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Effect of Zr on the properties of (TiZr)Ni alloys from first-principles calculations
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The effect of Zr on the martensitic transformation (MT) behavior and mechanical properties of
(Tig.5-,Zr,)Nig 5 alloys is investigated by calculating the elastic constants and elastic moduli in the B2 phase as
a function of x for 0<x=<0.2. The calculations are performed using the coherent potential approximation
implemented within the framework of the exact muffin-tin orbitals method. We find that the theoretical elastic
properties correlate well with the behavior of the MT. With increasing Zr concentration, the anisotropy of the
alloy decreases, indicating that the nonbasal plane shear on which the modulus Cy44 plays an important role,
dominates and, therefore, a monoclinic martensitic phase should result. The experimental Zr content depen-
dence of the MT temperature is paralleled with the calculated Cy4 versus Zr content. The theoretical elastic
moduli demonstrate that the (TiZr)Ni alloys, with Zr distributed randomly on the Ti sublattice, are intrinsically
ductile, which suggests that the poor ductility of these alloys may be ascribed to some other factors, for
example, impurities, precipitation, and grain boundaries.
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I. INTRODUCTION

Titanium-nickel alloys show excellent shape memory ef-
fects (SME), resulting from the reversible martensitic trans-
formation between high-temperature B2 and low-
temperature B19’, B19, or R phases. These materials have
been widely used in robotic, automotive, aerospace, etc.,
industries.! However, due to the fact that the SME of unal-
loyed TiNi occurs in the temperature range from
40 to 60 °C, some applications (e.g., fire alarm) of these al-
loys have been greatly limited. However, materials scientists
have managed to develop TiNi-based alloys®> with higher
martensitic transformation temperature.> Among diverse po-
tential high temperature shape memory alloys (HTSMA), the
TiNi-Zr system has drawn much attention due to the relative
low cost of the raw materials. Experiments have shown that,
with a small addition of Zr, the martensitic transformation
temperature decreases.* When the concentration of the alloy-
ing element Zr exceeds 10 at. %, the martensitic transforma-
tion temperature increases to as high as 170 °C for
20.2 at. % Zr>° Substitution of Ti with Zr up to 20 at. %
keeps the intial B2 structure, an uninterrupted range of solid
solution; the martensite remains monoclinic, identical to that
for unalloyed TiNi.® However, similar to all other HTSMAs,
the TiNi-Zr alloys suffer from poor mechanical properties
(e.g., low ductility), which makes the practical application of
these alloys difficult.” Further efforts are needed to improve
the mechanical properties of these alloys. The purpose of this
work is to exploit theoretically the effect of Zr on the me-
chanical properties of TiNi alloys.
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It has been recognized that the SME is closely related to
the elastic instability of the high-temperature parent B2
phase.® During the martensitic transformation, B2-TiNi is
subjected to elastic softening, i.e., the cubic elastic constants
C ’=%(C11—C12) and C4, decrease with a lowering of the
temperature. C’ is the modulus of the shear along the {110}

(110) direction (basal-plane shear), whereas C, is the modu-

lus of the {001} (110) or {001} (100) (nonbasal-plane) shear.
The lattice instability due to the softening of C’ of the high
temperature B2 phase gives a reasonable explanation to the
martensite structures such as B19 and R phases, whereas the
softening of C,, correlates with the onset of the B19' mar-
tensite structure.”!? The relative elastic constants of the TiNi
based alloys to those of the unalloyed TiNi may be a good
indication of the influence of alloying on the martensitic
transformation. For example, the addition of Fe to TiNi in-
creases both the C’ and C,, values of the alloy, i.e., improves
the dynamic stability and, consequently, lowers the marten-
sitic transformation temperature.'”

