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THE THERMAL EXPANSION BEHAVIOR OF UNALLOYED PLUTONIUM 

bY 

Fred W. Schonfeld and Raymond E. Tate 

ABSTRACT 

Information and data concerning the thermal expansion 
characteristics of the solid and liquid phases of unalloyed 
plutonium have been collected from published and 
unpublished sources and evaluated, and are presented to 
provide increased availability in compact form. 

1. INTRODUCTION 

Numerical equations describing the dimensional changes of the seven 
condensed phases (six plus the liquid) of “unalloyed plutonium metal as 
functions of temperature have been developed from experimental data (both 
published and unpublished) viewed from the personal experiences of the 
authors. The dimensions utilized in the L vs. T curves are the physical lengths of 
the experimental specimens reduced to the comparative length at the reference 

phases, however, the usefulness of the curves is increased by using lattice 
parameters in the plots. The derived curves for the anisotropic phases were 
compared to dimensions obtained from X-ray or neutron diffraction 
measurements at various isolated temperatures in order to verify that the 
dilatometric data represented a reasonable approximation to crystallographic 
randomness. 

temperature, YLo or Lt/Lat lower transformation temperature- For the isotropic cubic 

The average coefficient of expansion is usually defined, (Hidnert and Souder, 
1950), as 

4 - L 1  AL - - - 
‘lat2 h ( t 2  - t l )  .At  
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and the engineering (or instantaneous) coefficient as 

Accepted practice for most materials utilizes the length or l a k e  parameters at 
0°C as the reference length [Lo or ao]. (However, if a phase change occurs at a 
temperature higher than T = 0, the appropriate reference length becomes the 
length at the lower end of the temperature range of the new phase). 

However, if Lo is the length of the body at 0°C the length at any temperature 
t"C (absent phase changes) may be represented by 

4 =LO( l+a t+b t  2 +...), 

where a, b,, . . are constants. Thus, the instantaneous coefficient may also be 
derived by differentiation and represented as follows: 

a + 2bt +. . . 
at = 

LO 

The "true instantaneous coefficient" is defined as 
a + 2bt + ... aTi = 

4 
9 

but since the difference between and Lo is quite small in the cases discussed 
here, the two coefficients (aT and aEng) are the same within experimental 
variation. Obviously, for a given expansion curve aTJaEng = LdLT. Therefore, we 
have chosen not to include plots for a,. 

Within the temperature range of a given isotropic phase and defining the lower 
transformation temperature as the reference temperature, the volume expansion 
coefficient is approximately three times the linear expansion coefficient 
(a" = 3 q ) .  

A. Caveats 

1. Reduction and processing of plutonium must always be carried out in small 
lots to guard against criticality incidents. Therefore, batch-to-batch variations 
in purity levels have been inevitable. Until more effective purification and 
operational techniques have been developed, we must assume that results of 
different investigators will not be exactly reproducible. 



Many of the results of chemical analysis of the samples utilized have been 
misplaced or were never reported. We believe that the unalloyed metal 
used by most investigators contained 200-500 ppm of metallic impurities 
(Fe, Ni, Si, etc.) plus C and 02. 

2. At present the heat of radioactive decay of the available plutonium isotopes 
makes specimen temperature uniformity difficult to approach and to measure. 
This introduces an element of uncertainty into the most carefully carried out 
measurements. Further, differing isotopic ratios influence responses in 
experiments in which temperature control and/or measurement are important. 

3. Four of the six solid phases of plutonium (a, p, y and 8) are crystallo- 
graphically anisotropic and exhibit differing axial expansion behaviors. 
Therefore, dilatometric measurements can differ from X-ray data if substantial 
preferred orientation exists. However, the few available data suggest that the 
alpha phase is the only plutonium phase in which significant preferred 
orientation can easily be produced and retained (within its temperature range 
of stability). 

