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

Scott Richmond, Jon Bridgewater, John Ward, Thomas Allen 

Los Alamos National Laboratory, Los Alamos, NM, USA 

Abstract 

Hydrogen is exothennically absorbed in many transition metals, all rare earths and the actinides. The 
hydrogen gas adsorbs, dissociates and diffuses into these metals as atomic hydrogen [1,2]. Absorbed 
hydrogen is generally detrimental to Pu, altering its properties and greatly enhancing corrosion [3]. 
Measuring the heat of solution of hydrogen in Pu and its alloys provides significant insight into the 
thermodynamics driving these changes . Hydrogen is present in all Pu metal unless great care is taken to 
avoid it. Heats of solution and formation are provided along with evidence for spinodal decomposition. 

1. Introduction 

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, fig, is 
equal to the chemical potential of hydrogen in the metal , fi(HIM). The solution 
equilibrium condition is , 

(I) 

(2) 

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

Ks =-. Lor, less formally , Ks =_·fP H ( J--+ H 
M Po M 

(3) 

Equation (3), is generally attributed to Adolf Sieverts (1874-1947) and known as 
Sieverts' law [5,6,7] which shows that at equilibrium HIM varies proportionally with the 
square root of the pressure, p , ind icating that atomic hydrogen, H, rather than H2, is in 
solution in the metal. Equation (3) is generally valid for a dilute solution, less than a few 
percent HIM, and low pressures «100 ATM) [4]. The value of po is customarily one 
atmosphere (1 ATM) for historical consistency. The Sieverts' constant varies in an 
Arrhenius fashion, so a plot of In(Ks) versus liT has a line whose slope is the heat of 
solution , ~Hs, of hydrogen in the metal , divided by the gas constant. Consequently, 

_ t1Hs Il.S,nc 

Ks = Ko . e liT . e {I (4) 

describes the solubility of hydrogen in a metal as a function of the heat and entropy (non­
configurational) of solution, Ws and ,1S'c, and absolute temperature, T. R is the gas 
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constant. If Ko is known and the In(KslKo) is plotted versus l iT then the intercept of the 
line, where liT approaches 0 (T=oo), is the non-configurational entropy of solution, ~c, 
divided by the gas constant, R. 

If the heats of solution, t!..Hs, and non-configurational entropy of solution, t!..S'c, 
are known for each allotropic sol id 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, t!..Gs, is equal to the free energy of formation of the dihydride 
(PuH2), t!..GF. In other words, at the solvus line: 

I:lGs =I:lGF =t!..Hs _T·M nc =t!..HF -T·M" (5) 

The solvus line is the point of maximum hydrogen in solution in equilibrium with the 
dihydride. At this point, 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. [3] have shown is extremely susceptible to 
corrosion. This whitepaper details the nature of hydrogen incorporation from hydrogen 
free to saturated solution for alloyed and unalloyed Pu. 

2. Understanding and using Pressure-Composition-Temperature 
isotherms. 

100.00 .,--------------------t--1, 
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--- Two Weight Percent Ga 

I O. 00 -t-__ 7-So,-::l uc":b"ility"",reg~i~on.f..::.or_h-,-yd_r..:..!og,..:,e,....n ...... in.Pu"-'-HC'-,.--'.(P:....:u ...... H..:,.'---) +-H 
f=2-2+2=2 degrees of freedom 
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Figure 1. Pu-H Pressure-Composition-Temperature 
isotherms at 475°C (Allen [2]) . 

Figure 2. Hydride in regions with 
low gallium (light grey). 

By creating Pressure-Composition-Temperature (PCT) isotherms like those 
shown in figure I for unalloyed and alloyed Pu we can learn where and when hydride 
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will precipitate. The isotherms in figure 1 have three regions. In the far left hand region, 
hydrogen is completely soluble in the metal, in the middle a region, the metal is saturated 
with and precipitates as PuH2. In the far right hand region, all PuH2 has precipitated and 
hydrogen dissolves in PuH2 (PuH2+x). Applying the Gibbs' phase rule to figure 1 reveals 
important characteristics of these isotherms. The Gibbs' phase rule states that the number 
of degrees of freedom ,/, of a system is equal to the number of components, C, minus the 
number of thermodynamic phases, P, plus 2. 