Inspired by the above considerations, in the present work
we study the elastic properties of the TiNi-Zr alloys as a
function of Zr content. A natural question that arises is the
preferential location of the Zr atoms in the B2 structure.
Experiments indicate that Zr atoms occupy the Ti sublattice.®
From the theoretical side, the problem of site-occupancy in
the Ti-Ni-Zr ternary system requires complex investigations,
which are beyond the scope of the present work. Instead,
here we give an argument for restricting the present elastic
constant study to the Ti-deficient (TiZr)Ni alloys. First, by
computing the heat of formation versus composition for al-
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TABLE 1. Theoretical lattice constant (A) and bulk modulus
(GPa) of hep-Ti, fce-Ni, and hep-Zr, in comparison with the experi-
mental values taken from Ref. 38.
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TABLE II. Structural, cohesive, and elastic properties of unal-
loyed B2-TiNi. The results listed in the parenthesis were obtained
with Ti-3p semicore states treated as valence states.

a cla B EMTO-CPA Theoretical® Experimental

Ti EMTO-CPA 2.93 1.61 94 Lattice constants ao (A) 3.017 (3.016) 2.977 3.015°
Expt. 2.95 1.59 105 Heat of formation (eV) -0.38 -0.33 -0.35¢

Ni EMTO-CPA 3.53 191 C' (GPa) 35 (34) 12 17¢
Expt. 3.52 186 Cy4 (GPa) 53 (51) 50 354

Zr EMTO-CPA 3.23 1.62 76 Anisotropy A=Cyy/C' 1.53 4.17 2.09¢
Expt. 3.23 1.59 83 Anisotropy factor A~!/? 0.81 0.49 0.69¢

Bulk modulus B (GPa) 157 (153) 156 1404

Shear modulus G (GPa) 46 35 28d

loys with Zr‘ content. belov.v 15% f)n both sublattice's, we G/B 0.29 023 0.20¢
show that with sufficient Ti and Ni supply, alloys with Zr Poisson ratio » 037 0.39 0.41¢

occupying the Ti-sublattice are the most stable configura-
tions. Second, tracing the heat of formation in Ti-rich and
Ni-rich systems, we demonstrate that in both Ni-rich and
Ti-rich alloys Zr prefers the Ti sublattice. Because of that and
in order to make the composition comparable with the ex-
perimental ones in Refs. 3+, we limit our study to (TiZr)Ni
solid solutions, where the Zr atoms are located exclusively
on the Ti sublattice. Using the calculated elastic constants of
(Tiy5s_Zr,)Nij 5 alloys (0<x=<0.2), the effect of Zr on the
SME as well as the mechanical properties of TiNi alloys are
discussed.

The paper is arranged as follows: In Sec. II, we briefly
describe the first-principles method and the parameters
adopted in our calculations. Results are presented and dis-
cussed in Sec. III. First, in Sec. III A, we compare our cal-
culated bulk properties of the pure metals and unalloyed
B2-TiNi with other theoretical and experimental values.
The site occupation of Zr is investigated in Sec. III B. The
theoretical elastic constants of (TiZr)Ni alloys, calculated as
a function of composition are presented in Sec. III C. Here
we also discuss the influence of Zr on the martensitic trans-
formation. In Sec. III D, we study the composition depen-
dence of some polycrystalline elastic moduli which are rel-
evant for the mechanical properties. Finally, the main results
are summarized in Sec. IV.

II. METHOD

Theoretical determination of the elastic constants by using
first-principles methods based on density functional theory!!
is now a routine matter. For instance, reasonably accurate
elastic constants of TiNi have been obtained in pseudopoten-
tial calculations.!? On the other hand, within the framework
of conventional density functional methods, a direct calcula-
tion of random alloys, especially those with complex mul-
tiple concentrations, is very inconvenient. As a matter of
fact, to our knowledge, no first-principles calculations of the
elastic constants of TiNi-based alloys have been reported.
The difficulty mentioned above has recently been resolved
by implementing the coherent potential approximation (CPA)
in the exact muffin-tin orbitals (EMTO) density functional
method.'> The EMTO-CPA approach ensures the accuracy
needed for the calculations of both uniform and anisotropic
lattice distortions.

