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The Lhermal diffusivities of Pu, Pu-2.7 at.% Ga,
Pu-3.5 at.% Ga, and Pu-6.6 at.% Ga were measured from
25°C to around 5S00°C using a laser f{lash technique and
eleclronic data acquisition. Although the Lorensz number,
L., of pure Pu is well below the Sonmerfeld value, |,
excepl for the a-phase, L exceeds l” tor the alloys qt
all  Leaperatures and has a pronounced minimum  around
200°C.  Av Lhe lower temperaltures we atlribute the ox-
cess Lo Tattice conductiron and at temperatures above
200°C Lhe excess is attribuled to an electronic compon-
ont.. The negative deviation of | from | 1oy pure Pu
iv ascribed Lo a4 reduction of the electron‘mobilitics in
Lhose onergv ranges whore the Sf bands overlap the con-
duct.ion bands.

INTRODUCT TON

Thiv paner presents the results of thermal dittusivity meas
urements on a serics ol PuGa o alloys as a conbinuation ot the dil-
fusivily <tudy begun by Lewia, ot al, o who veported resualls on
Iowt Ga (3.3 at. Ga). b Our study included high-parity unal loyed
Pu ana theee stabilized delta phase o Ga alloys (7, Lh, and



6.6 at.% Ga) in the temperature range 20-580°C. A numoer of ele-
ments, such as Al, Am, Ga, and Ce form solid solutions with Pu,
resulting in an fcc delta-phase 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
Xruger and Robbins,? and along with the previous wark by Andrew3’4%
give a comprehensive picture of the thermal conductivity of Pu and
Pu-Ga alloys.

EXPERIMENTAL METHOD

The experimental melhod used in this study was similar to the
flash diffusivity measurement technique described by Parker et al.”
Tne front surface ot a disk-shaped specimen was healed instantane-
ously by infrared radiation from a Nd-glass laser and the tempera-
ture rise on the back surface was measurcd by "Platinel 2" thermo-
couple wires contacting the Pu sample. The rear surface tempera-
Lure was monitored on an oscilloscope operating in single-sweep,
memory mode and stored in an clectronic data acyuisilion system.
An enlarged trace of the rear surface temperature-time history wds
used Lo obtain ths rise-Lime dala fer the diffusivity calculation.
The tollowing equation, from Cowan,” was used to calculate the
thermal diftusivity:

Loy (_L)np-n?n“wL/z“ (1)
max ncl

where 1 iy rear surtace temperature al Lime L, o is the thermal
dittusivity, and 7 is Lhe thickness oo the specimen disk.  The
solutions of Lhis equalion for a sevies ol 1/1 are (iven in
Table 1. the heal Toss correclions were ine lutlitd by calculaling

lable L. Solulions to the Diffusi-
vilty Lquation,

171 0 consbanl. 72/L(x)
Mmet X
n.1 0.0661 79/1L(0.1)
0n. 00843 /100
0.3 0. 101 72/100.3)
.4 01190 22/00.4)
0.4 O 1388 227 /00000)
0. 6O O, 160 727 /1(0.06)
0,/ O. 1919 7500, 1)
0.4 0,331 22/0(0.8)



the diffusivities at the T/Tm X values given in Table I and extra-
polating to zero time. This féthod of making the heat loss correc-
tion gives approximately the same results as the Cowan technique.®

The diffusivity apparatus and associated inert atmosphere
glovebox were previously described by Lewis et al.! Laser align-
ment and specimen temperatura were checked by measuring the diffu-
sivity of a sample of round-robin Armco Fe. Measured vaiues of a
were within 5% of the results of Cody, Abeles, and Beers.?

Our Pu specimens were 10 mm in diameter and about 1.3 mm thick.
The unalloyed Pu specimen was 99.99 wt¥ Pu. The Pu-Ga alloys were
prepared from Pu stock with a purity greater thar 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 5C0 wt ppm. The Pu-Ga alloys
were annealed at 440°C for 200 h to insure delta-phase stability and
homogenaity.

Thermal conductivity values, A, were ralculated from the thar-
mal diffusivities (A = « D Cp) using measurud do:sity values, D, spec-
specific heat, Cp from Kay and Loasby® for Pu and from Nose et al.?
for the Pu-Ga alloys. The accuracy of the the-mal conductivity
values are probably within 10% since the spec fic heat data was
taken from the literature and corrected tor the Ga content.

