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We analyze the influences of interstitial atoms on the generalized stacking fault energy (GSFE), strength, and ductility
of Ni by first-principles calculations. Surface energies and GSFE curves are calculated for the (112)(111) and (101)(111)
systems. Because of the anisotropy of the single crystal, the addition of interstitials tends to promote the strength of Ni
by slipping along the (101) direction while facilitating plastic deformation by slipping along the {112) direction. There
is a different impact on the mechanical behavior of Ni when the interstitials are located in the slip plane. The evaluation
of the Rice criterion reveals that the addition of the interstitials H and O increases the brittleness in Ni and promotes the
probability of cleavage fracture, while the addition of S and N tends to increase the ductility. Besides, P, H, and S have a
negligible effect on the deformation tendency in Ni, while the tendency of partial dislocation is more prominent with the
addition of N and O. The addition of interstitial atoms tends to increase the high-energy barrier ymax, thereby the second
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partial resulting from the dislocation tends to reside and move on to the next layer.
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1. Introduction

Nickel (Ni)-based alloys are a unique class of high-
temperature structural materials that are widely used in tur-
bine engine vanes because of their outstanding mechanical
properties.!!) The configuration and movement of dislocations
play a key role in understanding the mechanical properties and
plastic deformation, its existence leads to enhanced plasticity
and high strength in Ni.?! The contribution of some alloying
elements to plastic deformation and mechanical properties in
metal Ni has been reported.?~7) It was found that impurities in
ppm concentrations can result in a dramatic influence on the
ductility and strength of metal materials.[®! Significant differ-
ences in mechanical properties of Ni-based alloys are caused
by the relatively low concentration of impurities such as S, P,
H, N, and O.[%!% It has already been shown that impurities
have strong effects on microstructure and hardness.!!"!?! For
example, as structural materials, the reliability of Ni-based al-
loys is limited by the brittleness induced by impurity S segre-
gation to grain boundaries (GBs) during service at high tem-
peratures and high thermal stresses because of its high-grain
boundary enrichment ratio to Ni (~10%) and extremely low
solid solubility (< 10~%) to Ni. From the view of the atomic
level, the segregation to GB is related to the diffusion behav-
ior of the elements, due to more defects at the GB than that
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of the interior of the grain, especially at high temperatures and
high thermal stresses. Despite decades of intense experimental
and theoretical efforts, a direct and fundamental study focus-
ing on the effect of impurities on the deformation mechanism
and mechanical behavior in Ni is still lacking.

The quantum theory has served as an effective tool to un-
derstand and study the microstructure and deformation mech-
anism of metals at the atomic level. Crucial questions pertain-
ing to the mechanism underlying this phenomenon can be ex-
plained by considering the generalized-stacking-fault energy
(GSFE) (surface).['314] Tadmor and Bernstain' have shown
that the tendency for partial dislocation emission and mechani-
cal twinning in the face centered cubic (fcc) lattice strongly de-
pends on the so-called unstable stacking fault energy (Ysr) and

el16:17) jntroduced the

unstable twinning energy. Similarly, Ric
parameter 7Y, to evaluate the brittle versus ductile response in
fcc and body centered cubic (bcc) metals in terms of the com-
petition between dislocation nucleation and Griffith cleavage
at a crack tip. Thus far, the GSFE has been computed for a
number of fcc and hexagonal close-packed (hcp) metals and
alloys, including Mg, Ti, Cu, Al, y-Fe, and Nj. [3:18-23]

In fcc metal Ni and alloys, the a/2(101){111} perfect
dislocation will energetically dissociate into two favorable

a/6(112){111} Shockley partials dislocations connected by a
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[24,25

SF ribbon. According to Frank’s rule, 1 the dissociation

process can be described by the following reaction:

%[101] —>é[112]+SF+é[2H]. (1)

In this paper, we present the GSFE surfaces curve along
the (101) and the (112) directions, and surface energies for
the (111) plane in Ni by using the ab initio calculations. We
have comprehensively discussed the influence of the intersti-
tials S, P, H, N, and O on the GSFE surface, and the strength

and ductility of Ni.

