 . 546

1648 24 .732 . S85
1753 33 .682 .552
1807 L0 .63% .518

3 1857 4s .630 . 516
1938 56 600 .496
1972 57 .634 .526
2072 63 .897 .586
2130 76 .645 .547

2 1731 29 .753 .510

1868 40.7 727 . 599
1990.5 54.9 -695 .581
2075 65.4 . 689 .582
2238 90.7 .672 .580
2466 147 642 .571
2619 190 .602 . 542
2742 233 .589 .538
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TABLE 5. THERMAL CONDUCTIVITY OF Tyq; 8
3
%}.
Sample Temp °K AT°K K/e K &
cal/sec cm°K watt/cm’K D
23
g i
1 1652 43.8 .745 .628 !
1816 65.4 .729 .627 3T
1912 82.7 .709 .617
1990.5 98.1 .702 617
2103.5 128.4 .669 .596
2324.5 195.1 .656 .600
2430 237.2 .64y .596 ‘
2520 277.6 .637 . 596 g
2604 333.9 .604 .570 §
2671 366.4 .609 579 i
2756 430 .588 .565 §
2 1524 26 .852 .675 ;-
1585 33 .785 .627 =
1685 39 .848 .686 !
1800 57 .756 .620 ;
1808 58 .756 .622
1915 71 .777 .647
1962 86 .707 .592 N
2022 104 .660 .557 R

2082 112 .689 .586 B

G
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TABLE 6. THERMAL CONDUCTIVITY CF Ta92

Sample Temp°K AT°K K/e K
cal/sec cm°K watt/cm®K
1 1660 34 .725 .618
1798 48 .707 .613
1990.5 74 .688 .611
2110.5 100 .644 580
2231 1:9 .639 .584
2291.5 152.5 . 587 540
2390 178.4 . 594 .553
2486.5 217.9 .570 .536
2598.5 259 .571 -545
2 1509 20 . 835 .650
1662 32 . 766 .609
1716 36 .775 .621
1784 45 .725 .585
1842 51 .727 .591
1925 61 .725 . 596
1933 63 .713 .587
2052 82 .696 .581
2111 92 .695 . 584
3
1
10
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TABLE 7.

Sample Temp °K

1 1513
1535
1578
1678
1748
1835
1898
1930

2 1571.5
1640
1675
1716.5
1745.5
1835.5
19905

3 1836
1948
2206
2350
2463
2608

AT°K

15
20
z23
32
37
47
54
63

21
26
30
34.5
37.5

55.5

30.5
39.5
70
93
119
146

11

THERMAL CONDUCTIVITY OF TUNGSTEN

K/¢

cal/sec cm’K

1.032
1.042
1.009
.912
.945
-903
.893
.824

1.103
1.05%6
.996
.962
.940
.937
-901

1.6011
.989
.918
.890
.839
. 860

ok ok e Yool gk ek beod b

ot bt b fd et

K

watt/cm’K

.183
.197
.169
.072
.122

088
.092
.008

.182
144
.084
.055
.036
.048

017

.950
-9u46
.911
.902
.866
.905
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Temp °K

L

e

I ARETIR R

1577
1667
1766
1837.5
1930
2065
2142.5
2166
2226
2294
2397
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TABLE 8.

THERMAL CONDUCTIVITY OF RHENIUM

AT K

12

15,
19.
23.

29
40

47.

50

53.

67

84,

WY o

o W T LSS TR T LN e Sns

K/e

cal/sec em®K

12

.512
-495
496
482

476
L4i6

441
.438
456
411
.363

«

K

watt/em®K

.483
.473
480
.472
471
450
450
448
471
428
L4111




TABLE 9. THERMAL CONDUCTIVITY OF W-25Re

Sample Temp®K AT°K

1* 1616.5 52
1710 58
1887 107
1928 i14
2034 1406
2074 154.5

2%% 1625 27
1669 29.5
1720 36
1802.5 43
1804.5 42.5
1917 57.5
1925.5 56
2002.5 67.5
2043.5 76.5
2088 81
2097 83
2128 95
2283 118
2415 149
2553 187

FRH%)

* arc cast
** powdered metallurgy
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1.069
1.027
.965
. 987
.955
.576

. 767
.781
.722
.729
. 741
.697
.728
.707
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K
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. 702
.68%
660
.580
.668
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.640
. 657
.612
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-637
.610
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.603
.626
.623
-580
.631
.639
.648
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