B. Technique 

Numerical equations for the lattice ConstantAemperature relations of the two 
isotropic solid phases (delta and epsilon plutonium) and linear or volumetric 
changes vs. temperature for the four anisotropic solid phases and the liquid 
phase have been developed from data originally reported as 1) tables, 
2) equations (values calculated using MathCADTM), and 3) X-Y plots (data points 
digitized using SigmaScanTM). Lattice dimensions or linear dimensions were 
plotted as functions of temperature using TableCurveTM, and appropriate 
polynomial equations were fitted to the plotted data using procedures available in 
Tablecurve. Average and engineering linear expansion coefficients were 
calculated from the dimension/temperature equations using the capabilities of 
MathCAD. 



11. COMPOSITE APPROXIMATIONS OF LENGTH AND VOLUME CHANGES 

Figures 1 and 2 are intended to provide generalized views of the effects of both 
phase changes and individual phase thermal expansions on specimen lengths 
and volumes. Values of the lengths and volumes at phase transitions were 
calculated from the thermal expansion curves plus the densities calculated from 
X-ray diffraction measurements. 

Tables I and II are included here as an aid in the interpretation of Figures 1 and 2. 
The length and volume changes at temperature were calculated from data that 
we judge to be the best available at this time, but it is obvious that small changes 
in impurity levels can produce changes in both transition temperatures and values 
of AL and AV. For practical use we suggest rounding the AL and AV numbers to 
one decimal place. 

TABLE I 
Plutonium Transition Temperatures 

with Calculated Length and Volume Changes 

TABLE II 

Average Expansion Coefficients of the Six Solid Plutonium Phases 
over Their Approximate Temperature Ranges of Stability 



Ill. LENGTH AND VOLUME CHANGES IN UNALLOYED PLUTONIUM 

A. Alpha Plutonium 

The structure of the alpha phase of plutonium is simple monoclinic (P2,/m), with 
a = 0.6183 nm, b = 0.4822 nm, and c = 1.0963 nm, and with the interaxial angle 
p = 101.79", all at 21 "C, Zachariasen and Ellinger (1 957). It is stable between 
0 K and -393 K (-273°C and -12O"C), but below -60 K stored radiation damage 
causes some minor expansion of the lattice that is of little consequence unless 
the holding times at very low temperatures are quite long (Jacquemin and 
Lallement, 1970, and Marples, et al. 1970). 

Because the three crystal axes differ significantly in their expansion behaviors 
(Zachariasen and Ellinger, 1963, pp. 777-783) (al (20 - 

expansion can be influenced by the presence of any significant degree of 
preferred orientation. 

c) = -60 x 10-6, 
a b  = (20 - 100 c) = -75 X 1 W, a3 (20 - 100 c) = -29 X 10-6) bulk thermal 

Figures 3a and 3b, Alpha Plutonium Expansion, were computer-generated using 
a combination of data digitized from the X-Y plots of Cramer, et al. (1961) and 
Lee, et al. (1967), values calculated from the equations of Sandenaw (1961), and 
values from the tables of Lallement and Solente (1 967), Wick (1 967), and 
Lawson, et al. (1994). See also Figures 4a, 4b, 5a, and 5b. 

B. Beta Plutonium 

The structure of the beta phase of plutonium can be described as body-centered 
monoclinic (IUml), with a = 0.9284 nm, b = 1.0463 nm, c = 0.7859 nm, and a 
P-angle = 92.13", all at 190°C (Zachariasen and Ellinger, 1963, pp.369-375). 
Again, as is the case for the alpha phase, the three crystallographic axes have 
different thermal expansion behaviors - al -94 x 10-6, a2 = a b  -1 4 x 10-6, and 
a3 -1 9 x -6 (for the temperature range 93"C-190°C) (Zachariasen and Ellinger, 
1959). Thus, bulk expansion measurements are subject to error if preferred 
orientation is present. 

