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For B2 NiAl and NiTi intermetallic compounds, the ideal stress—strain image is lack from the perspective of elastic
constants. We use first-principles calculation to investigate the ideal strength and elastic behavior under the tensile and
shear loads. The relation between the ideal strength and elastic constants is found. The uniaxial tension of NiAl and NiTi
along (001) crystal direction leads to the change from tetragonal path to orthogonal path, which is driven by the vanishing
of the shear constant Cgg. The shear failure under {110} (111) shear deformation occurring in process of tension may result
in a small ideal tensile strength (~ 2 GPa) for NiTi. The unlikeness in the ideal strength of NiAl and NiTi alloys is discussed

based on the charge density difference.
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1. Introduction

The NiAl intermetallic compound has attracted extensive
attention as the high-temperature structural material due to its
advantages such as high melting point, low density, high ther-
mal conductivity, good oxidation resistance, etc.!!'* Whereas
NiAl exhibits the poor ductility at room temperature. The B2
NiAl alloy is composed of Ni atoms and Al atoms with a sim-
ple cubic shifted by 1/2 along the diagonal direction, with the
mixed metallic and covalent bonding. Different from NiAl, the
B2 NiTi alloy has been widely applied in the industry as the
functional material due to its excellent shape memory effect.!
However, the oxidation resistance at high temperature is not
good and its low hardness is also a factor restricting its further
extensive application. In theoretical and experimental sides,
extensive works focus on the mechanical properties of NiAl
and NiTi.[~!!1 For instance, the shear deformation of NiAl oc-
curs prior to tensile deformation according to the ideal tensile
and shear deformation. The B2 NiAl exhibits strongly intrin-
sic brittleness.['?! The study of the Fe and Mn metal elements
doped NiAl alloy indicated that Fe improves the ductility of
NiAL U341 The elastics in NiTi alloy suggested that the shear
modulus Cy4 at high temperature is involved in the martensitic
transformation. (13

As one of the most important physical parameters, the
elastic constants are often used to evaluate the response of the
material to various internal and external stresses.!'®!”] When

the strain of the material is small, the relationship of stress—
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strain satisfies the Hooke’s law as follows:
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where o represents the tensile stress, T for the shear stress, €
for the tensile strain, and 7y represents the shear strain. The
elastic constants are crucial for a sound understanding of the
mechanical properties of the relevant materials. Mouhat!!8! ez
al. studied the necessary and sufficient elastic stability condi-
tions in various crystal systems. Although many works on B2
NiAl and NiTi were done, the physical mechanism of stress—
strain images generated by the tension and shear deformation
is still unclear. The accurate calculation of the ideal strength is
necessary for the theoretical study of the inherent mechanical
properties of NiAl and NiTi.

First-principles method is a powerful tool to predict the
atomic physical properties of materials.['>3] It has been
widely used in the past decades to calculate the elastic mod-
ulus, ideal tensile, and shear strength of pure metals and in-

(8,12,15,24-28] The purpose of this paper

termetallic compounds.
is to give a physical interpretation of the stress—strain images
of NiAl and NiTi from the perspective elastic coefficients by

using the first-principles calculation.
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2. Calculated details

In this study, first-principles calculation was carried out
by using the Cambridge Sequential Total Energy Package
(CASTEP)?! based on the density functional theory. 30311
The generalized gradient approximation treated by Perdew—
Burke—-Ernzerhof'??! was used for the exchange—correlation
functionals. The plane-wave cutoff energy was 400 eV for
the tensile (shear) deformation configurations. The on-the-
fly-generator (OTFG) ultrasoft pseudopotentials were used to
represent the interactions between the ionic cores and the

s.133] For the irreducible Brillouin zone, the

valence electron;
Monkhorst—Pack scheme was employed for k points sampling
and the density parameter was 0.04 A~! for the tensile and

s.3*1 We chose a high con-

shear deformation configuration
vergence tolerance level (the energy is about 107® eV/atom,
the max force is about 0.01 eV/A, and the max stress is
about 0.02 GPa). The Broyden, Fletcher, Goldforb, Shanno
(BFGS)! proposed optimized algorithm was used to obtain
the equilibrium lattice parameter, the ground-state energy, and
the force constants. %) We extracted the elastic constants from
the force constants based on the stress—strain relation, further
obtained the polycrystalline elastic moduli by using the arith-

metic Hill average of the Voigt and Reuss bounds. 7]

