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Abstract 

Austenitic superalloys exhibit dramatic reductions in ductility and crack growth resistance when 
high fugacity hydrogen and hydrogen-producing environments trigger a change in fracture mode 
from microvoid coalescence to slip band and intergranular fracture. Of particular importance is 
the change to intergranular fracture. We have therefore combined the Embedded Atom Method 
@AM) with Monte Carlo simulations and molecular dynamics calculations to help define the 
effects of hydrogen on segregation and fracture at the atomic level. Nickel was used to simulate 
the face-centered-cubic austenite lattice while symmetric and asymmetric E9  tilt boundaries were 
used to simulate grain boundaries. These simulations show that grain boundaries are strong trap 
sites for hydrogen. They further show that hydrogen dramatically reduces the bond strength 
between atoms at grain boundary sites while inhibiting dislocation generation. 
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Introduction 

Austenitic superalloys are often used in hydrogen and hydrogen-producing environments due to 
their good resistance to hydrogen effects compared with other alloys of comparable strength. (1) 
Nevertheless, these alloys can exhibit dramatic reductions in ductility and crack growth resistance 
when exposed to high hydrogen fugacity environments. This is observed in the Fe-Ni-Co 
superalloy IN903, where exposure to high hydrogen concentrations decreases the resistance to 
crack growth by a factor of three. (1) The decrease in crack growth resistance in IN903 as in 
other iron-based superalloys is triggered by a change in fracture mode from microvoid 
coalescence to slip band and intergranular failure as the concentration of hydrogen increases. 
(1,2) There is also a significant amount of dislocation activity evident on the slip band and 
intergranular facets (1) as fracture occurs at high stresses well within the intensely deformed 
plastic zone ahead of the propagating crack tip. (3-6) 

Of particular importance are thresholds at the highest hydrogen concentrations where 
intergranular fracture defmes the limit of susceptibility. However, the effects of hydrogen on the 
intergranular fracture process and how it leads to a lower limit for susceptibility are not well- 
defined, being attributed to either enhancement of localized plasticity or to a decrease in atomic 
bond strength. There are observations that support both mechanisms in IN903. In-situ TEM 
straining of thin IN903 films shows that hydrogen enhances dislocation motion. (7) There are 
also well-defmed slip bands on the intergranular fracture facets that may correspond to a fracture 
path following slip planes adjacent to the boundary. (7,8) These observations support a 
mechanism of hydrogen-enhanced localized plasticity. Cross-sectional metallography of 
hydrogen-charged-and-fractured samples shows that fracture begins on boundaries oriented 
normal to the maximum applied tensile stress followed by fracture of boundaries with other 
orientations. (1) There is also a high sulfur content which is known to promote hydrogen- 
induced grain boundary decohesion. (8) In addition, stress relaxation experiments suggest that 
hydrogen has no effect on dislocation generation, structure, or motion in thick section samples of 
IN903. (9) These observations support a mechanism of hydrogen-enhanced decohesion. 

As a consequence, recent studies (10-12) have combined Monte Carlo and molecular dynamics 
simulations on nickel lattices using the embedded atom method (Em to define the effects of 
hydrogen segregation on dislocation emission and grain boundary fracture at the atomic level. 
Work-to date has focused on symmetric c.9 tilt boundaries. In this study we review these studies 
and extend the atomistic approach to the study of hydrogen segregation and fracture of an 
asymmetric X9 tilt boundary. We also employ recently developed potentials (13) constructed to 
more accurately describe dislocation structures and interactions than previous efforts to help 
define how hydrogen affects the fracture process in nickel-rich superalloys. 

Computational ADproach 

The Embedded Atom Method is a computationally simple, semi-empirical method for describing 
the energy and structure of metal atom systems. This method has been used to accurately 
describe surfaces and defects in pure metals (14-16) hydrogen and helium interactions with 

systems. (18) It is employed in this study to compute the energies of the lattice configurations. 

