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First-principles calculation of stacking fault energies in Ni2(Cr, Mo) 
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A B S T R A C T   

The possible slip systems in Ni2Cr, Ni2Mo and Ni4MoCr, which are the main types of precipitates in technically 
important Ni-based alloys, are investigated using density functional theory-based calculations. The 12 most 
common slip systems, which are further reduced to four distinct systems due to the symmetry of the precipitate, 
are considered. The most and least favorable slip system have been identified through the general stacking fault 
energies analysis, which paves the way to further understand the strengthening mechanisms in the alloys con
taining these and similar types of precipitates.   

1. Introduction 

Ni-based superalloys have been widely used in high temperature 
oxidative/corrosive environments, such as gas turbine engines, high 
temperature thermal energy storage nuclear power system and solar 
power plants. Amongst the Ni alloys, the Ni-Mo-Cr alloys like Haynes 
242, Ni-W-Cr alloys like Haynes 230, and Ni-W-Cr-Mo alloys like Haynes 
244 and Alloy 22 display better corrosion resistance [1,2]. These alloys 
derive their strength mainly from the long-range ordering reactions 
during heat treatment. In Alloy 22 and Haynes 242, ordered Ni2Cr (or 
Ni2(Cr,Mo)-type domains are responsible for the enhanced strength 
compared to un-aged alloys. The addition of Mo also contributes to 
higher solid solution strengthening, and extends the stability of the 
Ni2Cr phase to higher temperatures (~725 ◦C in Haynes 242). The low 
diffusion coefficients of Mo also contributes to a lower creep rate [3,4]. 

Ni2(Mo,Cr) in the form of precipitates of size 10–100 nm [5,6] has 
been studied mainly as a strengthening phase in the nickel-based alloys. 
Due to the small size of the precipitates and difficulties to prepare bulk 
samples of Ni2(Mo,Cr), their physical and mechanical properties are 
challenging to be measured accurately. The ab-initio based computa
tional methods can thus serve as a useful alternative [7–9]. The lattice 
parameters, elastic constants, and theoretical stress-strain curves of 
Ni2Cr and Ni2Mo have been computed by Chan et al. [7] using 
first-principles based approach. The computed materials properties are 
then used as input to estimate the tensile ductility and fracture tough
ness [7]. Bai et al. [8] discussed the stability of Ni2Cr0.5Mo0.5 by 

computing the energy of formation of various Ni2Cr1−xMox alloys using 
density-functional theory calculations. Despite these efforts, the stack
ing faults (GSFs) in Ni2(Mo,Cr), which play critical roles in the plastic 
deformation and strengthening, have not been studied in the past. 

The Ni-rich matrix and Ni2(Mo,Cr) precipitates have the coherent 
relationship. During deformation, the alloys will be strengthened 
through shearing by pairs of superdislocations separated by stacking 
faults (antiphase boundaries) that hinders further dislocation motion. 
Therefore, stacking fault energies (SFEs) play key roles in the plastic 
deformation and strengthening of the alloys, which motivates our study. 
In this work, we will conduct the generalized stacking fault (GSF) energy 
analysis, a methodology established by Vitek [10], in Ni2Cr, Ni2Mo and 
Ni4MoCr (Ni2Mo0.5Cr0.5) alloys at 0 K via density function theory. The 
obtained intrinsic and unstable SFEs will be analyzed in terms of their 
respective roles in the strengthening mechanism. 

2. Crystal structure and computational modeling procedure 

2.1. Crystal structure 

Ni2(Mo,Cr) has a Pt2Mo type or ordered orthorhombic structure. The 
crystallographic relationship between the Pt2Mo structure and face- 
centered-cubic (FCC) matrix is shown in Fig. 1a [11,12]. Note Ni2Cr 
(Pt2Mo structure belongs to Immm space group1) is a stable phase with a 
disordering temperature of ~550 ◦C, but Ni2Mo is metastable [13]. The 
lattice parameters of the Ni2(Mo,Cr) precipitates can thus be estimated 
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1 The Ni4MoCr space group is Pmmm if the Cr atoms locate in Wyckoff a, Mo in h, and Ni in i and l positions, while Ni2(Mo,Cr) space group is Immm if the Cr and/or 
Mo atoms located randomly in Wyckoff a, and Ni in e positions. It is worth to mention here, the difference between Ni4MoCr and Ni2(Mo, Cr) is higher ordering in 
Ni4MoCr structure. 
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from the matrix lattice parameter as aP = 3/
̅̅̅
2

