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The solubility of hydrogen and deuterium in alloyed, 
unalloyed and impure plutonium metal 

S Richmond, J S Bridgewater, J W Ward and T HAllen 
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E-mail : richmond@lan1.gov 

Abstract. Pressure-Composition-Temperature (PCT) data are presented for the plutonium­
hydrogen (Pu-H) and plutonium-deuterium (Pu-D) systems in the solubility region up to 
tenninal solubility (precipitation of PUH2)' The heats of solution for PuHs and PuDs are 
determined from PCT data in the ranges 350-62SoC for gallium alloyed Pu and 400-575°C for 
unalloyed Pu. The solubility of high purity plutonium alloyed with 2 at.% gallium is compared 
to high purity unalloyed plutonium. Significant differences are found in hydrogen solubility for 
unalloyed Pu versus gallium alloyed Pu. Differences in hydrogen solubility due to an apparent 
phase change are observable in the alloyed and unalloyed solubilities. The effect of iron 
impurities on Pu-Ga alloyed Pu is shown via hydrogen solubility data as preventing complete 
homogenization. 

1. Introduction 
Plutonium metal absorbs hydrogen exothemncal1y. Unlike most other metals, plutonium does not 
require any removal or disruption of the oxide layer to begin rapid hydriding and the bulk metal will 
hydride at a prodigious rate [1] if supplied with hydrogen. The thermodynamics of the plutonium­
hydrogen system has b en investigated many times [2], but the plutonium-hydrogen solution (Pu-Hs) 
phase was overlooked. Since hydrogen has been shown to greatly increase corrosion of plutonium [3] 
and since the rate at which hydrogen enters a metal, the hydrogen permeability, has been shown to be 
dominated by the heat of solution [4], measuring the plutonium-hydrogen solution system also has 
practical value. 

Hydrogen absorbs into a metal , M, by a process of adsorption, dissociation and dissolution into the 
metal [5]. At equilibrium the chemical potential of the gas, p!, is equal to the chemical potential of 
hydrogen in the metal, Jl{HIM) . The solution equilibrium condition is, 

x K 
M +- H 2 ( .\ )MHx ' (1 ) 

2 

+ Ji g = P,(o/M )' (2) 



In equation (1) Ks is the equilibrium constant, also known as the Sieverts ' constant, is given by: 

H ( J-~ H K = -. £ or less formally K = - . Cp s M ' , S M-vp 
Po 

(3) 

Equation (2), also known as Sievert's law [5,6] shows that at equihbrium Hllvl varies 
proportionally with the square root of the pressure, p, indicating that atomic hydrogen, H, rather than 
H 2, is in solution in the metal. Equation (2) is generally valid for a dilute solution, less than a few 
percent HIM , and low pressures « 100 ATM) [4]. The val ue of po is customarily one atmosphere (1 
ATM) for historical consistency. The Sieverts ' constant varies in an Arrhenius fashion, so a plot of 
In(l(s) versus l i T has a line whose slope is the heat of solution, M-is, of hydrogen in the metal, divided 
by the gas constant. Consequently, 

_ tili ,,-

K s = K o· e RT· e R (4) 

describes the solubility of hydrogen in a metal as a function of the heat and entropy (non­
configurational) of solution, t1Hs and M l c

, and absolute temperature, T. R is the gas constant. If Ko i 
known and the In(KslKo) is plotted versus liT then intercept of the line, where l i T approaches 0 
(T= (0), is the non-configurational entropy of solution, jjSc, divided by the gas constant, R. 

If the heats of solution, Mis, and non-configurational entropy of solution, ASIC, are known for each 
allotropic solid phase and the liquid phase, then the solvus line of the Pu-H phase diagram can be 
established for all temperatures and compositions where the free energy of solution, ~Gs, is equal to 
the free energy of fonnation of the dihydride (PuH2), ~G F. In other words, at the solvus line: 

~Gs = ~GF = Ml s _ T · ~s nc = Ml F -T· /1S F (5 ) 

The solvus line is the point of maximum hydrogen in solution in equilibrium with the dihydride. At 
this pointt at a given temperature, the addition of any hydrogen to the metal results in precipitation of 
the dihydride because it is a saturated solution. It is plutonium metal in this condition that Haschke et . 
al. [ref] have shown is extremely susceptible to corrosion. This experiment investigates the nature of 
hydrogen incorporation from hydrogen free to saturated solution for alloyed and unalloyed Pu. 

