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First-principles studies of effects of interstitial boron and carbon on
the structural, elastic, and electronic properties of Ni solution and
Ni3Al intermetallics®
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The effects of boron and carbon on the structural, elastic, and electronic properties of both Ni solution and NizAl
intermetallics are investigated using first-principles calculations. The results agree well with theoretical and experimental
data from previous studies and are analyzed based on the density of states and charge density. It is found that both boron
and carbon are inclined to occupy the Ni-rich interstices in Ni3 Al, which gives rise to a cubic interstitial phase. In addition,
the interstitial boron and carbon have different effects on the elastic moduli of Ni and Ni3Al. The calculation results for the
G/B and Poisson’s ratios further demonstrate that interstitial boron and carbon can both reduce the brittleness of Ni, thereby
increasing its ductility. Meanwhile, boron can also enhance the ductility of the Niz Al while carbon hardly has an effect on

its brittleness or ductility.
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1. Introduction

Ni-based superalloys have been successfully utilized in
both land-based and aeroplane gas turbine industries because
of their excellent oxidation resistance and favorable high-
temperature properties, including strength, fracture toughness,
ductility, fatigue resistance, and enhanced creep. These desir-
able properties generally result from the incorporation of co-
herent, ordered y'-Ni3 Al phases into the disordered, y-Ni solid
solution matrix.!' For superalloys, elastic properties are un-
doubtedly essential. Thus, much theoretical and experimental
research has concentrated on the elastic properties of the y-Ni
and Y-Ni3Al phases of Ni-based superalloys. >8]

Wang Y J and Wang C YU investigated the effects of
alloying elements (Ta, Mo, W, Cr, Re, Ru, Co, and Ir) on the
elastic constants and elastic moduli of both Ni and NizAl us-
ing ab initio calculations. The results showed that all the el-
ements considered increase the Young’s modulus of Ni. In
contrast, only Re was found to be effective in increasing the
shear modulus. Furthermore, all the alloying elements except
Co increase the modulus of NizAl slightly. However, increas-
ing the modulus leads to reduced Poisson’s ratio, so both Ni
and Ni3z Al might become more brittle with the increase of al-
loying element (except Co). This restricts the applicabilities
of Ni-based superalloys at high temperatures.

It is universally received that the ductility of polycrys-
talline Ni3Al at ambient temperature can be greatly improved
by adding a small amount of boron.['”) This ‘boron effect’
has been confirmed in cast and recrystallized,*’! and rapidly
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solidified 2"l NizAl.

posed to explain the boron effect on the ductility of NizAl
20,22-25

Several mechanisms have been pro-

I Liu et al. suggested that boron increases the
cohesive strength of the grain boundary.?°! George et al. ar-

alloy.!

gued that boron suppresses moisture-induced embrittlement
either by reducing the rate of hydrogen diffusion in NizAl or
by lowering the segregation of hydrogen atoms at the grain

126] found that boron also

boundaries.?>! Besides, Huang et al.
exhibits a large solid-solution strengthening effect in rapidly
solidified NizAl. This large strengthening potency of boron is
possibly associated with the large lattice strain induced by oc-
cupying interstitial lattice positions,!?®! which is in accordance
with the theory of Mott and Nabarro.[*’! The single-crystal
tensile tests by Heredia and Pope, [*32°! however, clearly show
that boron also improves the ductility of the bulk material. Sun
et al.®% found that boron also increases the maximum cleav-
age stress (ideal yield stress) of single Ni3Al crystal. It was
also suggested that a ‘bulk effect’” should be considered in ad-
dition to the grain-boundary strengthening effect due to boron
while trying to explain the improvement in ductility of poly-
crystalline Niz Al with boron addition. 3!

A first-principles method was employed to investigate the
segregation behaviors of hydrogen and boron in Ni-based and
Ni3Al-based alloys by Wu et al.!* The analysis of the chemi-
cal binding energy showed that boron is able to segregate at the
interstices in the Ni phase, Ni3Al phase, and Ni/Ni3Al inter-
face. It was found that the addition of boron to both Ni-based
and NizAl-based alloys can improve their ductilities and that
this boron-induced ductility can be controlled and improved
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by manipulating the lattice misfit.

Another interstitial element, carbon, may also affect the
properties of NizAl. It is surprising that carbon in NizAl,
which strongly segregates grain boundaries, can, in fact, pro-
mote intergranular brittleness (contrary to boron behavior),
but still exert a large strengthening effect on the solid solu-
tion, which is similar to boron’s.[*!l This is also (probably)
associated with the resulting increase in the lattice constant of

132331 Besides, carbon

Ni3Al caused by carbon intercalation.
induces oxide cavities to migrate outwards via a dissociative
mechanism assisted by the gaseous transfer of oxygen across
the cavities wherein CO-CO; acts as a carrier during high-
temperature oxidation of Ni.[3*! Most of the previous studies
have mainly focused on the effects of boron or carbon on the
properties of polycrystalline Ni or Ni3Al, so the available data
about the effects of these two elements on the properties of
single-crystal (SC) Ni and Ni3 Al are very limited. Few reports
have systematically studied the effects of boron and carbon on
the elastic properties of SC Ni and NizAl.

Density functional theory (DFT) has played an impor-
tant role in previous studies on the mechanical properties of

materials. 3537

1 In light of the interesting effects of boron and
carbon, we therefore present here an ab initio investigation
of the effects of these two elements on the structural, elastic,
and electronic properties of both Ni solution and Ni3 Al inter-
metallics. Such an addition is expected to improve the brittle-
ness values of SC Ni and NizAl by adding these two elements
so as to find the substitutes or supplementary elements for
heavy metals. Enthalpies of formation can be calculated and
used to indicate the phase stability and to determine the site
preferences of these two elements in NizAl. Based on the elas-
tic constants thus calculated, elastic and orientation-dependent
elastic moduli may be obtained and analyzed in terms of den-
sity of states and charge density. The results derived can be
proved useful in designing more advanced alloys.