√
aM, bp = 1/

̅̅̅
2

√
aM, and cp 

= aM, where subscript ‘P’ denotes the precipitate and ‘M’ denote the 
matrix (Fig. 1). There are a total of 6 possible correspondence variants 
(definition in ref 14). 

The actual lattice parameters for the precipitates will deviate slightly 
from these values, that leads to the lattice mismatch. In the authors’ 
previous studies, the Ni2(Mo,Cr) precipitates in Haynes 244 have been 
observed to be fully coherent with the Ni matrix and have a lenticular- 
shaped morphology [15–17]. The TEM images of Ni2(Mo,Cr) pre
cipitates are shown in Fig. 1b and c. It can be observed that the Ni2(Mo, 
Cr) precipitates are fully coherent with the Ni matrix and form in a 
lenticular-shaped morphology, with the broad faces parallel to the 
{110}M habit planes of the matrix and the (010)P plane of Ni2(Mo,Cr) 
precipitate. This indicates that the lattice mismatch on the (010)P plane 
of Ni2(Mo,Cr). 

2.2. Slip system 

The slip systems of coherent Ni2(Mo,Cr) precipitate are determined 
based on that 1) the precipitates are coherent with the matrix, 2) the 
matrix FCC structure has 12 {111}M〈110〉M slip systems. Therefore, the 
coherent Ni2(Mo,Cr) precipitate also have 12 slip systems. These 12 slip 
systems can be reduced to 4 distinct systems due to the mmm symmetry 
of Ni2(Mo,Cr) structure, as shown in Fig. 2 (slip planes are shaded, slip 
directions are shown as arrows of magnitude equal to 1/2 〈110〉M 
dislocation). 

2.3. Calculation details 

2.3.1. Equilibrium lattice parameters calculation 
Ni2Cr and Ni2Mo have an orthorhombic unit cell that contains six 

atoms per unit cell (four Ni atoms sit in the Wyckoff e position and two 
Cr or two Mo atoms sit in the a position) [18,19] (Fig. 1a). The unit cell 
of Ni4MoCr is constructed with the Cr atom placed to the corner and Mo 
atom placed to the center of the cell (Pmmm space group, Cr in a, Mo in 

h, and Ni in i and l positions) (Fig. 1a). Before computing the stacking 
fault energies, the total energies of Ni2Cr, Ni2Mo and Ni4MoCr at 0 K are 
computed first. Calculations were performed using the Vienna Ab Initio 
Simulation Package (VASP) [20] with the projected augmented wave 
(PAW) potentials that uses the plane wave basis set to expand the total 
wavefunctions. The cut-off energy Ecut is chosen as 400 eV. Further in
crease the cut-off energy is found to lead to little change in the calcu
lated values. The Fourier space sampling employs 15 × 15 × 15 k-points 
mesh by the Monkhorst-Pack scheme to ensure a stable convergence and 
high accuracy. The spin-polarization is turned on to allow for the 
magnetic state of Ni. All structures are relaxed until the self-consistent 
electronic energy for each ionic step converges to below 10−8 eV. 

The equilibrium lattice parameters are calculated by computing the 
total energy at different unit cell volume. The lattice parameters a, b, 
and c, and the shape of the unit cell is allowed to relax, using the re
ported value by Chan et al. [7] as the starting point. Two sequential sets 
of energy minimization have been conducted for each condition in order 
to obtain more accurate energy values: 1) With the cell volume fixed, the 
cell shape is first optimized with the atoms allowed to relax; 2) The total 
energy is computed again for optimized lattice atom positions in step 1 
with both the cell volume and shape fixed. Around the lowest energy, 
the unit cell volume change is as small as 0.001% to obtain the accurate 
lattice parameters. 