2. Calculation method and models

Atomistic calculations were conducted using the
CASTEP code. We used the standard periodic boundary con-
ditions with ultrasoft pseudopotentials for representing the
core electrons and a plane-wave basis set for representing the
valance electrons. The calculations were performed using a
Gaussian smearing parameter of width 0.1 and a plane-wave
cutoff of 500 eV. During geometry optimization, the K-point
sampling was performed on a 5 x 5 x 1 Monkhorst—Pack grid.
The ultrasoft pseudopotentials were used with generalized
gradient approximation (GGA) of electron correlation and
exchange energy, within the scheme of the Perdew—Burke—
Ernzerhof (PBE) functional. The energy relaxation was iter-
ated until the forces acting on all the atoms were less than

0.05 eV/A. Using these parameters, the lattice constant for

pure Ni was calculated to be a = 3.528 A, which was consis-
tent with the experimental value of 3.524 A.[20]

The GSFE was computed using a supercell comprising a
2 x 2 slab geometry with 12 (111) planes and 48 atoms. A
vacuum region of 8 A was included perpendicular to the slip
plane. Due to the change in the geometry of the gaps localized
in the slip plane, the doped structures were enriched with one
interstitial atom placed in a stable octahedral position between
the 5th and 6th atomic planes, in accordance with the methods
reported in Refs. [27] and [28]. The solute concentration was
2.04 at.% in the fault planes. The atoms of the bottom layer
were fixed during relaxation.

Figure 1 schematically illustrates the formation of fault
structures during the shearing of the fcc lattice along the (112)
direction. The Burgers vector of the partial dislocation pro-
ducing the shear is denoted by b, = a/6(112). The unstable
fault structure can be formed by shifting the upper half of the
surface structure relative to the lower half using a displace-
ment of 0.5b,, along the (112) direction. This corresponds to
Yust- Here, the regular fcc stacking of planes is changed from
.-+ ABCABCAB-:-- to --- ABC|[BCABC: -, where | indicates
the position of the fault. Similarly, the stable fault structure
can be formed by the shear displacement of 1b, (Fig. 1(c))
corresponding to intrinsic stacking fault energy (¥is¢). Further
shear along the (112) direction would result in another unsta-
ble structure at the displacement of 2bj, (Fig. 1(d)).

Fig. 1. (color online) A schematic illustration of the formation of GSFE along the (111) plane, and Burgers vector by; the different
atomic layers are distinguished by different colors, i.e., red, green, and blue indicate A, B, and C, respectively. (a) Perfect structure,
(b) slipping 0.5b,, (c) slipping 1by, and (d) slipping 2by, along the (1 12) direction.
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3. Results and discussion
3.1. Atomic configuration

Figure 2 shows the calculated interlayer distances for all
segregates in the interstitial positions at the free surface model.
As is seen, the interlayer distances of the Ni(111) surface are
almost similar to those of bulk Ni. Except for H, the interlayer
distances of the interstitials P, S, N, and O for the 6/7 layer
in the Ni surface system are expanded by 0.034 A, 0.038 A,
0.023 A, and 0.019 A, respectively. Starting from the eighth
layer, the interlayer distances slightly contract around the cal-
culated bulk value of 2.035 A. Furthermore, we could observe
a damped oscillatory behavior with a slightly lower ampli-
tude in the range of 0-0.05 A. This indicates the adequate
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Fig. 2. (color online) Interlayer distances for different surface systems
as a function of the layer number. For comparison, the corresponding
results for unperturbed bulk Ni have also been included. In the figure,
the numbering convention 1/2 indicates the interlayer distance between
the first and second nickel layers, and so on.

convergence with respect to the size, consisting of a 12 atomic-
layers-thick slab and a vacuum gap of 8 A.

3.2. Surface energy

The surface energy (7;) is defined as the energy needed
to create a free surface in a bulk, as indicated by the following
expression:

Eél]ab — nEguik

A ; @

’}/S =
where Eg),, and Epy are the total energies of the surface and
bulk system, respectively, and » is the number of atoms, A is
the area of the surface system in the supercell.

For pure Ni, the value of 7y, was calculated to be
1893 mJ/m?, which is in reasonable agreement with the 7y, val-
ues of 1920 mJ/m?, 1950 mJ/m?, and 1450 mJ/m? reported in
Refs. [3], [18], and [29], respectively. As can be seen from
the results summarized in Table 1, the addition of S, N, and
P tends to increase the Y value in Ni, thereby reducing the
surface stability. On the other hand, the addition of H and O
tends to decrease ¥;, thereby enhancing the surface stability.
This implies that the elements S, N, and P are not suitable to
segregate to the interior of the grain, while H and O prefer
to locate in the interior of the grain in Ni. It has been previ-
ously reported!*”! that the impurity S favors the surface and
grain boundary rather than the inner grain. However, it is un-
fortunate that there are no experimental or theoretical studies
to confirm this segregation tendency in the other impurity ele-
ments.

