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ABSTRACT

The hysteresis that occurs during superelasticity caused by the stress-induced first-order martensite
transformation is sometimes detrimental to the properties of superelastic materials. In this paper, first-
principles calculations are performed to systematically investigate the effects of the chemical composition
and crystal disorder on the superelasticity of Niso.xCoxM;5Gazs (M = Mn, Fe) Heusler alloys. Calculations
of the stress-strain relation in the studied alloys reproduce the recent experimental findings for non-
hysteretic superelasticity within an acceptable range of composition and ordering. We evaluate the Bloch
spectral function to study the Fermi surface topology in connection with nonhysteretic superelasticity. We
propose the Landau-de Gennes model-dependent critical parameter P., which can be used to predict the
composition range of nonhysteretic superelastic materials. For the ferromagnetic L2; Nisg.xCoxMn,5Gass
and B2 Nisg_xCoxFe;5Gays alloys, the nonhysteretic superelasticity phenomenon theoretically occurs for Co
contents over x = 16 at.% and x = 28 at.%, respectively.

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Based on the well-known Frenkel theory [1], the elasticity and
strength limits in crystal solids are approximately 1/10 and /10,
respectively, where u is the shear modulus along a specific crystal
direction. The upper limits of elasticity and strength are of obvious
interest for the study of strong solid materials with high elastic-
ity; however, most crystal materials have elasticity limits that fall
within 1%, except for certain nanowires that approach the ideal
elastic strain limit (~ 16%) [2]. In addition to simple elasticity, an
alternative recoverable type of strain in materials, that could break
such limits involves pseudoelasticity or superelasticity that is as-
sociated with reversible stress-induced structural phase transfor-
mations, such as martensitic transformations (MTs) in ferroelastic
alloys. Under the action of an external force, certain shape mem-
ory alloys (SMAs) have a much greater deformation recovery abil-
ity than traditional metals and alloys [3]; that is, the large strain
generated during loading can be recovered after unloading. This
property is widely used in the biomedical field, architectural shock
absorption, and daily life. For example, eyeglass frames made of
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SMAs can withstand a much larger deformation than normal ma-
terials without damage [4]. The physical nature of superelasticity is
that stress induces martensitic transformation during stress load-
ing, and its reverse transformation occurs during stress unloading,
which also results in hysteresis during loading and unloading. This
hysteresis has a key impact on the recoverability of SMAs and con-
sumes mechanical energy [5,6]. In addition, it causes an additional
uncertainty in the application of SMAs detrimental to the precise
control of devices.

Kosogor et al. observed a nonhysteretic superelasticity in a Ni-
Fe(Co)-Ga single-crystal alloy when the temperature exceeded the
critical value of 320 K, whereas hysteresis occurred again below
this temperature [7]. However, it is impractical to eliminate hys-
teresis by controlling the temperature due to various environmen-
tal conditions. Through transmission electron microscopy (TEM),
Waitz et al. found that the martensitic transformation of Ni-Ti
alloys was completely suppressed with a decrease in the grain
size (the critical size was approximately 60 nm) [8-10]. Recently,
Liu et al. reported that the shape memory effect of bent Cu-Al-
Ni nanopillars diminished (from 350 to 130 nm) and even disap-
peared (when the diameter was smaller than 130 nm) as the sam-
ple diameter decreased. This was due to the complex stacking se-
quences that dominated the original twinning and suppressed the
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phase transformation [11,12]. A similar size effect occurs in other
nanosized SMAs, such as Au-Cd [13] and Fe-Pd [14] alloys. How-
ever, due to the limitation of the size effect, this method can only
be applied to low-dimensional (nanometer) materials, and it is dif-
ficult to eliminate the hysteresis in high-dimensional (bulk) mate-
rials.

Recently, an "ideal" nonhysteretic superelasticity was observed
in Ni-Co-Fe-Ga alloys [15]. Chen et al. reported a large nonhys-
teretic superelasticity of up to 15.2% in Nij5CoygFeigGay; single
crystals that exhibited a small temperature dependence and high
energy storage capability. However, the experimental results are
still not fully understood. In order to further reveal the physical
nature of the non-hysteretic superelasticity phenomenon and to
design high-performance materials more efficiently, in this paper,
we attempt to obtain nonhysteretic superelasticity by adjusting the
composition (increasing Co content to replace Ni) and disorder
(constructing L27, B2 and A2 structures) of Ni(Co)-M-Ga (M = Mn,
Fe) alloys. The crystallographic information and atom occupancy
will be described in detail in Section 2.

