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•  Hydrogen (H) and hydrogen-isotopes (D,T) in metals produce a 
variety of defect-mediated behaviors that can result in 
deformation, failure and fracture, e.g. H embrittlement (HE), 
H enhanced localized plasticity (HELP). 

•  Decay of tritium produces helium (He) atoms that cluster and 
form bubbles.  

•  For He in palladium (Pd), He gas is released from the metal at 
an accelerated rate at some critical concentration of He/Pd.  

•  Experiments reveal dislocation loops and other defects in 
these aged samples 

How do hydrogen and hydrogen-
isotope storage materials fail?  



Our focus: 
Identify physical mechanisms leading to 
accelerated release of He gas 
We simulate and examine the material 
defects that originate from having He 
bubbles in a metal lattice using atomistic 
modeling methods. 

Determining the cause of accelerated 
release of helium gas  

(S. Thiébaut et al, J Nucl Mater, 2000) 
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Computed He release shows all the 
     features observed for tritides.

Initial drop

Low early release fraction
Slow rise with age

Onset of accelerated release

(D.F. Cowgill,  
Fusion Sci Tech, 2005) 

See talk on Wed, Feb 19th at 
11:30 am, SD Conv Ctr room 11B 



Potentials in the scientific literature 
•  Embedded Atom Method (EAM) model by Daw and Baskes (Phys 

Rev Lett, 1983; Phys Rev B, 1984) 
-  Accurate for dilute amounts of H and reasonable for PdH alloy. 
-  Incorrectly predicts tetrahedral site occupation for high H 

concentrations.  
-  Displays only a very small miscibility gap:   

•  Multi-body potential by Zhong, Li and Tománek     
 (Phys Rev B, 1991, 1992) 
-  Accurate for dilute amounts of H in Pd and PdH. 
-  Agreement on properties of H-covered Pd surfaces. 
-  Incorrectly predicts tetrahedral site occupation for high H 

concentrations.    – Displays no miscibility gap.   

• (Wolf et al., 1993) 



Potentials in the scientific literature 
•  EAM by Wolf, Lee et al.  (Phys Rev B, 1992, 1993; Phys Rev 

Lett, 1994) 
-  Displays qualitatively correct miscibility gap: 
-  BUT, functions and parameters for Pd-H and H-H 

interactions are not in publications! (or anywhere, trust me) 

• (Wolf et al., 1993) 

… so, we decided to build our 
own potential to capture 
miscibility gap. 
Later, developed an interest in 
exploring Pd-Ag-T alloys to 
determine if alloying impacts He 
bubble/gas retention. 



•  Total energy 

•  Pd potential functions known 

•  H embedding energy 

•  H electron density 

•  H-H and Pd-H pair energy 
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Pd-H EAM Model 
Start with Pd-Pd interaction by Foiles and Hoyt (SAND2001-0661)…  



•  For elemental system, invariances relating the pair 
potential, atomic charge density and embedding energy 
functions introduce non-uniqueness:  

 
 
 
Solutions: 
 
•  For Pd-H system, properties of selected Pd-H phases do 

not uniquely determine H properties 
 
Solution: Include H phase in the fitting of potential parameters 
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•  OC PdHx structure: a fully occupied fcc Pd sublattice, 
and a partially occupied fcc H sublattice at the Pd 
octahedral interstitial sites. The occupancy probability 
for the H sublattice is x. 

•  TE PdHx structure: a fully occupied fcc Pd sublattice, 
and two partially occupied fcc H sublattices at the Pd 
tetrahedral interstitial sites. The occupancy 
probability for the H sublattice is x/2. 

•  Analytical energy as a function of composition can be 
derived assuming atom distribution is perfectly 
random. 

Whenever possible, use analytic 
functions of composition 



•  Mathematica used for its symbolic computation, automated 
derivation, graphic analysis capabilities, and built-in 
optimization routines 

•  Conversion of input Pd potential 

•  Derivation of analytical expressions for cohesive energy, 
pressure, bulk modulus, other elastic constants. 

