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Abstract 

Embedded Atom Method (EAM) potentials have been developed for the Ni/AI/H system. The 
potentials have been fit to numerous properties of this system. For example, these potentials 
represent the structural and elastic properties of bulk Ni, Al, Ni3Al, and NiAl quite well. In 
addition the potentials describe the solution and migration behavior of hydrogen in both nickel 
and aluminum. 

A number of calculations using these potentials have been performed. It is found that hydrogen 
strongly prefers sites in Ni3Al that are surrounded by 6 Ni atoms. Calculations of the trapping 
of hydrogen to a number of grain boundaries in Ni3Al have been performed as a function of 
hydrogen chemical potential at room temperature. The failure of these bicrystals under tensile 
stress has been examined and will be compared to the failure of pure Ni3AI boundaries. 
Boundaries containing a preponderance of nickel are severely weakened by hydrogen. 

In order to investigate the potential embrittlement of y/y' alloys, trapping of hydrogen to a 
spherical Ni3Al precipate in nickel as a function of chemical potential at room temperature has 
been calculated. It appears that the boundary is not a strong trap for hydrogen, hence 
embrittlement in these alloys is not primarily due to interactions of hydrogen with the y/y' 
interface. 
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Introduction 

Hydrogen embrittlement of yPy'(Ni3Al) alloys (1-4) as well as polycrystalline Ni3Al (5-7) is 
well-established, but the embrittlement mechanism remains ill-defined. In the y/y' superalloys 
IN718, A286, and lN903, precipitation of spherical y' precipitates strengthens these alloys by 
impeding dislocation motion and localizing slip (3,4,8). Hydrogen acts to further localize slip 
leading to fracture along { 1 1 1 } coplanar slip planes (8). In single crystal CMSX-2, cuboidal y' 
precipitates strengthen this nickel-based superalloy as the spherical y' did in IN7 18, A286, and 
IN903 (9). However, instead of further localizing slip along { 11 1 } slip planes, hydrogen 
promotes homogeneous deformation in the matrix surrounding the y' precipitates by inhibiting 
dislocation cutting of the y' precipitates while enhancing cross-slip in the y matrix. This leads 
to fracture along the cubic y/y' interfaces (9). Interestingly, experiments using tritium (10) 
show that hydrogen is not trapped at the y/y' interfaces as recently postulated (9), but in the y'. 
This suggests that hydrogen embrittlement of y/y' superalloys arises from hydrogen effects on 
deformation. J/ 

In contrast, hydrogen-induced fracture in polycrystalline Ni3Al occurs along the grain 
boundaries. The work of George et al. (7), Stoloff (11), and Nishimura and co-workers (9) 
suggests that it is due to hydrogen trapping at grain boundary sites. George et al. (7) have 
shown that the brittle-like behavior of polycrystalline Ni3Al is reduced in the presence of an 
oxidizing atmosphere. These atmospheres limit hydrogen uptake. Nishimura and co-workers 
(12) have found that hydrogen embrittlement is suppressed in polycrystalline Ni3Al grown by 
the floating zone unidirectional solidification technique. The lack of embrittlement in these 
crystals can be directly attributed to the preponderance of low angle and low C coincidence 
boundaries which have few sites for trapping. These studies suggest that hydrogen 
embrittlement in polycrystalline Ni3Al arises from hydrogen effects on the cohesive strength of 
grain boundaries. 

The Embedded Atom Method (EAM) is a semi-empirical atomistic method that has proved 
reliable in describing the energetics and structural properties of metals and alloys (13,14). We 
developed semi-empirical descriptions of Ni/Al/H interactions using the Embedded Atom 
Method to study hydrogen effects on deformation and fracture in y/y'(Ni3Al) alloys and 
polycrystalline Ni3Al. Previously potentials for the Ni/Al (15-18) system and Ni/H (13,19,20) 
system have been developed, but until now there have been no EAM potentials for the full 
Ni/AVH system. In a related paper in these proceedings (21) and in a more detailed manuscript 
(22) we have presented new potentials for the Ni/H system which closely reproduce both the 
correct stacking fault energy for Ni as well as accurate behavior for H on Ni surfaces. This 
paper presents the addition of A1 to the Ni/H potentials. 