Ni-Mn-Ga alloys are one of the earliest and most investigated
ferromagnetic shape memory alloys (FSMAs) among Heusler alloys.
These alloys have a two-way shape memory effect [16,17], supere-
lasticity [18] and magnetostriction effect [19,20]. Research on Ni-
Fe-Ga alloys began with the doping of Ni;MnGa with Fe. Oikawa
et al. first reported ternary Ni-Fe-Ga alloys in 2002 [21]. Compared
with that of Ni-Mn-Ga alloys, the ductility of Ni-Fe-Ga alloys has
been greatly improved, which is conducive to their practical appli-
cation. For both Ni-Mn-Ga and Ni-Fe-Ga alloys, the addition of Co
improves the extent of magnetostriction [22,23] and superelasticity
[24,25].

In this paper, the effects of Co element content and disor-
der on mechanical behaviors (especially the nonhysteretic su-
perelasticity) of ferromagnetic (FM) and antiferromagnetic (AFM)
Nisg_xCoxMy5Gazs (M = Mn, Fe) Heusler alloys were investigated
by first-principles calculations based on the exact muffin-tin or-
bital (EMTO) method [26-28] in combination with the coherent po-
tential approximation (CPA) [29-33].

2. Computational details

For Nisg.xCoxMjs5Gazs (M = Mn, Fe) Heusler alloys, the most
common Strukturbericht crystal structure is L2; with the space
group Fm3m (No. 225). In addition, B2 (Pm3m, No. 221) and A2
(Im3m, No. 229) crystal structures were also found in these alloys
[34,35], especially at high temperatures [36,37]. To facilitate a di-
rect comparison among different crystal structures, we uniformly
constructed a cube supercell of 16 atoms, which can be considered
a 2x2x2 body-centered cubic (bcc) lattice. The three structures are
all shown in Fig. 1. For three structures (L2;, B2, and A2), ferro-
magnetism (FM) is the most likely stable magnetic state. In partic-
ular, the antiferromagnetism (AFM) of the B2 structure is also con-
sidered. Our initial computational tests showed that, with uniaxial
tension along <001> direction, the Nisg.xCoxM;5Gas (M = Mn,
Fe) alloys undergo tetragonal deformation instead of orthogonal
deformation, which is consistent with our previous experiments
[15]. The tetragonal deformation along the Bain path can be de-
scribed in the form of a matrix

1+ 6y 0 0
Di+1= 0 1+ d8n 0 , (1)
0 0 1+ dp
where Dy is the stain matrix of tetragonal deformation; I is the
3x3 identity matrix; 8y = a;go and 8y = C;go are both tetragonal

deformation parameter (for uniaxial tensile state §;; < 0 and 8y,
> 0). After tetragonal deformation, it is possible to form a stable
unmodulated martensitic structure, whose space group is I[4/mmm
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(No. 139) for L2¢ and A2 structures, and P4/mmm (No. 123) for B2
structure.

In the present calculations, the framework of the EMTO-CPA
was carried out for the description of chemical disorder. The
Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation
(GGA) [38] was adopted to describe the exchange-correlation po-
tential. Soft-core approximations and scalar relativistics were em-
ployed. The k-point mesh was set to 13x13x13 for all 16 atomic
cube supercells. The convergence criterion of total energy was set
as 107 Ry. The basis sets for the EMTO included s, p, d, and f
orbitals. Ni 3d34s2, Mn 3d>4s?, Fe 3d’4s!, Ga 3d'%4s24p!, and Co
3d74s2 were treated as valence states. In addition to cubic crys-
tals, the EMTO method can accurately calculate the total energy of
anisotropic crystals, such as a tetragonal crystal structure. In the
present research, each volume was relaxed for all cubic and tetrag-
onal crystal structures to obtain the most stable energy.