2.3.2. SFE calculation 
To calculate the SFEs of V1 and V2 slip systems, a 1 × 1 × 2 supercell 

containing 6 layer is created with c along the [021]P direction and the 
slip plane as (011)P. A supercell slab+vacuum geometry is employed, 
where a vacuum is created with the periodic boundary conditions. The 
stacking of the Ni2(Mo,Cr) can be represented as ABC as shown in  
Fig. 3a, where the atom positions of different layers are represented by 
different letters. A 6 layers (approximately 14.5 Å) vacuum region is 
included along the cell’s z axis. The stacking fault can be generated by 
displacing the 4–6th layers of the crystal through a fault vector along the 
V1 [100]P and V2 [133]P directions. 

Fig. 1. (a) Schematic of crystallographic relationship between Pt2Mo structure 
(solid line) and FCC matrix (dashed line); (b) and (c) centered bright field and 
dark field images of the Ni2(Mo,Cr) precipitate in a Haynes 244 alloy viewed 
parallel to the habit plane showing the lenticular shape. Fig. 2. (a, b) Four distinct slip systems (V1-V4) of Ni2(Mo,Cr) with orientation 

relationship to disordered FCC. 
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Similarly, a 1 × 1 × 2 supercell containing 18 layers is created to 
calculate the SFEs of V3 and V4 slip system, with c along the [203]P 

direction and the slip plane as (301)p. The 6-layer vacuum region 
(~14 Å) is included along the cell’s c axis. The stacking of the atoms can 
be represented as ABCDEFGHI as shown in the Fig. 3b, where the atom 
positions of different layers are represented by different letters. The 
stacking faults are generated by displacing the 10–18th layers of the 
crystal through a fault vector along the V3 [010]P and V4 [133]P 
directions. 

3. Results and discussion 

3.1. Computation of lattice parameters 

The energies of formation are computed based on the difference 
between the total energy of the unit cell and the composition weighted 
average energy of the ferromagnetic fcc Ni (–5.4827 eV/atom) and bcc 
Mo (–10.8271 eV/atom). The energy of formation per mole of Ni2Cr, 
Ni2Mo and Ni4MoCr as a function of the unit cell volume is plotted in  
Fig. 4. A summary of the equilibrium parameter and the energy of for
mation are presented in Table 1, together with experimental data and 
other available theoretical results using first-principles based methods. 
The computed lattice parameters are in reasonably good agreement with 
the reported by Chan [7] and Arya [21]. The internal-structural 

parameter (Δ) is used to represent the distance from the Cr atom (or 
Mo atom) at the corner, and the deviation of Ni atom from the ideal 
position a/3 would be (Δ-1/3)a (Fig. 1a). The computed equilibrium 
lattice parameters for 0 K shows a good agreement with that of the 
previous reported studies. 

3.2. Stacking fault energy calculation 

The stacking faults are first evaluated for Ni2Cr in the supercell setup 
(Fig. 3a). The SFEs are evaluated by displacing the top half of the 
supercell relative to the lower half through a fault vector along the V1 
direction as indicated by the solid arrow of Fig. 5a. The intrinsic SFE at 
this local saddle point is calculated as γsf =

(
Esf −E

)/
A, where Esf and E 

are the energies of the structure with and without stacking fault that 
contains the same number of atoms. Here A is the stacking fault area. 

The γsf at different k-points of system V1 in Ni2Cr are compared as 
listed in Table 2. The number of layers between stacking faults is also 
increased by creating a 1 × 1 × 4 supercell and displacing the 7–12th 
layers along V1. In the 1 × 1 × 4 supercell, there are 6 layers between 

Fig. 3. Stacking sequence along the slip plane normal direction of (a) V1 and 
V2 slip system and (b) V3 and V4 slip systems. 

Fig. 4. Energy of formation of Ni2Cr, Ni2Mo, and Ni4MoCr cell as function 
of volume. 

Table 1 
Summary of the Computed Lattice Constant, Internal-Structure Parameters and 
Energy Formation for Ni2(Mo,Cr) Compounds.   