In the following section we present the potentials and show their predictive ability and quality of 
fit to the data base for a number of bulk and defect properties. We then apply these potentials to 
the case of deformation of small 'f precipitates in a Ni lattice with and without hydrogen 
present. As a second example the effect of hydrogen on the fracture of a Ni3A1 bi-crystal is 
presented. 

DeveloDment of the EAM Functions 

The basic EAM equations have been published many times (14) and thus are not repeated here. 
The development of the EAM functions for the Ni/Al/H system closely follows that of Angelo et 
al. (21,22) where the Ni/H functions used here are presented in more detail. The additional 
data needed to complete the Ni/Al/H system are the Al-A1, Al-Ni, and A1-H pair potentials and 
the Al electron density. The pair potential between an Al and X=(Al,Ni,H) atom separated by a 
distance r is given by the following expression: 

where the ci are fitting parameters. In order to facilitate computation all functions are truncated 
by a cut-off function fcut given by: 
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where rc,t is the cut-off distance and distances are expressed in angsLoms. The aluminum 
electron density is given by: 

where again the Ci are additional fitting parameters. 

As in Angelo et al. (21,22), the allminum embedding energy is calculated from the universal 
equation of state (23) which is based upon the experimental bulk modulus, sublimation energy 
Es, and lattice constant ag of aluminum. The AI-Al pair potential and aluminum electron density 
(to within a scaling constant) are determined by fitting calculated properties using the EAM with 
Eqs. (1) and (3) to experimental values of the shear elastic constants, the vacancy formation 
energy, and the stacking fault of pure aluminum. 

Similarly the Al-Ni pair potential and aluminum electron density scaling factor are determined 
by fitting calculated properties using the EAM with Eqs. (1) and (3) to experimental values of 
the lattice constant and sublimation energies of Ni3Al and NiAl and to a number of planar fault 
energies of Ni3Al. The AI-H pair potential is determined by fitting calculated properties using 
the EAM with Eq. (1) to experimental values of the activation energy for solution and diffusion 
of hydrogen in aluminum. 

Results of the Fitting Procedure 

The parameters determined using the procedure described above are given in Table I-II. 

Table I: Parameters for the pair potentials. The parameters for the Ni-Ni, Ni-H, 
and H-H pair potentials were taken from Angelo et al. (21,22). 

C l  (eV> c2 (A-1) c3 (Is> rcut (A) 
Ni-Ni 5.6411172 1.4136118 1.1333300 4.84 

H-H 0.1202780 0.0 0.0 2.8 
Ni-H 6.6090538 1.0256391 2.1101256 2.8 
AI-Ni 7.6605407 1.4731766 1.2197925 5.57712 

A-A 4.6453889 1.6433843 1.1202838 5.65 

AI-H 5.8207299 3.9109047 -0.396919 2.8 

Table 11: Parameters for the electron density. The parameters for nickel and 
hydrogen were taken from Angelo et al. (21,22). 

c4 c 4 - 1 )  
Ni 1 .OOO 2.8448303 
Al 5.650 3.0595286 
H 5.585 75.998895 

The embedding functions for nickel and hydrogen were taken directly from Angelo et al. 
(21,22) and the embedding function for aluminum used the sublimation energy Es, lattice 
constant ag, and bulk modulus (from cl1 and c12) presented in Table III. It should be noted that 
the hydrogen-hydrogen pair potential is modified at short distances to represent the correct 
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energetics of the hydrogen molecule (22). In addition the embedding function and pair potential 
for nickel have undergone a linear transformation that leaves the total energy unaffected (22). 

Table 111: Calculated structural properties and elastic constants compared to 
experiment or first principles calculations. Experimental or first principles values 
are in parentheses. The elastic constants for Ni3Al and all properties for NiAl are 
predicted while the remaining entries are fit to experiment. Entries denoted by an 
asterisk are experimental values which are reproduced exactly by the model by 
construction. 

aRef. (24) 
bRef. (25) 
CRef. (26) 
dRef. (27) 

eRef. (28) 
fRef. (29) 
gRef. (30) first principles calculation 
hRef. (31) 

The functions are shown graphically in Figures 1 and 2. The electron density for hydrogen is 
of significantly shorter range than that of nickel and aluminum which are quite similar. The pair 
potentials involving two metal atoms are again similar while those involving a least one 
hydrogen have their minimum at much shorter separations. This behavior reflects the small size 
of the hydrogen atom compared to the larger nickel and aluminum metal atoms. The pair 
potential contribution to the metal atom bond strength i.e., the minimum of the pair potential, is 
similar for all combinations of the metal atoms. The metal-hydrogen bonds are stronger and the 
hydrogen-hydrogen bond is the strongest. The embedding energies show a similar trend with 
the minimum embedding energy for hydrogen lower than that for nickel and aluminum. 