•  Optimization under constraints using four routines: conjugate 
gradient, simulated annealing, differential evolution and Nelder 
Mead methods 

•  Fitting data includes ab initio estimates of cohesive energy, 
lattice constant and bulk modulus for various H-compositions. 
Also, experimental data for elastic constants from Schwarz et al. 

 
•  Characterization: heat of mixing, Gibbs free energy of mixing, 

elastic constants 

fitEAM Mathematica program 



•  Miscibility gap exists, cause phase separation into H-rich and 
H-poor regions (annealed at 300 K for 14,000,000 timesteps) 
-  In experiments, α phase = PdH0.03 and β phase = PdH0.6 
-  With the potential, α phase ≈ PdH0.00 and β phase ≈ PdH0.85 

• 10 

Success: new potential exhibits  
(a) miscibility gap 

PdH0.2 PdH0.5 

PdH0.9 PdH0.7 



Elastic constants  
(weakly used for potential fitting) 

•  Good qualitative agreement for C’ (=(C11-C12)/2).  
•  Bα ~ Bβ and essentially flat for 0.82 ≤ x ≤ 1.  
•  C44 shows a decreasing trend for 0.82 ≤ x ≤ 1. Also, a line 

connecting the α and β regimes has a lower slope that for the 
high concentration region. 

In the b-phase the shear moduli C 0 and C44 of Pd–H,
Pd–D, and Pd–T decrease linearly with increasing
hydrogen isotope content, as shown in Figs. 5 and 6.
The dependence of C 0 and C44 on concentration is
approximately the same for all three hydrogen isotopes,
d(ln C 0)dx = !0.36 ± 0.02 and d(ln C44)/dx = !0.40 ±
0.02.

The isotope mass affects the value of C 0. The three
straight lines fitted through the C 0 versus concentration
data in Fig. 5 are approximately parallel. Replacing
hydrogen by deuterium softens C 0 in the b phase by
approximately 1.22 GPa, and replacing deuterium by
tritium softens C 0 by an additional 0.88 GPa. The ratio
between the two softening strengths is 1.22/0.88 = 1.39.
Within experimental error, the hydrogen isotope mass
has no effect on the value of C44. Although the B meas-
urements in Fig. 7 have relatively poor resolution, the
data suggests that B in the b-hydride phase is not af-
fected by the hydrogen isotope mass.

3.5. Elastic constants of PdHx, PdDx, and PdTx in the
two-phase (a + b) region

Within the two-phase (a + b) range of Pd–H, the a
and b phases can be coherent or incoherent. If the pre-
cipitates are incoherent, the shape of the a and b do-
mains is arbitrary. The elastic constants in the
presence of incoherent interfaces can be calculated
[23] and the predictions are rather uninteresting. More
interesting elastic constant results are obtained for
coherent a/b interfaces. In this case, the shape of the
precipitates is determined by the elastic anisotropy of
the matrix and has a profound effect on the elastic
constants.

Crystals with coherent interfaces could only be pre-
pared at compositions near the a/(a + b) and (a + b)/b
solvi. We prepared crystals of majority a-phase and
minority b-phase precipitates by quenching a single
a-phase crystal, forcing it in the process to cross the
a/(a + b) solvus, as explained in Section 2. We prepared
crystals of majority b-phase containing minority a-phase
precipitates by letting H (or D or T) escape slowly from
a single-phase b-PdHx crystal. The elastic constant data
are shown in Figs. 9–11.

Fig. 9 shows the C 0 data. The dashed curve (with pos-
itive slope) is the C 0 value expected for an incoherent
aggregate of a and b phases, which we calculated using
the model in [23] and the measured C 0 and B values at
the terminal compositions, xamax and xbmin. The model as-
sumes that the (incoherent) precipitates have spherical
shape and are randomly distributed. Because the C 0 val-
ues at the terminal compositions only differ by approx-
imately 10%, the calculated C 0 for the incoherent
composite is close to a straight line joining the C 0 values
at the terminal compositions (Vegard-type volume aver-
age). Clearly, the C 0 data in Fig. 9 does not follow the
calculated C 0 curve for incoherent precipitates. It will
be discussed in Section 4.1 that the pronounced devia-
tion of C 0 from the values expected for incoherent pre-
cipitates is because in our crystals the b precipitates
are coherent with the a matrix (for 0 < x < 0.1), and
the a precipitates are coherent with the b matrix (for
0.55 < x < 0.6).