2. Experiment 
The solubility of H in Pu was measured using a Sieverts type apparatus. In the Sieverts apparatus a 
vessel which contains the sample (~l to 2 g) was held at constant temperature and measured quantities 
of gas were equilibrated either to or from the sample via a second vessel of knO\lVTI volume. The 
equilibrium pressure of the gas during each addition or removal of gas was recorded. Between 
equilibrations the sample in the vessel was isolated from the equilibrium vessel with a valve and the 
equilibrium vessel was either evacuated in the case of desorption or filled to a desired pressure in the 
case of absorption. Based on the ideal gas law, the equilibrium vessel pressure, temperature and 
volume were used to determine the amount of hydrogen in the sample at each point. 

The data obtained in this way is placed into a pressure-composition-temperature plot or PCT. A 
series of PCT isotherms were produced in this fashion for pure Pu and Pu-2 at.%-Ga using pure 
hydrogen and deuterium. The accuracy of the temperature measurement is ±2°C, and pressure ±O.l % 
of full scale. A 1 Ton- and 100 mTorr capacitance manometer were used. The accuracy of the volumes 
u ed is ±4%. Sample masses are a measured to within 5 mg. 

3. Results and discussion 

3.1. The H2 absorption PCT isotherms for unalloyed Pu in the temperature range 400-825"C. 
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Figure 1. H2 absorption isotherm for 
unalloyed liquid Pu. 
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Figure 2. H2 PCI' absorption isotherms for 
so1id unalloyed Pu. 
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The H2 absorption PCI' isotherms for unalloyed Pu are shown in figures 1 and 2. PuH2 is evidently a 
solid with a melting point above 825 °C because the pressure increases appreciably at the terminal 
solubility of H in liquid Pu with no compositional change (H/Pu is constant), due to the heat of fusion 
of PuH2• The same feature is evident at 625°C, 15°C below the melting point of Pu, indicating 
depression of the Pu melting point. The 62YC sample did not appear to be melted but did stick to its 
sample holder, so that sample appears to have experienced partial melting. The heat of fusion of PuH2 

is estimated from this data to be 8679 J/mol. (~O.leV) . The same 625°C isotherm is included on both 
the liquid and solid plots. The solid unalloyed Pu isotherms all display an inflection at about 0.6-0.7 
at.% H/Pu . This inflection was first noted by Allen [2] in 1991 but could not be explained. 

3.2. The H2 absorption PCI' isotherms for Pu-2 at.%-Ga in the temperature range 350-625"C. 
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Figure 3. H2 PCT absorption isothennsfor 
solid Pu-2 at. %-Ga from 550-625 °c . 
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Figure 4. H2 PCT absorption isotherms for 
solid Pu-2 at.%-Ga from 350-525°C. 
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The inflection observed in unalloyed isothenns is also significant below 550°C in Pu-2 at.%-Ga H2 
isotherms (Figure 4). 



13.3 . The D2 absorption PCT isotherms for Pu-2 at.%-Ga in the temperature range 400-625 °C. 
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Figure 5. D2 PCT absorption isotherms for 
solid Pu-2 at.%-Ga from 575-625°C. 

