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ABSTRACT

Density functional theory (DFT) calculations are carried out to investigate the
role of grain boundaries on the energetics related to the oxygen and hydrogen
segregation-induced embrittlement in polycrystalline Ni systems. Four model
grain boundary (GB) systems for nickel are chosen to investigate this effect.
These model GBs are the X5 (012) GB, the X5 (013) GB, the X11 (113) GB, and the
23 (111) coherent twin boundary (CTB). The chosen GBs enable the investiga-
tion of the role of the CTB in the embrittlement and decohesion mechanisms in
comparison with the other GBs. The embrittling mechanism considered here is
based on the investigation of the energetics related to (a) the segregation of
atoms of embrittling species (oxygen, hydrogen) at the GB; (b) the formation of
vacancies due to the segregation of embrittling species at the GB; and (c) the
energetics related to decohesion at the GB as a function of concentration/ac-
cumulation of the embrittling species at the GB. DFT calculations suggest that
the segregation of the embrittling species and the embrittling effect are closely
related to the local atomic structure of the GB and the associated excess free
volume. In particular, it is found that the X3 (111) CTB is less prone to segre-
gation of oxygen and hydrogen based on the binding energetics of the embrit-
tling species. However, among all the GBs considered, the £3 (111) CTB is found
to be most susceptible to GB decohesion and crack formation in the presence of
small amounts of segregated oxygen atoms. This dual behavior of the X3 (111)
CTB is also confirmed for the case of hydrogen as the embrittling species using
DFT simulations. Thus, the segregation-resistant 3 (111) CTB is observed to be
the most susceptible to crack formation in the presence of small amounts of
segregated embrittling atoms. The energetics of segregation of the embrittling
species and the effect of segregation on the vacancy formation energies and GB
decohesion are discussed.
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Introduction

Polycrystalline nickel-based superalloys, due to their
high strengths and corrosion resistance, are used for
components that are subjected to high stresses and
temperatures in gas turbines. The combination of
such loading conditions, however, results in inter-
granular cracking of the material at elevated tem-
peratures [1-3]. This failure behavior is attributed to
the diffusion of oxygen into the metal through the
grain boundaries resulting in stress-accelerated grain
boundary oxidation (SAGBO) and the failure is
referred to as oxygen-induced intergranular cracking
(OIC) [3-6]. As a result, several efforts have focused
on the investigation of the embrittlement-induced
degradation behavior of Ni and Ni-based superalloys
[7-10]. The degradation behavior is attributed to a
mechanism of dynamic embrittlement [11, 12],
wherein a build-up of high stress concentrations is
observed at the GBs followed by stress-driven diffu-
sion of the embrittling species along the GB, which
lowers the GB cohesion to nucleate a crack. Further-
more, the accumulation of the embrittling species has
been reported to be more significant in the elastic
field of a crack tip and thus accelerates intergranular
cracking.

Thus, the embrittling mechanism is largely deter-
mined by the diffusion and preferential segregation
of oxygen at the GBs which results in the formation of
NiO particles [13]. The diffusion of oxygen along the
grain boundaries has been attributed to the presence
of vacancy sinks at the grain boundaries that act as
trapping sites for the embrittling atoms at the GB.
Similar to oxygen, hydrogen-induced embrittlement
is also attributed to the diffusion and accumula-
tion/trapping of hydrogen at the GBs [14-16]. For
example, experiments have confirmed this effect for
the Ni-H system, where GBs act as effective sinks for
hydrogen trapping due to high densities of disloca-
tions at the GBs [17]. The experiments also suggest
that the presence of hydrogen atoms promotes
vacancy formation along GBs via vacancy-hydrogen
interaction in pure Ni. Thus, the micromechanisms
for embrittlement and fracture are largely related to
the energetics for segregation of the embrittling spe-
cies as well as the presence/creation of vacancy sinks
at the grain boundaries.

Several computational efforts have therefore
focused on the energetics of segregation for various
embrittling elements at the grain boundaries in Ni

using atomistic simulations. These studies have
investigated the energetics related to segregation of
hydrogen [18, 19], boron [20], carbon [21], sulfur
[22-25], bismuth [26, 27], vanadium [28], and tel-
lurium [29] using density functional theory (DFT)
and molecular dynamics (MD) simulations. Addi-
tionally, systematic studies have been devoted to
explore the embrittling/strengthening potency of
nonmetal sp solutes in representative Ni grain
boundaries, aimed at unveiling the key factors in the
effect of solute segregation on the cohesion of Ni
grain boundaries [30-33]. While the segregation
behavior of these embrittling species has been
studied extensively, only a few of these studies have
investigated the effect of impurity segregation on
the decohesion behavior of the GBs, i.e., crack
formation.