J=C-P+2 (6) 

Both curves in figure 1 start out on the left (H/Pu=O) and as hydrogen is added to 
the system H/Pu increases and so does the pressure. In the solubility region there are 2 
components, the gas and the metal, and two phases, gas and solid. Consequently in the 
solution region there are two degrees of freedom,f=2-2+2=2. 

When the metal becomes saturated with hydrogen a new phase appears, PuH2, and 
solubility has reached a terminal value. From this point on, until a stoichiometric 
concentration of hydrogen for PUH2 is created in the metal, the addition of hydrogen to 
the metal will result in precipitation of the hydride phase. This is the two phase region of 
the metal I where,f=2-3+2=1; only one degree of freedom exists. Because only one 
degree of freedom exists for the hydrogen saturated unalloyed Pu, the addition of 
hydrogen occurs without a pressure increase until all the Pu is converted to PuH2. The 
PCT curve for unalloyed Pu is a nearly ideal case of the phase rule. However the two 
weight percent Ga alloyed Pu retains a degree of freedom in the plateau region that is 
much smaller than in the solubility region. The slope in the Ga alloyed Pu plateau makes 
it evident that not all of the hydrogen added beyond saturation will incorporate as PUH2. 
Some of the hydrogen continues to go into solution in a new component that competes 
with PuH2. 

Finally, when the Pu has been fully converted to PUH2, hydrogen continues to 
dissolve into the PuH2. This the last portion of the curves in figure 1 (right hand side). No 
more phase change is occurring as hydrogen is being added,f=2-2+2, so there are two 
degrees of freedom again. The additional component that "grew in" during hydride 
formation in the two weigh percent Ga alloy remains present in the PuH2+x solution 
region but stops growing in. 

An important fact to note about the two curves is that their equilibrium pressures 
are not equal. Because the alloy has a higher equilibrium pressure for a given 
composition than the unalloyed Pu, the unalloyed Pu will be the thermodynamically 
favored site for hydride formation. This case is illustrated in figure 2. Figure 2 is a 
metallograph of unhomogenized ("cored") Pu-Ga alloy containing hydride in the Ga lean 
regions (light grey) as predicted by the PCT data. The dark grey regions in figure 2 are 
Ga rich and contain little or no precipitated hydride. 

Using figure 1 as an example it can be shown why hydride must occur in the Ga 
lean or unalloyed regions of the Pu in figure 2. Assume that we have two separate 
samples containing equal amounts of Pu, both at 475°C, and one being unalloyed Pu 
while the other is 2 wt.% Ga. If we also assume that the 2 wt.% Ga sample contains an 
initial concentration of H/Pu equal to Xo (see figure 1 )and the unalloyed sample contains 
no hydrogen at all, then, by virtue of equations (1,2,3), we would expect that the 

1 The metal is two phase, Pu and PuH2, but the system has 3 phases, gas, metal and precipitated hydride. 
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hydrogen gas pressure in equilibrium with the 2 wt.% Pu to be about 3 Torr (Po on figure 
1) while unalloyed Pu containing no H would be at a hard vacuum (below the scale of 
figure 1). So if we then placed the gas phase of the 2 wt. % Ga Pu sample in 
communication with the unalloyed Pu sample, the hydrogen gas will flow into the 
unalloyed sample until the gas phase pressures equalize. When the pressures are equal (PF 

in figure 1) then concentration, as HIPu in the 2 wt. % Ga Pu sample will be XF and the 
concentration in the unalloyed Pu sample will be XO-XF. Even if the two samples were not 
separate, but rather were a heterogeneous composition simi lar to that of figure 2 the 
concentration would similarly adjust because a difference in chemical potential, !¥t, exits 

until the concentration of hydrogen in the two alloy compositions adjusts to balance the 
chemical potential. The difference in chemical potential at a given temperature is given 
by: 