3. Results and discussion
3.1. Equilibrium state

Table 1 lists the equilibrium lattice constants, elastic moduli,
and magnetic moments of the stoichiometric NisoMn,5Gays and
NisgFe;5Gays Heusler alloys in comparison with the experimental
values and previous theoretical results to assess the accuracy of
our first-principles method. For the NisgMny5Gays (NisgFeys5Gays)
Heusler alloy in the L2; (FM) austenitic phase, our calculated lat-
tice constant of a = 5.8140 A (a = 5.7712 A) is consistent with
the experimental values and previous calculations ranging from
5.774 A (5.74 A) to 5.8368 A (5.77 A), except for the 5.65 A of the
NisoMn,5Gays austenitic phase calculated by Rached et al. Their
calculated results were obtained by using the full-potential lin-
ear muffin-tin orbital (FP-LMTO) method [39,40] within the local
spin-density approximation (LSDA) [41]. Compared with the gen-
eralized gradient approximation (GGA), the local density approx-
imation (LDA) and LSDA tend to underestimate the lattice con-
stant a and overestimate the bulk modulus B. This is due to the
relatively simple modification of the exchange and correlation en-
ergy part, which does not describe the 3d electronic charge density
well [42]. Our calculated bulk modulus B = 154.7 GPa (B = 160.6
GPa) is consistent with the experimental values and previous
calculation results ranging from 146 GPa (145.6 GPa) to 157.3
GPa (170.0 GPa), except for the 206.5 GPa for the NisgMn;y5Gays
austenitic phase calculated by Rached et al. and 107 GPa mea-
sured by Mafiosa et al. The tetragonal shear modulus ¢’ = 22 GPa
may be overestimated by Mafiosa et al. and the elastic constant
C44 = 39.6 GPa may be underestimated by Rached et al. For the
NisoMny5Gays (NisgFeys5Gays) Heusler alloy with the L2 (FM) un-
modulated martensitic phase, our calculated lattice constants q, c,
¢/a, and bulk modulus B are consistent with the available theoreti-
cal results. However, the experimental lattice constants are smaller
than the calculation results, which may be caused by the modu-
lation and off-stoichiometry composition. The total and local mag-
netic moments of stoichiometric NisgMny5Gays and NisgFeysGass
Heusler alloys are also listed in Table 1. For NisgMny5Gays with the
L2, (FM) austenitic phase, the total magnetic moment i = 4.066
Mg is consistent with the experimental value of 4.17 ug and pre-
vious calculation results ranging from 3.73 ugp to 4.27 ug. In the
absence of experimental and calculated values, the total magnetic
moment of martensite (it = 4.147 pg is slightly higher than that
of austenite. The increase in the total magnetic moment mainly
comes from the local magnetic moment contribution of the Ni
atom. For NisgFe;5Gays with the L2 (FM) austenitic phase, the to-
tal magnetic moment uiwt = 3.455 wp is consistent with previous
calculation results ranging from 3.126 ug to 3.41 ug. However, all
calculation results are slightly higher than the experimental val-
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Fig. 1. The 16 atomic crystal cells of three structures (L2, B2, and A2), and their corresponding 4 atomic primitive cells.

Table 1

© M Mu/Ga)

The equilibrium lattice constants a (A), ¢ (A), and c/a, bulk modulus B (GPa), tetragonal shear modulus ¢’ (GPa), elastic content c44 (GPa), and total and local magnetic

moments p (up) for the NisgMnysGays and NisgFe;sGays Heusler alloys in the L2; (FM) austenitic and corresponding unmodulated martensitic phases, respectively.

Experimental values and previous calculations are also listed for comparison.

Elastic modulus

Magnetic moment

Alloy Method Lattice parameter
a c c/a Ref.
Ningﬂszaz5 Our Cal. 5.8140 5.8140 1.000
(Austenite) Exp. 5.8250 5.8250 1.000 [43]
5.823 5.823 1.000 [45]
Other Cal. 5.8127 5.8127 1.000 [37]
5.65 5.65 1.000 [47]
5.8368 5.8368 1.000 [48]
5.8104 5.8104 1.000 [49]
5.8226 5.8226 1.000 [50]
5.805 5.805 1.000 [51]
5.774 5.774 1.000 [51]
5.805 5.805 1.000 [53]
NisoMny5Gays Our Cal. 5.3736 6.7868 1.263
(Martensite) Exp. - - 1.18 [54]
Other Cal. - - 1.25 [50]
- - 1.26 [55]
- - 1.27 [56]
NisoFeysGays Our Cal. 5.7712 5.7712 1.000
(Austenite) Exp. 5.7405 5.7405 1.000 [57]
5.76 5.76 1.000 [59]
5.74 5.74 1.000 [60]
5.75 5.75 1.000 [61]
Other Cal. 5.752 5.752 1.000 [51]
5.755 5.755 1.000 [62]
5.76 5.76 1.000 [63]
5.77 5.77 1.000 [52]
5.77 5.77 1.000 [64]
NisoFeysGays Our Cal. 5.2064 7.0338 1.351
(Martensite) Exp. 4.62 5.38 117 [59]
Other Cal. 522 6.94 1.33 [63]
5.24 6.97 1.33 [64]
- - 1.35 [52]

B c Cas Ref. ot Ini HMmnfre  Mca Ref.

1547 8.0 127.0 4066 0308  3.520 -0.070

146 45 103 [44] 437 0.33 3.86 - [43]

107 22 102 [46]

1573 7.2 1071  [37]  3.96 0.29 3.45 -0.07 [37]

2065 5.7 39.6 [47]  3.73 0315  3.10 -0.041  [47]

155 25 100 48] 427 - - - [48]

156 - - [49]  4.09 0.37 3.36 -0.04 [49]

1567 7.5 1134  [50]  3.98 - - - [50]

151 - - [51]  4.20 0.35 3.52 -0.06 [51]
4.23 0.33 3.61 -0.028  [52]
4224 - - - [53]

155.2 4147 0341 3531 -0.066

1606 -34 1245 3455 0281 2937 -0.045
3.035 - - - [58]