In the Embedded Atom Method, the total energy of a system of atoms is approximated as the sum 
of the energies to embed each atom into the local electron density of all remaining atoms, plus the 
sum of short range pair interaction energies as follows, (14,19-21) 

metals and metal surfaces, (15,17) and equilibrium segregation in a variety of nickel-binary alloy . .  
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In this equation, pi is the atomic electron density at the site of atom i from the other atoms in the 
system, &(pi) is the energy to embed an atom of type i into the electron density pi, and 4ij(Rij) is 
the pair interaction energy between two atoms separated by a distance Rij. The atomic electron 
density, Pi, is approximated by the sum of atomic electron densities, pja(Rij), seen by each atom . . .- . .  " 
i due to each atom j at a distance &j from the nucleus as follows, . .  



The p& interaction energy is defined by 

with the effective charges between atoms i andj separated by a distance R given by &(R) and 
zj(R). (19) 

The embedding energies and pair interactions are determined empirically by requiring the total 
energy of the system equal the Universal Equation of State given by Rose (15,22) as follows, 

E(a)=-Esub( l+a*)exp(a*) 

where 

In these equations, Esub is the sublimation energy, B is the bulk modulus, a is the current lattice 
constant, a, is the equilibrium lattice constant, and Q is the equilibrium volume per atom for 
nickel. 

As there is no equivalent equation of state for hydrogen, the embedding function and effective 
charge were parametrized with functional forms described by Foiles et al. (19,20) The 
parameters were then fit to give the correct solution and migration energies of hydrogen in bulk 
nickel, the qhemisorption energy in the fourfold hollow site of the (100) surface and the 
threefold hollow site on the (1 11) surface, the equilibrium height of the hydrogen above the 
(100) surface, and by requiring that the observed adsorption sites for hydrogen on the (loo), 
(1 lo), and (1 11) have the lowest classical energies. The pair interaction was then determined 
by fitting to the equilibrium bond energy and bond length of a hydrogen molecule. 
Furthermore, the H-H interaction at short distances is defined so that the potential energy 
surface for an isolated molecule is correct. (15,20) In t l i is manner, both long-range elastic and 
short-range H-H interactions are included in the EAM calculations. 

This approach was used by Foiles and co-workers (20,23) to develop a set of potentials that 
accurately described Ni-Ni and Ni-H interactions with surfaces in a nickel lattice. They were 
subsequent1 used to describe hydrogen segregation and fracture in nickel containing a 
symmetric 3 9 tilt boundary. (10-12) However, the predicted stacking fault energy was so low 
that it was difficult to study the interaction of hydrogen with dislocations. This motivated the 
recent development of potentials by Angel0 et al. (13) that more accurately described hydrogen- 
dislocation behavior. The fitting procedures, effective charge functions, and pair interaction 
energies along with comparisons of predicted to experimental nickel and hydrogen-in-nickel 
properties are presented in detail elsewhere. (13,20) 

* -  : 

The Monte Carlo simulations are used with the Embedded Atom Method to establish the optimum 
lattice configurations in thermal equilibrium with an imposed hydrogen environment. These 
simulations allow for creation of hydrogen in the lattice and for local atom displacements. The 
probability for acceptance of this change in hydrogen concentration is defined by the change in 
energy relative to the total chemical potential. In addition, the simulations allow for local atom 
displacements away from their equilibrium positions and thus incorporate lattice strain effects. 
(18,24) The effect of lattice hydrogen concentration on trap site occupancy is then determined by 
performing the simulations at different hydrogen chemical potentials. (17) 

. 



The Molecular dynamics simulations are used to compute the movements of individual atoms as a 
function of time based on Newtonian mechanics from the optimum lattice configurations 
established with Monte Carlo simulations. These movements are generated by numerically 
integrating the equations of motion for the coordinate components of all atoms in the lattice 
beginning with the force and velocity vectors assigned to the initial position of each atom. (25) 
When these force and velocity vectors are applied continuously to the point of fracture, the 
fracture process and corresponding properties are defined at the atomistic level. 