The process of dynamic embrittlement is also
observed to be determined by the GB character, i.e.,
the structural environment of a GB. For example,
oxygen GB diffusion is greatly reduced by an
increase in the ratio of GBs with a high fraction of
coincident lattice sites (CSL), i.e., special GBs (X3-
>29) in polycrystalline Ni alloys [34]. In addition,
lower X value (high CSL) GBs, especially X3 GBs,
have been found to be much more resistant to
intergranular oxidation than higher X value GBs,
revealing a strong dependence of intergranular
oxidation on the GB type in terms of X values [35].
This dependence on the structure of the GBs is likely
to be attributed to the lower energy, lower oxygen
diffusivity, and the high surface separation energy
of the special GBs [36, 37]. Similar observations have
been made for the case of hydrogen. For example, an
increase in the ratio of special GBs results in a two-
fold increase in tensile ductility and significantly
higher fracture toughness [38]. This increase is
attributed to a lower tendency for hydrogen to seg-
regate at these special GBs. In addition, the X5 (012)
GB is found to be much more effective in trapping
hydrogen as compared to the close-packed X3 (111)
CTB in Ni [39, 40]. More recent MD simulations also
suggest that the presence of hydrogen leads to a
decrease in the work of separation required for crack
propagation (decohesion) for a X3 (112) GB [41].
Thus, these results suggest that improved inter-
granular oxidation resistance can be achieved by
increasing the fraction of these special GBs. It can
therefore be expected that a microstructure with a
high density of £3 (111) CTBs that render enhanced
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mechanical strength for the Ni-based microstruc-
tures will have higher segregation resistance for
oxygen and hydrogen and in turn embrittlement.
However, a recent experimental study to investigate
the role of CTBs on embrittlement behavior indi-
cated preferential nucleation of cracks at 3 CTBs
due to hydrogen embrittlement [42]. The study
speculates that the X3 CTBs are most susceptible to
crack initiation due to hydrogen embrittlement as
compared to the other grain boundaries.

Thus, a fundamental understanding of the role of
the GBs and in particular the CTB on the embrittle-
ment and crack initiation behavior is needed at the
atomistic level to enhance the Ni superalloy-based
component lifetimes as well as enable improvements
in materials design. As a result, the links between the
structural characteristics of the GBs for various model
GB systems and the segregation of embrittling spe-
cies (oxygen, hydrogen) as well as the segregation-
induced crack formation are investigated in this
paper using DFT calculations. This study uses four
nickel model GB systems including the X3 CTB to
investigate the embrittlement behavior due to segre-
gation of oxygen and hydrogen at the GBs. The
understanding of the embrittling mechanism con-
sidered here is based on the investigation of the
energetics related to (a) the segregation of atoms of
embrittling species (oxygen, hydrogen) at the GB;
(b) the formation of vacancies due to the segregation
of embrittling species at the GB (the higher concen-
tration of vacancies promotes diffusion of the
embrittling atoms to the GB and results in an
increased concentration of the embrittling atoms at
the GB); and (c) the energetics related to decohesion
at the GB as a function of concentration of the
embrittling species at the GB. While these calcula-
tions are carried out at 0 K, the computed energetics
of the processes related to segregation and crack
formation can provide insights into the mechanisms
operating at high temperatures. However, the effects
of temperature such as GB structural transformations
induced by solute segregation [43-45] are ignored
here.

DFT calculations are first carried out to investi-
gate the effect of the character (structure, excess
free volume) of a GB on the energetics related to
segregation of embrittling species at the GBs. The
effect of segregation of the embrittling species on
the vacancy formation energy at sites close to the
GB is then investigated for various concentrations

@ Springer

at the GB and the potential vacancy formation sites
are identified. In addition, the effect of segregation
of the embrittling species on GB decohesion (crack
formation) along the GB is investigated to identify
the links between the GB character and embrittling
response. Of particular importance is the investi-
gation of the role of the X3 CTBs in the embrit-
tlement and decohesion behavior due to
segregation of oxygen and hydrogen. The paper is
organized in the following way: first, computa-
tional details are presented; next the structure and
energetics of the clean Ni GBs are discussed, fol-
lowed by investigation of oxygen segregation
energetics and decohesion effect of the Ni GBs;
finally, embrittling effect of hydrogen segregation
is examined.

Computational details

The four model GB systems, i.e., the X3 (111) GB, the
%5 (012) GB, the X5 (013) GB, and the X11 (113) GB,
are chosen for this study due to the low energies for
these GBs in polycrystalline Ni [46] and or that
observed experimentally [47]. It should be noted here
that the X3 (111) GB considered here is a coherent
twin boundary (CTB), unlike the other regular GBs.
Each model GB system is created as a supercell
containing two grains by choosing a rotation axis and
a rotation angle to generate a symmetrical-tilt GB.
The rotation axis and angle for the symmetrical-tilt
GBs used are listed in Table 1. The supercell system
is periodic in all the directions. The supercell system
created therefore results in two GB planes, one in the
middle and another one on the top/bottom. The side
view of the various model GB systems created along
the <110> zone axis for X3 (111) and X11 (113) GB,
and <100> zone axis for X5 (012) and X5 (013) GB is
shown in Fig. 1. The relaxed supercell dimensions are
494 A x 473 A x 2426 A for the $3 (111) GB,
6.80 A x 7.82 A x 2291 A for the X5 (012) GB,

Table 1 Structural parameters of the relaxed supercell for the
model GB systems

GB 3 (111) X5(012) X5(013) X11(113)
GB plane (111) (012) (013) (113)
Rotation axis [110] [100] [100] [110]
Rotation angle  109.47° 36.9° 53.1° 50.5°
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[110] [100]