The C 0 data can be interpolated reasonably well by a
parabola, which suggests that the difference between the
C 0 values for incoherent and coherent precipitates is
proportional to a parabolic curve of the form
ðx! xmax

a Þðxmin
b ! xÞ $ xðxmin

b ! xÞ. We obtained a slightly
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Fig. 9. Shear constant C 0 = (C11 ! C12)/2 as a function of H isotope
concentration for Pd–H (triangles), Pd–D (circles), and Pd–T
(squares).
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Figure 5.8. Elastic constants as a function of composi-
tion for OC structure. (a) B; (b) C�; and (c) C44. Curved,
solid lines are shown as guides for connecting the simulated
compositions.
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better fit using a fourth-order polynomial, which is the
solid curve shown in Fig. 9 for the PdHx data.

The datum shown by a star corresponds to a PdHx

single crystal that was quenched from the single a-phase
at a value H/Pd = 0.24. After quenching, this C 0 datum
no longer fits the solid parabolic curve characteristic of
coherent precipitates, and approaches instead the dash
straight line expected for incoherent precipitates. It is
likely that at this high value of H/Pd, the a and b hy-
dride phases could not be accommodated elastically
and some of the b-precipitates became incoherent.

Fig. 9 also shows C 0 data for PdDx and PdTx, but
only near the (a + b)/b solvus. Although for these iso-
topes we have no data for 0 < x < 0.1, there should be
little doubt that the overall dependence of C 0 on compo-
sition in the presence of coherent precipitates is close to

the two dotted parabola-shape curves shown in Fig. 9.
Notice that for x = 0, all three parabolic curves must
join at the same C 0 = 25.2 GPa value for pure Pd.

Fig. 10 shows the C44 data for PdHx. The dashed
curve is the calculated C44 value for a two-phase aggre-
gate of incoherent a and b phases [23]. This curve is very
close to a straight line traced through the C44 values at
the limiting compositions, xmax

a ! 0:01 and xmin
b ! 0:62

(Vegard-type average). All the data (solid triangles rep-
resenting the data for coherent a/b interfaces, and the
star for a sample with incoherent a/b interfaces) follow
this curve. Clearly, the C44 values are not affected by
the coherency between the a and b interfaces since C44

has the same value when the a/b boundaries are coher-
ent or incoherent.

Fig. 11 shows the bulk modulus of Pd–H for 0 < H/
Pd < 0.8. Again, the dashed curve is the B value calcu-
lated for incoherent a and b phases. As explained earlier,
the precision in the determination of B is lower than that
for C 0 and C44. This prevents us from ascertaining
whether the B data within the two-phase a + b region
are different for incoherent and coherent precipitates.

4. Discussion

4.1. Composition dependence of the shear elastic constants

The dependence of C44 on hydrogen concentration
(Fig. 10) shows the expected behavior: its value de-
creases monotonically with increasing H concentration,
which can be explained by the expansion of the Pd lat-
tice with the addition of interstitial H. C 0, on the other
hand, is anomalous in that: (1) C0ðx ¼ xbmin ! 0:62Þ >
C0ðx ¼ 0Þ, and (2) C 0(x) has a parabolic dependence
within the two phase (a + b) region.

Geerken et al. [11] proposed a simple spring model
for the fcc lattice of Pd that can explain qualitatively
why C 0 is larger in b-PdHx than in pure Pd, whereas
C44 shows the opposite effect. In this model, the Pd
atoms are interconnected by nearest-neighbor springs
K1 and next-nearest-neighbor springs K2. The evaluation
of the elastic constants of this spring solid is trivial and
gives C 0 % K1 + 4K2, C44 % K1 and B % K1 + K2. The
addition of interstitial hydrogen atoms, at locations
(0,1/2,0), should mainly stiffen the K2 springs, leaving
the K1 springs largely unchanged. Thus, the spring model
suggests that the increase in C 0 due to the stiffening of
K2 overcompensates the decrease in C 0 caused by the
volume expansion. Since K1 remains largely unchanged,
the main effect of H on the C44 value of Pd(H) would
come from the lattice expansion, which softens all the
springs and thus causes C44 to decrease with increasing
H. Although this simple model agrees with the observed
changes in the C 0 and C44 values at the limiting compo-
sitions xmax