4Reference 12.
bReference 40.
‘Reference 41.
dReference 39.

The EMTO method is an improved screened Korringa-
Kohn-Rostoker method,'* where the one-electron potential is
represented by large overlapping muffin-tin potential
spheres. By using overlapping spheres, one describes more
accurately the crystal potential, when compared to the con-
ventional nonoverlapping muffin-tin approach.!>!® Further
details about this method can be found in Refs. 13-18. The
EMTO-CPA approach has been applied successfully in the
theoretical study of the elastic constants and phase stability
of random Fe-based alloys,'??* simple and transition metal
alloys,”*~2° and Hume-Rothery systems,'>?82% as well as the
crystal structure of complex oxides.30-33

All the calculations from the present work were carried
out using the EMTO-CPA method. The exchange-correlation
term was described within the generalized-gradient approxi-
mation (GGA) by Perdew et al.’* The EMTO basis set in-
cluded s, p, d, and f orbitals. The one-electron equations
were solved within the scalar-relativistic approximation. The
Ti-3d?4s2, Zr-4d*5s%, and Ni-3d%4s? states were treated as
valence states and the core states were recalculated after each
iteration. Calculations with Ti-3p and Zr-4p semicore states
treated as valence states were also tested, and the results
show (see Table II) that putting the 3p states into the core has
negligible effect on the elastic constants. For each composi-
tion and crystal lattice, the EMTO-CPA Green function was
calculated self-consistently for 16 complex energy points
distributed exponentially on a semicircular contour, which
included states within 1 Ry below the Fermi level. Test cal-
culations for the unalloyed TiNi demonstrated that increasing
further the number of energy points has a negligible (
=0.01%) effect on the equilibrium lattice constants and
elastic constants. In the one-center expansion of the full
charge density, we adopted an [-cutoff of 10 and the total
energy was calculated using the full charge density
technique.'®

The theoretical equilibrium volume V and bulk modulus B
were determined by fitting the total energies versus volume
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according to the Murnaghan equation of state.® To get the
cubic shear constants C' and C,y, we used the following
volume conserving orthorhombic:

l+¢, O 0
0 1-¢, 0
(1)
0 0 !
1- 602
and monoclinic deformations
1 €, 0
€, |1 0
, 2
. ) (2)
1- 6m2

respectively. Note that the resulting monoclinic structure can
also be described as a base centered orthorhombic lattice.
The corresponding total energies E(e,) and E(e,,) were com-
puted for six strains €=0,0.01,0.02,...,0.05. The elastic
constants C’' and C,4 were obtained by fitting the total ener-
gies with respect to €, and ¢, as E(€,)=E(0)+2VC'€ and
E(e,)=E(0)+ 2VC446,2n, respectively.

For the Brillouin zone sampling, we used a uniform
k-mesh without any smearing technique. The coherent Green
function was determined for each k-point separately and the
k-integrated Green function was used to find the Green func-
tions for alloy components via the single-site
approximation.'? In order to establish the number of k points
(N, in the irreducible Brillouin zone) needed for well-
converged elastic constants, we performed a test calculation
for pure TiNi. We found that by increasing N, from ~2000 to
~9000, the two cubic shear constants changed on the aver-
age by ~2.2%. Further increase of N, to ~15000 had an
influence below 0.2% in the elastic constants. Since the con-
centration dependence of Cuy for (Tips_,Zr,)Ni with x
<0.06 is of order of 1% (see Sec. III C), we decided to use
N,=15 000 in the actual calculations. We note that for alloys
with x>0.10 a significantly smaller N, already yields well-
converged elastic constants. Based on the accuracy of our
Brillouin zone sampling and on the numerical errors due to
the energy integration and one-center formalism,'¢ we esti-
mate the numerical error bar for the elastic constants to be
below 0.3%.