Figure 1 Supercell of model GB systems chosen viewed along
<110> zone axis for a £3 (111) and d X11 (113) GB, and <100>
zone axis for b £5 (012) and ¢ £5 (013) GB. The relaxed supercell
dimensions are 4.94 A x 4.73 A x 24.26 A for the £3 (111) GB,
680 A x 78 A x2291A for the X5 (012) GB,
7.01 A x 11.01 A x 21.08 A for the X5 (013) GB, and
493 A x 822 A x 21.65 A for the 11 (113) GB. The grain

7.01 A x 11.01 A x 21.08 A for the =5 (013) GB, and
493 A x 822 A x 21.65 A for the £11 (113) GB. The
grain boundary layer of interest is in the center of the
supercell and the atoms are labeled as GB,,. The layers
of atoms next to the GB are labeled as GB,, GB,, GB;
layer, etc., with increasing distance from the GB (as
shown by the different colors of atoms). The layers up
to GB; are colored differently and the substitutional
sites in these layers are considered for vacancy for-
mation in this work.

DFT calculations are carried out using Vienna
ab initio simulation package (VASP) [48, 49], with the
electronic—ion interaction described by a projector
augmented wave method [50, 51] and a Perdew-

(@ (b)

(b) ©

(@)

[013]

boundary is located at the center of the superlattice and is labeled
as GBy layer. The interstitial oxygen atom sites are also shown
here and colored red. The layers of atoms next to the GB are
labeled as GB;, GB,, GBj; layer, etc., with increasing distance
from the boundary layer (GBy). The substitutional sites for layers
up to GB; layer (colored varyingly) will be considered for oxygen,
hydrogen, and vacancy segregation in this work.

Burke-Ernzerhof form generalized gradient approxi-
mation (GGA) [52] for the exchange-correlation
potential. The wavefunction of a plane wave basis sets
is expanded with a cutoff energy of 400 eV. The Bril-
louin zone integration was performed using a Mon-
khorst-Pack scheme [53], with a k-point mesh of
4 x 4 x 1 for 3 (111) GB, 3 x 3 x 1 for Z5 (012) GB,
4 x2 x1forx5(013)GB,and 4 x 4 x 1 for X11 (113)
GB. A Methfessel-Paxton smearing method is adop-
ted, with a smearing width of 0.1 eV. Atomic positions
as well as the supercell volume are allowed to relax
and evolve until all forces converge to within 0.03 eV /
A. All calculations are carried out using spin polar-
ization. A convergence test is first performed to make
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Figure 2 Top view (normal to GB) showing the four possible interstitial sites in GBy layer for the segregation of oxygen or hydrogen

atoms: a 3 (111), b X5 (012), ¢ =5 (013), and d 11 (113).
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sure that the number of layers between the GBs is
large enough to minimize the interaction between
adjacent boundaries and represent a bulk-like simu-
lation in the center of the grain. The interlayer spacing
and GB energy are calculated for each GB and used as
the convergence criteria in the determination of the
supercell size needed. The supercell is validated to be
large enough in the GB normal direction to accurately
represent a GB when the interlayer distance at GB
center reaches within 0.02 A of the bulk value and GB
energy attains a convergence of 0.03 J/m”. Based on
the results of the convergence test, 12, 28, 36, and 20
layers are found to be adequate for the X3 (111) GB,
the X5 (012) GB, the X5 (013) GB, and the 11 (113) GB,
respectively. A (2 x 2) cell is adopted in the GB plane
for all the calculations. Each GB structure considered
results in four interstitial sites for segregation of oxy-
gen and hydrogen. These four interstitial sites are
shown as small red atoms in Fig. 1 for all the GBs. The
top view showing the locations of the four interstitial
sites for the various model GB systems is shown in
Fig. 2.

Energetics of clean GB systems
and vacancy formation energy at GBs

DFT calculations are first carried out to investigate
the structure and energetics of clean GB systems. The
variation in the spacing between the layers at the GB
and away from the GB is computed and plotted as a
function of distance from the GB in Fig. 3. Specifi-
cally, for 5 (012) GB, the variation and magnitude in
the interlayer spacing agree very well with the results
reported in [31]. Such variations have also been
reported for Ni X5 (012) GB and Fe X5 (013) GB [54].
An apparent oscillatory behavior is seen for all the
GBs considered. While the oscillations appear large
for the case of X3 (111) and X11 (113), the interlayer
spacing is very close to the bulk results, and the
oscillations are due to the small range of the Y-axis.
These variations are very similar to the oscillatory
interlayer spacing close to metal surfaces and have
been shown to be a result of the redistribution of
charge density at the interface [55]. Because of the
mismatch of the crystal lattice at the grain boundary,

Figure 3 Calculated (a) 2.05 (b) 1.2 . i . i .
interlayer distance as a —— ;?”:(“1) ‘ - );ilf(om
function of distance from the
GB for the four GB systems @ fit 5l
considered: a X3 (111), b X5 D 204 S
(012), ¢ 5 (013), and d X11 o 2
(113). The number @ @
n corresponds to the interlayer % % 08 L
distance between layers n—1 5 203 5
and n. Red dashed line £ IS
corresponds to bulk interlayer 06
distance.
2.02 . ”
1 2 3 1 2 3 4 5 6 7
n n
(©) 122 — (d
—o0— 35(013) 1.2