"'I' ~ R T In( ~ l (7) 

In the case where a chemical potential exists within a heterogeneous composition 
(across a distance x) as a result of hydrogen in the metal, a force, F, will arise: 

F = OJi . (8) 
ax 

Consequently, hydrogen in solution (mobile H atoms) will move as a result of (8) until 
!¥t=0. As we can see in figure 1 and 2, when !¥t=0 in a heterogeneous Pu alloy 

composition, the concentration of hydrogen will vary depending on the local alloy 
composition. 

By measuring PCT isotherms in Pu and pure alloys of Pu we can establish where 
in the metal hydrogen will concentrate, identify phase boundaries and provide equations 
to relate measured hydrogen concentrations (HlPu) to hydrogen pressures as an aid to 
removing it from the metall and preventing corrosion. 

3. Pressure-Composition-Temperature measurement. 

Sieverts peT 
Vessel 

T 13"' Col.I ~.W 

"1w~1U.t4 
Mdt thel~l< 

To Residual 

Changeable 
. passivated volumes. 

~--C~O y "'~" _OO~ 
. }TO PIO Temperature 

controller In lhe 
Sievarts control rack 

adjacent to the 
glovebox 

Figure 3. Sieverts' apparatus used for Pu-H Pressure-Composition-Temperature isotherms. 
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PCT measurements are made using a Sieverts type apparatus [7]. In the Sieverts 
apparatus a vessel which contains the sample (~I 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 known 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.I % of full scale. A 1 and 1000 Torr and 100 mTorr capacitance 
manometer were used. The accuracy of the volumes used is ±4%. Sample masses are a 
measured to within 5 mg. Measurements above melt were conducted by Allen in an 
apparatus documented previously [2]. 

4. Pressure-Composition-Temperature isotherm data. 

P-C-T data (P vs. H/Pu) are shown in figures 4-9. 
I.E~J -,-------------------, 

I.E+02 

I.E+oo 

Un .. lloy~d liquid Pu, 82S·C 
--r- Unalloyed liquid Pu, 7S0"C 
---- Unalloyed liquid Pu. 650·C 
"'0-" Unalloyed Pu. 62S·C 

I.E·OI -I---~-~--~--~-----I 

0% 2% 4% H/Pu :n.% 6% 

Figure 4. H2 absorption isotherms for 
unalloyed liquid Pu by A lien [2]. 
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_ Unalloyed Pu, 47S"C 

~ Unalloyed Pu, 450·C 

-0- Unalloyed Pu, ·42S·C 

Un~floycd Pu, 400·C 

1.0% 1.5% 2.0% 
H/Pual..% 

Figure 5. H2 peT absorption isotherms for 
solid unalloyed Pu. 

The H2 absorption PCT isotherms for unalloyed Pu are shown in figures 4 and 5. 

2.5% 

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 
(HiPu is constant), due to the heat of fusion of PuH2. The same feature is evident at 
625°C, 15°C below the melting point ofPu, indicating depression of the Pu melting point. 
The 625°C 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/mo!. (~O.leV). The same 625°C isotherm is 
included on both the liquid and solid plots. The solid unalloyed Pu isotherms all display 
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an inflection at about 0.6-0.7 at.% HlPu. This inflection was first noted by Allen [2] in 
1991 but could not be explained. The observed inflection can be explained as spinodal 
decomposition since the measured pressure is in equilibrium with the hydrogen in the 
metal (2) and since spinodal decomposition requires . 

a 21-' 
-<0 (9) ax2 

where x=H/Pu, then the inflection is the consequence of (2) and (9) on the measured 
pressure . The effect is described in detail by Fukia in sections 2.2 and 2.3 of [5] and is the 
result of attractive H-H interactions. The general principles of spinodal decomposition are 
detailed by Hillert [8] and Cahn [9] as compositional variations that result in a reduced 
free energy state (i.e. they are stable). These variations are stable and occur uniformly 
throughout the material unlike nucleation which only occurs only at specific sites. 