Results and Discussion 

Svmmetric Boundary Structure 

Two recent studies of hydrogen effects (10,ll) use a c9 tilt boundary in a nickel lattice to 
represent grain boundaries and interfaces in face-centered cubic austenitic stainless steels and 
superalloys. This boundary is generated by rotating two ideal nickel lattices around a common 
[TlO] axis so that the (221) planes of one lattice are parallel to the (221) lanes of the other. 
Periodic boundary conditions are imposed in the [I101 and the [T14]/[1 3 a] directions. The 
imposition of periodicity inhibits Poisson contractions in the plane of the boundary. As a 
consequence, these simulations resemble the loading of material ahead of a crack under plane 
strain conditions. The result is an infinite bi-crystal slab with a repeat distance of 1.5 nm in each 
direction of the boundary plane and free surfaces that extended .idhost 2.5 nm from each side of 
the boundary. Embedded Atom Method calculations developed by Foiles et al. (20) are then 
employed to relax the atoms from their ideal lattice positions to local energy minimum positions. 
The resulting minimum energy structure is shown in Figure 1, where the c9 tilt boundary is 
characterized by a symmetric array of polyhedral defects. 

The trap site locations and trap binding strengths were found by first calculating the energy to 
embed a hydrogen atom at polyhedral sites along the grain boundary and interstitial sites near the 
tilt boundary and at far-field interstitial sites with the Embedded Atom Method. For each 
hydrogen atom, EAM calculations relaxed the nickel atoms and the hydrogen atom to their local 
minimum energy positions. This defined the trap site locations. The difference between the 
energy to embed hydrogen in the far-field lattice and to embed hydrogen at or near the tilt 
boundary and the energy then defied the trap binding energy for the trap site. This procedure 
was used to calculate the trap binding energies for all interstitial sites extending up to a distance 

Figure 1. Embedded Atom Method calculations relaxed the atoms from their (a) ideal 
lattice positions to local energy minimum positions creating a (b) symmetric E9 tilt 
boundary. Comparison of the two structures shows that minimization shifted all 
atoms towards the tilt boundary with atom rearrangements in the immediate boundary 
region. (10) 
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Figure 2. The trap binding energies exceed 0.5 eV at sites along the Z9 tilt boundary 
but trapping is limited to a distance less than 0.4 nm from the boundary plane. The 
high energy trap sites correspond to the polyhedral holes that characterize the 
boundary structure. (10) 

of 1 nm from the tilt boundary within a volume defined by the periodic repeat distances in the 
plane of the boundary. 

The calculated trap binding energies are shown in Figure 2 as a function of distance from the tilt 
boundary. As shown in this figure, the trap binding energies are slightly greater than 0.5 eV at 
sites along the boundary and correspond to the polyhedral holes that characterize the C9 tilt 
boundary structure. Although the trap binding strengths at sites along the boundary are strong, 
the trapping, defined as a binding energy of at least 0.05 eV (26), was limited to a distance less 
than 0.4 nm from the boundary plane. W i W  this region, the trapping of hydrogen atoms occurs 
at octahedral sites expanded by strains from the boundary structure. These results are in close 
agreement with hydrogen permeation studies in nano-crystalline palladium by Mutschele and 
Kirchheim (27) who showed that trapping is best described by a spectrum of binding energies at 
sites within a 0.25 nm of the grain boundary. In the far-field lattice, hydrogen occupies the 
undistorted octahedral holes rather than the smaller tetrahedral interstitial sites. (23,26,28) 

Monte Carlo simulations were then employed to determine the effect of these defect' sites on 
hydrogen segregation for exposure of the lattice to different applied chemical potentials (far-field 
hydrogen concentrations) at a temperature of 300 K. (10) At low applied chemical potentials, 
hydrogen fiist occupied the high binding energy polyhedral defect sites along the tilt boundary . . 
(Figure 3a). As the applied chemical potential increased, the high binding energy defect sites 
fiiled with hydrogen atoms followed by the lower binding energy dilated octahedral sites in the 
near boundary region (Figure 3b). The resulting increase in hydrogen concentration along the 
boundary induced a shift in the boundary structure and a general lattice expansion normal to the 
boundary. It should be noted that each of the lattices shown in Figure 3 is a projection onto the 
(I 10) plane of a two-atom-thick layer representing one repeat distance along the [ 1 103 tilt axis. 