The polycrystalline elastic constants were calculated us-
ing the Hill averaging method.*® First, the C, and C,, elastic
constant were separated from the bulk modulus B=%(C 1
+2C),) and the tetragonal shear constant C’:%(C”—Clz).
Then, the polycrystalline shear modulus was calculated as

the arithmetic Hill average G=%(GV+ Gr), where Gy
C11=C1p+3Cy 5 .

=———  and Gr=75, 5 135, are the Voigt and Reuss

bounds, respectively, and S;;, S;,, and S, are the elastic

compliances.’” Finally, the Poisson ratio v and Young’s

. 1(3B=2G 9GB
rpodulus were obtained as v= 2( 3B +G) and E= Giap> Tespec-
tively.
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III. RESULTS AND DICUSSIONS

A. Pure metals and unalloyed TiNi

As a test of the EMTO-CPA method, in Table I we com-
pare the present theoretical equilibrium lattice constants and
bulk moduli of elemental hexagonal close packed (hcp) Ti
and Zr and face centered cubic (fcc) Ni with the correspond-
ing experimental data.*® The properties of Ni were calculated
taking into account the spin polarization. It is seen that our
results are in reasonably good agreement with the experi-
mental values. In fact, the obtained differences can be as-
cribed to the typical errors associated with the GGA for the
energy functional.

The structural and elastic properties as well as the heat of
formation of unalloyed B2-TiNi are listed in Table II. For
comparison, values from other theoretical calculations!? and
experiments®*~#! are also included in the table. The heat of
formation was calculated from the ground state energies as

AE = (Etini— E1i— Exi)/2, (3)

where Eq;y; is the total energy per unit cell for B2-TiNi, and
Et; and Ey; are the total energies of hcp Ti and fcc Ni, re-
spectively. The present lattice constant is in perfect agree-
ment with the experimental value.** The EMTO-CPA heat of
formation is slightly smaller than the experimental value, but
the error is similar to that obtained in a pseudopotential
calculation.!> Both C’ and C,, calculated using the EMTO-
CPA method are greater than the experimental values. On the
other hand, the present Zener anisotropy ratio, A=Cy/C’,
agrees well with experiment. Although the pseudopotential
calculations by Ye et al.'> give C' in a better agreement with
experiment compared to our approach, the former method
strongly overestimates A.

The Zener anisotropy was believed to be crucial for the
martensitic transformation of TiNi.>#° In general, the Zener
anisotropy of alloys undergoing martensitic transformation is
quite large (>10). During the martensitic transformation, C’
softens whereas C,4 almost remains unchanged, which leads
to an increasing A with decreasing temperature toward the
martensitic transformation temperature, and there is little
correlation between the basal-plane and nonbasal-plane
shear. In this type of alloy, a conventional basal-plane shear
picture is valid for the martensitic transformation. However,
in the case of TiNi, the Zener anisotropy is quite small and
both C’ and C,, soften during the transformation, such that
both basal-plane and nonbasal-plane shear affect the trans-
formation and the consequent martensitic structure. That is
why the martensitic phase of TiNi is monoclinic. This idea
has been demonstrated by Otsuka and Ren,’ who have shown
that Cu addition increases Cy4 but decreases C’, and conse-
quently these alloys go through an orthorhombic B19 inter-
mediate structure and then achieve its ultimate B19’ marten-
sitic phase.