I.E'OI ,-----------:::-;c==== c=J 
, •• <) •• • -0.<0-0'" 

I.e .. oo 

"' 0-" 62S*C P\J·2 aL%-Ga 

- ....... - S7S·C Pu·2 U %-Gl . Run I 

•. -0--' 5S0·C Pu-l aL%-G<J 

I.E'()) 

I.E.()4 +----~.__--r--~--..,---__I 

0.0% 0.5% 1.0% 1.5% 
H/Pu lot. "';' 

2.0% 2.5% 

Figure 6. H2 PCT absorption isotherms for 
solid Pu-2 at.%-Ga from 550-625'C. 

) .0% 

I.E.OO ,----------------, 

I.E'() I 

I.E-02 

~ I.E-O) 
I--

I.E-04 

I.E'()5 - ... - - 400·C Pu ·2 n ."·C;" wf6 hour equ~ibration 

- A- 400·C Pu.2 n .'4-Ca w/60 hour tqulhbration 

-0-- lSO·C Pu·2 at.%-Ga w/60 hour tquihbration 
I.E-06 +------.----~--____,_--~ 

0.0% 0.5% 1.0% 
H/Pua L% 

1.5% 

Figure 7. H2 PCT absorption isotherms for 
solid Pu-2 at.%-Ga from 350-525'C. 

2.0% 

The H2 absorption PCT isotherms for Pu-2 at.%-Ga ,in the temperature range 350-
625'C are shown in figures 6 and 7 .The inflection observed in unalloyed isotherms is 
also significant below 550°C in Pu-2 at.%-Ga H2 isotherms (figure 7). Figure seven 
includes two curves run at 400°C, both run on the same coupon. The first was run 
quickly, allowing only the hydrogen gas to equilibrate with the metal, but during this run 
a true thermodynamic equilibrium was not achieved as evidenced by a very slow drift in 
the pressure. Mulford and Sturdy also noted that equilibration times at temperatures 
below ~450°C were very long [2]. A second curve was run at 400°C allowing full 
equilibration and the second curve is also shown in figure 7. 
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Figure 8. D2 PCT absorption isotherms for 
solid Pu-2 at.%-Ga from 575-625°C. 
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Figure 9. D2 PCT absorption isotherms for 
solid Pu-2 at.%-Ga from 400-475°C. 

2,5% 

The O2 absorption PCT isotherms for Pu-2 at.%-Ga in the temperature range 400-
625"C are shown in figures 8 and 9.The O2 absorption isotherms exhibited behavior 
similar to the H2 isotherms for Pu-2at.%-Ga as expected. Deuterium isotherm pressures 
for a given composition were typically higher than protium isotherm pressures at the 

same composition by a factor of J2 . 

5. Interpretation of the isotherm data. 

The data shown in figures 4-9 is plotted as P'12 versus composition and a Sieverts' 
constant is determined_ Figures 10 and 11 show the Sieverts' plots for hydrogen in Pu-2 
at.%-Ga. 

0 . 0 .. 
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Figure 10. Sieverts' Plot for H2 in Pu-2 at.%­
Ga from 575-625°C showing linear fit. 
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Figure 11. 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 fit is obtained. The fit is only applied in the 
dilute solution region where linear square root behavior conforms to Sieverts' Law (3). 
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=Jlm (as in (3) but 
neglecting Po). The Sieverts' constants were similarly obtained for H2 in unalloyed Pu 
and for 02 in Ptt-2 at.%-Ga. The In(Ks) vs. liT of the data obtained is shown in figure 12. 
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... ..... ..... 
0 ~ '" 0 0 
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-6 .0 +-----,----,-------.---.--------,----,...----,--------,J 