'Although space group 12/m is not one of the "standard" space groups tabulated in the 
International Union of Crystallography (1952), its notation is retained to obtain a P-angle of 
approximately 90". 
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Additionally, because the compressive creep rate of p transformed from a is 
50-500 times greater than that of p transformed from y (Nelson, 1967), 
dilatometric measurements probably are best made by first transforming the 
specimen to the gamma phase, cooling to produce 100% p, and then heating the 
specimen adiabatically. The cause of this anomalous creep behavior has not 
been fully explored, but its existence clearly makes the use of X-ray diffraction 
measurements a superior technique in this case. 

I 

The beta plutonium expansion curve presented in Figure 6 has been compiled 
from the X-Y plots of Cramer, et al. (1 961) and Nelson (1 967) and from the 
tables of Zachariason and Ellinger (1 959) and Wick (1 967). See also Figures 6, 
7, and 8. 

C. Gamma Plutonium 

The gamma phase of plutonium is face-centered orthorhombic (Fddd), with 
a = 0.3159 nm, b = 0.5768 nm, and c = 1.0162 nm (all at 235°C). The range of 
stability for y is from -205°C to -31 5"C, but it can be retained down to - 190°C. 
a, = al = -19.7 x 10-6, ab = a2 = 39.5 x 10-6, and a, = a3 = 84.3 x 10-6 (for the 
temperature range 21 0°C - 31 0°C) (Zachariasen and Ellinger, 1955). Arithmetic 
averaging of the coefficients listed above yields ap(210 - 310 c) = 34.7 x 10-6. 

The data points plotted in Figure 9, Gamma Plutonium Expansion, were 
calculated using the equation published by Zachariason and Ellinger (1 955) and 
from the table of Wick (1 967). 

Because the length vs. temperature curve for the gamma phase is a straight line, 
the average and engineering linear expansion coefficients are identical and 
constant. Thus 

the average linear expansion coefficient is 
aavg = 34.7 10-6; a (206 + T), 

and the engineering linear expansion coefficient is 
aeng = 34.7 * 10-6; a, (206 + T). 

6 



0. Unalloyed Delta Plutonium 

The delta phase of plutonium is face-centered cubic (Fm3m) and normally exists 
over the temperature range of -315°C - 452°C. At 320°C the unit cell edge is 
0.46371 nm. At temperature, delta plutonium is easily deformed plastically and 
so must be only lightly loaded in order to obtain good dilatometric data. We chose 
to use X-ray diffraction data exclusively. The most extensive X-ray diffraction data 
are those of Ellinger (1957). His data extend from 317°C to 440°C and were 
interpreted as a linear function of temperature 

a = 4.63790 +/- 0.00012 - (4.01 +/- 0.1 5) x 10" (T - 300). 

However, X-ray data obtained from alloys stabilized by additions of aluminum, 
cerium, or gallium extrapolated to zero alloy content suggest that the curve 
shown in Figure 10 may represent an improved description of the thermal 
expansion of the delta phase between 315°C and 450°C. The differences are 
encompassed by the maximum and minimum values of Ellinger's equation. 
For most purposes these differences are not significant. 

Other investigators, Pascard (1 961), Abramson (1961), and Lee and Marden 
(1 961), have observed that the 6 + y transformation of unalloyed delta plutonium 
is often depressed by 50"-60"C during cooling. Utilizing the same extrapolation 
technique of alloy data described above, points have been obtained for 
temperatures as low as O"C, enabling construction of the tentative curve shown 
in Figure 13. This curve suggests only that fl the delta phase of unalloyed 
plutonium could be retained to temperatures significantly below the equilibrium 
6 + y transformation temperature (-31 5"C), its expansion behavior might be 
similar to that illustrated in Figures 13, 14, and 15. 

The calculated expansion coefficients are shown in Figures 11, 12, 14, and 15. 
The sensitivities of the coefficients to small changes in the slope of the length 
vs. temperature plots are well illustrated by comparing the average expansion 
coefficient (a,,, - T )  of Figure 11 to Ellinger's constant value of -8.6 x 10-6. 