ProDertv Calculations 

The resultant properties are presented in Tables 111-V. In Table III we see that the bulk 
properties were fit almost exactly. Of more interest is that all the calculated properties for the 
NUAl compounds are predicted to be in close agreement with experiment. Similarly in Table IV 
we see the calculated relaxed defect energies are also an excellent fit to the experimental data 
base. 

In Table V the properties of hydrogen in nickel, aluminum, and Ni3Al are presented. The data 
base of activation energy for solution and diffusion is well represented for both nickel and 
aluminum. In order to compare with experiment, the solution energies were corrected for zero 
point motion (32,33). In addition the experimentally observed formation volume AV per atomic 
volume Q is reproduced. For Ni3Al there are two possible occupation sites for hydrogen, one 
with six nickel neighbors and one with four nickel neighbors and two aluminum neighbors. 
The site with the full nickel environment has a higher (energetically favorable) solution energy 
and lower formation volume. Since the chemical environment of the hydrogen at this low 
energy site is the same as in pure nickel and in addition the lattice is expanded from that of 
nickel, the binding of hydrogen to this site is greater than that in pure nickel. 



0 2.5 5 
distance (A) 

Figure 1: Electron density (a) and pair potential (b) as a function of distance for 
all pairs of Ni, Al, and H. 

Table IV: Calculated vacancy formation energy Eflv (eV), stacking fault energies 
Esf (mJ/m2), and anti-phase boundary energies Eapb (mJ/m2) compared to 
experiment and fxst principles calculations. 

AI 0.53 (0.7)~ 125 (160)b 
Ni3N 6.10d (6.2)f 5 (1O)g 16 (206)h 131 (140)g 202 (180)h 

6.78e (40)i 4 (140)i (220)i 
NiAl 5.74d 

5.44e 

aRef. (34) 
bRef. (35) 
CRef. (36) 
dEnergy required to remove a nickel atom from the perfect crystal to infinity 
eEnergy required to remove an aluminum atom from the perfect crystal to infinity 
fFrom Ref. (37) adjusted by the chemical potential of nickel as in Ref. (15) to be 
comparable to the calculated reference state 
gRef. (38) 
hRef. (39) 
iRef. (30) first principles 
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Figure 2: Embedding energy as a function of electron density (arbitrary units) 
for Ni, Al, and H. 

Table V: Calculated activation energy (relative to H2) Es and volume change AVIQ 
for solution and activation energy for diffusion Ed of hydrogen in Ni, Al, and 
Ni3Al compared to experiment. Values for nickel and aluminum are fit to 
experiment. Values for Ni3Al are predictions. 

Ni 2.19 2.06" (2.05)a 0.31 (0.29)b 0.46 (0.41)~ 

Ni3Al (Ni environment) 2.32 0.25 
Ni3Al (mixed environment) 1.69 0.34 

* includes zero point correction 
a Ref. (40) 
b Ref. (41) 
C Ref. (42) 
d Ref. (43) 

Es (eV> AVIQ Ed (ev> 

Al 1.75 1.60" (1.51)d 0.31 0.40 (0.47)' 

Results And Discussion 

The EAM functions derived above have been applied to two specific problems of interest to the 
hydrogen community: the effect of hydrogen on deformation of Ni3Al precipitates in nickel, the 
YlY system; and weakening of bonding of Ni3A1 grain boundaries by hydrogen. 
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To investigate the behavior of hydrogen in these systems, it is fmt  necessary to perform Monte- 
Carlo calculations at 300 K as a function of chemical potential in both Ni and Ni3Al. The 
results of these calculations are presented in Figure 3. Here we see that the hydrogen solubility 
in Ni3Al is over an order of magnitude greater than that in Ni for dilute hydrogen 
concentrations. This effect is due to the low energy binding site discussed above where the 
hydrogen atom is surrounded by 6 Ni atoms. At high chemical potentials the hydrogen 
solubility in both Ni and Ni3Al saturate at about the same level and form a hydride. 