Lattice Parameter Δ −
1
3 

Method Reference 

Ni2Cr a (Å) b (Å) c (Å)   

7.423  2.476  3.568 0.000564 VASP Present 
study   

7.36  2.46  3.55 0.0001 WIEN2K Chan et al. 
[7]   

7.48  2.49  3.53  WIEN97 Arya et al. 
[21] 

Ni2Mo  7.715  2.621  3.667 -0.002358 VASP Present 
study   

7.69  2.57  3.71 -0.0018 WIEN2K Chan et al. 
[7]   

7.95  2.65  3.74  WIEN97 Arya et al. 
[21] 

Ni4MoCr  7.595  2.555  3.609 -0.009924/ 
0.005958a 

VASP Present 
study  

a -0.009924 Å references to the Cr and 0.005958 Å references to Mo 

Fig. 5. Atom arrangement on the slip planes of Ni2Cr and Ni2Mo: (a) V1 and V2 
slip systems and (b) V3 and V4 slip systems; slip directions on the slip planes are 
marked by arrows. 
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the stacking fault and vacuum. It can be observed that the SFE computed 
with 1 × 1 × 2 supercell at 15 × 15 × 1 k-points only differ from that 
obtained with the same geometry at 19 × 19 × 1 k-points by 0.13% and 
from that with the 1 × 1 × 4 supercell by 3.02%, demonstrating great 
convergence. Therefore, the 1 × 1 × 2 supercell (3 layers between 
stacking fault and vacuum) with 15 × 15 × 1 k-points is adopted for the 
calculation of V1 and V2 slip systems of Ni2Cr, Ni2Mo and Ni4MoCr. 

In Ni2Cr or Ni2Mo, the primitive cell lattice vectors a and b on the slip 
plane of V1 and V2 slip systems are along [111]P and [111]P, respectively. 
The atom arrangements of the ab planes (slip planes) are shown in the 
Fig. 5a, where the stacking fault vector is indicated by the dashed lines. 
The primitive cell lattice vectors a and b on the slip plane of the V3 and 
V4 slip systems are along [113]P and [113]P, respectively (Fig. 5b). 
Different from Ni2Cr or Ni2Mo primitive cell, the Ni4MoCr primitive cell 
has four Ni, one Mo, and one Cr, along the slip plane as showed in Fig. 6. 
The primitive cell lattice vector a and b on the slip plane of V1 and V2 
slip system are along [011]P and [100]P, respectively (Fig. 6a), while on 
the slip plane of V3 and V4, the a and b vectors are [010]P and [103]P, 
respectively (Fig. 6b). The supercells are presented in Fig. 3. The SFE 
profile as a function of stacking fault vector are presented in Fig. 7 to 

Fig. 10. 
The stable SFE, i.e., intrinsic SFE, γisf is the local energy minima, that 

affects the dislocation splitting width. The unstable SFE γusf , which is the 
local energy maximum, denotes the lowest energy barrier for dislocation 
nucleation [22]. In the case of V1, V2 and V4 for Ni2Cr and Ni2Mo, there 
are multiple local maximum and minimum values (e.g., q = 1

6, 1
3, 1

2, etc) 
along the fault vector path, indicating multiple possible partial dislo
cations along the slip directions. For Ni4MoCr, the local maximum and 
minimum values are along multiples of q = 1

6 and q = 1
12 for V1 and 

V2/V4, respectively. Replacing Cr with Mo atoms does not alter the 
locations of local maximum and minimum SFE, but the magnitudes of 
SFE vary with Cr substitution with Mo. In V1, the SFE increases with Mo, 
most pronounced at q = 1

2 changing the maximum unstable γusf from q =

1
6 in Ni2Cr and Ni4MoCr to q = 1

2 in Ni2Mo (Fig. 7). Similar increase in SFE 
can be observed for V3 but with a small magnitude (Fig. 9). It is worth 
mentioning that the SFE profile in V1 and V3 is symmetric respect to q =

1
2 due to mmm symmetry. The SFE change with composition variation is 
more complicated in V2 and V4. While the γusf reduces at q = 1