In Table II we also list some of the quantities that are
closely related to the mechanical properties of solids. Both
theoretical and experimental data give a relatively small
shear modulus to bulk modulus ratio (G/B) for TiNi. In
1954, Pugh*? showed that pure metals with small G/B gen-
erally have more extended deformation range and therefore
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are more plastic than those with large G/B. This empirical
rule is also true for intermetallic compounds as demonstrated
by Fu.®®* G/B is now widely adopted as a predictor in first-
principles materials design. Consistent with the experimental
findings, the small G/B value of TiNi implies that the mate-
rial may deform plastically. Another index for the mechani-
cal properties of materials is the anisotropy factor A~!/? ver-
sus the Poisson ratio v.*® Materials such as the B2 ionic
crystal (brittle) have large A~V (>1.2) and small v (<0.3),
whereas brittle B2 intermetallic compounds have small A~/
(<0.8) and large v (>0.35). The bcc metals have A~ and v
lying in between the two brittle systems, and therefore are
more isotropic in nature (see Fig. 4 in Ref. 46). The isotropic
nature of the bcc metals accounts for the ductility of these
materials. From Fig. 4 in Ref. 46, it is notable that TiNi with
calculated A= of 0.81 and v of 0.37 is located close to the
bce metals, indicating that pure TiNi is intrinsically ductile.

B. Site-occupancy of Zr in TiNi

Since there are two sublattices in B2-TiNi, one should
first determine on which of the two sublattices the alloying
atoms are located. Because Zr and Ti have similar valence
states and the atomic volume of Zr differs only by 24% from
that of Ti (compared to 53% difference in the case of Ni), it
is expected that substituting Ti by Zr is thermodynamically
more favorable than substituting Ni by Zr. Indeed, according
to experiments,® in Zr-doped TiNi the Zr atoms occupy the Ti
sublattice.

Theoretically, the question of site-occupancy can be ad-
dressed by comparing the heats of formation calculated for
configurations with different site occupations. Here our pur-
pose is to identify theoretically those systems for which the
results from Secs. III C and III D are valid. Therefore instead
of performing a full site-occupancy investigation for the
complete Ti-Ni-Zr ternary system, we address the site occu-
pancy for a TiNi-Zr alloy with Zr content below 30% (maxi-
mum 15% on each sublattice). First, we consider systems
without Ti and Ni antisite defects. The heat of formation for
(Tig5_,Zr,)(Nig s_,Zr,) was calculated as

AE(x,y) = Eri Nigs_ 7, — (0.5 = X)Er;
—(0.5-y)Eni = (x+y)Ey, (4)

with ETiO.S—xNi()45—yzrx+v being the total energy per atom of the
TiNi-Zr alloy, and Ep;, Ey;, and E,, being the total energies
of hep Ti, fce Ni, and hep Zr in their elemental state, respec-
tively. x and y denote the atomic fractions of Zr on Ti and Ni
sublattices, respectively. Obviously, more negative heat of
formation indicates more favorable configuration.

Figure 1 shows the map for AE(x,y) calculated for 0
=<x=0.15 and 0=<y=0.15. It can be seen that the heat of
formation increases (decreases in absolute value) with in-
creasing Zr concentration, following the regular solid solu-
tion model. For instance, for a homogeneous distribution of
Zr (x=y), the heat of formation increases from —0.38 eV
obtained for pure TiNi to —0.10 eV corresponding to 15% Zr
doping on both sublattices. According to the figure, at normal
working temperature the configurational entropy alone
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FIG. 1. Map of the heat of formation (in eV) of the (TiZr)(NiZr)
system with respect to the concentrations of Zr on Ti (abscissa) and
Ni (ordinate) sublattices.

would be insufficient to stabilize (relative to the pure com-
ponents) a solid solution where the Zr atoms are more or less
uniformly distributed on both sublattices.

For a fixed Zr content (x+y=const), the Ni-rich alloys
(corresponding to y=~0) have lower heat of formation than
the Ti-rich alloys (x=0). Therefore with sufficient Ti and Ni
supply, alloys with Zr occupying the Ti sublattice are the
most stable configurations. This result is in line with
experimental® and former theoretical*** findings. What is
more important, the present results from Fig. 1 demonstrate
that the site-occupancy is rather independent on Zr content:
(Tigs_,Zr,)Ni is found to be the most stable alloy for any
antisite-free configuration.