2 

I A Hydride 
Dilute # /” , I 

1 

Ni3Al k‘ ,qr 
c I 

IO’ ‘ 1 I I I 1 

-2.55 -2.45 -2.35 -2.25 -2.15 -2.05 
Hydrogen Chemical Potential (eV) 

Figure 3. Hydrogen solubility at 300 K in Ni and Ni3Al as a function of 
chemical potential. At dilute concentrations the behavior follows an 
exponential behavior which saturates at high chemical potential. 

Hvdrogen in y/v Allovs 

For the first problem we take a very simplistic picture (Figure 4) of the precipitation hardened 
alloy. A cubic array of very small (-16 A) y‘ precipitates are placed in a nickel matrix in the 
cube orientation. The precipitate spacing is -30 A yielding a volume fraction of y‘ of about 
8%. The scale of these precipitates is about an order of magnitude smaller than observed in real 
systems (44). The idea here is to perform preliminary calculations on a system of reasonable 
size and investigate the size scaling in a future publication. The cell was created with all atoms 
at perfect nickel lattice positions and the appropriate nickel atoms inside the precipitate were 
changed to aluminum atoms forming Ni3A1. The atom positions were then relaxed to their 
minimum energy configuration using a conjugate gradient technique. Due to the small misfit 
between the nickel and Ni3Al the y/y interface maintained coherency during the relaxation. 

Hydrogen was introduced by performing Monte-Carlo calculations at 300 K at a chemical 
potential of -2.25 eV. From Figure 3 we see that this chemical potential would produce a 
concentration of about 1% in pure nickel and 10% in pure Ni3A1. Using these numbers we 
would expect an average hydrogen concentration of about 1.7% in the cell which is in 
reasonable agreement with the 1.4% from the Monte-Carlo calculations. The difference may be 
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attributed to residual strain in the system and the presence of the interface. Looking at the actual 
distribution of hydrogen in the cell, it is found that the hydrogen is not trapped at the y/y' 
interface, rather it is dispersed throughout the precipitate and matrix in agreement with recent 
autoradiography results (10). 

J 

pitate 

001 ] 

Figure 4: Schematic of a periodic array of Ni3Al precipitates in a Ni matrix. 
Both the precipitate and matrix have cube orientations. 

To investigate the effects of deformation, the lattice was strained in the [OOl] direction by 1% 
increments. We compare the results of the deformation in Figure 5 where the precipitate is seen 
to have an elliptical cross section in this view. Here we see (Figures 5a and 5d) that 
independent of hydrogen concentration, the lattice deforms uniformly in the [Ool] direction with 
no displacements in the (001) plane up to a strain of 12%. At a strain of 15% (Figure 5b) the 
cell with no hydrogen undergoes a tetragonal distortion in the (001) plane which moves atoms 
near the major axis of the precipitate ellipse away from the center of the precipitate and atoms 
near the minor axis, toward the center. With hydrogen present (Figure 5e) this tetragonal 
distortion does not occur. Instead the lattice deforms in a martensitic twinning mode with 
significant atomic motion in the [110] direction. The twinned structure is quite apparent in 
Figure 5e. At higher strain (Figures 5c and 5f) the twinned structure appears even in the 
absence of hydrogen. 
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Hvdrogen - Effects on the Fracture of Ni?Al - Bicrvstals 

Our second example is that of a Ni3Al bicrystal. Four different C 5 (120) boundaries have 
been examined each one differing from the others by the positioning of the A1 atoms on 
different sub-lattices. The computational cell is approximately 100 8, in the x [ 1201 direction, 
approximately 24 A in the y [210] direction, and approximately 11 8, in the z [OOl] direction. 
The cell is periodic in y and z and has free surfaces in x. The grain boundary is far enough 
away from the free surfaces so that it effectively is in bulk material. In Figure 6 the relaxed 
structure of each of the boundaries is shown. Both symmetric (Figures 6b and 6d) and 
asymmetric boundaries (Figures 6a and 6c) may be formed. Grain boundary energies are 1476, 
1276, 1248, and 1407 d / m 2  for boundaries a-d respectively. The grain boundary energy is 
not correlated with the symmetry of the boundary. 