0.00089 0.00099 0.00109 0.00119 0.00129 0.00139 0.00149 0.00159 0.00169 

Irr(K) 

Figure 12. Arrhenius plot of the natural log of the Sieverts ' constants, Ks, for H2 and D2 in 
Pu-2 at.%-Ga and H2 in unalloyed (UA) Pu. The unalloyed Pu melting point (m.p.), b-+b ' 
and b' -+£ transition temperatures are noted on the upper scale. The Pu-2 at.%-Ga b-+(o + 
£) occurs at ~476· C. 

Each set of data has a best fit line of the form y=mx+b. Multiplying the slope (m) 
ofa given fit by the gas constant (R=8.314 J'morl'K'I) gives the heat of solution: 

Ml =_R.aln(Ks ). 
s a1. 

T 

(10) 

The energies obtained from each fit shown in figure 12 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: 

JOWOG 22-82009, Livermore, CA, Dec. 2009 page 8 of 16 



w . = L R . 0 In(p / Po) I 
s 2 01. ' 

T X=const. 

(11 ) 

f.,SflC =R . ln(-!-)_LR .T. oln(p/ po)1 (12) 
r 2 oT 

X=const. 

The value of r in equation (12) is the number of interstitial sites per Pu atom and x is the 
composition (H/Pu). The entropies of solution in Table 1 were detennined using (12) on 
the data of figures 4-9. Since the value of r is unknown, a plot of Yz·R1·ln(plpO) versus T 
for a fixed value of x was used to get a line whose slope is ~c for a fixed concentration 
(x) over the temperature ranges associated with each plot in figure 12. The non­
configurational entropies determined in this manner for the concentrations associated 
with the solubility values in figure 12 are also shown in table 1. 

Table 1. Heats of solution and non-configurational entropies of solution based on figure 12. 
lIHs lIHs lISM lISM i<.B" 

U mol·') (eV) U mol·' -1<") 
liquid Pu (>639SC) -19473 -0.20 05.5 0.7 
Pu, S2S-62S ·C @ H/Pu=0.2S at.% -37704 -0.39 07.5 0.9 
Pu, 400-S2S' C @ H/Pu=0.2 at. % -75118 -0.78 54.0 6.5 
H in Pu-2 at.%-Ga SSO-62S 'C -45320 -0.47 21.0 2.5 
H in Pu-2 at.%-Ga 400-SS0'C -56167 -0.58 49.0 5.9 
D in Pu-2 at %-Ga S7S-62S "C -24693 -0.26 
Din Pu-2 at %-Ga 400-47S "C -58786 -0.61 
• k8 is the Boltzmann constant in eV -1<" (B.6I 7e-S eV -1<") 

The data in figure 12 shows a clear change in solubility above the 640°C melting 
point. The best fit line for solubility in the liquid region, if projected to the unalloyed 
solid solution, intercepts at 533°C. The free energy of solution is sufficient to permit 
partial melting below 640°C and that is supported by the observations made in figures 4 
and 5 where a pressure transition characteristic of a phase change (heat of fusion) occurs 
on the 625 °C unalloyed isotherm. Solubility measurements between 533°C and 640°C 
have values ,intermediate to those above or below, further indicating a mixed phase of 
liquid+ £. 

Notably absent in figure 12 are inflections in the solubility at the 8 ........ £ and 
8 ........ 8' ........ £ transition temperature regions for alloyed (500-525°C) and unalloyed (451-
476°C) Pu respective ly. An inflection should have been present in these temperature 
ranges because 8-Pu has a face centered cubic (fcc) lattice structure with one octahedral 
and two tetrahedral interstitial sites per Pu atom while £-Pu has a body centered cubic 
(bcc) 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. 