The Monte Carlo simulations provided the initial conditions for molecular dynamics to determine 
how the different hydrogen concentration distributions affect the 'inherent' strength of C9 tilt 
boundaries at a temperature of absolute zero. (1 1) The fracture of these lattices at absolute zero 
immobilizes the hydrogen concentration distribution in each lattice to the room temperature 
equilibrium distribution. A continuously increasing force was applied to all atoms in each lattice 
site more than 1.4 nm from either side of the boundary plane at a rate of 0.16 GPdps until 



Figure 3. At low applied chemical potentials (low far-field hydrogen concentrations), 
(a) hydrogen (small circles) first occupies the high energy polyhedral defect sites that 
characterize the C9 tilt boundary structure. At high applied chemical potentials, (b) 
hydrogen fills all polyhedral defect sites plus the lower energy dilated octahedral sites 
in the near boundary region. The simulations also indicate that significant changes in 
boundary structure occur as trap site occupancy increases. (10) 

fracture occurred. All forces were uniformly applied normal to the boundary which precluded 
relative motion and bending of the lattice. Although 0.16 GPdps is an extremely rapid rate of 
loading, we verified that the resulting fracture stresses were only slightly higher than the 
equilibrium fracture stresses (computational minimums) calculated from simple static 
minimization techniques. (19) 

The-simulations showed that fracture in all lattices began with the breaking of atom bonds 
bridging the boundary plane next to the polyhedral defects as shown in Figure 4 and continued 
until complete fracture had occurred along the boundary plane. (1 1) 'Once fracture began the 

Figure 4. Comparison of the unstressed, unexposed lattice containing a C9 tilt 
boundary (a) with the lattice during the fracture process (b) shows that fracture 
begins with the breaking of the bonds next to the polyhedral defect sites. (1 1) 
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Figure 5. A cross-plot of fracture stress and the hydrogen concentration in the tilt 
boundary region against applied chemical potential shows that the fracture stress 
decreases markedly as the tilt boundary concentration increases and reaches a lower 
limiting value at high chemical potentials where all boundary sites are occupied. The 
corresponding far-field hydrogen concentrations are estimates determined from the 
simulations. (1 1) 

complete process occurred within one picosecond. There were small shifts of some individual 
atoms along the newly created fracture surfaces and contraction in the plane of the ’Ljoundary for 
both charged and uncharged lattices. Although hydrogen had no apparent effect on the fracture 
process, it did have a profound effect on the stress for fracture. This effect is shown in Figure 5, 
where hydrogen reduced the fracture stress in the unexposed nickel lattice from approximately 18 
GPa to a lower limiting value near 8 GPa at a chemical potential of .-2.40 eV. It should also be 

. noted that the fracture stresses from molecular dynamics simulations were only slightly higher 
than the fracture stresses from static minimization indicating that the dynamic results are nearly 
quasistatic. The variation in fracture stress at any given chemical potential results from the 
variation in nickel atom lattice positions and in the number and position of hydrogen interstitials 
for each simualtion and is consistent with scatter in measured material properties. (1,2,29) The 
fracture stress results also parallel the effects of hydrogen on crack growth susceptibility in a 
number of alloy systems where measures of susceptibility exhibit limiting values at high 
hydrogen concentrations. (1,2,29) 

Closer examination of the fracture results showed that the decrease in the fracture stress varied - . . 