3.4. Interpretation of the isotherm data. 
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Figure 6. D2 PCT absorption isotherms for 
solid Pu-2 at.%-Ga from 400-490°C. 
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The data shown in figures 1-6 is plotted as p l12 versus composition and a Sievens ' constant IS 

determined. Figures 7 and 8 show the Sieverts ' plots for hydrogen in Pu-2 at.%-Ga. 
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Figure 7. Sievert ' Plot for H2 in Pu-2 at.%­
Ga irom 575-625°C showing linear fi t. 
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Figure 8. Sieverts' plot for H2 in Pu-2 at.%­
Ga from 350-475 °C showing linear fit. 
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In the linear region of each data set, a fi t is obtained. The fit is only applied in the dilute solution 
egion where linear square root behaviour conforms to Sieverts' Law (2). The linear fit is the equation 

of a line where y=mx+b and b is very nearly zero in each case. So that the Sieverts' constant is taken 
from these plots as Ks= 11m, as in (2) but neglecting po. The Sieverts' constants were similarly 
obtained for Hz in unalloyed Pu and for D2 in Pu-2 at. %-Ga. The In(Ks) vs. l iT of the data obtained 
lare shown in Figure 9. 
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Figure 9. Arrhenius plot of the natural log of the Sieverts' constants, Ks, for H2 and D2 in Pu-2 at.%­
Ga and Hz in unalloyed (UA) Pu. The unalloyed Pu mel ting point (m.p.), 0->0 ' and O'->E transition 
temperatures are noted on the upper scale. The Pu-2 at.%-Ga 0->(0 + E) occurs at ~476°C. 

Each set of data has a best fit line of the fonn y =mx+b. Multiplying the slope (m) of a given fit by 
the gas constant (R=8.314 ]'mor1'K-1

) gives the heat of solution: 

!!Jf = - R . a In(K s) . 
s 8J... 

T 

(6) 

The energies obtained from from each fit shown in figure 9 are listed in Table 1. Wipf [4] has 
shown that enthalpies and entropies of solution can also be determined from the pressure isotherm data 
at constant composition and very dilute solution (x« r), where: 

Mf = 1.. R · oln(p / Po) I 
s 2 o.l. 

T X=const, 

(7) 

f...SflC = R. In(L) _1.. R · T . a In(p / Po) I 

r 2 aT 
X=const, 

(8) 



The value of r in equation (6) is the number of interstitial sites per Pu atom and x is the composition 
(HfPu). The entropies of solution in Table 1 were determined using (6) on the data of figures 1-6. 
Since the value ofr is unknown, a plot of Y2·R·Tln(plp O) versus T for a fixed value of x was used to 
get a line whose slope is tlSc for a fixed concentration (x) over the temperature ranges associated with 
each plot in Figure 9. The non-configurational entropies determined in this manner for the 
concentrations associated with the solubility values in Figure 9 are also shown in Table 1. 

Table 1. Heats of solution and non-configurational entropies of solution based on igure 9. 

liquid Pu (>639.5°C) -19473 
Pu, 525-625°C @ HlPu=0.25 at.% -37704 
Pu, 400-525°C @ HlPu=0.2 at. % -751 18 
H in Pu-2 at. %-Ga 550-62SoC -45320 
H in Pu-2 at.%-Ga 400-550°C -56167 
D in Pu-2 at %-Ga 575-625°C -24693 
D in Pu-2 at %-Ga 400-450°C -59601 

a kB is the Boltzmann constant in eY'K-J (8.61 7e-5 eY 'K-I ) 

!!J/s 
(eV) 
-0.20 
-0.39 
-0.78 
-0.47 
-0.58 
-0.26 
-0.62 

!).S'C 

(J ·mor '·K 1
) 

05.5 
07.5 
54.0 
21.0 
49.0 

!).S"C .k
B 

I a 

0.7 
0.9 
6.5 
2.5 
5.9 

Notably absent in Figure 9 are inflections in the solubility at the O->E and 0->0' ->E transItIon 
temperature regions for alloyed (SOO-S2S 0C) and unalloyed (4S1-476°C) Pu respectively. o-Pu ha a 
face centered cubic (fcc) lattice structure with one octahedral and two tetrahedral interstitial sites per 
Pu atom while E-PU has a body centered cubic (bee) lattice structure with three octahedral and six 
tetrahedral interstitial sites per Pu atom. Consequently the bcc structure is more soluble to hydrogen 
than the fcc structure. X-ray data is needed to determine why a change in solubility was not observed 
in these temperature ranges, but presently this capability is unavailable under these conditions for Pu. 

