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THERMAL CONDUCTIVITY AND LORENZ. NUMBER OF PLUTONIUM AND
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6.6 at.% Ga) in ti,c temperatur~ range 20-580°C, A num~er of ele-
ments, such as Al, Am, Ga, aild Ce form solid solutions with Pu,
resul Ling in an fcc delta-phose alloy that is stable to below room
temperature. The measurements on the Pu + 3.5 at.% Ga alloy re-
ported here are within 10% of the values reported previously by
Kruger and Rol.)bins,2 and along with the previous wLrk by Ancirew3’4
give a comprehensive picture of the ti)ermal conductivity ~f Pu and
Pu-Ga alloys.

EXPERIMENTAL METHOD

The experimental method used in this study was similar to the
flash ciiffusivity measurement technique described by Parker et al.:’
!ne front surface ot a disk-shaped specimen was healed inst..ant~ne-
ously by infrared radiation from a Nd-glass laser and the tempera-
ture rise on t,he back. ~urfacc was measured by “t)liltinel 2“ th~rmo-
couple wires contdctincj the Pu sample.

———
“Ihe rear s’.lrfacetempera-

Lure was monitored orl an oscilloscope operating in single-sweep,
memory modo ar)(l:,tored illan (jlectrorlic clilt~acqllisition system.
An enlerged trace of the rear s(lrf~c(’Lenll](:rsat(lr’(g-tirn[?history w~s
use(] Lo (]bt.linkll~ rise-lime data f(’r Llle (Iiffusivi!y calculation.
111(?to IIowin!j (?i.{Lliltion, from COWilll,’;W~,iS 115P(I ~.() Cd I Cll ] iit[} Llje
Lhernldl (I il:ltlsivity:

1: i I } ~’ (-1):’(, -ll:’;l~’’IY !.//;”
I

md x “1;1-.

(i)

1(11)1(’[

1/1
111(1)(

(). I

(1. ;’
(), .1

().4

(). ‘1

l). ()

l), /

II !!

Sollll.il)ll!lI(I IIII’I)iIl(lli-
v iLy I II IIt Il, it)r]’,

I( (O1l”,l .,1111, /:~/L(Kl

().()(11)1 /;’/1(().1)

(). IHM’I /:’/1.((1,?)

(). 1[11;’ /:!/1,(().:{)

(). 11’10 /:!/l ((1.4)

i). 1.1}1}{ /:’/l(ll,!l)

(), Ill:’:’ /:’/l([).())
[),1’11’1 /~,’1((). /)
(),;’,1{1,’;’/’1(().}{)



the diffusivities at the T/T values given in Table I and extra-
polating to zero time. Thismfi&thod of making ti-l~ heat loss correc-
tion gives approximately the same results as the Cowan technique.6

The diffu~ivity apFaratus and associated inert atmosphere
glovebox were previously described by Lewis et all Laser align-
ment and specimen temperatl’re were checked by measuring the diffu-
sivity of a sample of round-robin Armco Fe. Measured vaiues of a
were within 52’ of the results of Cody, Abeles, and Beers.’

C!ur Pu specimens were 10 mm in diameter and about 1.3 mm thick.
The unalloyed Pu specimen was 99.99 wt% Pu. Thn Pu-Ga alloys were
prepared from Pu stock with a purity greater than 99.98 wt% Pu. The
impurities were mainly Fe, Si, C, W, Ta, Al, and Ni; the overall con-
centration was, in all cases, less than 5C@ wt ppm. The Pu-Ga alloys
were annealed at 44LJnC for 200 h to insure delta-phase stability and
homogeneity.

“Thermal conductivity values, A, were calculated from the ther-
mal diffusivities (A = {Y D Cp) using measurud dc:lsity values, D, spec-
speciric heat, Cp from Kay and Loasby H for Pu ancl from Ros@ et almo
for Lhe PU-GCI dlloys, The accuracy of the Llwp*mal conductivity
values arc probd~ly withil~ lo% since Lhe sp[~l tic heat data was
t;~ken
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Table II. Measured Diffusivity Data for the Pu-Ga

2.7
T
‘c

22
100
205
305
402
503

rable III.

Alloys

at.% Ga 3.5 at.% Ga 6.ti
a T

x10Gm2/s ‘c.—

3.97 22
4.45 102
5.32 292
5.99 225
6.55 354
7.39 430

503

N T
x10Gm2/s

3.72
4.27

4.98
5.17
6.08
6.58
7.10

‘c

22
101
205
305
400
500
550
580

Ltraiqht LilW Approximation Equations
fusivity [hltd, k’111’r(’ I is 111 ‘C illl(l (Y

LIIli,lllf)y(!(l 1’11—------ —

at.% Ga
a

x106m2/s

3.33
3.82
4.70
5.40
6.09
6.60
6.IM
7,22
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Table IV. Calculated Values for Thermal Conductivity and Lorenz
Numbers for High-Purity Unalloyed Pu -