Departure from ideal solution behavior. 
The data obtained and summarized by figure 12 are only valid at dilute solution 

conditions. In figure 11 it can be seen that the I inear portion of the p 'h vs. HlPu plot is 
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limited to very low concentrations, for example < 0.2 at.% H/Pu for the 400°C data. 
Beyond the Sievert ' s region (p 1fz a HIM) 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 ofPuH2. The region of "extended solubility" isthe 
spinodal decomposition described earlier. The slow onset of spinodal decomposition is 
most significant below ~450 °C where it affects 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 the ir Pu hydriding studies. 

Heats offormation. 
Heats of formation are obtained from the data of figures 4-9 and are compared to 

other researcher' s results in figure 13. 
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Figure 13. Arrhenius plot of the natural log of the hydrogen pressure, P, for H2 and D2 in 
unalloyed Pu. 
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Table 2. Heats and entropies of formation based on figure 13. 
t.H, t.H, 

U 'mol") (eV) 
PuH, (>639.5C. liquid Pu) Allen [2] -145996 -1.51 
PuH, (>639.5 'C, liquid Pu) Condit [2] -149506 -1.55 
PuD, (>639SC. liquid Pu) Mulford and Sturdy [2] - 148887 -1.54 
PuH, (400-800 C) Mulford and Sturdy [2] -156949 -1.63 
PuD, (325-625 'C) this work -158935 -1 .65 
PuH, (475-625 'C) this work -156602 - 1.62 
PuH, (325-475 'C) this work -158932 -1.65 
• ke is the Boltzmann constant in eV K' (8.617e-5 eV K') 

t.S, 
Umol" K') 

123.6 
131.9 
130.3 
136.9 
142.1 
136.5 
138.5 

t.S, Xs·'· 

14.9 
15.9 
15.7 
16.5 
17,1 
16.4 
16.7 

6. The solubility of hydrogen in impure Pu metal. 

Many hydrogen solubi lity measurements of Pu samples were conducted, but two 
alloy compositions produced unusual resu.!ts, one with Fe at a level just above the solid 
solution limit and another with a very low Ga content (500 wppm). The isotherms are 
shown in Figures 14 and 15. 
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....... ~ '2 'C H2 UA PCT ad,. (500 wppm Ga) 

-+- 370'C Hl UA PCT ad,. (500 wppm Ga) 

0.5% 1.0r. 1.5% 

HlPu n.X 

2.0X 

Figure 14. H2 PCT absorption isotherms for 
low Ga Pu. 

,«-0, ...-----------------, 

''''-0, +-----.,"="......--=-----------1 
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- 412'C Dl PCT ad,·2 
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I.CE'OJH----------- ----i 

I. ..... -I-*-~----~_-~ __ ~ _ ____4 

0,," 01% 0.04% Oh% 0.9' 1m I a:, 1.4~ I h% In 2.01 

"""."" 

Figure 15. D2 PCT absorption isotherms for 
Pu-2 at.%-Ga containing Fe impurities. 

The data in Figure 14 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.% H/Pu, adding H 
resulted in a decrease in the equilibrium pressure until about 0.4 at.% H/Pu. This means 
the free energy was at first decreasing but subsequently increased and finally decreased 
again until the two phase region (plateau) was reached. The pressure reversal effect 
diminished as temperature was increased. Figure II 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.] 5 at.%). The data is qualitatively similar to that in Figure 14; however the points in 
Figure 15 only required about 15 minutes to equilibrate vs. 15 hours for the points in 
Figure 14. Data was taken for Pu-2 at.%-Ga with Fe impurities from 400-625 °C and it 
was found that equilibration times were always very short in the iron bearing samples, 
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but that the isotherms were otherwise similar to Pu-2at.%-Ga without Fe. Only the 412°C 
Pu sample with Fe impurities displayed the pressure/free energy inflection. 412°C is, 
perhaps coincidentally, the temperature at which the PU6Fe intermetallic compound has a 
solid to liquid transition. Data for the Fe impure material was taken a second time to 
verify the presence of the inflection and measure it more precisely. A calculated curve for 
D in Fe-free material is also shown in figure 15. It is not known why the pressure 
inflections occurred, however the fact that they did occur means the chemical potential, 
j.I.(H/M), of solution has been lowered. In Figures 14 and 15, the 412°C isotherms can be 
bisected at single pressure and consequently a single j.I.(H/M) such that j.I.(XI) = j.I.(X2) = 