Interlayer spacing, (A)

—0— 311(113)
q - — — - Buk

- — — = Buk

Interlayer spacing, (A)
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Table 2 Calculated excess free volume Vey. (A) in this work and
the results reported in literature and experiments

GB 3 (111)  X5(012) Z5(013)  X11 (113)
Vexe —0.11 0.45 0.67 0.06

MD N/A N/A 0.40 [57] N/A
Experiment ~ 0.32 £ 0.04 [53]

atoms close to the GB occupy more volume than
those arranged in a perfect single crystal. An excess
free volume is therefore associated with this expan-
sion, which is defined as the change of volume with
the boundary area of a certain GB compared to that of
the perfect bulk structure.

Vs — Ngg{2
Vexe:( oB A oB ) (1)

Here, Vg is the volume of the GB system, Q is the
mean atomic volume per atom in the perfect crystal,
Ngg is the number of atoms in the GB system, and
A is the boundary area. This excess free volume can
be calculated experimentally [56] and has been
shown to be directly related to the GB energy [57].
Additionally, this excess free volume is observed to
have a profound influence over phenomena such as
GB diffusion, segregation [58], and electric resistivity
[59]. The calculated excess free volume for the four
GBs is tabulated in Table 2 in comparison to that
computed using molecular dynamics (MD) simula-
tions [60] and that calculated experimentally [56].
The GB energy, also referred to as GB formation
energy, is defined as the energy required to create a
GB from bulk material per unit area. It is closely
related to the mismatch of the crystal lattice at the GB
and is therefore an important parameter in charac-
terizing GBs. The GB energy is calculated as

(Es — NgB Eatom)
= . 2
YGB A ( )

Here, Egg is the total energy of the GB system, E,iom
is the energy per Ni atom in the ideal FCC structure,
Ngg is the number of atoms in the GB system, and A
is the area of the grain boundary. The energy

Table 3 Calculated values for

difference is divided by 2A since we have two
boundary planes in the system, as mentioned before.
The values for the GB energy calculated for the model
GB systems are listed in Table 3 in comparison with
the values reported in the literature using DFT
[23, 28] and MD simulations [18, 61, 62]. It can be seen
that the GB energy is observed to be the lowest for >3
(111) GB and highest for X5 (013) GB.

The energy for the formation of a vacancy is also
calculated for a clean Ni bulk system and compared
with those for the model GB systems. The bulk nickel
system consists of 96 atoms with dimensions of
7.04 A x 7.04 A x 21.12 A which is periodic in all
directions. The vacancy formation energy is calcu-
lated as

Ef = EW¢ — Eiot + Eni. (3)

Here, E}¥ is the total energy of system with a single
vacancy, E. the total energy of the clean system
without vacancy, and En; the energy per Ni atom in
the ideal FCC structure. The vacancy formation
energy is calculated to be 1.52 eV for bulk Ni and
compares well with the values of 1.77 eV calculated
using other DFT calculations in the literature [63] and
1.8 eV calculated experimentally [64]. The vacancy
formation energy is then calculated for the various
model GB systems by considering a single vacancy at
a randomly chosen site in layers GBy, GB;, GB,, and
GBs. The calculated values for the vacancy formation
energy at the various sites are listed in Table 4. Very
little variation is observed in the vacancy formation
energy for X3 (111) GB at the various sites chosen. For
the other three GBs, GB layer is found to be the most
stable site. Notably, the vacancy formation energy for
X5 (013) GB is negative at the GB, layer, indicating a
high tendency for vacancy formation and therefore
trapping of the embrittling species. The energetics for
vacancy formation discussed above can also be cor-
related to the excess free volume at the GB. The
variation of the GB energy and the vacancy formation
energy are plotted in Fig. 4 as a function of the excess
free volume (V) at the GB. The plot indicates that
the GB energy increases with the excess free volume

GB energy (J/m?) in GB 23 (111 25 (012) 25 (013) 211 (113)
:omiarési? l\i):l;htt};e Vail:lles Yon 0.09 130 ol o
chorted T 1 e utE IIE DFT  N/A 123[28], 121 23]  N/A N/A

DFT MD simulati
and simulations MD 0.05 [58]

1.285 [59], 1.34 [58]

1.344 [58], 1.93 [58]  0.376 [18], 0.40 [58]
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Table 4 Vacancy formation energy (¢V) at various sites close to
GB

GB 3 (111) =5(012) £5(013) XI1 (113)
GB, 132 1.56 1.55 1.52
GB, 135 0.57 —-033 1.19
GB, 138 1.30 1.06 1.43
GB; 138 131 1.19 135
1,-GBy + V-GB; —0.14  0.02 0.36 0.16
1+-GBo + V-GB, 057  0.82 088  —1.04
Bulk 1.52

Here, V-GB; and V-GB, correspond to a single vacancy at GB,,
GB;, GB, and GBj layers, whereas 1,-GBg + V-GB; and I4-
GB, + V-GB, correspond to vacancy formation energy at GB,
and GB, layers in the presence of 4 oxygen atoms (1 ML) at GB,
interstitial site

associated with the GB, whereas the vacancy forma-
tion energy at GB; layer becomes less positive, indi-
cating more favorable vacancy formation as the
excess free volume associated with the GB decreases.