inversely with the concentration of hydrogen in the tilt boundary region as shown in Figure 5. 
However, the fracture stress appeared to reach its limiting value at a lower chemical potential 
than required for saturation of grain boundary trap sites. Support for this observation comes 
from comparison of concentration-versus-distance profiles in the boundary region shown in 
Figure 6.  The concentrations in this figure represent the average concentrations for 0.1 nm wide 
regions spanning the boundary region of each lattice. The first region for all lattices is centered 
on the boundary. This plot shows that when the fracture stress reached a lower liming value at a 
chemical potential of -2.40 eV, the sites along the boundary plane saturated even though sites 
near the boundary plane continued to fill. When these atoms were followed through the fracture 
process they were the only atoms directly involved in the fracture process. Since filling of the 
boundary sites has little effect on the fracture stress, it may be concluded that atoms more than 
0.05 nm from the boundary have little effect on the intergranular fracture process at absolute 
zero. Within the constraints imposed on these calculations, the results show that the ‘inherent’ 
effect of hydrogen is to reduce the cohesive force between atoms across the boundary plane 
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Figure 6. The concentration-versus-depth profiles show that the sites along the 
boundary plane fill at an applied chemical potential of -2.40 eV. This corresponds to 
the onset of lower limiting behavior for the fracture stress. Although the sites near the 
boundary continue to fill with an increase in chemical potential, they have no further 
effect on the fracture stress. (1 1) 

in agreement with the decohesion process for hydrogen-induced fracture. ( 1 4 ~ 9 )  These results 
parallel a recent study (30) on pure nickel which shows that hydrogen segregation to grain 
boundaries at room temperature promotes intergranular fracture at low temperatures where 
hydrogen redistribution and interactions with dislocations do not occur. 

Examination'of lattices not exposed to hydrogen revealed that dislocations were emitted on { 1 11 } 
planes from the polyhedral defects along the boundary plane as shown in Figure 7. This 
prediction is consistent with real material behavior where boundaries are preferred sites for 
dislocation emission. (31) Dislocation emission was also observed in lattices exposed to low 
hydrogen concentration environments but only from defect sites where no hydrogen was present. 
For the lattices in which dislocation emission occurred, it occurred at loads between 12 and 16 
GPa. Atom plane sectioning of the nickel lattices at successive load increments showed that these 
slip traces were created by passage of one partial dislocation on each slip plane. Although the 
leading partials ran out of the ends of the crystal, the trailing partials were never emitted from the 
defect sites. The size of each lattice was doubled in all directions as was the distance.from the 
boundary at which the loads were applied to ensure that periodic boundary conditions and grip 
locations were not preventing emission of the trailing partial. In addition, static minimization was 
used to determine equilibrium lattice configurations under load to ensure that rapid rates of 
loading were not adversely influencing dislocation behavior. None of these changes had an effect . - 
on the results. However, the nickel potentials used here described a lattice with a very low 
stacking fault energy that may not provide sufficient driving force to pull out the trailing 
dislocation. For the orientation between slip planes and applied tensile stress of this study, the 
critical resolved shear stress of the trailing partial was two times greater than of the emitted 
partial. As a consequence, fracture preceded emission of the trailing partial for all hydrogen 
concentrations studied. 

In contrast to lattices exposed to low concentrations of hydrogen, no dislocation emission 
occurred in lattices where hydrogen atoms occupied all defect sites along the boundary plane. 
These results differ from simulations that show hydrogen enhances dislocation generation and 
mobility from cracks on { 11 1) planes. (19,32) However, the results are consistent with 
experimental stress relaxation results showing that hydrogen does not enhance mobile dislocation 
density or dislocation mobility in a relatively thick samples of the precipitation strengthened 
superalloy IN903. (9) The differences between the results of this study and the studies (19,32) 



Figure 7. Plastic deformation occurred by emission of partial dislocations from 
polyhedral defects along the boundary plane as shown for an unexposed nickel lattice 
just prior to fracture. (12) 

employing cracks on { 11 1 } planes are probably due to the markedly different boundary 
conditions used in each study. When cracks are not present, the simulations of this study 
combined with experimental stress relaxation results strongly suggest that hydrogen does not 
enhance dislocation density or generation. These results further support the concept that 
hydrogen promotes fracture by reducing the cohesive force between atoms across the boundary 
plane. 