a ! 0:01 and xmin
b ! 0:62, it cannot explain
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Fig. 10. Shear elastic constant C44 in PdHx versus hydrogen concen-
tration, x, in the a, (a +b), and b-phases.

0.0 0.2 0.4 0.6 0.8 1.0

160

170

180

190

200

210

220

230

B
 (G

P
a)

H-ISOTOPE / Pd

Fig. 11. Bulk modulus vs. hydrogen isotope concentration in the a,
(a +b), and b-phases of Pd–H, Pd–D, and Pd–T. The symbols and
references are the same as for Fig. 9.

576 R.B. Schwarz et al. / Acta Materialia 53 (2005) 569–580

better fit using a fourth-order polynomial, which is the
solid curve shown in Fig. 9 for the PdHx data.

The datum shown by a star corresponds to a PdHx

single crystal that was quenched from the single a-phase
at a value H/Pd = 0.24. After quenching, this C 0 datum
no longer fits the solid parabolic curve characteristic of
coherent precipitates, and approaches instead the dash
straight line expected for incoherent precipitates. It is
likely that at this high value of H/Pd, the a and b hy-
dride phases could not be accommodated elastically
and some of the b-precipitates became incoherent.

Fig. 9 also shows C 0 data for PdDx and PdTx, but
only near the (a + b)/b solvus. Although for these iso-
topes we have no data for 0 < x < 0.1, there should be
little doubt that the overall dependence of C 0 on compo-
sition in the presence of coherent precipitates is close to

the two dotted parabola-shape curves shown in Fig. 9.
Notice that for x = 0, all three parabolic curves must
join at the same C 0 = 25.2 GPa value for pure Pd.

Fig. 10 shows the C44 data for PdHx. The dashed
curve is the calculated C44 value for a two-phase aggre-
gate of incoherent a and b phases [23]. This curve is very
close to a straight line traced through the C44 values at
the limiting compositions, xmax

a ! 0:01 and xmin
b ! 0:62

(Vegard-type average). All the data (solid triangles rep-
resenting the data for coherent a/b interfaces, and the
star for a sample with incoherent a/b interfaces) follow
this curve. Clearly, the C44 values are not affected by
the coherency between the a and b interfaces since C44

has the same value when the a/b boundaries are coher-
ent or incoherent.

Fig. 11 shows the bulk modulus of Pd–H for 0 < H/
Pd < 0.8. Again, the dashed curve is the B value calcu-
lated for incoherent a and b phases. As explained earlier,
the precision in the determination of B is lower than that
for C 0 and C44. This prevents us from ascertaining
whether the B data within the two-phase a + b region
are different for incoherent and coherent precipitates.

4. Discussion

4.1. Composition dependence of the shear elastic constants

The dependence of C44 on hydrogen concentration
(Fig. 10) shows the expected behavior: its value de-
creases monotonically with increasing H concentration,
which can be explained by the expansion of the Pd lat-
tice with the addition of interstitial H. C 0, on the other
hand, is anomalous in that: (1) C0ðx ¼ xbmin ! 0:62Þ >
C0ðx ¼ 0Þ, and (2) C 0(x) has a parabolic dependence
within the two phase (a + b) region.