Table 1. Calculated surface energy (7s), unstable stacking fault (y,f), stacking fault energy (¥is¢), maximum of the GSFE curve
(Ymax ), and ductility parameters (D) for pure Ni and Ni with interstitial atoms.

Ni  Ni+2.04 at.%P Ni+2.04 at.%H Ni+2.04 at.%S Ni+2.04 at. %N Ni+2.04 at. %0

Surface energy ¥s/(mJ/m?) 1893 2405 808 2952 2831 695
Yost/(mI/m?) 1031 1141 1118 1089 1092 1038

Slip system a/2(110)(111)  y;g¢/(mJ/m?) 68 78 82 105 98 83
D=03%/%s 0.55 0.63 0.22 0.81 0.78 0.20

Yo (mi/m?2) 278 293 277 277 180 212

Yor/mI/m?) 147 167 133 128 62 1
Slip system a/6(112)(111)  yp./(mI/m?) 1696 1758 1713 1762 1714 1838
D=03Y%/nst 2.04 2.46 0.88 3.20 4.72 0.98
Yist/ Yast 0.53 0.57 0.48 0.46 0.34 0.05

3.3. Effects of P, H, N, S, and O on the generalized stacking
fault energies surface in Ni

In theory, the GSFE surface is formed when one half of
a crystal is translated relatively to the other through a fault
vector bp. It is often determined by the energy difference per

unit area between the structures with and without a stacking
fault.[31:321

Figure 3(a) shows the effects of the interstitial atoms on
the GSFE surface in the (101)(111) slip system. Table 1 sum-
marizes the numerical values extracted from the extreme of the
curves (¥;) in each slip system. As evidenced from the results,
if there is a dislocation slipping along the (101) direction, then
a potential barrier (Yysf) of 1031 mJ/m? has to be overcome on

the pathway. This value is four times larger than the potential
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barrier along the (112) direction. Thus, the perfect dislocation
is likely to dissociate into partial dislocations due to the lower-
energy barrier. Furthermore, the interstitial atoms remarkably
increase the value of Yy in the (101)(111) slip system of Ni.
However, as observed from Fig. 3(b), the effect of the same
elements on the GSFE in the (112)(111) slip system is dif-
ferent from that in the (101)(111) system. Here, interstitial
atoms lower the value of 7y, the trend is: O < N < S < H
< P. In terms of the minimum energy barriers for partial dis-
location nucleation, the higher the value of 7yt is, the greater
the difficulty for emitting dislocation and occurrence of plastic
deformation is. Therefore, it can be realized that the addition
of the interstitials O, N, S, H, and P can facilitate plastic de-
formation or dislocation emission by slipping along the (112)

direction.
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Fig. 3. (color online) The GSFE curves for stacking fault defects in Ni
with interstitial atoms. (a) Slipping along (101) direction; (b) slipping
along (112) direction. The displacements are in units of their Burgers
vectors by; a represents the lattice parameter of Ni.

As can be seen from Table 1, the ;s value calculated for
the (112)(111) slip system in Ni is 147 mJ/m? (experimental
values are in the range of 125-128 mJ/m?[13-331) which is in
good agreement with the calculated result of 110 mJ/m? re-
ported by Siegel.l®) With the addition of P, the value of Yis
increases to 167 mJ/m2, while it subsequently reduces to 11,

62, 128, and 133 mJ/m? with the addition of the interstitials O,

N, S, and H, respectively. As is seen, % reduces significantly
with the addition of O and N.

However, the ¥;sr value is rather intermediate. The defor-
mation mechanism cannot be explained solely with ¥;sr alone,
Yist/ Yust has to be introduced to represent the full dislocation
tendency, as confirmed in Refs. [34] and [35]. The value of
Yist/ Yust close to 1.0 implies that the deformation mechanism
is dominated by full dislocation. On the other hand, when
the parameter Y/ Yust is < 1.0, the partial dislocations are ob-
served. In the present study, the calculated ¥t/ ust for pure Ni
is far less than 1. The parameter ¥,s/ %t remains relatively un-
changed with the addition of P, H, and S, while it reduces even
further with the addition of N and O. Thus, the deformation
mechanism in Ni is mainly in the form of partial dislocation,
with the addition of P, H, and S exhibiting negligible effects
on the deformation tendency. However, the tendency of par-
tial dislocation is much more prominent with the addition of N
and O.