It is interesting to note that the trend of the heat of for-
mation from Fig. 1 correlates well with the equilibrium vol-
ume of the alloy. The present theoretical lattice constant of
(Tig5_.Zr,)(Niys_,Zr,) follows Vegard’s law and can be pa-
rametrized as a(x,y) =ay+0.46x+0.73y, where q is the lat-
tice constant of pure TiNi. Accordingly, with increasing Zr
content (x+y), the lattice constant always increases. Further-
more, for a fixed Zr content, the lattice constants of Ti-rich
alloys are larger than those of Ni-rich alloys. Taking into
account that, in general, with volume expansion the alloy
components become less bonded and the heat of formation
increases, we may draw the conclusion that the lattice expan-
sion with Zr addition and partition partly explains the ob-
served trend in the heat of formation.

Next, we consider the possibility of Ti and Ni antisite
defects. It has recently been shown that in pure TiNi the
formation of antisite defects are energetically unfavorable.*’
However, we cannot rule out the possibility that Zr addition
enhances the formation of antisites. Here we investigate this
question in the case of two Zr-containing systems: a Ni-rich
(Tig3sNi,Zry 5_.)(Nigso_.Zr,) and a Ti-rich (Tigso_.Zr,)
X (Nig35Ti.Zry5_.) solid solution. In Fig. 2, the heat of for-
mation for both alloys are shown as a function of z. In Ni-
rich alloys (squares), putting Zr atoms on the Ni sublattice
leads to Ni antisites on the Ti sublattice. In this process the
energy of the system raises as a result of (i) antisite defects
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FIG. 2. Heats of formation of Ni-rich and Ti-rich TiNi-Zr alloys
calculated as a function of the concentration of antisite defect: Ni
on Ti sublattice (squares) and Ti on Ni sublattice (circles).
(Tig35Ni,Zrg 5-.) (Nig 50_,Zr,) corresponds to 35%-Ti, z-Ni, and
(15% —z)-Zr occupying the Ti sublattice and (50 % —z)-Ni and z-Zr
occupying the Ni sublattice, with similar representation for
(Tips0--Zr;)(Nig 35Ti,Zrg 15-.)-

and (ii) Zr atoms occupying the energetically unfavorable Ni
sites (see Fig. 1). In Ti-rich alloys (circles) the situation is
completely different. The occurrence of Ti antisite raises the
total energy of the system. At the same time, moving Zr from
Ni sites to Ti sites lowers the total energy (see Fig. 1). If the
latter effect is more pronounced than the former one, the
antisite defects will occur in Ti-rich alloys. Indeed, as shown
in Fig. 2 (circles), with increasing z the heat of formation
slightly decreases. Therefore in Ni-rich alloys the antisites
are not stable, but in Ti-rich alloys some of the Ti atoms are
expelled to Ni sublattice. Namely, in both cases, Zr prefers to
occupy the Ti sublattice. Since in the present work we focus
only on the Ti-deficient (TiZr)Ni alloys, in the following we
will consider systems without antisite defects. The effect of
Zr-induced Ti antisites on the elastic properties of Ti-rich
alloys remains to be investigated.

C. Effect of Zr on martensitic transformation

In this section, we study the elastic constants of
(Tigs_,Zr,)Nij s alloys. As shown in the above section, for
these systems Zr atoms occupy solely the Ti sublattice. Fig-
ure 3 shows the variations of C' and Cy, for TiNi-Zr, relative
to those of the unalloyed TiNi, as a function of Zr content.
With increasing Zr concentration, AC'/ C'TNiincreases
monotonically, whereas ACy,/ CEN‘ slightly increases at low
Zr concentration and decreases with Zr concentration for x
=0.06. The corresponding Zener anisotropy is plotted in Fig.
4. We find that A decreases with Zr concentration, indicating
that the coupling between C’ and C,, becomes stronger,” and
consequently it can be expected that the nonbasal-plane
shear plays a more important role in the martensitic transfor-
mation. As we discussed in Sec. I, the nonbasal-plane shear
correlates with the formation of the monoclinic martensitic
phase. Therefore the martensitic phase should have mono-
clinic structure, in line with the experimental results.°