2. Computational model and method

Unit cells of face-centered cubic (fcc) Ni and L1,NizAl
are shown in Figs. 1(a) and 1(b), respectively. The unit cell of
Ni contains an octahedral interstice produced by the six face-
centered Ni atoms (indicated by the octahedral region framed
by the black dashed lines in Fig. 1(a)). NizAl contains two
types of octahedral interstices. The former Ni-like one is la-
beled by the serial number 1 and represented by the octahedral
region framed by the black dashed lines in Fig. 1(b). This kind
of octahedral interstice is again formed by six face-centered Ni
atoms. The other interstice (labeled by the serial number 2) is
formed by four face-centered Ni atoms and two Al atoms on
the vertices. Its shape is clearly outlined in Fig. 1(b) using
red dashed lines. There also exists another kind of interstice

in the Ni and NizAl crystals. These are the tetrahedral inter-
stices which are formed by one atom on the vertex and three
face-centered atoms. 8! However, it is nearly impossible for
atoms to accidentally appear in such small interstices and so
they will be ignored in this research hereafter.

(a)

(b)

Fig. 1. (color online) Unit cells of (a) fcc Ni and (b) L1,Ni3Al. The
blue and pink spheres represent the Ni and Al atoms, respectively, and the
regions bounded by the dashed lines of the same color represent the octa-
hedral interstices. The serial numbers 1 and 2 indicate the positions of the
interstices 1 and 2, respectively.

In order to explore the changes in the structures, elastic
constants, and various elastic moduli of Ni solution and NizAl
intermetallics when they are doped with interstitial atoms X (X
=B, C), supercells measuring 2 x 2 x 2 are selected for calcu-
lation purposes. The chemical compositions of the selected su-
percells are therefore Ni3p X and NiggAlgX (X = B, C). Super-
cells of this size are selected according to the concentrations
of the alloying elements occurring in calculation models estab-
lished in relevant first-principles studies, 331! which makes
the interaction among the adjacent impurity atoms negligible
and gives rise to more obvious effects from the impurity itself.
To more clearly investigate the effects of the addition of inter-
stitial boron or carbon on the structure and elastic properties
of Ni and Ni3zAl, a single-impurity model is adopted to study
the case where the two interstitial impurities are contained in
Ni and Ni3Al, respectively. At the same time, similarly-sized
supercells of Ni and NizAl containing no impurity atoms are
also studied for comparison with the doped supercells.

Figures 2(a) and 2(b) illustrate the two kinds of super-
cell models for doped NizAl in which the interstitial atoms
occupy interstices 1 and 2 in the Ni3Al structure, respectively
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(Fig. 1(b)). The supercell model of Ni doped with impurities
is similar to those described in Figs. 2(a) and 2(b), except sub-
stituting Ni atoms for Al atoms.

Fig. 2. (color online) Supercell models of Ni3Al when interstitial atoms
occupy (a) interstice 1, and (b) interstice 2. The blue, pink, and green
spheres represent atoms of Ni, Al, and interstitial element X (X = B, C),
respectively.

All the calculations carried out in this research are per-
formed using the DFT-based Vienna ab initio simulation
package (VASP).[*>~%] The pseudo-potentials utilized to de-
scribe the interactions between nuclear and extranuclear elec-
trons are obtained using the projector-augmented wave (PAW)
method.!*®! The energy cut-offs when doping with boron and
carbon are taken to be 415 eV and 520 eV, respectively,
to ensure that the total energy of the calculated physical
model is fully converged. The exchange-correlation poten-
tial is obtained using the generalized gradient approxima-
tion (GGA) method developed by Perdew, Burke, and Ernz-
erhof (PBE).!*’! Brillouin-zone integration is performed us-
ing a Monkhorst—Pack k-point mesh.“8] Tests on the effect
of mesh size on the calculated mechanical and energy quan-
tities suggest that a k-point mesh of size 9 x 9 x 9 has fa-
vorable convergence effect. However, in order to ensure that
the calculation results are accurate and the total energy of the
system is fully converged, an 11 x 11 x 11 k-point mesh is
adopted in this research. The convergence criteria for elec-
tronic self-consistency and ionic relaxation are set to be 107>
and 10~ eV, respectively.

In order to accurately obtain the equilibrium structure and
equilibrium volume of each system, the initial structure of
each system (including the cell parameters and internal config-
uration) is fully relaxed to begin with. Then, the fully-relaxed
supercells are allowed to undergo sufficient relaxation in the
sense of fixing volume and changing shape. In doing so, the
shapes of the supercell in each system can be determined in
the equilibrium state (i.e., the angles and ratios between the
basic vectors of the supercell). Afterwards, the volumes of the
supercells are reduced or increased to different degrees com-
pared with that of the sufficiently relaxed structure. After this,
full relaxation (in the sense of fixing volume and shape) and
static calculations are performed on a series of supercells with
different volumes so as to accurately obtain the total energy.
Finally, the equilibrium volume Vj and bulk modulus B of each
system are obtained by fitting the energy and volume data to

(491 The structural parame-

the Murnaghan equation of state.
ters of the supercells are then obtained in the equilibrium state.
Using this as a basis, the internal configuration of the super-
cell in each system is required to experience sufficient relax-
ation once again so as to obtain the final equilibrium structure.
Then, a fully static calculation is carried out to finally give the
total energy Ey in the equilibrium state.

Enthalpy of formation is an important index®%! for judg-
ing the phase stability of a system. It can be calculated by
various means.>! In the present research, an effective method
is used to find the formation enthalpies by calculating the rel-
ative value of the equilibrium energy of the compound and the
composition-weighted average of energy of each pure compo-
nent in the fcc structure.®>>3 For a binary system, A pBy, the
enthalpy of formation AH™°(A,B,) can be formulated as:

AH'(A,By) = Eo(ApBqg) — [WaE"(A) +xpE"“(B)], (1)

where, Eo(A,B,), E*(A), and E®°(B) are the energies of
ApB, and components A and B in the fcc, respectively (per
atom), and the quantities x4 = p/(p+¢q) and xz = q/(p+q)
represent the concentrations of the components A and B. The
relative phase stability of each system can also be observed by
comparing the average difference in binding energy between
systems.3*33] The two aforementioned methods of quantify-
ing structural stability can be employed to investigate the ef-
fects of the interstitial boron and carbon on the phase stability
of Ni and NizAl