1456 - - [61]

164 - - [51]  3.41 0.28 2.91 -0.04 [51]
3126 0237 2673 -0.021  [58]

165.1 - - [63]  3.29 0.25 2.82 -0.04 [63]

1700 - - [52]  3.25 -0.05 2.82 -0.026  [52]

1644 - - [64]  3.31 0.29 2.87 - [64]

160.2 3434 0278 2927 -0.048

1658 - - [63]  3.31 0.34 2.69 -0.06 [63]
3.36 0.37 2.75 - [64]
3.31 0.37 2.67 -0.03 [52]

ues. The total magnetic moment of martensite et = 3.434 ugp is
almost equal to that of austenite, including the local magnetic mo-
ment of each element. As shown in Table 1, our calculated results
are in good agreement with the experimental values and theoreti-
cal results.

The lattice constants of the NisgxCoxMny5Gays and
Nisg.xCoxFey5Gays alloys are shown in Fig. 2. For the L2; (FM)
austenitic Nisg_xCoxMn;5Ga,s alloys, as shown in Fig. 2a, our calcu-

lated lattice constants are in good agreement with the calculation
results based on the Vienna ab initio software package (VASP) by
Bai et al. [53] and X-ray diffraction (XRD) experimental results at
room temperature by Kanomata et al [65]. Fig. 2a and b shows
that the lattice constants decrease monotonically with increasing
Co content for all structures. This may be because the ionic radius
of Co is slightly smaller than that of Ni when Co atoms replace Ni.
For both the Nisg_xCoxMn;5Gays and Nisg_xCoxFey5Gays alloys, the
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Fig. 2. The lattice constants of the Niso.xCoxMnjsGays (left) and Niso.xCoxFeysGays (right) alloys as a function of Co content (at.%) for the L2; (FM), B2 (FM), B2 (AFM), and
A2 (FM) cubic austenite (top) and corresponding unmodulated tetragonal martensite (bottom) phases.

rate of lattice constant decline in A2 (FM) is significantly lower
than that in the three other structures due to the different solid
solution mechanisms of Ni and Co elements. For the A2 structure,
Ni and Co elements occupy all the lattice points uniformly. For
the B2 and L2; structures, Ni and Co occupy only half of these
lattice sites. Fig. 2c and d shows the lattice constants of the
corresponding unmodulated tetragonal martensite phases. For
both Nisg_xCoxMnys5Gazs and Nisg_xCoxFey5Gays alloys, the lattice
constant a increases, and ¢ decreases with an increase in Co
content; thus, this leads to a monotonic decrease in c/a.

3.2. Energy variation and stability

Fig. 3 shows the total energy (AE) as a function of strain (¢)
for the tetragonal distortion along the Bain path. Compared with
that for the other three structures, the AE of L2; (FM) has a mini-
mum value throughout the entire Bain path for Nisy_xCoxMn;y5Gays
and Nisg_xCoxFe;5Gays alloys. Similarly, A2 has the highest energy
value among the four different structures. In general, the trend is
AE51 < AEgy < AEa, at 0 K. This indicates that the higher the
degree of order is, the lower the energy and the more stable the
structure at low temperatures. For the B2 Nisg.xCoxFe;5Gays alloys
with different Co contents, as shown in Fig. 3b1-b6, the FM state
is more stable than the AFM state throughout the entire Bain path

considered in this work. This difference is entirely due to magnetic
effects and not the structure or composition. However, the mag-
netic stability of the B2 structure is reversed in Fig. 3al for the
NisoMny5Gays alloy, which is more stable in the AFM state. Then,
as the Co content increases, the FM and AFM states of the B2 struc-
ture compete with each other around ¢ = 0% (shown in Fig. 3a2).
For the B2 structure (¢ = 0%), the FM state becomes more stable
than the AFM state after the Co content reaches 10 at.%. For the
B2 Nisg_xCoxMny5Gays alloys, the stable structure of the FM (AFM)
state is austenite (unmodulated martensite). As shown in Fig. 3a3,
when the Co content reaches 10 at.%, the stable B2 (FM) austen-
ite competes with the stable B2 (AFM) unmodulated martensite. A
similar situation occurs for the L2; (FM) Nisg.xCoxMny5Gays alloys.
When the Co content is below 10 at.%, as shown in Fig. 3a1 and
a2, the unmodulated martensite is more stable than the austen-
ite. When the Co content is above 10 at.%, only austenite has an
energy minimum. These results mean that both the L2; and B2
Nisg.xCoxMn;5Gays alloys cannot undergo the martensite transfor-
mation when the Co content exceeds 10 at.%. This is consistent
with the differential scanning calorimetry (DSC) and in situ syn-
chrotron XRD experimental results by Cong et al. [66]. A few years
ago, Wang et al. displayed a phase diagram of Niss_xCoxMnygGays
alloys, which was determined by using DSC and dynamic mechan-
ical analysis (DMA) [67]. In this phase diagram, the martensitic
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Fig. 3. The relative energy (AE) of Niso.xCoxMnysGays (the left two columns) and Nisg.xCoxFeysGays (the right two columns) alloys as a function of strain (¢) for the tetragonal

distortion of the L2, B2, and A2 cubic structures.