j.I.(.'C3) . This is, again, characteristic of spinodal decomposition but more extreme; 
unfortunately x-ray data for Pu samples under these conditions is not presently available 
to confirm this definitively. 

Figure 16. The lightly colored regions 
surrounding each grain are Pllt;Fe. The tan 
colored regions are o-Pu and the light tan are 
a'-Pu. 

Figure 17. The dark regions surrounding 
many of the PU6Fe inclusions are hydride. 

Metallography for Fe bearing samples, shown in figures 16 and 17, shows hydride 
strongly favors material immediately adjacent to PU6Fe inclusions. Figures 16 and 17 
together with figure 15 indicate that the presence of an iron impurity allows hydrogen to 
enter a lower energy state than Fe free material. If the metallographer's assessment, that 
the lightily colored regions of figures 16 and 17 are a' -Pu, is correct, then that is 
consistent with the appearance of hydride in the same regions, because the free energy of 
solution is greater in lower Ga regions (according to our measurements, see figure 12). 
Quantitative measurements of the Ga concentration in these regions need to be performed 
to confirm this. 
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7. The plutonium-hydrogen solvus line. 

)1( Observed Solvus 625-825 Pu-H Phase diagram at 

terminal solubility 
::t( Two Phase Behavior (precipitation of PuH2l 

liquidus 

820 

720 L 

620 

520 

420 

320~-----------,~-----------,---------------~---------------,-----------~---------------~ 

0% 1% 2% 3% 

HlPu 

4% 5% 

Figure 18. The solvus line and terminal solubility * of hydrogen in plutonium. 

6% 

In order to eliminate PUH2 precipitate in the metal, the hydrogen concentration 
must be reduced below the terminal solubility. The terminal solubility for Pu-H, the point 
at which any further addition of hydrogen results in the precipitation of PUH2, is shown 

by the blue asterisks *. The true limit of solubility is shown by the red and dark red lines. 
The region between the red "solubility limit" and the blue asterisks is where attractive 
interactions between H atoms occur. This region is determined from the data like that in 
figures 10 and 11 but for unalloyed Pu. In figures 10 and 11 when the square root 
behavior ends, the conformance to Sieverts' Law (3) ends. Similarly, when the pressure 
no longer changes as H/Pu increases, then PUH2 is precipitating. However there is a 
significant region in between these two (~ 1 % H/Pu wide) where something else is 
happening. This region is the spinodal decomposition. In the spinodal decomposition 
region, attractive H-H interactions reduce the chemical potential and cause clustering of 
the hydrogen into spinodes [5]. The region just below melt but between the red solubility 
and blue asterisks (terminal solubility) is a region which appears to be a mixed phase of 
liquid+epsilon. The data in figure 12 indicates melt depression of a fraction of the solid 
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Pu in some (unknown) proportion to hydrogen (H/Pu). The indication of depressed melt 
is inferred from the intersection of the projection to lower temperature of the line fitted to 
the liquid solubility to the inflection in the solid solubilities at approximately 525°C and 
from the tendency of the higher entropy systems (unalloyed Pu-H, alloyed Pu-D) to 
inflect more severely in the direction of aligning with the liquid solubility. Additionally, 
only samples held above ~530°C tended to stick to their crucibles when the sample was 
unmelted. Partial melting with hydrogen in solution is thermodynamically favored, but 
we had no means to make a direct observation of this. 