Before analyzing the effect of Zr on the properties of
TiNi-Zr alloys, we first discuss the accuracy of the concen-
tration dependence of C,, from Fig. 3. An obvious question
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FIG. 3. Theoretical elastic constants of (Tijs_,Zr,)Niy s calcu-
lated as a function of Zr concentration. The two cubic elastic con-
stant, C’ and Cyy, are plotted relative to the elastic constants of the
unalloyed TiNi.

that rises is whether the present theoretical approach has suf-
ficient accuracy to resolve the small changes in Cyy upon Zr
doping. Several former applications?®>*-27 demonstrate that
the EMTO-CPA method is an adequate tool in describing the
nonlinear trends of the elastic properties of solid solutions,
and there is no a priori reason why this approach should
perform differently in the case of TiNi-based alloys. Regard-
ing the present application, we paid special attention to the
numerical parameters (e.g., Brillouin zone sampling, energy
integration, one-center expansion) in order to keep the rela-
tive errors in the elastic constants below ~0.3%. Note that
this numerical error bar is significantly smaller that the rela-
tive change calculated for Cy4 around 6% Zr. Therefore we
feel confident using our theoretical elastic constants to shed
light on the impact of Zr on the martensitic transformation in
the TiNi-Zr system.

An impressive feature of the trend for C, from Fig. 3 is
that it correlates well with the martensitic transformation
temperature (Ms) for these alloys. As mentioned above, with
the decrease in the anisotropy, the nonbasal-plane shear may
be a dominant factor for the martensitic transformation of the
(Tiy5_,Zr,)Ni, 5 alloys. The slight increase in C,4 with small
Zr addition implies that the TiNi-Zr alloy becomes mechani-
cally more stable compared to TiNi regarding the nonbasal-
plane shear and, therefore, the martensitic transformation be-
comes more difficult. This should lower the martensitic
transformation temperature. The above scenario is illustrated

T
1.5 "= O 1090
.y =
] " 0 I
1.4 B 4 u O -0.87
12 u o
T A !D. I Q
~ DD ] -
1.34 DD l.. F0.84 <
] oo . L
O | |
124 pooo L0.81
T T T T T T T T T
0 5 10 15 20

Concentration of Zr (at.%)

FIG. 4. Calculated Zener anisotropy of (Tiys_,Zr,)Ni, s calcu-
lated as a function of Zr concentration.
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Unalloyed TiNi
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FIG. 5. Schematic representation of the alloying effect of Zr on
the martensitic transformation temperature, M,, based on the ex-
periments from Ref. 9.

in Fig. 5. Our finding is in a good agreement with the recent
experimental result by Feng et al.,* who have shown that
with a small addition of Zr, the MT temperature is indeed
lower than that of the unalloyed TiNi. However, one should
also note that there are some discrepancies between different
experimental measurements, which might be ascribed to the
different procedures in alloy preparation. For instance, in
1976 Eckelmeyer3 found that with 1 to 2 at. % of Zr, the MT
temperature of the TiNi-Zr alloys is about 40 °C higher than
that of the unalloyed TiNi.