The boundaries were fractured by applying forces in the x [ 1201 direction to the atoms further 
than about 30 from the b o u n d q  in the [ 1201 direction. In molecular dynamics calculations 
at 300 K, the forces were increased at a rate of 0.01 eV/A3/psec and the average x displacement 
far from the boundary was used to calculate the strain. At a specific applied force the bi-crystal 
separated completely; we calculate the fracture stress from this force. In looking at the fractured 
surfaces, we see that the fracture occurred on (100) facets of the (120) surface. It was found 
that the symmetric boundaries exhibited a fracture stress about 15% higher than that of the 
assymetric boundaries. 

t 

Figure 6: Atomic positions at the 5 (120) grain boundary in Ni3A1 which 
runs vertically through the center of each figure. Nickel atoms are 
denoted by dark grey circles and aluminum atoms, by light grey 
circles. 
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Hydrogen was introduced using the Monte-Carlo procedure described above to yield far-field 
concentrations of 40 appm and 400 appm. There was a significant difference in affinity for 
hydrogen between the four boundaries (Figure 7). The boundary composed of all nickel atoms 
(Figure 7d) had a significantly higher trapped hydrogen concentration than the other boundaries 
which all contained some aluminum. We will call this a 22 boundary representing occupation 
of aluminum on the sublattice number two. Note that the hydrogen at this boundary is strongly 
segregated to nickel-rich regions. The 22 boundary was fractured with both 40 appm and 400 
appm far-field hydrogen present. For the 40 appm hydrogen case the fracture stress was 
reduced by about 15% from the fracture stress with no hydrogen and for the 400 appm case, 
almost 20%. We show the stress-strain curves for the 22 boundary in Figure 8. Here we see 
the reduction in fracture stress as a function of hydrogen concentration. Note that for low 
applied stress the calculated strain is independent of hydrogen concentration. It is only very 
near the point of fracture that the hydrogen seems to make a difference in the strain. We believe 
that the unusual wiggle in the c u w s  at low stress is due to non-equilibrium effects caused by 
the extremely high stress rate that we have imposed upon the bicrystal. The other three 
boundaries had much less hydrogen segregated to the boundary and hence were affected much 
less by the same chemical potential of hydrogen. 

[210] 

t 

Figure 7: Atomic positions at the C 5 (120) grain boundary in Ni3A1 which 
runs vertically through the center of each figure. Nickel atoms are 
denoted by dark grey circles, aluminum atoms, by light grey circles, 
and hydrogen atoms by white circles. The figures represent one 
snapshot of the configurations sampled by the Monte-Carlo 
procedure at 300 K. The chemical potential of hydrogen was chosen 
to yield a far-field hydrogen concentration of 400 appm. 

I 
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It is ironic that the grain boundaries that are rich in nickel are those most embrittled by 
hydrogen. The usual technique for processing Ni3Al is to use material that is substoichiometric 
in aluminum, thereby producing a nickel rich material and consequently nickel rich grain 
boundaries (16). It appears that this material is likely to be more susceptible to hydrogen 
embrittlement that stoichiometric Ni3Al. The fact that we have found one arrangement of the C5 
boundary is embrittled by hydrogen does not imply that this mechanism is operative in real 
materials. We have also found three other arrangements that are not embrittled. Different 
processing techniques may produce a preponderance of specific boundaries that have varying 
propensities for hydrogen embrittlement. 
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0 5 10 15 20 25 30 
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Figure 8: Stress-strain curve for the 22 arrangement of the C 5 (120) grain 
boundary in Ni3AI. The curves shown are calculated strain for a 
given applied stress for the case of no hydrogen, 40 appm hydrogen, 
and 400 appm hydrogen. Note the reduction in fracture stress as the 
hydrogen concentration is increased. 

S u m a r v  and Conclusions 

We have developed an accurate set of EAM functions for the Ni-AI-H system. The functions 
have been fit to a data base which includes the sublimation energy, elastic constants, and defect 
energies for the Ni/Al system and solution and migration energies for the metal-hydrogen 
systems. The fit to the data base is very good. Structural and elastic properties of both Ni3AI 
and NiAl have been predicted in agreement with experiment. 