In this work, we begin with a specific shape and find the
strain tensor € produced in the crystal by changing the ini-
tial basic vector of its supercell. Then, the total energy of a
system to which a group of strains with different amplitudes
are applied is calculated. After this, data fitting is performed
(quadratic or higher order) on groups of data points describing
the variation of energy density with strain amplitude, obtained
using first-principles calculations. In this way, the quadratic
coefficients of the crystals (i.e., the elastic constants C; j) or
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a linear combination of elastic constants can be obtained, %]

which can also be obtained using other similar methods.[”"]

The strain tensor € has been defined and labeled by Voigt.!>’]
As only the non-rotational strain needs to be taken into ac-
count, the strain can be expressed as a symmetric tensor con-

taining six independent components:

€] 66/2 65/2
e=|e/2 e es)2 |. 2)
es/2 es/2 e3
The initial basic vector R of the supercell is converted
into a new basic vector R’ by using strain €, thus

R =R-(I+¢), 3)

where I is the unit 3 x 3 matrix. When the strain is small,
Hooke’s law implies that the total energy E(€) of the system
subjected to strain can be expressed in terms of the compo-
nents of the strain tensor. Using a Taylor series we thus have

6 6
E(e) = EO—P(VO)AV+V<)Z Zcijeiej/z‘FO[e?L
i=1j=1

(i,j=1,2,...,6), “4)

where Ep, Vp, and P(V;) represent the energy, volume, and
pressure corresponding to the volume Vjy of the system in the
absence of strain and in the equilibrium state, respectively.
The incremental term AV represents the change in volume of
the crystal caused by the application of the strain. The last
term, Ole}], on the right-hand side of Eq. (4) represents the
small contributions that are cubic and higher order in e; in the
Taylor expansion and are ignored.

As a general rule, a crystal may be described using 21
independent elastic constants. For cubic crystal systems, how-
ever, the high symmetry reduces the number of independent
C;j terms to 3, which we take to be C11, Ci2, and Cy4. To ob-
tain a value for Cu4, a strain in the form € = (0,0,0,6,5,0)
can be applied to the cubic crystal, where § corresponds to
the strain amplitude.!'"! By substituting the strain into Eq. (4),
the relationship between the energy density AE/V (where
AE = E(g) — Ey is the difference between energies before and
after applying the strain to the cubic crystal) and the strain am-
plitude & is obtained as follows:

AE |V =3C446%/2. (5)

Similarly, when a strain in the form € = (5,8, (1+8) 7% —
1,0,0,0) is applied to the cubic crystal, the relationship be-
tween the energy density and strain amplitude is found to be

AE/V =6C" 4 0(8%), (6)

where C' = (C1; — C12)/2 and O(83) represents the higher or-
der terms. The bulk modulus B is given by

B=(C11+2C12)/3, @)

and can be obtained by fitting the required data to the Mur-
naghan equation of state. When equations (6) and (7) are com-
bined, the values of C;; and Cj, can be obtained.

For the calculations performed in this research, effective
values of the strain amplitude & are required by using a se-
ries of amplitude values varying from —0.03 to 0.03 (step size
0.005). This range ensures the accuracy and reliability of the
fitted results when polynomial fitting is performed on the se-
ries of data points obtained for the variation of energy density
with strain amplitude.

The elastic constants are determined using first principles
calculations. These constants are then used to derive the bulk
modulus B and shear modulus G of the crystal. The Young’s
modulus E and Poisson’s ratio v can then be obtained using
the derived values for the bulk and shear moduli.>®! The two
theoretical research studies by Voigt®”! and Reuss!>”! provide
two effective methods of calculating approximate values for
the elastic moduli from the elastic constants. Besides, they are
used for calculating the upper and lower limits of actual elas-
tic modulus, respectively. The Young’s modulus E, Poisson
ratio v, approximate bulk modulus B, and shear modulus G
can thus be obtained using the Voigt and Reuss theories from

the following formulas:[>®!

9By = (C11 +Cn +C33) +2(C12 +Ca3 +C31),
15Gy = (C11 +Cn +C33) — (Clz+C3 +C31)  (8)
+3(Ca4 +Cs5+Ces),

1/Br = (S11+ S22+ 833) +2(S12 + S23 + S31),
15/Gr =4(S11 + 82+ 833) —4(S12+S23+S531)  (9)

+3(S44 + S55 + Se6) s
v=[1-3G/(3B+G)|/2, (10)
1/E =1/3G+1/98B. 11

In these expressions, the subscripts ‘V’ and ‘R’ denote the re-
sults obtained from Voigt and Reuss theory, respectively, while
Sij (i, j = 1-6) each indicate an elastic compliance constant
(essentially the inverse of elastic stiffness). As proposed by
Hill, '8! the empirical average G = (Gy + Gr)/2 is adopted to
calculate the final shear modulus G (this is a good approxima-
tion for each of Ni and NizA1[7-10:13.17])

Elastic moduli obtained by calculating elastic constants
through using the first-principles method are macroscopic av-
erage values. However, actual crystals are anisotropic. To
calculate the Young’s modulus E and shear modulus G for a
specific orientation of the cubic crystal system, the following
expressions can be adopted: [>7-6%]

E(6,9) = (S11—287)"",

G(0,9) = (Saa+487)7",
S=S811—S12—S44/2,

J =sin?@ -cos? 6 +0.125 -sin* 6 (1 — cos4¢),

12)
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where 0 and ¢ signify the Euler angles of the specific crys-
tal orientation (the coupling between torsion and bending is
ignored here). More specifically, 6 represents the angle be-
tween the specific crystal orientation and the direction [001],
while @ denotes the angle between the projection of the spe-
cific crystal orientation on the plane (001) and the direction
[010]. The quantities E(0, @) and G(0, @) therefore represent
the Young’s modulus and shear modulus for that specific crys-
tal orientation.

3. Results and discussion

3.1. Structural properties

The lattice parameters and coordinates of the ions inside
the Ni and Niz Al supercells doped with interstitial atom X (X
= B, C) and the pure Ni and Ni3zAl are fully relaxed and op-
timized using the aforementioned method. Table 1 gives the
lattice constants ay, a, and the misfits ) = (ay —ay)/[(ay +
ay) /2] found for the unit cells of the optimized fcc-structured
Ni, and L1;-structured Ni3Al. Reliable experimental values
and other theoretical values obtained in previous studies are
also shown in the table. The subscripts ¥ and ¥’ refer to Ni and
NizAl, respectively, while the misfit 17 denotes the difference
in lattice constant between Ni and NizAl.