3. Results and discussion

Table 1 lists the calculated equilibrium lattice parame-
ter, three independent elastic constants for the cubic crystal,
and derived elastic moduli as well as the available experi-
mental results including bulk modulus B, shear modulus G,
and Young’s modulus E. Our theoretical lattice parameters
(2.893 A for NiAl and 3.003 A for NiTi) are in excellent

agreement with the experimental results (2.89 A for NiAl and
3.01 A for NiTi).[383% The present calculated elastic constants
of NiAl are in good agreement with the experiments, while for
NiTi the calculated elastic constants are slightly larger than
the experimental results. Note that the shear constant C’ is
consistent with the experimental result for NiTi. From Ta-
ble 1, we can find that the elastically anisotropic parameters
Cy4/C' > 1 for NiAl and NiTi are close to each other. It indi-
cates that the Young’s modulus along (111) crystal direction is
the largest among all crystal directions of B2 NiAl and NiTi.
The calculated elastic moduli B, G, E and Poisson ratio v are
very close to the experimental results. The elastic moduli of
NiAl are larger than those of NiTi. According to the following

equations: [40]
(Ci1 —C12)(C11+2C12)
E = 2
(001) CLtCh ) (2
£ _ { (Ci1+C2)
(10) (C11+2C12)(C11 —Cr2)
1/ 1 2 -
T —— 3
4<C44 C11C12> ©)
£ _ { (Ci1+Cr2)
(1 (C11+2C12)(C11 —Cr2)

+1<1 2 ﬂ‘ @
3\Cy Cn—0Ci2 ’

we calculated Young’s moduli of NiAl and NiTi along the
three typical crystal directions (see Table 1). The Young’s
moduli of NiAl and NiTi are both arranged in the order of
Eq1y > Eqiey > Epor)- It suggests that the tensile deforma-
tion along (001) crystal direction is easy with respect to other
crystal directions. NiTi has smaller Young’s modulus in the
three crystal directions compared to NiAl.

Table 1. The lattice parameter a (in A), elastic constants Cy1, C}2, C44 (in GPa), elastic moduli B, G, E (in GPa), Poisson ratio v, and

Young’s moduli along different crystal directions.

a Ciy Cia Cuy c Cy4/C’ B G E E o1y E 110 Ey v
NiAl 2.893 208.2 134.5 118.4 36.9 32 159.1 74.3 192 102.6 197.2 284.6 0.30
Expt.[1?! 2.89 199 137 116 31 3.7 158 76 188 87 180 279 0.31
NiTi 3.003 181.5 152.3 50.2 14.6 35 162 30.7 86.6 425 87.9 136.5 0.41
Expt.[41] 3.01 162 132 36 15 2.4 159 32 90 43 75 100 0.41

For the energy—strain and stress—strain relationships, a se-
ries of incremental strains were applied to the crystal, and
the total energy and stress were firstly calculated as a func-
tion of the strain. At each step of the strain, the atomic posi-
tion and structural parameters were fully relaxed while keep-
ing the applied strain fixed. Along the (001) crystal direc-
tion, the uniaxial tension along the body centered tetragonal
(bct) path, the cell deformation from bcc to face centered cu-
bic (fcc) is shown in Fig. 1(a). Considering that the orthogo-
nal strain path may occur before the ideal strength up to max-

imum along the bct path, we define the orthorhombic strain

path as the face centered orthogonality (fco) path (shown in
Fig. 1(b)). The configurations of tensile deformation along
(110) and (111) crystal directions are shown in Figs. 1(c) and
1(d). The {110}(111) and {211}(111) shear deformations are
shown in Figs. 1(e) and 1(f).

The relationships between the structural parameters, en-
ergy vs. strain, and stress vs. strain in the tensile and shear
processes are shown in Figs. 2—4. For the tensile along the bct
path, we show in Figs. 2(a) and 2(b) the lattice parameters as
a function of the tensile strain. The lattice parameters a and b

are fully relaxed under the tensile load. Both a and b decrease
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with increasing strain, and remain equal with each other. For
the fco path, a and b shown in Figs. 2(c) and 2(d) are equal and
decrease linearly in the range € = 0-0.36 for NiAl and € = 0-
0.33 for NiTi, with the increase of the tensile strain. Beyond
€ = 0.36 for NiAl and € = 0.33 for NiTi, a bifurcation occurs

because of lattice parameter a # b.
PoP

(&) (001) (b) (001)

Fig. 1. Configurations of tensile and shear deformations. Panels (a) and
(b) are bet and fco paths along (001) crystal direction, (c) and (d) are those
along (110) and (111) crystal directions, respectively. (e) and (f) The con-
figurations for {110}(111) and {211}(111) shear deformations.
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Fig. 2. The lattice parameters a, b, and c¢ as a function of the strain X:
(a), (b) for bet path and (c), (d) for fco path.