6
( 1

12
)

and 
1
2

(1
4
)

(the values in parathesis are for Ni4MoCr) with Mo replacing Cr in 
V2, the γusf at q = 5

6
( 5

12
)

and γisf at q = 1
3

(1
6
)

and 23
(1

3
)

increase (Fig. 8). In 
the case of V4, the γusf and γisf increases dramatically at q = 1

2
(1

4
)

and q =

1
3

(1
6
)

for Ni2Mo, thus varying the SFE profiles (Fig. 10). In particular, the 
γisf at q = 1

3
(1

6
)

in Ni2Mo is higher than that at q = 2
3

(1
3
)
, thus making its 

stacking fault formation less stable, whereas the reverse is found for 
Ni4MoCr. In Ni2Cr, the γisf at q = 1

3
(1

6
)

and q = 2
3

(1
3
)

are comparable 
(Fig. 10). 

Table 2 
Calculated intrinsic stacking fault energy (γisf ) of Ni2Cr along V1 slip direction at 
different k-point and supercell size.  

Supercell size k-points γisf (mJ/m2) 

1 × 1 × 2 9 × 9 × 1  221.22 
1 × 1 × 2 15 × 15 × 1  224.76 
1 × 1 × 2 19 × 19 × 1  224.44 
1 × 1 × 4 15 × 15 × 1  232.06  

Fig. 6. Atom arrangement on the slip plans of Ni4MoCr: (a) V1 and V2 slip 
systems and (b) V3 and V4 slip systems; slip directions on the slip planes are 
marked by arrows. 

Fig. 7. Stacking fault energy profiles as a function of the fault vector for the V1 
slip system; fault vectors are along the dashed line in Fig. 5a for Ni2Cr and 
Ni2Mo and along the dashed line in Fig. 6a for Ni4MoCr; the full displacement 
corresponding to the fault free structure, i.e., total length of the dashed line, is 
also listed in the figure legend. 

Fig. 8. Stacking fault energy profiles as a function of the fault vector for the V2 
slip system; fault vectors are along the dashed line in Fig. 5a for Ni2Cr and 
Ni2Mo and along the dashed line in Fig. 6a for Ni4MoCr; the fault vectors for 
Ni4MoCr are in the parentheses; the full displacement corresponding to the fault 
free structure, i.e., total length of the dashed line, is also listed in the 
figure legend. 
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The maximum unstable and minimum intrinsic SFE γusf ,max and γisf ,min 

are extracted from Fig. 7 to Fig. 10 and summarized in Table 3. The 
γusf ,max differs among the different slip systems. In Ni2Cr, Ni2Mo, and 
Ni4MoCr, the γusf ,max in the V3 direction is the lowest, thus is the most 
preferable slip direction among the four systems investigated. Moreover, 
there is no saddle point that corresponds to the intrinsic stacking fault in 
the V3 direction. The γusf ,max in the V4 direction is the highest, making it 
most difficult to deform through shearing in that direction. Moreover, 
V1, V2, and V4 each has two (five) local minimum points in the energy 
profiles in Ni2Cr and Ni2Mo (Ni4MoCr), indicating multiple possible 
partial dislocations and higher chance of stacking fault formation during 
the slip process. Replacing Cr with Mo atoms lead to both changes in the 

unstable stacking energy γusf ,max and intrinsic stacking fault energy 
γisf ,min, as shown in Table 3. In Ni2Mo, the γusf ,max of V2 and V3 are 
comparably lower, making them the more favorable slip systems than 
V1 and V4. It is noted that the γisf ,min is negative for V2 in Ni4MoCr 
indicating a very stable stacking fault at q =1

2 corresponding to the fault- 
free structure in Ni2Mo and Ni2Cr. 