Using these functions we have calculated the deformation mechanism of a cubic array of Ni3A1 
precipitates in a Ni matrix representing a y/y alloy system. Monte-Carlo calculations at 300 K 
show that hydrogen is not trapped to the y/y' interface, rather the simulations show that 
hydrogen is mainly trapped inside the particle. In the absence of hydrogen the system 
deforms first elastically in a homogeneous manner, then elastically with tetragonal symmetry, 
and finally in a martensitic twinning mode. It is found that hydrogen changes the deformation 
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mechanism of the precipitates by eliminating the tetragonal mode and by reducing the strain at 
which the twinning mechanism is activated. 

We have also calculated the effect of hydrogen on the grain boundary strength of X5( 120) grain 
boundaries in Ni3Al. We fmd that the hydrogen segregated to one of these boundaries at 300 K 
corresponding to a matrix concentration of as little as 40 appm of hydrogen can reduce the 
stress to fracture of this boundary by almost 20 percent. We also find that other C5(120) 
boundaries are not embrittled to anywhere near this extent. It appears that boundaries rich in 
nickel trap significant amounts of hydrogen and are weakened much more by hydrogen than 
those containing aluminum. 

References 

1. 

2. 

3. 

4. 

5 .  
6. 
7. 
8. 

9. 

10. 

11. 

12. 

13. 
14. 
15. 
16. 

17. 
18. 
19. 

20. 

21. 

22. 

23. 

W. S. Walston, A. W. Thompson, and I. M. Bernstein: Hydrogen Effects on Material 
Behavior, N. R. Moody and A. W. Thompson, eds., TMS, Wanendale, PA, 1990, p. 

D. Roux, A. M. Brass, and J. ChCne: Hydrogen Effects on Material Behavior, N .  R. 
Moody and A. W. Thompson, eds., TMS, Warrendale, PA, 1990, p. 567-579. 
N. R. Moody, S. L. Robinson, and W. M. Garrison: Res Mechanica, 1990, vol. 30, p. 

N. R. Moody, S. L. Robinson, and M. W. Perra: Eng, Fracture Mech., 1991, vol. 39, 

C. T. Liu: Scripta Metall. Mater., 1992, vol. 27, p. 25. 
E. P. George, C. T. Liu, and D. P. Pope: Scripta Metall. Mater., 1992, vol. 27, p. 365. 
E. P. George, C. T. Liu, and D. P. Pope: Scripta Metall. Mater., 1993, vol. 28, p. 857. 
P. D. Hicks and C. J. Alstetter: Hydrogen Effects on Material Behavior, N. R. Moody 
and A. W. Thompson, eds., TMS, Warrendale, PA, 1990, p. 613-23. 
I. M. Bernstein and M. Dollar: Hydrogen Effects on Material Behavior, N. R. Moody 
and A. W. Thompson, eds., TMS, Warrendale, PA, 1990, p. 703-15. 
J. ChCne and A. M. Brass: Hydrogen Effects on Material Behavior, N. E. Moody and 
A. W. Thompson, eds., TMS-AIME, Warrendale, PA, 1995, submitted. 
N. S. Stoloff Hydrogen Effects on Material Behavior, N. E. Moody and A. W. 
Thompson, eds., TMS-AIME, Warrendale, PA, 1995, submitted. 
C. Nishimura, M. Komaki, and M. Amano: Scripta Metall. Mater., 1993, vol. 29, p. 