Figure 3 shows the energy difference AE as a function of
the strain. It can be seen that the energy goes up as the strain
increases. For NiAl and NiTi, the initial growth rate of en-
ergy along the (111) crystal direction is the largest during the
tensile process (see Figs. 3(a) and 3(b)). In the (001) crystal
direction, the energy difference AE along the bct path is the
same as that in the fco path (¢ = 0-0.36 for NiAl and € = 0-
0.33 for NiTi). The overall trend of energy vs. strain image of
NiAl is very similar to that of NiTi, except that when the strain
€ = 0-0.2, the energy of NiTi increases slowly and the energy
starts to increase significantly beyond £ = 0.2.

For the shear deformation, we can find from Fig. 3(c)
(Fig. 3(d)) that the AE under {110}(111) ({211}(111)) shear

deformation in NiTi increases linearly as a function of shear
strain X = 0-0.28 (0-0.18), whereas the corresponding shear
stain X = 0-0.08 occurs in NiAl. It may suggest that NiTi has
good elastically deformed behavior and shape memory effect.
The energy difference under {211} (111) shear deformation is
larger compared to that under {110}(111).
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Fig. 3. The energy difference AE as a function of strain X: (a), (b) for
the tensile deformation and (c), (d) for the shear deformation.
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Fig. 4. The ideal strength ¢ as a function of strain X: (a), (b) for the
tensile deformation and (c), (d) for the shear deformation.

The variation of the ideal tensile strength is shown in
Figs. 4(a) and 4(b). Table 2 summarizes the ideal strength and
the corresponding strain under different deformations. The or-
der of the initial slope value of the image is [111] > [110] >
[001], which is consistent with the data of Young’s modulus
listed in Table 1. The overall trend of the stress—strain image
under tensile load for NiAl is very similar to that for NiTi, ex-
cept that there is a small peak along (001) tension for NiTi be-
fore the bifurcation (¢ = 0.33). The stress—strain image along
the bet path is almost the same as that along the fco path before
the bifurcation (¢ = 0.36 for NiAl, € = 0.33 for NiTi) occurs.
The lowest ideal tensile strength of NiAl is along the (111)
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crystal direction, which is different from the lowest strength
of NiTi along the (001) crystal direction. The ideal shear
strength is shown in Figs. 4(c) and 4(d). The ideal strength
under {211}(111) shear is much greater than that under {110}
(111), indicating an anisotropic characteristics along the (111)
crystal direction.

Table 2. Ideal tensile and shear strain € and strength ¢ of NiAl and NiTi.

Deformation € o
(001) bet 0.55 24.9
(001) fco 0.36 18.1
NiAl (110) 0.19 19.2
(111) 0.19 17.3
{110}(111) 0.36 8.6
{211}(111) 0.29 16.2
(001) bet 0.08 2.2
(001) fco 0.08 2
NiTi (110) 0.33 21.1
(111) 0.22 11
{110}(111) 0.14 1.4
{211}(111) 0.32 10.5

In order to better understand the tensile and shear behav-
iors, we study the elastic constants under tensile and shear
loads. There are 21 independent constants in the generalized
elastic tensor which relates stress and strain in an anisotropic
medium. The number of independent elastic constants de-
pends on the lattice symmetry. For NiAl and NiTi, we cal-
culated the elastic coefficients during tension along the bct
(the tetragonal lattice is observed) path. Due to the lattice pa-
rameter a = b # ¢ and the basic vector’s orthogonality in the
tetragonal crystal system, we can derive the following equa-
tions from Eq. (1):

O = C11&x +C128)y + Ci3€,
Oyy = C12Ex JrC]]Syy +Ci3€,,

Oy, = C138xx + Cl38yy + C33£zm

Tyz = C447yzv
Tox = CaaYixs
Txy = C66ny' (5)