transition temperature (Ty) suddenly disappears at a critical Co
content (xc ~ 10 at.%). As shown in Fig. 3a3-a6, the total energies
of FM and AFM Nisg_xCoxMny5Gays alloys (10 < x < 25 at.%) that
adopt B2 structures have an intersection near ¢ = 10%. According
to the calculations for the B2 Nisg.xCoxMny5Gays alloys (10 < x <
25 at.%), we speculate that the FM austenite single crystal, as it is
stretched along the <100> crystal direction, produces a magnetic
transition from FM to AFM near ¢ = 10%. The location of the mag-
netic transition shifts to larger strains with increasing Co content.

The relative phase stability of cubic austenite and correspond-
ing unmodulated tetragonal martensite can be quantified by the
energy difference between their two competing phases by consid-
ering AEam = Ea - Em, Where Ex and Ey; are the ab initio total en-
ergies of the austenite and martensite phases, respectively. A pos-
itive value of AEa indicates that the martensite phase is ther-
modynamically more stable than the austenite phase. According to
the relationship AEa. ~ kgTy, Where kg is the Boltzmann con-
stant, AEp and the martensitic transition temperature Ty, have a
positive linear correlation [68,69]. Our theoretical calculation val-
ues Ty are consistent with the available experimental values mea-
sured by Kanomata et al. [65] and Soto-Parra et al. [70]. It can

be seen in Fig. 4a that both the theoretically computed AEp
and the experimental Ty; of L2; (FM) Nisg.xCoxMny5Gays alloys de-
crease almost linearly with increasing Co content. The measured
Ty as a function of AEa was fitted to the relation Ty/K ~ -
50 + 500AEa.p/(mRy/atom). This means that the addition of Co
content reduces the stability of the martensite phase with respect
to the austenite phase.

The number of valence electrons per atom (efa) is a sim-
ple but effective indicator to describe the relationship between
the element content and Ty. As shown in Fig. 4a, for L2, (FM)
Nisg.xCoxMn,5Gays alloys, a small efa corresponds to a low Ty,
which is consistent with previous studies [37,66,67]. The tetrago-
nal shear modulus ¢’ of the austenite phase is also considered to
be an indicator to estimate the Ty. The martensite transformation
is a consequence of the other phase having lower free energy at
given temperature, is also thought to the result of phonon soft-
ening and corresponding softening of the shear modulus of the
austenite phase. For unmodulated tetragonal martensite transfor-
mations, the soft shear modulus is the tetragonal shear modulus
c’. A larger ¢’ suggests a higher free energy of the martensite. Fur-
ther suggests to inhibit the martensite transformation and thus re-
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Fig. 4. The energy difference AEpy and the available experimental Ty with the purple ordinate (top) along with the tetragonal shear modulus ¢’ (bottom) of
Nisg.xCoxMn,s5Gays (left) and Nisg_xCoxFey5Gays (right) alloys as a function of Co content and e/a.

duces the Ty or even suppresses the martensite transformation
completely [37]. This conclusion has also been rigorously proven
by Ren et al. [71] using a Landau-type model. As shown in Fig. 4c,
for L2; (FM) Nisg.xCoxMny5Gays alloys, ¢’ increases monotonically
with increasing Co content. Therefore, the Ty, decreases monotoni-
cally with increasing Co content, which is in good agreement with
the experimental results shown in Fig. 4a.

Since ¢’ is negatively correlated with AEs), and AEaypy is
positively correlated with Ty, we can conclude that ¢’ and Ty
are negatively correlated. As shown in Fig. 4, for both B2 (AFM)
Nisg_xCoxMny5Gays and Nisg xCoxFepsGays alloys, AEay increases
first and then decreases with increasing Co content. However,
¢’ decreases first and then increases with increasing Co content.
For the L21 (FM) Ni50_xC0XMn25Gaz5, L21 (FM) Niso_xCOxF625G325,
and B2 (FM) Nisg_xCoxFep5Gays alloys, all AEay values decrease,
whereas ¢’ increases monotonically with increasing Co content. For
these three alloys, the relationship between the AEa_y and Co con-
tent is almost linear. By extending these lines with dashed lines,
we can predict the Co content of the energy degeneracy of austen-
ite and martensite at which the value of AEa_y is zero. As shown
in Fig. 4a, the Co content of the energy degeneracy of the L2; (FM)
Nisq.xCoxMn;y5Gays alloy is approximately 11 at.%, and the corre-
sponding ¢’ is approximately 13.5 GPa. As shown in Fig. 4b and
d, the Co contents of the energy degeneracy of the L2; (FM) and
B2 (FM) Nisg_xCoxFey5Gays alloys are approximately 25 at.% and 21
at.%, and the corresponding ¢’ values are approximately 15.5 GPa

and 12.5 GPa, respectively. Theoretically, superelasticity occurs in a
certain alloy composition range after the energy degeneracy point.
Therefore, only the alloys of the above three systems are likely to
demonstrate superelasticity.