Geerken et al. [11] proposed a simple spring model
for the fcc lattice of Pd that can explain qualitatively
why C 0 is larger in b-PdHx than in pure Pd, whereas
C44 shows the opposite effect. In this model, the Pd
atoms are interconnected by nearest-neighbor springs
K1 and next-nearest-neighbor springs K2. The evaluation
of the elastic constants of this spring solid is trivial and
gives C 0 % K1 + 4K2, C44 % K1 and B % K1 + K2. The
addition of interstitial hydrogen atoms, at locations
(0,1/2,0), should mainly stiffen the K2 springs, leaving
the K1 springs largely unchanged. Thus, the spring model
suggests that the increase in C 0 due to the stiffening of
K2 overcompensates the decrease in C 0 caused by the
volume expansion. Since K1 remains largely unchanged,
the main effect of H on the C44 value of Pd(H) would
come from the lattice expansion, which softens all the
springs and thus causes C44 to decrease with increasing
H. Although this simple model agrees with the observed
changes in the C 0 and C44 values at the limiting compo-
sitions xmax

a ! 0:01 and xmin
b ! 0:62, it cannot explain
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(R. Schwarz 
et al, Acta 
Mater, 2005) 



Octahedral site preferred at all H 
concentrations 

structure were calculated using Eq. (23) at the equilib-
rium lattice spacing r1,e. It can be seen from Fig. 5 that
the potential correctly predicts a more stable OC struc-
ture than a TE structure over the entire composition range
0 ! x ! 1.
The quantity shown in Fig. 5 is energy per atom. As

x → 0, the solution becomes infinitely dilute and the
number of palladium atoms becomes infinitely large
compared with that of the hydrogen atoms. As a result,
values of energy per atom for both OC and TE structures
converge to the palladium cohesive energy. Figure 5,
therefore, does not sensitively show the relative stability
of OC and TE structures at small compositions. Relaxed
total energies were hence calculated using a large fcc
palladium crystal with a single hydrogen atom placed at
OC and TE sites. We found that the total energy with the
hydrogen atom at the TE site is about 0.127 eV higher
than that with the hydrogen atom at the OC site.

E. Gibbs free energy of mixing
To verify the existence of the phase miscibility gap

and to estimate the compositions of the " and # phases
when they are in equilibrium, the cohesive energy data
obtained from molecular statics simulations were used in
Eq. (15) to calculate the Gibbs free energy of mixing as
a function of mol fraction for the OC structure. The re-
sults are plotted in Fig. 6 at two temperatures, 300 and
500 K. Figure 6 clearly shows that the system splits into
two coexisting phases. At the low temperature of 300 K,
the equilibrium mole fractions for the " and # phases are
X ! 0 and 0.45, respectively, corresponding to x of 0 and
(approximately) 0.82. While the potential correctly pre-
dicts the phase separation, the equilibrium composition
for the " and # phases are somewhat underestimated and
overestimated, respectively. As mentioned previously, it
has been experimentally determined that phase bound-
aries at room temperature are x ! 0.03 and 0.6.18 It
should be noted that such a discrepancy was also char-
acteristic of the “lost” potential by Wolf et al.25 They
noted " and # compositions of x ! 0.1385 and 0.8362.

Our potential is an improvement in this regard. At the
high temperature of 500 K, the mol fractions for the "
and # phases become closer to X ! 0.1 and 0.4, respec-
tively, corresponding to x of about 0.11 and 0.67.

F. Elastic constants
The minimized energy OC configurations were used to

calculate the elastic constants B, C", and C44, converted
from the values for C11, C12, and C44 listed in Table III.
The results are shown in Fig. 7 as functions of compo-
sition.
It can be seen that the general trend of how elastic

constants vary with composition matches well with the
experiments by Schwarz et al.41 Also, the quantitative
agreement is very good, especially considering that these
experimental values were only weakly used in the fitting
process. Several specific features can be noticed: The
value of the bulk modulus at high concentrations of hy-
drogen, i.e., beyond the # phase boundary composition,
is only slightly lower than the value at the dilute limit,
and is essentially flat within the high concentration range
0.82 ! x ! 1. C", shown in Fig. 7(b), exhibits a peak
value at the equilibrium composition of the # phase. Our
computationally determined curve even has a shape simi-
lar to the one theorized by Schwarz et al. and shown in
Fig. 9 of their paper.41 The value of C44, while differing
somewhat from the bilinear form supposed by Schwarz
et al., does show a decreasing trend over the high hydro-
gen concentration range of 0.82 ! x ! 1. Also, it does
appear that a line connecting the # concentration point
with the x ! 0 (pure palladium) point would have a
lower slope than a line interpolated through the high
concentration points.