In order to reduce hydrogen (by means of a vacuum) below terminal solubility or 
the solubility limit, equations describing the hydrogen partial pressure for a given 
composition and temperature are useful. Equations, determined by the curve fits shown in 
figures 12 and 13, are given in table 3 and 4. Equations for the spinodal region are not 
provided (tbd). 

Table 3. Equations for determining plateau hydrogen pressure for a given temperature. * 
Temperature Range H, Plateau P (Torr) D, Plateau P (Torr) T, Plateau P (Torr) 

>639.S ·C. liquid Pu -17908·~+21.95 
P = e T 

-17908.1·~+223 
P = e T 

-17908.1·~+22.5 
P= e T 

47S'C to 639.5"C -18836'~+ 23.056 
P = e T 

-19116.2·~+2372 
P = e T 

-18836·~+23.61 
P = e T 

-19116.2·~+2372 
P = e T 

<47S'C -19116.2·~+2329 
P = e T 

-19116.2·~+23.88 
P = e T 

* T in Kelvin. T, plateau pressure is estimated (shaded expressions) based on the expected difference in entropy inferred (rom H 
and D entropies. A unity pre-exponential constant (or dimensioning the expression to units o( pressure is assumed (omitted (or 
clarity). 

Table 4. E uations for determinina the Sieverts' constant for a 
Temperature Range H, Solubility (HIPu perTorr" ) D, Solubility (DIPu perT orr ' ) 

>639.S·C. unalloyed 2342.3·~-7.7 23423'~-805 
K =e T K s' =e r 

511 ' 0 

I 
K. = e 23423*),-8.25 

.\,. 

Unalloyed Pu. 4535·~-103 4535·~-10.65 
S2S'C to 639.S·C K =e T K, =e r 

51! 'f) 

4535*~-10.85 
K\. = e T 

'J 

Unalloyed Pu. 9035'~-160 9035'~-1635 
400'C to S2S'C K =e T K, =e T 

5J1 '/) 

9035*~-1655 
KS' = e r , r 

Pu-2at.%-Ga. 5451·~-11.3 
SSO'C to 62S'C K =e T 

5J1 
Pu-2at.%-Ga. 2970'~-85 
S7S'C to 62S'C K5 =e r 

I) 

Pu-2at%-Ga. 675104'~-128 
3S0'C to SSO'C K, =e T 

'II 

675104*~-13.4 
Ks' = e T 

' r 

Pu-2at.%-Ga, 70707·~-13.357 
400'C to 47S'C K5 =e T 

D 

* T in Kelvin, some solubilities are estimated (shaded expressions) based on the expected difference in entropy inferred (rom H 
and D entropies. A unity pre-exponential constant (or dimensioning the expression to units o( solubility is assumed (omitted (or 
clarity). 
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8. Summary and conclusion. 

The utility of Pressure Composition Temperature (PCT) isotherms for Pu and its 
alloys is made evident in the presented data. The data presented have provided accurate 
heats and entropies of solution for alloyed and unalloyed Pu. The data have clarified 
anomalies in the solution behavior of hydrogen in Pu as attributable to spinodal 
decomposition. The PCT data taken on Pu with low Ga content and Fe impurities 
indicates stronger spinodal decomposition and therefore greater phase separation. The 
solubility plots in figure 12 indicate phase depression occurs when hydrogen is present. 

Finally, its worth noting that Fukia [10], Flanagan [11] and other researchers [12] 
have shown that binary alloys, composed of metals A and B, when combined with 
hydrogen, A-B-H, can result in phase separation of A and B or if hydrogen is already 
present in one metal, it can also limit or completely prevent mixing of A and B. In a 
classic example, Fukia demonstrated complete phase separation of a binary alloy in just 
250 seconds by a mechanism of hydrogen induced super-abundant vacancy formation 
with and attendant increase in metal atom self diffusion of 105 [10]. So the study of 
hydrogen in Pu and its alloys may also have great utility in determining the stability of 
the alloy in addition to understanding corrosion behavior. 
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