There are only 6 independent elastic constants in Eq. (5) for
the tetragonal lattice. Oy (€x), Oyy (€,y), and oz, (&) repre-
sent the tensile stress (strain) along the x-axis, y-axis, and z-
axis. Ty; (Yz), Tox (Yex), and Ty (¥xy) represent the shear stress
(strain) along the y—z plane, z—x plane, and x—y plane, respec-
tively. Figure 5 shows the variation of the elastic coefficients
for NiAl and NiTi under uniaxial strain along the bct path.
From the strain of € = 0.34 for NiAl and € = 0.35 for NiTi,
we can find the elastic constant Cg¢ < 0 from Fig. 6, which
results in the x—y plane shear failure according to Eq. (5). Be-
cause of the x—y plane shear failure, we can observe that both
a # b and bifurcation occur when the tension is along the fco
path. Our calculations at the deformation (& = 0.34 for NiAl

and € = 0.35 for NiTi) are in good agreement with the tensile
strains shown in Figs. 2(c) and 2(d) (¢ = 0.36 for NiAl and
€ = 0.33 for NiTi). From Eq. (5), we can see that C3 and C33
are the first partial derivative of o,, with respect to €. Figure 6
shows C3 < 0 and C33 < 0 at the strain € = 0.58 for NiAl and
€ =0.76 for NiTi, which indicates that the slope of the stress—
strain image of the bct path should be negative or zero. The
results are consistent with the conclusion shown Figs. 4(a) and
4(b). Cy1 > |Cy2| is the necessary and sufficient conditions for
the elastic stability in tetragonal classes, '8! violating this con-
dition occurs at the strain of € = 0.08-0.17 for NiTi in Fig. 5.
This may be the reason why there is a small wave peak along
(001) tension (¢ = 0.08-0.18) of NiTi. By analyzing the NiTi
structure when it is stretched along the path of (001) to reach
the ideal strength, we speculate that it might be caused by the
shear failure under {110} (111) during the stretching process.
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Fig. 5. The elastic coefficients as a function of tensile strain X along the
bet path: (a) for NiAl and (b) for NiTi.

Fig. 6. The shear failure occurs on plane x—y due to Cgs < 0.

Figure 7 shows the charge density difference in the {110}
plane family under tensile and shear loads. We can see that the
charge density near Ni atoms is larger than that near Al and Ti.
It suggests that the charge transfers from Al and Ti to Ni, i.e.,
Ni atoms obtain charge from Al and Ni. The charge density lo-
cates on the Al and Ni atoms in NiAl, while the charge density
is slightly delocalized in NiTi. It may indicate that the metallic
bonding exits in NiAl alloys. With the increase of the tensile
and shear loads, the image of charge difference near Ti and
Ni extremely changes, while the image of charge difference
keeps unchanged in NiAl. The bonding direction between Ni
and Ti extremely changes, which may indicate that the bond-
ing is relatively weak between Ni and Ti, then the tensile and
shear deformation occurs easily in NiTi.
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Fig. 7. The charge density difference under tensile and shear loads for NiAl and NiTi.

4. Conclusion

First-principles calculation based on density functional
theory was applied to study the ideal strength and elastic con-
stants during the tensile and shear strain processes for the B2
NiAl and NiTi alloys. Our conclusions are drawn as follows.

(i) For the body centered tetragonal and faced orthogonal
paths, the lattice parameters of NiAl and NiTi as a function of
strain are very close to each other. However, the ideal tensile
strength and shear strength of NiAl are 18.1 GPa at ¥ = 0.36
along the faced orthogonal path and 8.6 GPa at X = 0.36 un-
der {110}(111) shear, respectively. Whereas the correspond-
ing results in NiTi are only 0 = 2 GPa at £ = 0.36 along the
faced orthogonal path and o = 1.4 GPa at ¥ = 0.14 under
{110}(111) shear.

(ii) For the ideal tension along (001) crystal direction, the
vanishing of the elastic constant Cg¢ causes the x—y plane shear
failure. It causes the transformation from the tetragonal path
to the orthogonal path. The maximum ideal tensile strength
along the tetragonal path is determined by Cy3 and C33. The
reason why the ideal tensile strength of NiTi along (001) crys-
tal direction is smaller than that of NiAl may be that the shear
failure under {110}(111) shear deformation occurs during the
tensile process.

(iii) The image of charge difference in the {110} plane
family further suggests that the tensile and shear deformations
of NiTi easily occur, compared to NiAl.
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