As shown in Table 1, the values of the lattice constants
of Ni and Ni3Al, calculated in this research, are 3.516 A and
3.569 A, respectively. These are in good agreement with the
calculated values of 3.517 Al®!1 and 3.568 A,[10! and also with

the experimental values 3.52 A% and 3.57 A,[®¥ respec-
tively. The calculated misfit value is also close to the other
experimental and calculated values, which demonstrates the
accuracy of the method for relaxing the crystal structure and
the reliability of the calculation results.

Table 1. Experimental and calculated values of the lattice constants ay,
ay, and the misfit 7 of single cells of Ni and NizAlL

Source aylA ay/A n/%
Calculated here 3.516 3.569 1.496
Other calculations 3.517* 3.568> 1.440
Experimental 3.52¢ 3.574 1.410

aRef. [61], PRef. [10], °Ref. [62], IRef. [63].

Using 2 x 2 x 2 supercells of pure Ni and NizAl as the
control group, the elastic properties of Ni and Ni3Al doped
with interstitial impurities are subsequently calculated. Ta-
ble 2 presents the values of lattice parameter, equilibrium vol-
ume (Vp), and equilibrium energy (Ep) of the 2 x 2 x 2 super-
cells of pure Ni and NizAl as well as the interstitial phases
doped with boron and carbon. The values of energy differ-
ence (AEy) of the supercells of Ni and Ni3 Al before and after
adding interstitial atoms are also given in Table 2. As there
are two types of interstices in NizAl, the impurity atoms are
usually present in two different environments in NizAl. The
superscripts 1 and 2 shown in the chemical compositions of
the interstitial phases of NizAl represent the occupancies of

interstices 1 and 2, respectively.

Table 2. Structures, lattice parameters, equilibrium volumes V), and equilibrium energies Ey of the supercells of pure Ni and Ni3 Al as
well as their interstitial phases. The values of energy difference between the interstitial phase and the pure phase AE( are also given.
Superscripts ‘1’ and ‘2’ in the first column indicate the occupancies of interstices 1 and 2 in Niz Al, respectively.

Lattice parameters

Composition Structure Vo/A3 Ey/(eV/atom) AEy/(eV/atom)
alA clA

Nisp cubic 7.032 347.72 -5.5187

NisB cubic 7.090 356.36 -5.5621 —-0.0434
Ni3,C cubic 7.084 355.51 -5.6225 -0.1038
Nipg Alg cubic 7.138 363.72 -5.5516

Nigs AlgB! cubic 7.191 371.81 -5.6123 -0.0607
Nioy AlgB? tetragonal 7.134 7.336 373.33 -5.5601 —-0.0085
Nip, AlgC! cubic 7.185 370.95 -5.6704 -0.1188
Nipg AlgC? tetragonal 7.143 7.292 372.04 -5.6201 -0.0685

As can be seen in Table 2, except for NiyAlgB? and
NigsAlgC? which have tetragonal structures, the other inter-
stitial phases present cubic structures. This is because the six
nearest neighbor (NN) atoms of the impurity in interstice 2 are
composed of four Ni atoms and two Al atoms and the atomic
radius of Al is greater than that of Ni. Adding the interstitial
boron and carbon atoms to the originally cubic L1;structure

of Ni3zAl causes the lattice to expand more widely in the Al-

interstitial atom direction, and thus form a tetragonal structure.
However, the impurity atoms in Nip4 AlgB! and Niy AlgC! oc-
cupy interstice 1 of the NizAl structure wherein the six NN
atoms are all equivalent Ni atoms. These impurity atoms ex-
perience similar surroundings to the interstitial atoms in Ni3>B
and Ni3»C. When the interstitial boron and carbon atoms are
added, the NissAlgB! and Niyy AlgC! lattices present the same
distortion amplitudes in directions [100], [010], and [001] and
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therefore the cubic structures of Ni and Ni3 Al are maintained.

Ni and Ni3Al experience the volume expansion to differ-
ent extents when doped with boron and carbon, and the vol-
ume changes in Ni and Ni3Al due to boron doping are greater
than those caused by carbon doping in the same interstice. In
a cubic crystal system, the lattice parameter a presents a vari-
ation trend similar to that of the volume. This is attributed to
the fact that the atomic radius of boron is greater than that of
carbon. In the tetragonal crystal systems, the lattice parameter
¢ of NiyAlgB? is also greater than that of NiryAlgC?. How-
ever, when it comes to the lattice parameter a, the former is
smaller than the latter and it is even smaller than that of pure
NisAl This indicates that the volume increase in Nips AlgB2
is a result of the enlarged parameter c.

The average energy of a system can measure the system
degree of stability. From Table 2 it can be seen that the ener-
gies of Ni and Niz Al doped with interstitial impurity atoms are
lower than those of pure Ni and NizAl. This shows that inter-
stitial boron and carbon can both increase the phase stabilities
of Ni and NizAl. In particular, carbon exhibits a more favor-
able stabilizing effect on Ni than on boron. When the impu-
rity atoms are located in the same interstice in Ni3Al, carbon
also presents a more obvious effect than boron in increasing
the phase stability of NizAl. At the same time, it can also be
seen that when the impurity atoms are situated in interstice 1
of Ni3zAl, the energies of the interstitial phases are lower than
those when the same impurity atoms occupy interstice 2. This
indicates that both boron and carbon prefer to occupy inter-
stice 1 rather than interstice 2. Thus, impurity-doped NizAl
is likely to adopt the cubic rather than tetragonal interstitial
phase. Other results on impurities in Ni3Al obtained via first-
principles computations[®+-%1 also indicate that boron prefer-
entially occupies the Ni-rich interstices.

The enthalpies of formation of the interstitial phases
(NizzB, NizC, NipgAlgB!, NipgAlgB2, NipgAlgC!, and
Ni24A18C2) can be calculated using Eq. (1). Table 3 presents
the energies of the fcc-structured Al (E™¢(Al)), B (E™°(B)),
and C (E™°(C)). The energy for Ni has already been given in
Table 2.