7 



E. Delta Prime Plutonium 

The delta prime phase of unalloyed plutonium is body-centered tetragonal 
(14/mmm), with a = 0.33261 nm and c = 0.44630 nm at 450°C (Elliott and Larson, 
1961). The axial expansion coefficients are radically different, ~ ~ ~ ( 4 5 0  - 480 c) 
= 444.8 +/-I 2. I x 10-6 and ~ ~ ~ ( 4 5 0  - 480 c) = -1 063.5 +/- 18.2 x 10-6, with an 
arithmetic average of -58 x lo4, (a poor approximation). Using median values to 
calculate unit cell volumes vs. temperature, converting to equivalent cubic cells, 
and comparing them with the equivalent cube edge at 452°C the curves of 
Figure 16, Figure 17, and Figure 18 were constructed [(Ieo + apAT)3 = 
(I, 450 + a, AT)* (I, 450 + a, AT)]. This method yields the value of -65.1 x 10-6 for 
the temperature interval 450°C - 480°C, in good agreement with the value given 
by Elliott and Larson (1 961) as -65.6 +/- 10.1 x 1 O4 and also with the value 
-63 +/- 5 x IO4 given by Abramson (1961). 

F. Epsilon Plutonium 

The epsilon phase of plutonium is body-centered cubic (a = 0.36361 nm at 
490°C) over the range 480°C to 640°C. Its expansion curve is linear, as shown in 
Figure 19. The values used in plotting this figure are taken from Ellinger's (1 956) 
X-Y plot of lattice constants and the table of Wick (1 967). 

The length vs. temperature curve for epsilon plutonium is a straight line. Thus, 
the average and engineering linear expansion coefficients are equal and 
constant. 

The average linear expansion coefficient is 
aavs = 36.5 - 10-6; a (480 + T). 

The engineering linear expansion coefficient is 
aeng = 36.5 * lo4; a, (480 + T). 

G. Liquid Plutonium 

The expansion curve for liquid plutonium metal, Figure 20, was calculated from 
the average of the density vs. temperature measurements published by Serpan 
and Wittenberg (1 961 ) and by Olsen, et ai. (1 959).These data were also 
reported by Wick (1 967). Obviously, measurements of the liquid density are 
simple in concept but extremely difficult to execute. Additionally, purity level is 
an important variable in all density measurements. 
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The existing data suggest that density vs. temperature is a straight line function. 
If this is so, there must be some curvature in a precise plot of volume vs. 
temperature, but the deviation from a straight line is so small that it can 
reasonably be neglected. 

The accuracy of the data does not justify use of the exact equation to convert 
the volume expansion coefficient to the linear coefficient. Therefore, the 
approximation a,, = 3 aL was used. (The difference in this case is only about 
+/- 0.1 x 104.) 

The average liquid expansion coefficients are as follows: 

average volume expansion coefficient 
aavg = 90.352 - 10-6; a (640 -+ T) [90.352 rounded to 90.4 x 10-61 and 

average linear expansion coefficient 
aaVg = 30.1 - 10-6; a (640 + T) [90.4 / 3 = 30.1 x 1041 

The engineering liquid expansion coefficients are as follows: 

engineering volume expansion coefficient 
aens = 90.4 - 1O-S; a, (640 + T) and 

engineering linear expansion coefficient 
a,,, = 30.1 * 10-6; a, (640 -+ T). 

IV. FINAL NOTE 

Because the delta phase of plutonium has more desirable metallurgical 
characteristics than the other solid phases and can be stabilized by modest alloy 
addition, similar expansion information for several such alloys will be presented 
in a subsequent report. 



COMPOSITE APPROXIMATION OF THE LENGTH OF PLUTONIUM 
(Thermal expansions and phase transformations) 
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