RESULTS

The thermal difttusivity values are given in Table 11 for the
Pu-Ga il loys and Lhese alloys along with Lthe unalloyed Pu are shown
on lig. 1. The diftftusivity dalta were fitted to sbraighl lines using
a linear regression technique.  These equations are given in labie
L. Diftusivity values obtained trom Lhe equations in Table 11,
along with values of specitic heat and electrical resistivity used
to calculate the thermal conduclaivilios and Lorens pambers, are
prosented in fable IV tor all Pu specimens,

DISCUSSTON

The theemal dittusivily, shown in Fig. 1 as a tunclion ol Len-
perature, can he adequately vepresenled by straight Tines for all
phases of Pu. A ol amount ot Ga increases the thermal dittusiv-
ity, but turther additions of Ga caune it to decrease,  The same
bhehovior as a tunction of Ga conlenl i whown hy the thermal conduc-
Livity in Fig, 0 The data bhelow PH7°C ace excapoiated Hrom previous
results at = TCC AT The Lorens number of pure Pu is well below the
Sommeriold value, T (2.4% x 10-R VE/ZKY) in Lhe [, y, &, and o« phases
(v Table V). However, Che alloy. have Larens qumbers generally
above l” (vee Table V).



Table II. Measured Diffusivity Data for the Pu-Ga

Alloys
2.7 at.%X Ga 3.5 at.% Ga 6.6 at.% Ga
T o T a T o

°C  x10°m?/s °C x108m?%/s °C  xl0%m2/s

22 3.97 22 3.72 22 3.33

100 4.4 lo2 4.237 101 3.82

205 5.32 20z 4.98 205 4.70

305 5.99 225 5.17 305 5.40

402 6.55 354 6.08 400 6.09

503 7.39 430 6.58 500 6.60

503 7.10 550 6.68

580 7.22

fable III. OStraight Line Approximation Equations for Thermal Dif-
fusivity Data, where 1 is 1n °C and o is in m*/s

Unalloyed Fu

monoclinic: a-phase a - L6 x L0=% 4 3.7 x 10-% ]
b.c. monoclinic: f-phase o - 2.03 x L0-" v 6h x LO-M
t.c. orthorhombic: y-phase w L% x 10=" 0 7.2 « 10-* |
f.c. cubic:  S-phate o 2./ x 10-% 0 5.0 x 10-" ]
b.¢. cubic: w-phase o 3,02 x 10=" v 4.1 x 10-¥ |
¢, cubic S-phase Pu-Ga alloys

Pu ¢ 2.7 al.% Ga: a B0 x 10-% 0 01 x -
Pu ¢ 3.5 at W% Ga: v 60 x 10=% v 2.0 x J0-
Pu v 6.6 aL.d Ga: a2 X 10-% 0 6.9 x 10-Y

I rom L—Iu we can Galculate an excoss Lthevmal conduelivity, AA,
by means ol

AA (] —|")/l ()

Values of AA are shown in Figo 30 AL Tow temperatures, AN has the
qoeneval behavior of o attice heeeal condnctivity; il decreases wilh
increasing Ltemperature and also decredases with inereasing soluate can-
tent.  Above 200°C, howsver, A incrveases wilh tomperatures, an un-
likely behavior tor Taltice thermal conductivity., oy comparisop,

we have included a curve of the Tittice thermal conductivity o1 pure
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Fig. 1. Thermal diffusivity of the tour plutoninm speri-
mens as oa funciion of Lemperature.
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Fig. 2. Thermal conductivity ot the four plutonium speci-
mens in Fig. 1 as a function of temperature.



Table IV. Calculated Values for Thermal Conductivity and Lorenz
Numbers for High-Purity Unalloyed Pu

Pu Type T o Cp A p L
Dx10-3kg/m3 °c  x108m3/s J/g°C  W/m°C x10%m  x108v2/K2
Unalloyed Pu
a-phase 25 1.78 0.1481 5.20 142 2.48

19.71 100 2.10 0.1598 6.62 140 2.48
p-phase 150 3.10 0.1448 1.87 108 1.99

17.58 200 3.31 0.1490 8.67 108 1.98
y-phase 225 3.53 0.1494 8.97 107 1.93

17.02 275 3.96 0.1552 10.46 107 2.04
6-phase 325 4.40 0.1552 10.97 100 1.83

15.81 425 4,85 0.:577 12.10 100 1.73
e-phase 500 5.04 0.1464 12.10 114 1.78

15.39 550 5.26 0.1464 12.62 114 1.75
Pu~Ga Alloys
2.7 at. % Ga 25 3.98 0.13€4 8.53 109 3.12