Table 3. The energies of fcc-structured Al (Efec(Al)), B (E¢(B)), and
C (Ec(C)).

Efec(Al)/(eV/atom) Efc(B)/(eV/atom) Ef¢(C)/(eV/atom)

—-3.7425 -5.3244 —4.5531

Figure 3 presents the calculation results for the forma-
tion enthalpies AH™ of the six doped systems. It can be seen
that the enthalpies of formation of the six doped systems all

present negative values. This suggests that Ni and Ni3 Al form

stable products when doped with boron and carbon. The en-
thalpies of formation of the interstitial phases of Ni containing
carbon are lower than those containing boron. The formation
enthalpies of the interstitial phases of Niz Al containing carbon
are also lower than those containing boron for the same inter-
stice. This suggests that the stabilities of the carbon-doped Ni
and Ni3Al are larger than those of their boron-doped counter-
parts (for the same interstice). For a particular kind of impurity
atom X (X = B, C), the enthalpy of formation of Nip AlgX ! is
lower than that of NirgAlgX 2 indicating that both boron and
carbon preferentially occupy interstice 1 in NizAl, thus giving
rise to cubic interstitial phases. This is in agreement with the
results of the system energy analysis given above. Addition-
ally, the enthalpies of formation of all the interstitial phases of
Ni3zAl are lower than those of Ni for each kind of interstitial
impurity atom. It can be seen, therefore, that whichever inter-
stice is occupied by the impurity atom in NizAl, the interstitial

phase formed is more stable than that in Ni.
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Fig. 3. (color online) Enthalpies of formation AH™ of the interstitial
phases of Ni and NizAl. The red dashed line represents the zero point
of the ordinate.

Above all, it is found that both boron and carbon in-
cline to occupy interstice 1 in Ni3Al, thus giving rise to
the formation of the interstitial phase of NizAl with cu-
bic structure. Therefore, in the following part, we only
need to take into account the two cubic interstitial phases
Ni4AlgB! and Nir4AlgC! of Ni3Al. For simplicity and conve-
nience, NipsAlsB! and NiysAlgC! will henceforth be written
as NipsAlgB and NipsAlgC, respectively (i.e., the superscript
‘1’ is simply omitted from the chemical compositions for clar-

ity).

3.2. Elastic properties

According to the above discussion, by applying specific
strains to the crystal, the relationship between the energy den-
sity and strain amplitude can be utilized to calculate the elastic
constants C;; of the cubic crystal. The results of such calcula-
tions for pure Ni, Ni3Al, and their interstitial phases are sum-

marized in Table 4.
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Table 4. Independent elastic constants of Ni, Ni3Al, and their intersti-
tial phases, and other available calculated and experimental values.

Elastic constant/GPa

Composition

Ci1 Cr2 Cyq
Nis, 247.05 170.41 109.26

248.12 176.98° 113.34°
NiB 245.36 167.84 93.76
Ni3C 246.86 168.96 100.23
NisAlg 229.96 151.35 122.28

229.7° 151.84 124.4¢
NipsAlgB 233.93 149.74 108.07
Nis AlgC 236.63 149.65 116.05

aRef. [67], PRef. [68], °Ref. [10], “Ref. [7], °Ref. [6].

As can be seen in Table 4, our calculated elastic con-
stants for pure Ni and Ni3Al agree well with the theoretical
and experimental values given in previous studies. This veri-
fies the validity of the method we used for calculating elastic
constants. It can also be seen that the independent elastic con-
stants Cy1, Ci2, and Cyq of the interstitial phases Ni3»B and
Ni3, C are all lower than those of pure Ni. In fact, the values of
the three constants for Niz, B are the smallest in all constants of
these substances, and the values for Ni3,C are between those
of pure Ni and Ni3,B. This suggests that the interstitial addi-
tion of boron exerts the most significant reduction effect on
the elastic constants of Ni and Cjy, Cj2, and Cyq are signifi-
cantly reduced. The interstitial addition of carbon also greatly
reduces Cjp and Cy4, but has a smaller effect on Cy; (which is
only slightly smaller than that for pure Ni).

The behaviors of the three independent elastic constants
of the interstitial phases Niy4AlgB and Niys AlgC in compari-
son to those of pure NizAl are more complex. As shown in
Table 4, the C;; values for Nix4AlgB and Nip4AlgC are both
greater than that of pure Ni3 Al and, more specifically, intersti-
tial carbon has a more significant effect on the constant than
boron. Interstitial doping with either boron or carbon clearly
reduces Cip and Cyqq4. Here, boron and carbon present simi-
lar reduction effects on Cjj, but the Cj» of NiysAlgC is only
slightly lower than that of Niy4AlgB. The effects of boron and
carbon on the Cy4 value of Ni3Al are similar to those on Cyy
of Ni, and boron presents a more obvious effect on Cy44 than
carbon.

Above all, the presence of interstitial boron and carbon
reduces all three elastic constants of Ni. In contrast, in the
Ni3Al case, two of the elastic constants of the two intersti-
tial phases of Ni3Al, C}, and Cy4, are clearly lower than those
of pure Ni3Al, however Cj; is slightly higher than that of the
pure Ni3Al. Therefore, it can be speculated that the presence
of interstitial boron and carbon will be expected to effectively
reduce the various elastic moduli of Ni and Ni3Al, and thus
increase the values of ductility and toughness of the Ni and
NizAl

As is well known, the mechanical stability is an important
area of theoretical research when considering the phase stabil-
ity of material. The mechanical stability of an alloy phase can
be evaluated using the elastic constants of the corresponding
SC.1%1 The criteria for determining the mechanical stability
of cubic crystal structure can be expressed as the following
formulas:

Ci1 >0, Cu >0, Ciy >|[C12|, C11+2C12>0. (13)

It can be shown using the values in Table 4 that the elastic
constants of pure Ni and Ni3zAl and their interstitial phases all
satisfy the aforementioned mechanical stability criteria. Thus,
they all correspond to mechanically stable phases. This veri-
fies the phase stabilities of Ni and Niz Al doped with boron and
carbon from another perspective, and agrees with the above
analysis of phase stability based on the system energy and en-
thalpy of formation.