Pu Type
Dx10-3kg/[,~3

Cp

w

A
W/m°C

L
x10gm2/s

1.78
2.10

3.10
3.31

3.53
3.96

4.40
4.85

5.04
5.26

3.98
4.51
5.22
5.92
6.63
7.33

3,78
4.30
4.99
5.69
6,38
7.08

3.39
3.91
~. ~q

5.28
5.97
(i. OG
/.21

P
xlOaf)m

142
140

108
108

107
107

100
100

:1.14
114

109
108
107
107
107
108

110
108
108
108
108
1U8

113
112
110
110
1.10
1LO
1.10

x10aV2/K2

2.48
2.48

1.99
1.98

1.93
2.04

1.83
1.73

1.78
1.75

3.12
2.85
2.67
2.68
2.77
?.97

3.02
2.73
2.60
2.62
2,72
2,90

2.83
2.61
2.46
2.44
2.61.
2. 7[1
“:.94

UnalloJ’ed Pu
a-phase

19.71
25

100
0.1481
0.1598

5.20
6.62

0.1448
0.1490

p-phase
17.58

150
200

7.87
8.67

225
275

0.1494
0.1552

8.97
10.46

y-phase
17.02

&phase
15.81

325
425

0.1552
0. A577

10.97
12.10

0.1464
(J. 1464

12.10
12.62

E-phase
16.39

50LJ
550

Pu-Ga Alloys
2.7 at.% Ga

15.738
25

100
209
300
400
5o11

0.1364
0.1389
0,1439
0.1540
0.1669
0.1845

8.53
9.85

11.81
14.33
17.40
21.26

0.1372
0.1397
0.1448
0.1548
0.1682
0.1845

8.18
9.42

11.39
13.89
lG. 92
20.74

3.5 at.% Ga
15.713

25
100
200
300
400
500

(;.6 ilt.% (h
l!i.(i!il
15.610
I!I.!)19
l!j. 533
1.5,411/
Jb.411
1!1.441

7.46
t!, GU

10. !)(J
12.9/
1!).94
19.!)f
22.02

25
1(X.I
200”
3LW
4(N)
MN)
!)[)()

0.1406
(). 1423
(). 1481
(.), ltt12
(J, .J./;!4
(J. L(J[)(J

(). 20!)()

.,
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Fig. 3. The excess thermal conductivity of the three Pu-
Ga alloys and the lattice Condllctivity of Cu as
a function of temperature.

Table V, Calculated Lattice Cunductivities for Pu-Ga
Alloys trom Scaling A with (cr)-’~. (AA and
A[j units are W/m°C) ~]

2.7 at.% (id
l“, ‘c M
--..—— .— .i

25 1.WI 1.[11
100 L 3(J 1.b2
2(N) (). !M 1.44
-l[)() 1.?1, 1.31
4(10 1. ‘M 1. :!0
!)()() 3. f? 1.12

3.5 ilt.:uGil
M

.—-— L-
1.54 1.54
().96 1.38
0, (i(i 1.22
U.H9 1.,12
1.65 I ,0:1
3, ?() o. 9(;

1.00 .1.11
().%? (j. :]y

(1.(.)(; 0,8!)
0,21 O.uo
(). !)5 0.14
2. 3!) ~.yJ



Cu,l” obtained from the lattice thermal conductivities of dilute Cu
alloys and extrapolated to higher temperatures as l/T. At low tem-
peratures, M lies below the lattice thermal conductivity,

*
, of Cu

as one would expect for alloys. At high temperatures, howev r, AA
values for the alloys lie well above Ag of Cu, this supports the
belief that the excess thermal conductivity, AA, at higher tempera-
tures is not due to lattice waves.

The lattice thermal conductivity, A
!’

should vary inversely as
the square root of cT, where c is the so ute concentration and T the
absolute temperature. :l At 25°C (298 K), values of w do indeed vary
roughly as c-~. Ifwe identify AA of the 3.5 at.% alloy at 25°C with
A, we can estimate Ag at other temperatures and other concentrations:
t~ese estimates are given in Table V. The remaining discrepancy
AA = AA-A is attributed to an electronic effect. We see that AA
isenegative at 100 and 200°C, though this conclusion is somewhat u%-
certain ir view of the uncertainty of estimating .

9
However, at

high temperatures AA becomes clearly positive, an increases with
temperature, and it ~eems to be relatively insensitive to composition
at the highest temperatures.

Positive tialues of AA are found in many transition metals;
negative values of AA , orenegative deviations of L from L at high
temperatures seem to ~e a peculiarity of Pu. Negative deviations
can be explained if the product of the density of states and the
electron mobility hcs a maximum at. the Fermi energy. In Pu the
Fermi energy falls near a minimum between 5f electron subbands. lz
These electrons, however, do not necessarily contribute significantly
to the electronic conductivity. The high density of states of the
5f electrons reduces the mobility ot the electrons in the other bands
(s, p, and d), so that the product of their density of states and
mobility t,as a minimum at the energies where the density of states of
the 5f electrons has a maximum, and a maximum near the Fermi surface,
where the 5f electron density has d minimum. This could explain the
low value of the Lorenz number in pure Pu. In l.he delta-phase alloys,
the Lorcnz number’ exceeds L at high temperatures; this is qu~!lita-
tively similar to the behav?or of the Loyenz number of many transi-
ticrn metals and indicates tlmt the !if clectrnns act quite differently
irl the alloys thar~ ir~ pure Pu. A compl[:tc description of the elec-
tronic transport properties mu:il. dwait. a t)ettt!r undorstandirlq of the
oll?ctrnrlic struct.uro.
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