When the concentration of Zr exceeds ~10 at. %, the cal-
culated C4, becomes smaller than that of unalloyed TiNi.
This means that these TiNi-Zr alloys are dynamically less
stable than the host system regarding the nonbasal-plane
shear. Accordingly, the MT temperature of Zr-containing
TiNi alloys should be higher than that of the Zr-free system
(see Fig. 5). Therefore from our calculations we predict that
~10 at. % is the critical Zr concentration for the high tem-
perature TiNi-Zr alloys. This result is consistent with the
experimental findings,> namely that TiNi-Zr develops high
martensitic transformation temperature only when the con-
centration of Zr is over 10 at. %. The comparison between
the calculated elastic constants of (Ti s_,Zr,)Nij 5 alloys and
experimental data demonstrates that the experimental Zr-
concentration dependence of the martensitic transformation
temperature can be reproduced roughly by observing the
variation of C4 with respect to the concentration of Zr. This
feature has also been pointed out by Otsuka and Ren,® who
observed that for alloys with the ultimate B19’ martensitic
phase (although they may undergo other intermediate trans-
formations, e.g., R and B19), softer C4 corresponds to
higher transformation temperature.

D. Effect of Zr on mechanical properties

Although Zr addition above ~10 at. % increases the MT
temperature of TiNi, the application of the TiNi-Zr alloys at
high temperature is limited by their poor ductility. With the
above calculated elastic constants, we may reexamine the
relationship between Zr concentration and the mechanical
properties of the TiNi-Zr alloys. The present theoretical poly-
crystalline elastic moduli, calculated as functions of Zr con-
centration, are shown in Fig. 6. Figure 7 displays the com-
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FIG. 6. Theoretical bulk modulus (squares), shear modulus
(circles), and Young’s modulus (triangles) of (Tiys_,Zr,)Nig 5 cal-
culated as a function of Zr concentration. The polycrystalline elastic
moduli are plotted relative to the corresponding values obtained for
the unalloyed TiNi.

position dependence of G/B and Poisson ratio (v). As seen
from Fig. 6, the bulk modulus decreases, while the shear and
Young’s moduli increase with Zr addition. This results in a
slight increase in the G/B value. According to Pugh’s em-
pirical rule,*? the increase in G/B value indicates a decrease
in the ductility. However, although the G/B of the present
TiNi-Zr alloys are greater than that of the unalloyed TiNi, the
absolute value of G/B is still quite small. Consequently, the
increase in G/B may not account for the observed poor duc-
tility of TiNi-Zr alloys. Furthermore, although the anisotropy
factor (see Fig. 4) and the Poisson ratio of the Zr-bearing
alloys change with Zr concentration, they are still within the
range of the pure bce metals.*® These results suggested that
the TiNi-Zr alloys should be intrinsically ductile. The experi-
mentally observed poor ductility of these alloys may be as-
cribed to some other factors, for example, impurities, pre-
cipitations, or grain boundaries.
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FIG. 7. Theoretical G/B (a) and Poisson ratio v (b) of
(Tig 5_,Zr,)Nig 5 calculated as a function of Zr concentration.
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IV. CONCLUSION

Using the first-principles EMTO method combined with
the CPA, we have investigated the alloying effect of Zr on
the elastic properties of Ni-rich (TiZr)Ni shaped memory al-
loys. The main results can be summarized in four points. (A)
The Zr atoms prefer to occupy the Ti sublattice in TiNi al-
loys, regardless of the composition of the alloys. (B) With
increasing Zr concentration, the anisotropy of (Tisg_,Zr,)Nis
decreases, indicating that the nonbasal-plane shear (Ciy)
dominates in the MT transformation and, therefore, a mono-
clinic martensitic phase should appear. (C) With increasing
Zr concentration, the Cy4 elastic constant first slightly in-
creases and then decreases, corresponding to a first decrease
and then increase in the MT temperature of Zr-containing
alloys. The critical Zr-concentration at which the experimen-
tal MT temperature starts to be higher than that of the unal-
loyed TiNi agrees very well with the Zr concentration
(~10%) at which the calculated Cy, drops below that of the
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unalloyed TiNi. (D) The calculated polycrystalline elastic
moduli demonstrate that the (TiZr)Ni alloys, with Zr distrib-
uted randomly on the Ti sublattice, are intrinsically ductile.
This finding suggests that the poor ductility of these alloys
should be ascribed to some other factors, for example, impu-
rities, precipitations, and grain boundaries.
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