The first-principles method is used to calculate a series of
data points for the energy—volume of each system and the bulk
modulus B of each system is found by fitting the data to the
Murnaghan equation of state. The general relationships be-
tween the elastic constants and shear modulus (approximated
by Voigt and Reuss) are shown in Egs. (8) and (9). For the
cubic crystal system, symmetry requirements lead to the inde-
pendence of just 3 C;; parameters, namely, Ci1, Ci2, and Cy
(with C11 = Cyp = (33, C12 = Ca3 = Cy3, and Cyg = Cs5 = Ceg).
Thus, equations (8) and (9) take the following forms, respec-

tively:

(14)

Gv = (Ci11 —Ci2+3Cu4)/5,
Gr = 5/(4511 — 4812 +3844).

The average value G = (Gv + Gr)/2 of the shear mod-
uli calculated using the Voigt and Reuss approximations is
adopted as the final shear modulus. The Young’s modulus E
and Poisson’s ratio v are calculated from Egs. (11) and (10).
The calculated results for the various elastic moduli, G/B ra-
tios, and the Poisson’s ratio v values of pure Ni, NizAl, and
their interstitial phases are shown in Table 5.

It can be seen from Table 5 that our calculated values of
the various elastic moduli of pure Ni and NizAl are in good
agreement with the other theoretical and experimental values
appearing in the literature. It is also apparent that interstitial
doping with both boron and carbon can reduce the bulk modu-
lus, shear modulus (including the shear modulus values calcu-
lated using the Voigt and Reuss approximations), and Young’s
modulus of Ni. Also, the extent of the reduction in modulus
induced by boron is more obvious than that induced by car-
bon, which is in agreement with the speculative results based
on the elastic constants C;;. The situation in NizAl is more

complicated.
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Table 5. Comparisons of the bulk modulus B, shear moduli Gy and Gg (calculated using the Voigt and Reuss approximations, respectively),
final shear modulus G, Young’s modulus E, Poisson’s ratio v, and G/B ratio among pure Ni, Ni3Al, and their interstitial phases. Some other

reliable theoretical and experimental values are also shown.

Composition B/GPa Gvy/GPa GRr/GPa G/GPa E/GPa \% G/B
Nisp 195.95 80.88 62.78 71.83 192.03 0.337 0.367
198.282 68.46* 184.19* 0.34522 0.34532
Niz;B 193.68 71.76 59.81 65.79 177.28 0.347 0.340
NisC 194.93 75.72 61.51 68.61 184.23 0.342 0.352
NiggAlg 177.55 89.09 66.29 77.69 203.41 0.309 0.438
174.9° 77.0¢ 201¢ 0.308¢ 0.44¢
Niy; AlgB 177.80 81.68 66.42 74.05 195.07 0.317 0416
Nipy AlgC 178.64 87.02 69.60 78.31 204.98 0.308 0.439

aRef. [68], PRef. [70], °Ref. [8].

On the one hand, interstitial boron and carbon both en-
hance the bulk modulus of Ni3Al, and the strengthening effect
by carbon is more obvious than by boron. On the other hand,
boron is expected to reduce the shear modulus, whereas car-
bon causes it to slightly increase. The results for shear mod-
ulus as calculated using the Voigt and Reuss approximations
are also different: both boron and carbon reduce the Voigt-
approximated shear modulus and boron presents a larger re-
duction effect. However, carbon significantly increases the
value of the Reuss-approximated shear modulus, while boron
hardly has any effect on the shear modulus in the Reuss ap-
proximation (which basically remains the same as that of pure
NizAl). Finally, boron effectively reduces the Young’s modu-
lus of Ni3z Al while carbon enhances it. This variation is similar
to that found in the shear modulus.

The ratio of the shear modulus to the bulk modulus (G/B)
and Poisson’s ratio v can favorably reflect the ductility or brit-
tleness of a material: the smaller the value of G/B, or the
greater the Poisson’s ratio v, the more ductile the material is,
and vice versa.[”!l As demonstrated in Table 5, after interstitial
boron and carbon are doped into Ni, the G/B ratio decreases,
while the Poisson’s ratio v increases. Also, the extent of boron
reduction effect on G/B (and strengthening effect on v) is more
obvious than the carbon’s. The results suggest that the addi-
tion of boron or carbon can effectively reduce the brittleness,
and increase the ductility, of Ni. Similarly, the presence of
interstitial boron also reduces the value of G/B and increases
the v value of Ni3Al, and thus the ductility of NizAl is also
enhanced. However, the G/B and v values for Nip4AlgC are
basically the same as those for pure Ni3Al, indicating that in-
terstitial carbon hardly affects the ductility nor brittleness of
NizAL

The Young’s moduli and shear moduli of Ni and Niz Al
before and after adding the boron and carbon are calculated
using the averaging method proposed by Hill.[’® This method
can favorably reflect the average and global properties of these
materials. However, as an actual crystal is not isotropic, the
Young’s modulus and shear modulus are dependent on the
crystal’s orientation. Thus, they need to be formally investi-
gated as a function of orientation.

The Young’s and shear moduli of the six cubic intersti-
tial phases are subsequently investigated for certain crystal
orientations using Eq. (12). Three representative orientations
([100], [110], and [111]) of the cubic crystals are selected
for calculation purpose. Figure 4 exhibits the results for the
Young’s modulus E and shear modulus G of the pure Ni and
Ni3 Al and their interstitial phases at these three orientations.

As can be seen from Fig. 4, the additions of interstitial
boron and carbon can reduce the shear modulus of Ni in each
of the [100] and [110] orientations and can lessen the Young’s
modulus in each of the [110] and [111] orientations. In addi-
tion, the reduction effect due to boron is more significant than
due to carbon. However, interstitial boron and carbon present
opposite effects on the shear modulus of Ni in the [111] ori-
entation: boron still plays a role in reducing that part of the
shear modulus in this orientation, whereas the addition of car-
bon slightly increases it (so it becomes close to that of pure
Ni). Also, both boron and carbon can enhance the Young’s
modulus of Ni in the orientation [100] (and the strengthening
effect by boron is inferior to that by carbon). This suggests that
doping the interstitial boron or carbon can increase the tension
resistance of Ni in the [100] orientation.