The investigation of the embrittling mechanism
considered here is based on the investigation of the
energetics related to (a) the segregation of embrittling
species at the GB; (b) the formation of vacancies at the
GB due to the segregation of embrittling species; and
(c) the energetics related to decohesion at the GB. The
details are discussed below.

Segregation energetics for oxygen atoms
at the grain boundary

To investigate the energetics related to the segrega-
tion of oxygen atoms at the GB, the energetics of
oxygen atoms in bulk Ni are first investigated by

computing the energy of an oxygen impurity in the
substitutional site (S;), in an octahedral interstitial
site (I9), and in a tetrahedral interstitial site (I7). The
oxygen formation energy is first calculated as

Ef = E2 — E — Eo. (4)

Here, E2, is the total energy of system with oxygen
impurity, Ei the total energy of the clean system
without oxygen, and Ep the total energy of one
oxygen atom in an oxygen molecule (half of the total
energy of oxygen molecule). A lower value of E;
implies more favorable oxygen binding tendency.
The computed values of formation energy for oxy-
gen at the various sites are listed in Table 5. It can be
seen from these values that the oxygen impurity
atom has the lowest energy in the octahedral site.
This lower energy configuration for the oxygen
impurity atoms is attributed to the larger free vol-
ume available at the octahedral site as compared to
the tetrahedral site.

To investigate the effect of GB structure on the
segregation behavior of oxygen atoms, the binding
energy of the oxygen atom is calculated at various
possible sites for the model GB systems. The sites for
the occupancy of oxygen atoms considered here are
(a) interstitial atomic sites at GBy layer (as identified
in Fig. 2) with up to 4 oxygen atoms occupying the
sites corresponding to a coverage of 0.25 ML (1
atom), 0.5 ML (2 atoms), 0.75 ML (3 atoms), and
1 ML (4 atoms) and (b) single oxygen atom at sub-
stitutional atomic sites from GB, up to GB; layer. It is
expected that substitutional sites beyond GBj; layers
will not significantly affect the vacancy formation
energy due to the distance from the GB plane. The
computed values of the binding energy for oxygen
atoms at various interstitial and substitutional sites

Fig.ur'e 4 Plots showing the (a) 2 (b) 25 —aE,
variation of a the GB energy T5 (013) —9— V-GB,
. —o— V-GB,
and b vacancy formation 2t o V-GB,q
energy as a function of the 15
excess free volume. . 15} ’& @ —°
1S < 3 (111)
3 O
8 ui
>
0.5
05 =11 (113)
0 -
: : -0.5 . . .
-0.2 0 0.2 0.4 0.6 0.8 -0.2 0 0.2 0.4 0.6 0.8
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Table 5 Calculated oxygen -
formation energy (eV) at Site Ey
tetrahedral (I7), octahedral T

o » oC Iy 0.11
(Ip), and substitutional (Sp) 19 —0.12
site in bulk Ni S, 1.08

Table 6 Oxygen binding energy (eV) at various interstitial and
substitutional sites close to GB

GB ¥3(111)  E5(012)  I5(013) =11 (113)
I-GB,  —0.32 —1.04 ~1.33 —0.69
-GB,  —0.68 ~1.08 —1.34 —0.62
I;-GB,  —0.81 ~1.30 —1.86 —0.66
1,-GB,  —0.77 —1.34 —1.88 —0.66
S,-GB, 1.05 —0.14 —0.43 0.45
S,-GB, 1.10 —0.93 ~1.75 —0.32
S;-GB, 1.13 —0.45 —0.13 —0.18
S;-GB; 1.13 —0.16 —0.17 0.16

Here, 1,-GBy, [,-GBy, 15-GBy, and 1,-GBy correspond to 1, 2, 3,
and 4 oxygen atoms at interstitial site along GB, layer, whereas
Si-GBy, S1-GB;, S;-GB,, and S;-GBj correspond to a single
oxygen atom at substitutional site in GBy, GB;, GB,, and GB;
layers

close to GB are listed in Table 6 and plotted in Fig. 5.
For the case of interstitial sites, it can be seen that
oxygen binding is more favorable at the GB intersti-
tial site as compared to the bulk octahedral site for all
coverages considered. In particular, a strong binding
preference is observed for the X5 (012) GB and X5

(a) 05 —e— 33(111)
—y— 15(012)
—o— 35(013)
o 11 (113)
0 — — — bulkoctahedral

-2

0.25 0.5
Coverage, (ML)

Figure 5 Plots showing a the variation of oxygen binding energy
(per oxygen atom) at interstitial site as a function of oxygen
coverage in GBy layer and b the variation of binding energy of a
single oxygen atom at substitutional site up to GB; layer. Gray

0.75 1

37

(013) GB, wherein the difference in binding energy is
greater than 1 eV /atom. For the case of substitutional
sites, 3 (111) GB shows a slightly lower binding
energy (more favorable) at a low concentration.
This value, however, is observed to increase with
increased oxygen coverage making the GB substitu-
tional sites less favorable than the bulk substitutional
sites. The X5 (012) GB, the X5 (013) GB, and the X11
(113) GB all suggest lower binding energies (more
favorable) than bulk substitutional sites for all cov-
erages. For these GBs, the binding is observed to be
most favorable at the GB; substitutional site as com-
pared to the other layers. In comparison with all the
cases considered, the oxygen binding at the intersti-
tial site is much more favorable than the substitu-
tional site as well as the bulk site. Thus, it can be seen
that the X3 (111) CTB is the most resistant to oxygen
segregation of the four GBs studied here and is
attributed to the lowest V.