3.3. Nonhysteretic superelasticity

According to the Landau phase transformation theory, the free
energy (F) of the martensitic transformation can be described by
the Landau-de Gennes model:

F(P,T,n) =k + aT — T)n* + Bn® + Cn*, (2)

where P is the pressure; T is the temperature; 1 is the order pa-
rameter; Fy is the free energy with n = 0; and a (>0), B (<0), and
C (>0) are coefficients for the 2-3-4-type Landau expansion of F(P,
T, n). Tc stands for the critical temperature at which the second-
order phase transition occurs when the coefficient B = 0. In addi-
tion to the n% and n* terms of Landau theory, the free energy F(P, T,
n) includes a nonzero 13 term, which ensures that it can be used
to describe possible first-order phase transitions. Compared with
the Landau-Devonshire model, which can also describe first-order
phase transitions by the 2-4-6-type Landau expansion of F(P, T, n),
the Landau-de Gennes model can be applied to the case where or-
der parameters 1 and -7 are not symmetric.
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Fig. 5. The stress-strain curves obtained by theoretical calculation. The left column shows the stress-strain curves of the L2; (FM) Niso.xCoxMnysGays alloys, the middle
column shows the stress-strain curves of the B2 (FM) Nisg_xCoxFe;5Gays alloys, and the right column shows the stress-strain curves of the L2; (FM) Niso.xCoxFeysGays alloys.

Upon omitting both the pressure and temperature in the
present ab initio based investigation, we can simplify Eq. (2) as

E(e) = Ey + Ag? + Be® + C&*, (3)

where E(¢) is the ab initio total energy, Ey is the total energy of
the structure with ¢ = 0, A = -aTc, and B (<0) and C (>0) are the
composition-dependent coefficients. Note that the order parameter
7 is the strain (¢) for the tetragonal distortion along the Bain path.
The stress (o) value can be obtained by taking the first derivative
of Eq. (3):

1 dE(e)
7=V de )

Fig. 5 shows a series of stress-strain curves obtained by the
theoretical calculation of different Co contents. The stress-strain
curve of L2; (FM) NizgCoq;Mny5Gays alloy which has the Co con-
tent for energy degeneracy mentioned above is shown in Fig. 5al.
At the initial stage of the loading stress, the austenite phase un-
dergoes elastic deformation until the stress reaches 103 MPa and
the strain reaches 1.8%. After that, the martensite transformation
occurs gradually in the austenite phase. Until the strain reaches
9.8%, the austenite phase completely transforms to the martensite
phase. After the region of the horizontal dashed line (from the
start of the martensite transformation Ms to the end of marten-
site transformation M), the martensite phase continues to undergo
elastic deformation until the material breaks. If the stress is un-

Table 2

The tensile strength o at a strain of 10% and Young's modulus E along
the <100> crystal direction for the present alloys and bcc metals and
alloys. Coyg represents L2; (FM) Nis34Co16Mny5Gays, and Coyg represents
B2 (FM) Ni; CoygFeysGazs. oy stands for the ideal tensile strength.

om (GPa) o (GPa) Ei100 (GPa) [E100 Ref.
Cois - 0.9 55.3 0.016 -
Coas - 1.3 61.1 0.021 -
\'% 16.7 13.7 147.2 0.093 [76]
Nb 13.1 12.5 151.5 0.082 [77,78]
Mo 28.8 27.1 383.6 0.071 [77,78]
w 28.9 27.7 407.4 0.068 [79]
Fe 12.6 10.7 118.9 0.090 [80,81]
TisV 1.8 1.6 18.6 0.086 [76]
Ti; Ve 5.1 4.5 53.1 0.085 [76]
TisV; 10.2 8.5 104.0 0.082 [76]
TisNb 2.5 2.3 534 0.043 [82]

loaded before the material breaks, the martensite phase remains
intact and produces a permanent strain of 9.0%. This shows an ir-
reversible inelastic deformation with applied stress unless a tem-
perature rise causes the material to undergo an inverse martensitic
transformation. If the content of Co is appropriately added based
on the Co content-dependent energy degeneracy, we can obtain
the stress-strain curve shown in Fig. 5a2. With an increase in the
applied stress, the stress-strain curve also goes through the above
three stages: (1) the austenite phase undergoes elastic deforma-
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Fig. 6. The evaluated Bloch spectral function along the reciprocal space path I'-X-Y-X-Z-X;-N-P-Y; at the Fermi energy (top) for different tensile strains ¢. Red vertical lines
mark substantial changes in the Fermi surface, which may be correlated to variations of the stress (middle) and Young's modulus (bottom). Different connected regimes are
emphasised by changing shades of dark red and white. Subfigure a-c correspond to Fig. 5a1-a3, respectively.