15.738 100 4.51 0.1389 9.85 108 2.85

200 5.22 0.1439 11.81 107 2.67
300 5.92 0.1540 14.33 107 2.68
400 6.63 0.1669 17.40 107 2.77
500 7.33 0.1845 21.26 108 2.97
3.5 at.% Ga 25 3.78 0.1372 8.18 110 3.02
15.713 100 4,30 0.1397 9.42 108 2.73
200 4.99 0.1448 11.39 168 2.60
300 5.69 0.1548 13.89 108 2.62
400 6.38 0.1682 16.92 108 2.72
500 7.08 0.1845 20.74 los 2.90
6.6 at.% Ga

15.657 25 3.39 0. 1406 71.46 113 2.83

15.610 100 3.91 0. 1423 8.68 112 2.61

15.579 200 1.%9 0.1481 10.50 110 2.46

15.533 3co 5.28 0.1582 12.9/ 110 2.44

15.487 100 5.97 0.1/24  15.94 110 2.6

15.471 500 6.66 0.1900 19.47 L10 2./8

5. 141 h80 /.21 0.2050 22.82 L1107 L4



AX (W/m «°C)

Fig. 3.

-\35:.-,. 6a
| s S' ,_:’,; /’

Table V.

25
100
200
200
100
500

\\\EE:IM.GQ .
o1 _Lm_.__.l_____J

100 200 300 400 500 600
TEMPERATURE (°C)

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

Calculated Lattice Conductivitieslfor Pu-Ga
Alloys from Scaling A( with (cl)~2. (AA and
Aq units are W/m°C) 9

2.7 at. % Ga 3.5 at... Ga 6.6 at.% Ga
AA A AA A AA A
- Y4 —— 4 —— Y
1.83 1.81 1.54 l.54 1.00 1.11
L.39 1.62 0.96 l.38 0.52 0.99
0.98 1.44 0. 66 1.22 0.06 0.89
1.21 1.31 0.89 l.12 0.721 0.80
1.99 1.20 1.64 1.03 0.99 0. /4
3./2 1. 12 3.20 0.96 2.3 0.69



Cu,19 obtained from the lattice thermal conductivities of dilute Cu
alloys and extrapolated to higher temperatures as 1/T. At low tem-
peratures, AA lies below the lattice thermal conductivity, Ag, of Cu
as one would expect for alloys. At high temperatures, howevér, AA
values for the alloys lie well above Ay 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 soTute concentration and T the
absolute temperature.’! At 25°C (298 K), values of AA do indeed vary
roughly as c’5. If we identify A\ of the 3.5 at.% alloy at 25°C with
Aq, We can estimate Ay at other temperatures and other concentrations:
tﬁese estimates are given in Table V. The remaining discrepancy
AN = AA-A is attributed to an electronic effect. We see that AA
is negative at 100 and 200°C, though this conclusion is somewhat ufi-
certain ir view of the uncertainty of estimating A;. However, at
high temperatures AA_ becomes clearly positive, and increases with
temperature, and it Seems to be relatively insensitive to composition
at the highest temperatures.

Positive values of AA_ are found in many transition metals;
negative values of AA_, or negative deviations of L from L_ at high
temperatures seem to Be a peculiarity of Pu. Negative dev¥ations
can be explained if the product of the density of states and the
electron mobility hzs a maximum al the Fermi energy. In Pu the
Fermi energy falls near a minimum between 5f electron subbands.!2
These electrons, however, do not necessarily contribute significantly
to the electronic conductivity. The high density of states of the
5f electrons reduces the mobility of the electrons in the other bands
(s, p, and d), so that the product of their density of states and
mobility has 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 a4 minimum. This could explain the
low value of the Lorenz number in pure Pu. In Lhe delta-phase alloys,
the Lorenz number exceeds L at high temperatures; this is quelita-
tively similar to the behavior of the Lorenz number of many transi-
tion metals and indicates that the 5f electrons act quite differently
in the alloys than in pure Pu. A complete description of the elec-
tronic transport properties must await a better understanding of the
electronic structure,
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