For Ni3Al, adding the interstitial boron and carbon re-
duces the shear modulus in the [100] orientation and the
Young’s modulus in the [111] orientation (the greater reduc-
tion effect by boron will occur). Both interstitial impurities
increase the Young’s modulus of Ni3Al in the [100] orientation
(the superior strengthening effect by carbon will be present).
This behavior is similar to the variation of the Young’s modu-
lus in the [100] orientation before and after adding the inter-
stitial boron and carbon to Ni. However, the shear modulus
variations in the [110] and [111] orientations and the Young’s
modulus variation in the [110] orientation of NizAl before
and after being doped with interstitial boron or carbon are
different from those occurring in Ni. To be specific, both in-
terstitial boron and carbon can enhance the shear modulus in
the [110] and [111] orientations, and the strengthening effect
of carbon is superior to that of boron. However, the two inter-
stitial atoms exhibit contrary influences on the Young’s mod-
ulus in the [110] orientation: boron reduces it, while carbon
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Fig. 4. (color online) Values of Young’s modulus E and shear modulus G of pure Ni, Ni3Al, and their interstitial phases for three orientations of the crystals:

[100], [110], and [111].

enhances it. Meanwhile, it is found that the shear modulus in
each of the systems always presents the following ascending
order: [111] < [110] < [100], while the Young’s modulus ex-
hibits a descending order: [111] > [110] > [100]. Addition-
ally, it can also be found from Fig. 4 that the shear modulus
in the [111] orientation and the Young’s modulus in the [100]
orientation of Ni3Al are more sensitive to the interstitial im-
purity atom than those of Ni. Therefore, it is speculated that
the presence of interstitial atoms gives rise to a large variation
in the shear modulus in the [111] orientation and the Young’s
modulus in the [100] orientation of NizAl.

The variations of the elastic modulus in the different ori-
entations before and after being doped with boron and car-
bon respectively indicate that the anisotropies of Ni and Niz Al
change as a result of doping. The anisotropy of crystal can
be quantified using the anisotropic factor A and dimension-
less parameter A*.!”?! The former can be determined for cubic
crystals using the three independent elastic constants as fol-

lows:
A =2C4/(Ci1 —C12). (15)
The dimensionless parameter A* is calculated from
A*=3(A—1)2/[3(A—1)*4254]. (16)

When A* has a value of 0, i.e., A = 1, the crystal is
isotropic. When A < 1, A* increases as A decreases. When
A > 1, A* increases with the increase of A. The value of A* is
always positive, regardless of whether A < 1 or A > 1, and the
larger the value of A*, the greater the degree of anisotropy in

the crystal will be. The calculated values of these anisotropy
parameters for Ni, NizAl, and the doped derivatives are illus-
trated in Fig. 5.
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Fig. 5. (color online) Values of the anisotropic factor A and dimensionless
parameter A* for Ni, Ni3Al, and their interstitially doped phases.

It can be seen from Fig. 5 that the A and A* values of
the interstitial phases of both Ni and NizAl are lower than
those of the pure substances, which suggests that interstitial
doping with boron and carbon reduces the anisotropy. In this
respect, boron presents a more significant reduction effect on
the anisotropy than carbon does. We also note that, after in-
terstitial doping with boron and carbon, the reductions in the
relative values of the Young’s modulus £ and shear modulus
G in the [100], [110], and [111] orientations of Ni and NizAl
coincide with the variations in A*.
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3.3. Electronic properties

To further explore the reasons for the effects of doping on
the properties of Ni and NizAl, the partial densities of states
(PDOSs) of pure Ni, Ni3zAl, and their interstitial phases con-
taining boron and carbon are obtained by the first-principles
method, respectively. The calculations are based on the op-
timized structures corresponding to each system. The results
are shown in Fig. 6.

[ Ni | NizAl

| — Ni-3d

[ NiyB

[—Ni-3d — Ni-3d
t—B-2p — B-2p

Partial density of states/arb. units

" R/ oA
[ NizC I
F— Ni-3d ]
[—C-2p i
L, LA Ww\ o EQEEAI
—-15 —-10 =5 O 5 10-15 -10 =5 O 5 10
Energy/eV Energy/eV

Fig. 6. (color online) Partial densities of states of the various materials.
The longitudinal black dashed lines represent the hybridization peaks, and
the zeros on the abscissae indicate the Fermi levels E¢ of each system.
B-2p and C-2p denote the 2p orbitals of boron and carbon, respectively,
while Ni-3d signifies the 3d orbital of the NN Ni atoms.

In Fig. 6, the zero energy point on each abscissa repre-
sents the Fermi level Ef of the system. The labels ‘B-2p’ and
‘C-2p’ refer to the 2p orbitals of the interstitial boron and car-
bon, respectively. Similarly, ‘Ni-3d’ signifies the 3d orbitals
of the Ni atoms that are closest to the interstitial atoms. The
PDOSs for pure Ni and Ni3Al are also shown for the 3d or-
bitals of the Ni atoms at the corresponding positions for conve-
nience of comparison. According to Fig. 6, there is strong hy-
bridization between the interstitial atoms (B and C) and their
NN Ni atoms in Niz»B and NizC respectively. This is the
basis for the stable existence of the interstitial phases.

It can also be found that after interstitial boron and car-
bon are added to Ni separately, the density of states of the 3d
orbital extends towards the areas with low energy. This indi-
cates that the 3d electrons in Ni migrate to the deep energy
level. As a result, the energies of the Ni atoms that are clos-
est to the impurity atoms are lower than those of the Ni atoms
at the corresponding positions in pure Ni. This is the reason
why the average energy of the interstitial phases of Ni is lower
than that of pure Ni (as found in the aforementioned analysis).

Additionally, it is found that the region of overlap between the
density of states of the C-2p orbital and its NN Ni-3d orbital in
Ni3;C is larger than that of the B-2p orbital and Ni-3d orbital
in Ni3;B. This suggests that the interaction between a carbon
atom and the Ni atoms is stronger than that between a boron
atom and the Ni atoms. Therefore, the various elastic constants
and moduli of Ni3,C are larger than those of Niz;B.