tion until the stress reaches 245 MPa and the strain reaches 3.1%;
(2) the austenite is gradually transformed into martensite from Ms
(¢ = 3.1%) to My (¢ = 8.5%); and (3) the martensite phase con-
tinues to undergo elastic deformation until the material breaks.
However, before the material breaks, the deformation behavior af-
ter unloading the stress is different from that shown in Fig. 5al.
The martensite phase is gradually transformed into austenite from
As (¢ = 6.7%) to A; (¢ = 1.3%) under the stress of 186 MPa. Finally,
the Ni3;Co;3Mny5Gays alloy returns to its original shape and ex-
hibits superelasticity with hysteresis (gray area). The stress-strain
curves of the B2 and L2; (FM) Niso_xCoxFe,;5Gays alloys, which have
the Co content of energy degeneracy mentioned above, are shown
in Fig. 5b1 and c1, respectively. These show an irreversible inelas-
tic deformation with applied stress. After an appropriate increase
in Co content, as shown in Fig. 5b2 and c2, the stress-strain curves
exhibit superelasticity with hysteresis (gray area).

The stress-induced first-order martensite phase transformations
are shown in both Fig. 5al and a2 which have a sudden Ilat-
tice deformation under an applied stress. As the Co content in-
creases, this phenomenon disappears. As shown in Fig. 5a3, when
the Co content reaches 16 at.%, the gray area disappears, and non-
hysteretic superelasticity occurs. In this case, a continuous lat-
tice change replaces the structural mutation induced by the first-
order phase transition during the stress loading and unloading. As
shown in Fig. 5b3, a similar process also occurs in the B2 (FM)
Ni22C028F625Gaz5 alloy. HOWeVeI', for L2] (FM) NizzCOngEszazs
alloy, as shown in Fig. 5¢3, even if all Ni atoms are replaced by
Co atoms, the first-order phase transition cannot be avoided. Both
the L2, (FM) Ni34C016Mn25G325 and B2 (FM) Ni22C028FE25G825 al-
loys have very small stress values in the case of a large strain due
to the existence of nonhysteretic superelasticity. These two alloys
have only 0.9 GPa and 1.3 GPa stresses when the strain reaches
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Fig. 7. The stress-strain curves of the L2; (FM) Niso.xCoxMnysGays alloys with dif-
ferent Co contents accompanied by their respective P values.

10%, which ensures that the material is not prone to fracture in the
case of a large deformation. To our knowledge, such small stresses
have not been found in previous theoretical calculations of bcc
metals and alloys. Table 2 lists the available ab initio calculations
for the tensile strength o and Young's modulus E along the <100>
crystal direction. o at a strain of 10% is close to the ideal tensile
strength o,. The o [Eqgp ratio is approximately 0.07~0.09 for bcc
metals and alloys, except for TisNb, which is consistent with the
theoretical value of o/Ejgp = eg/m ~ 0.08 [72-74]. According to
the theories by Frenkel [1] and Orowan [75], the stress-strain curve
was approximated to a sinusoidal form with the period of eg. For
bce to fec stretching along the Bain path, the value of eg is approx-
imately 0.26. However, for the present alloys, the o /Ejgo ratio is
small. This indicates that the tensile strength at a strain of 10% may
be much smaller than the ideal tensile strength. The present work
demonstrates for the first time using ab initio calculations that the
stress level can remain below 1 GPa when the strain reaches 10%
without the occurrence of a phase transition.

In order to further understand the evolution of nonhysteretic
superelasticity, we investigate the detailed electronic structure of
the system and focus on the changes in the Fermi surface topology
obtained from Bloch spectral function (BSF) calculations. We show
the BSF evaluated at the Fermi energy Er for each tensile strain
and Young's modulus of the corresponding stress-strain curve in
Fig. 6. The vertical red lines indicate the microscopic changes in
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the Fermi surface, which is associated with the key changes of
macroscopic stress-strain curve and Young’s modulus. We can find
that two bands between P and Y; points become left degenerate
(see the second vertical red line). It may suggest there exists the
electronic topology transition (ETT) around some tensile strain. For
example, the ETT occur at ¢ = 6% for Ni34Co16Mny5Gays with non-
hysteretic superelasticity. Comparing three different concentrations
Ni39Co“Mn25Ga25, Ni37C013Mn256a25, and Ni34C015Mn25Ga25 al-
loys, the degenerated band is corresponding to different tensile
strains. The changes of strong BSF around the path X-Z (see the
first vertical red line) occur for the tensile strain ¢ < 2%. At the
same time the resolved peaks around the path P-Y; are shown
between the second and third red lines, where the minimum of
Young’s modulus happens to exist for the three concentrations.