DFT calculations are then carried out to investigate
the effect of concentration of segregated oxygen on
the vacancy formation energy. Based on the calcula-
tions in the previous section, substitutional sites at
GB; and GB, corresponding to a lower vacancy for-
mation energy are chosen to investigate this effect.
The calculated values for vacancy formation energy
at atomic site in these two layers with and without
the presence of 1 ML oxygen atoms at the interstitial
sites (all four sites) in the GB, layer are listed for
comparison in Table 4. It can be seen from the values
that the presence of oxygen segregated at the GB

(b) —e— x3(111)
—9— 35(012)
2+ —o— 35(013)
o 211 (113)
— — —  bulk substitutional
1 T T T
>
()
~
ry
Ll

Layer

dashed lines correspond to oxygen binding energy of interstitial
(octahedral) site for (a) and substitutional site for (b) in bulk
system.
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Figure 6 Calculated nearest-neighbor interatomic distances for
clean GBs: a X3 (111), b X5 (012), ¢ £5 (013) GB, and d X211
(113) GB. The modifications in the bonding environment and bond

results in more favorable vacancy formation for the X3
(111),25(012),and =11 (113) GBs. For the case of the ~5
(013) GB, the segregation of oxygen results in less
favorable vacancy formation for the GB; layer and
more favorable vacancy formation for the GB; layer.
This lowering of vacancy formation energy promotes
the creation of vacancies at the GB and diffusion of the
embrittling atoms to the GB and furthermore results in
an increased concentration of the embrittling atoms at
the GB. Itis observed that while the X3 (111) GB has the
lowest tendency to segregate oxygen atoms, oxygen
segregation at the GB results in favorable formation of
a vacancy in the GB; layer for the CTB that is likely to
promote diffusion and trapping of more oxygen atoms
at sites close to the GB.

The embrittling effect due to interstitial oxygen
segregation can also be understood based on the
modification in the bonding environment due to the
segregation at the GB. The bonding environment at the
oxygen segregation site for the four GBs is shown in
Fig. 6 for the clean GB as well as for the system with 1
ML oxygen atom occupying interstitial site along with
the various interatomic distances. It can be seen that
the oxygen atoms are 5-coordinated for £5 (013) GB
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()

(b

distances in the presence of segregated oxygen atom for e X3
(111), £ X5 (012), g =5 (013), and h X11 (113) GBs.

and 6-coordinated for all the other GBs. A slight
increase in the Ni-Ni bond lengths at the GBs is
observed due to the interstitial oxygen. The segrega-
tion of oxygen also affects the valence charge density
distribution for the Ni atoms, as shown in Fig. 7. Also,
the charge density is observed to be much higher
between the oxygen atom and its neighboring Ni
atoms than that between two Ni atoms for each GB,
implying the formation of strong Ni-O bonds and
weakening of the Ni-Ni bonds. To examine this effect
in more detail, Bader charge analysis is employed to
study the changes in the valence charge (net charge)
induced by oxygen segregation along the GB. Table 7
lists the average net charge on the oxygen atoms and
thebinding Niatoms at GBy layer for 3 (111) GB. It can
be seen from these values that the presence of oxygen
atoms leads to a substantial decrease in the net charge
for the surrounding Ni atoms, especially with an
increased number of oxygen atoms. This weakening of
the Ni-Ni bonds due to the segregation of oxygen is
likely to break the Ni-Ni bonds and result in the for-
mation of cracks at the GB. The decohesion of GB due
to the presence of segregated oxygen under tensile
loading conditions is discussed below.



J Mater Sci (2017) 52:30-45

Figure 7 Side view of the
calculated valence charge
density distribution (electron/
Bohr?) for clean GBs: a X3
(111), b £5 (012), ¢ 5 (013),
and d 211 (113) GBs. The
modified charge density in the
presence of segregated oxygen
for e X3 (111), f Z5 (012),

g X5 (013), and h 11 (113)
GBs.

Table 7 Variation of net charge for oxygen and nickel (GB,) for
varying oxygen coverage at interstitial site in £3 (111) GB, layer

39

Table 8 W, (J/m?) for varying oxygen coverage at interstitial site
in GBy layer

Coverage (ML) 0.25 0.5 0.75 1 Coverage (ML) 0 0.25 0.5 0.75 1

Oni 0.20 0.29 0.42 0.54 23 (111) 1.86 0.93 0.63 0.70 1.11

Qo —1.21 —1.14 —1.08 —1.01 25 (012) 1.75 1.46 1.19 1.01 0.79
25 (013) 1.43 1.24 1.06 1.05 0.95
Z11 (113) 2.04 1.62 1.39 1.00 0.81