If the shearing is continued in the (112) direction when
arriving at an energy valley (%), we can observe a steep,
huge energy barrier, Ymax, as shown in Fig. 3(b). Structurally,
this would create an ABCABCAABCAB stacking, which is
characterized by the on-top position of the two atomic planes
across the fault plane. The energy of this configuration in Ni
prohibits further slip after the formation of the intrinsic stack-
ing fault. It is important to realize that such an energy profile
is determined by the crystal structure, and not by a specific
inter-atomic potential. Although the absolute magnitudes of
the energies tend to change, the asymmetric shape of the en-
ergy landscape will remain unaffected. In this study, the cal-
culated value of ypax is about six times higher than 7 for
Ni, as presented in Fig. 3(b). The addition of interstitial atoms
results in a significant increase in the Y.« value. In the previ-
ous studies, not much attention has been paid to the high Yimax
peak.[?-36] However, we speculate that this ¥m.x peak might
play an important role in the observed twin nucleation or dislo-
cation moving. Suppose a leading partial with exactly Burger
vector as by, is nucleated and propagates into the crystal, leav-
ing behind a faulted region. Then it is difficult for a second
partial with the same Burgers vector to glide on the same slip
plane, because this high energy barrier Ymax makes the faulted
region essentially a “forbidden region”. As a result, the second
partial resulting from the dislocation tends to reside and move
on to the next layer.

Furthermore, to understand the effect of the interstitial
atoms on the ductility of Ni, we used the model of the com-
petition between dislocation emission from a crack tip and
crack cleavage, as reported by Rice.l'®! According to this
model, a metal will be ductile if the ductility parameter sat-
isfies D = 0.3%/%sf > 1. The smaller the value of D is, the
higher is the tendency of the metal to fail by cleavage frac-
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ture rather than shearing by dislocation mediated slip. In the
present study, due to the anisotropy of the single crystal, D < 1
for Ni in the (101)(111) slip system, the addition of interstitial
atoms does not seem to improve the condition (increasing the
value of ductility D), while the addition of H or O atoms re-
duces the value of D further. These results imply that the slip
along the (101) direction tends to improve the yield strength,
increase the brittleness of Ni, and promote the probability of
cleavage fracture near the crack tip. In the (112)(111) slip
system, the value of D is 2.04, consistent with the reported D
value of 2.14 in Ref. [3]. This reveals that Ni is an intrinsi-
cally ductile metal in this direction. In the two slip systems, H
and O can effectively decrease the value of D (< 1), thereby
improving the strength of Ni. The addition of other elements
remarkably increases the value of ductility D. Especially in the
(112)(111) slip system, the addition of the elements in the in-
terior grain increases the ductility of Ni in the following order:
N>S >P.

4. Conclusions

In summary, we used first-principles calculation to study
the influences of the interstitial atoms on the GSFE, strength,
and ductility in Ni. The results of GSFE and surface ener-
gies calculated in this study are in good agreement with the
theoretical and experimental results reported previously. This
validates the accuracy of the method used in this study.

Because of the anisotropy of the single crystal, the addi-
tion of interstitial atoms slipping along the (101) direction can
increase the brittleness in Ni while facilitating plastic defor-
mation by slipping along the (112)(111) system. The addition
of S, N, and P results in a surface energy higher than that in
pure Ni, indicating that the interstitials S, N, and P are not apt
to segregate to the slip plane. On the other hand, the addition
of H and O results in a surface energy lower than that of pure
Ni, implying that the interstitials H and O prefer to locate to
the interior of the grain in Ni. Furthermore, the evaluation of
the Rice criterion reveals that the interstitials H and O promote
the probability of cleavage fracture in Ni, while the addition of
S and N to the interior of the grain tends to increase the duc-
tility. In addition, the interstitials P, H, and S tend to exhibit
an almost negligible effect on the deformation tendency in Ni,
while the tendency of partial dislocation is more prominent

with the addition of N and O. The addition of interstitial atoms
to Ni increases the high-energy barrier Ynmax, thereby the sec-
ond partial resulting from the dislocation tends to reside and
move on to the next layer.
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