Asyrnhetric Boundary Structure 

The development of potentials to more accurately describe dislocation structures and interactions 
of hydrogen in nickel motivated a reexamination of hydrogen effects on a fracture of a C9 tilt 
boundary. (13) These potentials were used to create a c 9  tilt boundary following the procedure 
used in previous work. (10,ll) However, as suggested by a hydrogen-induced shift in tilt 
boundary structure at high hydrogen concentrations, the symmetric configuration is not the 
minimum energy structure for this boundary. By displacing the crystals away from the ideal 
coincidence geomey prior to minimization, the minimum grain boundary energy was lowered 
from 1259 ergs/cm for the symmetric boundary used in previous studies (10,ll) to 1097 
ergskm2. (13) This creates the asymmetric boundary shown in Figure 8 in which the crystal 
lattices have shifted relative to each other by 0.042 nm in the [I141 direction parallel to the . -  
boundary plane. 

After creation of the asymmetric C9 tilt boundary in the nickel lattice, the binding energies of trap 
sites for hydrogen along and near the boundary plane were calculated as described before. The 
maximum trap site binding energy was 0.28 eV and localized to sites in the immediate vicinity of 
the boundary region as shown in Figure 9. In comparison with symmetric c 9  tilt boundary trap 
site binding energies, the asymmetric E9 trap site energies are smaller and more localized to the 
boundary region. Nevertheless, these are strong trap sites. It must be noted that the difference in 
maximum trap site binding energies is due to the potentials used and not due to the difference in 
boundary structures. There is little difference in maximum binding energies for each boundary 
when the same set of potentials is used to construct minimum symmetric and asymmetric lattice 
configurations. 
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Figure 8. Embedded Atom Method calculations including a displacement of the half- 
crystals relative to each other by 0.042 MI relaxed the atoms Erom their (a) ideal 
lattice positions to local energy minimum positions creating (b) an asymmetric C9 tilt 
boundary with a slightly lower energy than its symmetric counterpart. 
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Monte Carlo simulations were then run at selected chemical potentials to establish equilibrium 
distributions of hydrogen in the lattices with the asymmetric E9 boundary at a temperature of 300 
K. As presented before for trapping along the symmetric E9 tilt boundary, the high energy trap 
sites filled fiist followed by lower energy sites in the near boundary region. The resulting 
distributions were displaced across the boundary reflecting the asymmetry of the boundary 
structure. There was a general lattice expansion normal to the boundary with increasing hydrogen 
concentration but no change in boundary structure indicating that the asymmetric boundary was 
the minimum<energy codiguration. 

The Monte Carlo simulations provided the initial conditions for molecular dynamics to determine 
how hydrogen concentration distributions affect fracture of an asymmetric Z9 boundary. These 
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Figure 9. The trap site binding energies for the lattice with the asymmetric E9 tilt 
boundq  are smaller and more localized to the boundary region than in the symmetric 
E9 tilt boundary lattice. Nevertheless, these are strong trap sites. 
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Figure 10. Dislocations were emitted from the asymmetric tilt boundary defects at 
similar stress levels as in the symmetric boundary until all sites along the boundary 
plane were filled. The stress for dislocation emission from the asymmetric boundary 
defects then increased as hydrogen fded the near boundary sites. 

lattices were 'fractured' using the same conditions used for the symmetric boundaries where a 
continuously increasing force was applied to all atoms more than 1.4 nm from either side of the 
boundary plane at a rate of 1.6 GPdps until fracture occurred. Although the rates of loading were 
sin order of magnitude faster than in previous work, the increase over molecular static results was 
only slightly greater than for a loading rate of 0.16 GPdps. All simulations were conducted at a 
temperature of absolute zero to immobilize the hydrogen distributions to the boundary region. In 
all lattices, the fracture process paralleled symmetric boundary results where fracture began with 
the breaking of bonds bridging the boundary plane and continued until complete fracture had 
occurred. The effect of hydrogen on fracture stress was also parallel with the symmetric case 
where the fracture stress decreased with increasing hydrogen concentration until reaching a lower 
limiting value 9 GPa less than the uncharged lattice as shown in Figure 10. In all simulations, the 
stresses for fracture were 20 GPa higher than in the symmetric lattices. The onset of the lower 
limiting value occurred at slightly higher chemical potentials (far-field hydrogen concentrations) 
than found from the symetr ic  lattice simulations. The higher chemical potentials arise from 
lower trap site binding energies and a lower partial molar volume of hydrogen compared' with the 
earlier potential set. As for the symmetric boundary case, once the boundary plane sites were 
saturated, f a n g  of near boundary sites had no effect on fracture stress. 