M. S. Daw and M. I. Baskes: Phys. Rev. B, 1984, vol. 29, p. 6443. 
M. S. Daw, S. M. Foiles, and M. I. Baskes: Mater. Sci. Rep., 1993, vol. 9, p. 251-310. 
S. M. Foiles and M. S. Daw: J. Mater. Res., 1987, vol. 2, p. 5. 
S. M. Foiles: High-Temperature Ordered Intermetallic Alloys 11, N. S. Stoloff, C. C. 
Koch, C. T. Liu, and 0. Izumi, eds., Materials Research Society, Pittsburgh, 1987, p. 
51. 
A. F. Voter and S. P. Chen: Mat. Res. SOC. Symp. Proc., 1987, vol. 82, p. 175. 
S. P. Chen, D. J. Srolovitz, and A. F. Voter: J. Mater. Res., 1989, vol. 4, p. 62. 
M. S. Daw, M. I. Baskes, C. L. Bisson, and W. G. Wolfer: Modelling Environmental 
Effects on Crack Growth Processes, R. H. Jones and W. W. Gerberich, eds., The 
Metallurgical Society, Warrendale, PA, 1985, p. 99-124. 
M. S. Daw and M. I. Baskes: NATO Advanced Workshop on “Physics and Chemistry 
of Fracture”, R. M. Latanision and R. H. Jones, eds., Martinus Nijhoff, Dordrecht, 
1986, p. 196. 
J. E. Angelo, M. I. Baskes, and N. E. Moody: Hydrogen Effects on Material 
Behavior, N .  E. Moody and A. W. Thompson, eds., TMS-AIME, Warrendale, PA, 
1995, submitted. 
J. E. Angelo, N. R. Moody, and M. I. Baskes: Modelling Simul. Mater. Sci. Eng., 
1995, accepted for publication. 
J. H. Rose, J. R. Smith, F. Guinea, and J. Ferrante: Phys. Rev. B, 1984, vol. 29, p. 

58 1-590. 

143 -206. 

p. 941-954. 

1205- 1209. 

2963-2969. 

13 



33. 
34. 
35. 

36. 
37. 
38. 
39. 
40. 
41. 

24. 
25. 
26. 

27. 

C. S .  Barrett and T. B. Massalski. Structure of Metals. New York McGraw-Hill, 1966). 
C. J. Smith, ed. Metal Reference Book. 5th ed., London: Butterworths, 1976). 
G. Simmons and H. Wang. Single Crystal Elastic Constants and Calculated Aamecate 
Properties: A Handbook. Cambridge, Mass.: MIT PRess, 1971). 
E. A. Brandes, ed. Smithells Metals Reference Book. 6th ed., London: Butterworths, 
1983). 

28. W. W. Wood: J. Chem. Phys., 1970, vol. 52, p. 729. 
29. S. M. Foiles, M. I. Baskes, and M. S. Daw: Mat Sci Forum, 1989, vol. 37, p. 223-234. 

3 1. N. Rusovic and H. Warlimont: Phys. Stat. Sol.(a), 1977, vol. 44, p. 609. 
32. S .  M. Foiles, M. I. Baskes, C. F. Melius, and M. S. Daw: J. Less-Common Met., 1987, 

vol. 130, p. 465. 
M. I. Baskes, S. M. Foiles, and C. F. Melius: J Nucl Mater, 1987, vol. 145, p. 339. 
W. Wycisk and M. Feller-Kniepmeier: J. Nucl. Mater., 1978, vol. 698~70, p. 616. 
J. P. Hirth and J. Lothe. Th6ry of Dislocations. second ed., New York John Wiley and 
Sons, 1982). 
R. W. Balluffi: J. Nucl. Mater., 1978, vol. 69&70, p. 240. 
T.-M. Wang, M. Shimotomai, and M. Doyama: J. Phys. F, 1984, vol. 14, p. 37. 
P. Veyssiere, J. Douin, and P. Beauchamp: Philos. Mag. A, 1985, vol. 51, p. 469. 
K. J. Hemker and M. J. Mills: Philos. Mag. A, 1993, vol. 68, p. 305-324. 
P. T. Gallagher and W. A. Oates: Metall. Trans., 1969, vol. 245, p. 179. 
B. Baranowsky, S .  Majchrzak, and T. B. Flanagan: J. Phys. F: Metal Physics, 1971, 
vol. 1. D. 258. 

30. M. H. YOO and C. L. Fu: ISIJ, 1991, VOI. 31, p. 1048-1061. 

42. J. K. Tkin, ed. Effects of Hydrogen on Materials Behavior. (New York: Metallurgical 
Society of AIME, 1976). 

43. W. Eichenauer and A. Pebler: 2. MetaZlkd., 1957, vol. 48, p. 373. 
44. V. Munjal and A. J. Ardel: Acta Metall., 1976, vol. 24, p. 827-833. 

DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility for the accuracy. completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recorn- 
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 

-_ 

14 