Considering that the precipitates have six equivalent orientations 
with respect to the matrix, all slip systems could activate under the 
applied loading so that the strengthening effect would be the average of 
V1 to V4. However, it is also possible to achieve strengthening by 
forming single variant, in order to promote its activation which results in 
the strongest strengthening effect. The single variant can be formed 
during stress-aided aging and has been discussed in our previous work 
[17]. The increase in the yield strength in a certain loading direction 
may be achieved by selecting the precipitate variant of which the 
Schmid factor is largest, for example, V4 system, in order to promote its 
activation which results in the strongest strengthening effect. On the 
other hand, the slip system that has the largest Schmid factor may not be 
activated. Due to difference in the unstable stacking fault of the slip 
systems, the largest Schmid factor system may operate at even higher 
stress compared to the second or third largest Schmid factor systems. 
This will also lead to enhanced strengthening effect (the smaller the 
Schmid factor, the higher the required stress). 

To investigate the effect of single variant formation on the initial 
yield stage, micro-pillars are machined using focused ion beam (FIB) 
from chosen grains of the polycrystalline samples so that each pillar is 
single crystalline. The samples are either solution heat treated (SHT) 
with no precipitation or stress-aged with selected variants. Compressive 
loading to the micropillars containing either no precipitates or single 
selected variant are then conducted (Fig. 11). In the SHT sample with no 
precipitates, it has been found that the first active slip system has the 
largest Schmid factor (the estimation is based on the crystal directions of 
the sample coordinates) (Fig. 11b). However, in single-variant pillar, the 
first active slip system does not have the largest Schmid factor (second 
largest instead) (Fig. 11d). This test has been conducted for multiple 
micro-pillars. The shortcoming of the micro-pillar compression meth
odology is the difficulty to extract reliable stress-strain relations and to 
perform post-deformation analysis using advanced characterization 

Fig. 9. Stacking fault energy profiles as a function of the fault vector for the V3 
slip system; fault vectors are along the dashed line in Fig. 5b for Ni2Cr and 
Ni2Mo and along the dashed line in Fig. 6b for Ni4MoCr; the full displacement 
corresponding to the fault free structure, i.e., total length of the dashed line, is 
also listed in the figure legend. 

Fig. 10. Stacking fault energy profiles as a function of the fault vector for the V4 slip system; fault vectors are along the dashed line in Fig. 5b for Ni2Cr and Ni2Mo 
and along the dashed line in Fig. 6b for Ni4MoCr; the fault vectors for Ni4MoCr are in the parentheses; the full displacements corresponding to the fault free structure, 
i.e., total length of the dashed line, are listed in the figure legend. 

Table 3 
Estimated stacking energies in mJ/m2 of different slip systems of Ni2Cr, Ni2Mo, and Ni4MoCr.   

V1 
(011)[100]

V2 
(011)[133]

V3 
(301)[010]

V4 
(301)[133]

Type γusf ,max γisf,min γusf,max γisf ,min γusf,max γisf ,min γusf ,max γisf,min 

Ni2Cr 1203 225 1281 225 1103 NA 1443 388 
Ni2Mo 1515 394 1288 384 1183 NA 1670 652 
Ni4MoCr 1234 237 1345 -34 1171 NA 1568 95  
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techniques so that the slip systems can be evaluated more accurately. 
Our future work thus includes fabricating centimeter-sized single crystal 
alloy and conduct mechanical loading on samples containing single or 
multiple variants under various temperatures to understand the defor
mation mechanism and clarifying the roles of the coherent Ni2(Mo,Cr) 
precipitates. 

4. Conclusion and future work 

The possible slip systems in Ni2(Mo,Cr) have been investigated by 
calculating the GSF energy curves and extracting the intrinsic and un
stable stacking fault energies using first principles calculations. The 
(301)〈010〉 precipitate slip system has been identified as the preferrable 
one, whereas the (301)〈133〉as the least favorable one according to the 
analysis of the unstable stacking fault energy. The unstable and intrinsic 
stacking faults vary with the Mo replacing Cr atom and alter the most 
possible partial dislocations. These analyses are conducted based on the 
calculation of 0 K. Future work will consider the calculation at room and 
elevated temperatures that can provide more accurate guidance to the 
strengthening effect of the alloy containing Ni4MoCr precipitates. 
Moreover, more experimental evidence will be needed to provide the 
information of active slip systems in the precipitates and the resultant 
strengthening enhancement. 
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