. 

- .  
The higher fracture stresses for the asymmetric compared with symmetric lattices are due to 
differences in the potential sets used to describe atom interactions and differences in the boundary 
structures. One-quarter of the increase in fracture stresses.can be attributed to the potentials (13) 
used to describe the lattices with the asymmetric boundary, which predict higher surface energies 
than potentials (20) used to describe the lattices with the symmetric boundary. The remaining 
increase in fracture stresses was due primarily to a change in boundary structure caused by 
dislocation emission. As observed in lattices with symmetric c9 boundaries, dislocations were 
emitted from the polyhedral defect sites along the asymmetric boundary plane. However, 
emission of the dislocations caused the polyhedral defects to collapse. This markedly reduced the 
defect size from which failure initiated and greatly increased the stress for fracture. 

The dislocations in lattices with an asymmetric boundary were emitted at an applied stress near 
11 GPa in the absence of hydrogen and continued to be emitted at this stress in the presence of 
hydrogen until all sites along the boundary plane were filled as shown in Figure 10. The stress 



for dislocation emission then increased as hydrogen filled the near boundary sites at higher lattice 
concentrations but had no effect on fracture stress. In all lattices, only a leading partial was 
emitted from the defects. The failure to pull the trailing partial dislocations from the boundary 
defects can also be attributed to collapse of the defects which makes dislocation emission more 
difficult. Nevertheless, the results indicate that while fracture is controlled by cohesive forces 
between atoms along the boundary plane, dislocation generation from boundary defect sites is a 
volume-controlled event dependent on trap site occupancy. Moreover, the results indicate that 
hydrogen-induced fracture of an asymmetric z9 tilt boundary also occurs by hydrogen-enhanced 
decohesion. 

In this study, the Embedded Atom Memod was combined with Monte Carlo and molecular 
dynamics simulations to study the effects of hydrogen segregation at 300 K on deformation and 
fracture of ideal nickel lattices containing symmetric and asymmetric E9 tilt boundaries at 
absolute zero. For both types of c9 boundaries, trapping was strong but localized to the near 
boundary region with maximum trap site bincling energies occurring at the polyhedral defects that 
characterize the boundary structure. Hydrogen fist  occupied the high binding energy sites along 
the boundary plane then the lower binding energy distorted octahedral sites in the near boundary 
region until all sites are filled. Fracture occurred along both boundaries by fist breaking bonds 
bridging the boundary next to the polyhedral defects followed by complete boundary failure. The 
same process occurred at all hydrogen concentrations studied. The fracture stress at all hydrogen 
concentrations was greater for the asymmetric than for the symmetric boundaries. This difference 
was due in large part to the difference in potentials used to describe atomic interactions. 
Nevertheless, the effect of hydrogen on fracture stress was the same, reducing fracture stress 
nearly 10 GPa until a lower limiting value was reached when all  trap sites were filled. Dislocation 
emission occurred from the polyhedral defects of both symmetric and asymmetric boundaries. 
For the symmetric boundary, emission occurred only at low hydrogen concentrations as fracture 
preceded dislocation emission when all boundary sites were occupied. For the asymmetric 
boundary, dislocation emission preceded fracture at all hydrogen concentrations. Moreover, the 
stress for dislocation emission continued to increase even after the fracture stress reached a lower 
limiting value. This suggests that dislocation emission is a volume-controlled event dependent on 
trap site occupancy. Most importantly, the fracture stress and dislocation emission results. of this 
study support the concept that hydrogen reduces the cohesive force between atoms across a 
boundary in agreement with the theory of hydrogen-enhanced decohesion for intergranular 
fracture. 
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