3.4. Critical parameter
. . . 2
As shown in Fig. 6, a negative Young’s modulus (ddi(f) <0)
leads to mechanical instability, resulting in irreversible inelastic
deformation or superelasticity with hysteresis under the action of
applied stress. The inflection point of mechanical instability occurs

. . . 2
at the strain position where Young’s modulus is zero (dd’i(;) =0).

Only by ensuring that Young's modulus is always non-negative
(‘125—(28) > 0), so that the material always maintains mechanical
stability, can the nonhysteretic superelasticity be obtained. The
Young’s modulus and stress-strain curves of the Nisg.xCoxMny5Gays
and Nisg_xCoxFe;5Gays alloys are strongly dependent on the change
of Co content (x). In terms of material design, we expect to ob-
tain an ideal nonhysteretic superelastic material by studying as few
components as possible. To this end, we introduce the critical pa-
rameter (Pc):

P. = 3B*> — 8AC, (5)

where A, B, and C are the composition-dependent coefficients of
Eq. (3). The parameter P. = O is the critical point where the
Young’s modulus along the <100> direction is always nonnegative,
which is the necessary condition for nonhysteresis. As shown in
Fig. 7, in the range of P. < 0 (x > 16 at.%), a nonhysteretic supere-
lasticity occurs for the corresponding composition. However, in the
range of P. > 0 (x < 16 at.%), a stress-induced first-order marten-
site phase transformation occurs for this composition, and the
structure mutates under an applied stress. As shown in Fig. 8, the
values of P. are linearly correlated with the Co content. Using lin-
ear curve fitting and extending the existing values, we can predict
the corresponding composition of the critical point when P. = 0.
For the L2, (FM) Nisg.xCoxMny5Gays alloys, as shown in Fig. 8a, the
Co content of the critical point is 16 at.%, which is consistent with

L21 (FM) B2 (FM) L21 (FM)
0.6 d 3.6
05 (a) NisoxCoxMn25Gazs 1.4L (b) NisoxCoxFe25Gazs 3.2} (¢) NisoxCoxFe2sGazs
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Fig. 8. The values of P. for the Ni based Heusler alloys as a function of Co content.
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the results in Fig. 7. Its corresponding stress-strain curve is shown
in Fig. 5a3. Similarly, for the B2 (FM) Nisg_xCoxFe,5Gays alloys, as
shown in Fig. 8b, the Co content of the critical point is 28 at.%.
Its corresponding stress-strain curve is shown in Fig. 5b3. How-
ever, for the L2; (FM) Nisg_xCoxFe,5Gays alloys, the Co content of
the critical point is 54 at.%, which exceeds the maximum allowable
value of 50 at.% of the alloy composition. Therefore, it is impossible
for the stress-strain curve to exhibit nonhysteretic superelasticity
for L2; (FM) Nisg_xCoxFey5Gays alloys, even for the CosgFeysGays
alloy shown in Fig. 5c3.

4. Conclusions

In this paper, we investigate the effects of element content
and disorder degree on nonhysteretic superelasticity behaviors of
Nisg_xCoxM35Gass (M = Mn, Fe) Heusler alloys by employing the
ab initio EMTO method in connection with alloy theory formu-
lated using the CPA. The equilibrium properties of the L2; austen-
ite and the corresponding martensite in Ni;MnGa and Ni,FeGa are
analyzed systematically. The reliability of the EMTO-CPA method
in the calculation of such alloys is verified by a comparison with
other experimental and calculated results. By analyzing the energy-
strain curve, it is found that magnetic reversal (FM <« AFM)
may occur with the stretching of Nisg_xCoxMn;sGays alloys with
B2 structures. For the Nisg xCoxMnys5Gays alloys with L2; and B2
structures, a Co content of approximately 10 at.% is the inflection
point for inhibiting the martensite transformation, which is con-
sistent with the previous experimental results. We analyze the re-
lationship between AEa.y, e/a, ¢’, and Ty which can be used to
directly predict the critical Co content of the martensitic phase
transformation disappearance (energy degeneracy point). The most
important finding is that the structure and composition range
of superelastic materials without hysteresis can be predicted by
calculating the critical parameter P.. For the ferromagnetic L2,
Nisg_xCoxMny5Gays and B2 NisgxCoxFeysGays alloys, we predict
that the nonhysteretic superelasticity occurs after the Co content
exceeds 16 at.% and 28 at.%, respectively.
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