3.4.1. Departurefrom ideal solution behaviour. The data obtained and summarized by figure 9 are 
only valid at dilute solution conditions. In figure 8 it can be seen that the linear portion of the p'h vs. 
H/Pu plot is hmited to very low concentrations, for example < 0.2 at.% H/Pu for the 400°C data. 
Beyond the Sievert' s region (p lj, a H/M) the metal becomes increasingly soluble to hydrogen with 
increasing hydrogen content. This tendency is attributed to attractive H-H interactions [5] and is 
observed in many metals. However, this tendency increases much more rapidly in Pu than in other 
metals. The region of extended solubility has varying enthalpy and entropy, which are greater than the 
Sievert ' s region but less than the enthalpy and entropy for formation of PuH2 . The region of extended 
solubility is most significant below ~450 °C where it is the majority of the solution region. 
Equilibration times in this region are about 100 times slower than in the Sieverts region or at the 
plateau, typically 10-15 hours vs. 20 minutes. Very slow equilibration times below 450°C were also 
noted by Mulford and Sturdy [2] in their Pu hydriding studies. 

3.5 . The solubility of hydrogen in impure Pu metal. 
Many hydrogen solubility measurements of Pu samples were conducted, but two alloy compositions 
produced unusual results, one with Fe at a level just above the solid solution limit and another with a 
very low Ga content (500 wppm). The isothemls are shown in Figures 10 and 1l. 
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The data in Figure 10 shows that at 370-412°C as hydrogen was dissolved into the 8-phase Pu the 
pressure at first increased as expected, but at about 0.2 at.% HlPu, adding H resulted in a decrease in 
the equilibrium pressure until about 0.4 at.% HlPu. This means the free energy was at first decreasing 
but subsequently increased and finally increased again until the two phase region (plateau) was 
reached. The pressw'e reversal effect diminished as temperature was increased. Figure 11 is a plot of 
two equilibrium isotherms for Pu-2 at.%-Ga with Fe impurities just above the solubility limit for Fe in 
Pu (~O.IS at.%) . The data is qualitatively similar to that in Figure 10, however the points in Figure 11 
required only about IS minutes to equilibrate vs. IS hours for the points in Figure 10. Data was taken 
for Pu-2 at.%-Ga with Fe impurities from 400-62S oC and it was found that equilibrabon times were 
always very short in the iron bearing samples, but that the isotherms were otherwise identical to Pu-
2at.%-Ga without Fe. Only the 4 l2°C Pu sample with Fe impurities displayed the pressure/free energy 
inflection. Data for the Fe impure material was taken a second time to verify the presence of the 
inflection and measure it more precisely. It is not known why the pressure inflections occuned, 
however the fact that they did occur means the chemical potential , J1(HIM) , of solution has been 
lowered. In Figures 10 and 11 , the 412°C isotherms can be bisected at single pressure and 
consequently a single jl(HIM) such that J1(X /) = J1{x) = j1{.'(3) . This is characteristic of spinodal 
decomposition, unfortunately x-ray data for Pu samples under these conditions is not presently 
available to confirm this definitively. 

A final interesting attribute of the Fe bearing samples is that when much larger samples were 
loaded with hydrogen then cooled while maintaining the sample isothermal, and subsequently cutting 
the samples into smaner subsampies, that hydrogen content in the subsamples varied considerably 
( lOX). This tendency was not observed in any other sample compositions. 

4. Conclusions 

The solubility region of the plutonium-hydrogen system has now been measured for temperatures 
from 400-82S oC. The enthalpies and entropies of solution for H in Pu are similar to other group 3 
metals whose enthalpies range from -0.77 to -0.95 eV [4, 5] and whose entropies are very small [S]. 
The phase boundary between solution and saturated solution was foood to be near 1-2 at.% H over a 
wide temperature range (320-62S0C). The possibili ty of spinodal decomposition is supported by the 
370-412°C isotherms of Figures 10 and 11 and also the 400°C isotherm of Figure 2, indicating the 
direction for future study. 
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