Oxygen segregation-induced GB
decohesion

The tendency to form a crack at the oxygen-segre-
gated GBs can be understood by computing the
energy required to pull the system apart at a desired
fracture plane, i.e., the work of separation W; [65]. Wj

is calculated as the work required to cleave a GB into
free surfaces, as given by the following equation:

7% = Eps — BB (5)
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Separation, (A)

where Eps is the free surface energy per unit area,
calculated similarly to Egp as defined before. The
calculated value for Egg of 2.40 J/m? for the clean =5
(012) GB is in reasonable agreement with the reported
values of 2.65 J/m? [30], 2.34 J/m? [31], and 2.21 ]/
m? [32] in the literature. The work of separation is
computed for the clean GB systems and the GB sys-
tems with segregated oxygen atoms to investigate the
effects of the segregated oxygen on the energetics of
crack formation. Various planes of separation are
considered for the GB systems and the GBy-GB;
plane (between the two layers) is found to have the
lowest W, for all the GBs. This GBy-GB; plane is
therefore considered to be the weakest plane, i.e., the
GB decohesion plane. The computed values of W for
this decohesion plane are listed in Table 8 for all the
GBs with and without the segregated oxygen. The
values indicate that Wy is lower in the presence of
segregated oxygen at the GB for all the GBs consid-
ered. Notably, W; is observed to decrease with
increasing coverage of segregated oxygen for the X5
(012), 5 (013), and X11 (113) GBs up to 1 ML. This
drop in W; indicates a strong decohesion effect

@ Springer

Separation, (A)

induced by oxygen, since a smaller W, implies that, in
the presence of oxygen along the GB, less energy is
now required for the GB to be pulled apart along the
GBy—GB; plane. This decrease in W with oxygen
segregation is found to be the most significant for the
211 (113) GB. The largest decrease in W, for the X3
(111) GB is found to occur at a coverage of 2 oxygen
atoms (0.5 ML), indicating that with a certain amount
of segregated oxygen atoms at the GBs, the X3 (111)
CTB has the highest possibility to form a crack. A
higher concentration of oxygen renders slightly
higher W values but the values are less than those for
clean GBs. A comparison of the values of W for all
the GBs considered suggests the lowest values for the
>11 (113) GB at the lowest concentration of segre-
gated oxygen. These results therefore suggest the
highest tendency to form a crack due to the presence
of segregated oxygen.

Furthermore, a rigid separation test is performed to
examine the response of the GB under tensile load-
ing, where two grains are incrementally separated
along GBy-GB; plane in GB normal direction, with
atom positions fixed. The separation increment is set
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Table 9 Maximum tensile strength G.,,,x (GPa) for varying oxy-
gen coverage at interstitial site in GB, layer

Coverage (ML) 0 0.25 0.5 0.75 1

Z3 (111) 28.06 17.24 16.83 2325  28.10
25 (012) 2489 2323 2235 2210  20.09
25 (013) 2355 2251 22.60  22.11 21.59
Z11 (113) 27.51 2412 2279 19.51 18.49

Table 10 Hydrogen binding energy (E,) for varying hydrogen
coverage at interstitial site in X3 (111) GB, layer

Coverage (ML) 0.25 0.5 0.75 1
Ey (eV) 0.60 0.59 0.62 0.70
Bulk 0.02(19)

Bulk interstitial results for octahedral (18) site are also listed for
comparison

tobe 0.1 Atill 1 A and 0.2 A beyond, up to 2 A. The
energy increase per unit area is fitted to the Rose
universal binding curve (UBC) [66] written as

flx) =2y — Zy(l + %) exp(— ;) (6)

The derivative of the UBC curve is used to plot the
variation of the tensile stress as a function of
increasing separation distance as shown in Fig. 8. The
values computed for the peak tensile stress (Gmax) for
the various clean GB systems as well as GB systems
with varying oxygen concentrations are listed in
Table 9. The values for the peak tensile stress with
the concentration of segregated oxygen indicate
similar trends suggested by the work of separation,
where the most significant decrease is observed for
the 23 (111) GB at a coverage of 2 oxygen atoms at the
GB (0.5 ML).

These results suggest that the segregation of oxy-
gen at the GBs substantially decreases the critical
stress for crack formation and maximum tensile
strength of the GB for all the Ni GBs considered. In
particular, this decohesion effect is observed to be the
strongest for the X3 (111) CTB that shows the highest
susceptibility to form cracks in the presence of seg-
regated oxygen atoms. These CTBs, however, are
found to be more resistant to oxygen segregation and
beneficial in the design of materials’ microstructures.
Thus, a contradictory role of 3 (111) CTB is observed
toward the strengthening of Ni microstructures in
environments exposed to oxygen at high
temperatures.

Decohesion of Ni GBs due to hydrogen
segregation

To further explore the contradictory role of the X3
(111) CTB in embrittlement of Ni, the study is
extended to examine the decohesion of Ni due to
segregation of hydrogen at the GBs. The decohesion
effect is investigated using the same model GB sys-
tems and examining the effect of segregation of
hydrogen at the GB on the work of separation for
varying hydrogen concentrations at the GB. The
hydrogen binding energy is first calculated as a
function of coverage (0.25, 0.5, 0.75, and 1 ML) for the
X3 (111) CTB and the values are listed in Table 10.
The calculations suggest that the hydrogen binding at
the interstitial site in GBy layer is found to be less
favorable as compared to the bulk octahedral site for
all the coverages considered, in contrary to oxygen,
which prefers interstitial sites at the GBy layer. Thus,
the hydrogen atoms prefer to be in the bulk as com-
pared to the X3 (111) CTB suggesting that the pres-
ence of X3 (111) CTBs renders high resistance to
hydrogen segregation.