For NiysAlgB and Nip4AlgC, there is also strong hy-
bridization between the interstitial boron and carbon atoms
and their NN Ni atoms respectively, which gives rise to the
stable doped structures. The strength of the hybridization be-
tween the C-2p and Ni-3d orbitals in Nip4 AlgC is greater than
that between B-2p and Ni-3d in Nip4AlgB. This implies that
the interaction between C and Ni atoms is stronger than that
between B and Ni, which also may be related to the various
elastic constants and elastic moduli for different orientations
of Nig4AlgC, which are higher than those of NiysAlgB. It is
also seen from Fig. 6 that under the influences of the intersti-
tial boron and carbon, the density of states of the Ni-3d or-
bitals that are closest to the interstitial atoms in Nip4AlgC and
Nixs AlgB expands towards the area of lower energy. As a re-
sult of the reduction in energy of the 3d electrons in Ni, the
average energy of the interstitial phases of Ni3 Al is lower than
that of pure NizAl. This shows that the presence of interstitial
boron and carbon enhances the phase stability of Niz Al, which
is similar to their effect on Ni.

Differential charge density can be used to give a more vi-
sual representation of bonding conditions and charge transfer
between atoms. Figure 7 illustrates the differential charge den-
sities in the (100) planes of the doped Ni and Niz Al materials
in which the interstitially-doped atoms lie.

It can be seen from Fig. 7 that in each interstitial phase,
the regions in which the Ni atoms lie all present negative
charge densities, while the regions occupied by the intersti-
tial atoms all exhibit positive charge densities. This suggests
that the Ni atoms lose electrons whereas the interstitial atoms
acquire the electrons in the bonding process. The figure shows
that the charge density between atoms is positive and reaches a
maximum in the region between the Ni and interstitial atoms,
indicating that electrons are transferred from where the Ni
atoms lie to the space in between the atoms. Clearly, electron
accumulation is most significant between interstitial atoms and
their NN Ni atoms, and is endowed with obvious directivity.
This signifies that there are covalent-like bonds between inter-
stitial atoms and their NN Ni atoms. It is these interactions that
give rise to the strong interactions between Ni atoms and the
interstitial atoms in the [010] and [001] directions. Due to the
system cubic symmetry, the [100] orientation is equivalent to
the [010] or [001] orientation. As a result, the Young’s moduli
and the tension resistances of the interstitial phases of Ni and
NizAl are greater than those of pure Ni and NizAl in the [100]
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orientation. It can also be seen from Fig. 7 that the charge
distribution between Ni and C is endowed with stronger di-
rectivity than that found between Ni and B. This suggests that
the Ni—C ‘bonds’ are endowed with a greater degree of cova-
lency than the Ni-B bonds, so that the strength of the Ni-C

bonding is greater than that of the Ni-B bonding. As a conse-
quence, the various elastic constants and elastic moduli of the
carbon-doped interstitial phases are greater than those of the
boron-doped interstitial phases, which is consistent with the
analysis presented above based on density of states.

Fig. 7. (color online) Differential charge density plots in the (100) planes of the interstitial phases of Ni and NizAl (in units of e/(a.u.)3).

4. Conclusions

In this work, we systematically study the effects of in-
terstitial boron and carbon on the structural, elastic, and elec-
tronic properties of Ni solution and NizAl intermetallics using
the first-principles method. The results demonstrate that both
boron and carbon can increase the lattice parameters and vol-
umes of Ni and Ni3Al, and that they give rise to interstitial
phases of Ni with cubic structures. However, as there are two
different octahedral interstitial sites in NizAl, the interstitial
phases of Ni3Al present cubic and tetragonal structures. By
calculating the equilibrium energies and enthalpies of forma-
tion of each system, it is found that the presence of interstitial
boron and carbon atoms can enhance the phase stabilities of Ni
and NizAl. Furthermore, carbon has a more obvious strength-
ening effect than boron. In addition, both boron and carbon
incline to occupy the Ni-rich interstice (interstice 1) in NizAl,
which therefore results in the preferential generation of the cu-
bic interstitial Niz Al phase.

The elastic constants and various elastic moduli of pure
Ni and Ni3Al calculated in the research coincide well with
other theoretical and experimental values, and all the elastic
constants of each interstitial phase satisfy the criteria for me-
chanical stability. Adding interstitial boron and carbon can re-
duce the various elastic moduli of Ni but the reduction induced
by boron is more significant than that caused by carbon.

Boron and carbon have different effects on the elastic
modulus of Ni3zAl. Unlike interstitial carbon, in which the var-
ious elastic moduli of Ni3Al are enhanced, interstitial boron
exerts a reduction effect on all the elastic moduli of Ni3Al ex-
cept the bulk modulus, which is slightly improved. By calcu-
lating the values of the G/B and Poisson’s ratio of each system,
it is found that interstitial boron and carbon can reduce the brit-
tleness of Ni and so increase its ductility. Boron also increases
the ductility of Ni3zAl, while carbon hardly has any effect on
brittleness or ductility.

Due to the anisotropic nature of the crystal, interstitial
boron and carbon have different effects on the shear moduli
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and Young’s moduli of Ni and NizAl in crystals with dif-
ferent orientations. However, both the elements weaken the
anisotropies of Ni and NizAl.

In order to analyze the effects of interstitial boron and
carbon on the elastic properties of Ni and NizAl more funda-
mentally, the PDOSs and differential charge densities of the
interstitial phases are analyzed. A strong hybridization effect
between the 2p orbitals of the interstitial atoms and the 3d or-
bitals of their NN Ni atoms is discovered. Furthermore, the
strength of the hybridization between Ni and C is more intense
than between Ni and B. Also, the charge distributions between
the interstitial atoms and their NN Ni atoms are endowed with
obvious directivities, indicating that there are covalent-like
bonds. The Ni—C bonds appear to be more covalent than the
Ni-B bonds. This explains why adding the boron and carbon
can increase the phase stabilities of Ni and Ni3Al, and why
the various elastic moduli of the interstitial phases doped with
carbon are larger than those doped with boron. The effects of
boron and carbon on the elastic properties of Ni and NizAl de-
scribed in this work provide useful guidelines for developing
new alloys in the future.
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