G. Mechanical strength
We also performed molecular statics calculations to

explore the mechanical behavior of the PdHx OC struc-
ture as a function of composition. We first examined the
tensile strength using systems containing 6 × 6 × 6 cubic

FIG. 5. Cohesive energy as a function of composition for OC and TE
lattices.

FIG. 6. Gibbs free energy of mixing as a function of mol fraction for
the OC structure.

X.W. Zhou et al.: An embedded-atom method interatomic potential for Pd–H alloys
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•  Alloying palladium with another metal alters properties 
–  Tensile and shear strengths (loop-punching and fracture 

pressures) 
–  Maximum H concentrations (rate of He/M formation) 
–  Miscibility gap (single or multiphase material) 

•  PdxAg1-x alloys: not many experimental measurements on 
bulk properties 

•  Palladium and silver are completely solid soluble (no 
intermediate compounds, phase separations) 

•  Solubility of H into Ag is negligible 
•  H preferentially occupy interstitial sites near Pd. 

Experiments on Pd-Au hydrides show an increase in 
occupied tetrahedral sites with increasing Au concentration 

•  Adding Ag reduces the miscibility gap, which disappears 
around 25-30% Ag 

Pd-Ag-H potential development 



Modeling the Pd-Ag interaction 
•  Start with EAM potential by Williams et al (MSMSE, 2006) for Ag 
•  Pd-Ag interactions fitted using two different functional models 

(Morse-style (m) and Hybrid (h) of Pd-Pd and Ag-Ag) 
•  Fitting parameters determined such that properties of the 

potentials match with lattice parameter, a, and bulk modulus, B, 
obtained from DFT, and heat of mixing reported experimentally 

•  Smooth change in properties and favorable mixing results in 
solid solution    



Pd-Ag elastic constants 



•  Fitting to a broad range of compositions and bulk 
properties failed to capture the correct behaviors 
–  Averaged system values good, but locally poor and 

crystallographically unstable 
•  Ideal Pd3Ag systems with H added to both octahedral and 

tetrahedral sites 
–  DFT to obtain relaxed structure and relative energy of 

that structure 
–  Fit parameters such that EAM potential matches the DFT 

results 

Modeling the Ag-H interaction 



Addition of Ag removes miscibility gap 
•  Loss of miscibility gap noticed 

between 10% and 20% Ag. 
•  Experiments show this occurs in 

real systems at 25% Ag. 

PdH0.5 Pd0.8Ag0.2H0.5 

Examination of Gibbs free energy indicates that Morse-style (Pd-Ag) 
pair function may better represent the loss of the miscibility gap 
with increasing Ag content.  



•  Occupancy of H in tetrahedral 
interstitial sites increases as %Ag 
increases, similar to neutron 
diffraction data for Pd-Au-D by Nanu et 
al. (Acta Mater., 2008). 

•  H prefers sites near Pd atoms over Ag 
atoms; Increasing Ag limits favorable 
H octahedral interstitial sites 

•  H in tetrahedral sites increases with 
increasing Ag (like as seen for PdAuH) 

H interstitial occupancy depends on 
proximity to Pd atoms 



Concluding remarks 
•  Improvement of potential requires additional measurements: 

–  Elastic properties of Pd-Ag and Pd-Ag-H alloys 
–  Neutron diffraction of Pd-Ag-H would provide a definitive 

answer on the hydrogen interstitial site occupancy 
–  Additional ab initio calculations to investigate long-range 

interactions between Ag and H, vibrational entropy, and the 
energy and structure of defects in the hydrides. 

–  Ab initio estimates of ideal tensile and shear strengths 
•  Publications: 

–  Pd-H: Zhou et al, J Mater Res, 23(3), 704-718, 2008 
–  Pd-Ag-H: Hale et al, MSMSE, 21, 045005, 2013 

•  Simulations performed with Sandia’s LAMMPS code 
 (http://lammps.sandia.gov). 

•  Questions? For further info: jzimmer@sandia.gov  