To investigate this further, the work of separation
W is calculated for the £3 (111) CTB as a function of
coverage of hydrogen atoms at the GBy layer for the
X3 (111) CTB and the values are listed in Table 11. It
can be seen that W, shows a consistent decrease with
an increase in hydrogen concentration up to 1 ML,
reaching a value very close to 0 at full coverage,
suggesting a catastrophic decohesion effect due to
hydrogen segregation. This is different from the case
for oxygen segregation, which presents the most
pronounced decohesion at 0.5 ML. Therefore, the
decohesion effect of hydrogen at X3 (111) CTB is
more significant than oxygen.

To compare this behavior with the other GBs, W; is
further calculated for the other GBs in the presence of
four segregated hydrogen atoms (1 ML) at the GBy
layer and the obtained values are listed in Table 12.
For the X5 (012) GB, the X5 (013) GB, and the X11
(113) GB, the decrease in W is less significant as
compared to the case for oxygen segregation, indi-
cating that hydrogen causes less decohesion effect for
these GBs as compared to oxygen. In comparison,
with a low W, £3 (111) CTB is the most susceptible to
crack formation in the presence of segregated
hydrogen atoms. The decrease in W for segregated
hydrogen is observed to be more significant than that
for segregated oxygen. These results agree with the
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Table 11 W, (J/m?) for varying hydrogen coverage at interstitial
site in 23 (111) GB, layer

Coverage (ML) 0 0.25 0.5 0.75 1

W, (J/m?) 1.86 1.44 1.02 0.57 0.01

Table 12 W, (J/m?) for 1 ML hydrogen coverage at interstitial
site in GBy layer

GB 3 (111)  =5(012) =5(013) =11 (113)
Clean GB 1.86 1.75 143 2.04
4H(1 ML) 0.0l 1.50 132 1.63

Table 13 Variation of net charge for hydrogen and nickel (GBg)
for varying hydrogen coverage at interstitial site in X3 (111) GB,

layer

Coverage (ML) 0.25 0.5 0.75 1

Oni 0.06 0.11 0.17 0.29
Qn —0.31 —0.34 —-0.33 —0.36

recent experimental results that suggest that the X3
CTBs are most susceptible to crack initiation due to
decohesion [42]. Such decohesion attributed to
hydrogen segregation is also likely to be induced by
its effect on vacancy formation and superabundant
vacancy formation in NiH [67]. Moreover, the aver-
age net charge as listed in Table 13 shows that the net
charge of Ni atom is lower than that calculated in the
presence of oxygen atoms.

Thus, the 23 (111) CTB is found to have the greatest
decohesion effect and least resistant to crack initia-
tion in the presence of segregated hydrogen as com-
pared to the other GBs considered here. The X3 (111)
CTB is therefore the most susceptible to decohesion
in the presence of oxygen and even more so for
hydrogen.

Conclusions

The energetics related to oxygen and hydrogen seg-
regation-induced embrittlement of polycrystalline Ni
is investigated using density functional theory cal-
culations. A strong correlation among GB energy,
oxygen binding energy, vacancy formation energy,
and GB excess free volume is established, which
implies that a more open structure results in a higher
GB energy and is more prone to oxygen and vacancy
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segregation. The DFT calculations suggest that for the
case of oxygen as the embrittling species, the oxygen
binding at the GB interstitial site is much more
favorable than the octahedral site in the bulk, indi-
cating a preferred segregation at the GB. The pres-
ence of segregated oxygen facilitates vacancy
formation at sites close to the GB, which promotes
diffusion of the embrittling atoms to the GB and is
expected to result in an increased concentration of the
embrittling atoms at the GB. The segregation of
oxygen at the GB leads to a substantial decrease in
the work of separation at the GB, i.e., an increased
tendency to form cracks. This GB decohesion effect is
observed to be most significant for the £3 (111) CTB,
which shows the least preference for oxygen segre-
gation as compared to the other GBs considered. This
contradictory role of the X3 (111) CTB is also inves-
tigated for the case of hydrogen as the embrittling
species. For the case of hydrogen, the binding at the
octahedral site in the bulk is observed to be more
preferential than that at the GB interstitial site, indi-
cating a much higher resistance to hydrogen segre-
gation at the GB. However, an even more substantial
GB decohesion effect and crack formation tendency
are observed in the presence of small amounts of
segregated hydrogen as compared to oxygen. Thus,
while the CTB can provide enhanced mechanical
strength for the Ni-based microstructures and higher
segregation resistance for oxygen and hydrogen, it
offers least resistance to crack nucleation in the
presence of very small amounts of segregated oxygen
or hydrogen. This decohesion response of the X3
(111) CTB in the presence of embrittling species can
be challenging in the design of nickel-based
microstructures with a high density of £3 (111) CTB.
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