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Perturbed angular correlation (PAC) method was applied to study the martensitic phase transition of the TiPd
shape memory alloy doped with In, Hf, and Zr. The hyperfine interaction parameters and their concentration and
temperature dependences for ''Tn/"''Cd and ' Hf/'®' Ta probe atoms were determined. The influence of ternary
element additions on the electric field gradients at Pd site was evidenced. A decrease of the martensite start
temperature (Ms) and an increase of the width of the hysteresis loop (Tu) with an increasing concentration of the
impurities in TiPd alloy was observed. These relationships are much stronger for In and Zr, than for Hf admixture.
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1. Introduction

Shape memory alloys (SMA) are a unique class of
metal alloys of very important technological applications,
including mechanical actuator devices, electronics, and
medical stents. The shape memory effect is related to
a reversible martensitic (diffusionless) phase transforma-
tion, which can be induced by applied fields, tempera-
ture, or both, as well as the mechanical properties of
materials and, therefore, can be well controlled. The ad-
dition of a small amount of ternary element is one of
the effective methods for changing and controlling the
martensitic start temperature (Ms). The transformation
exhibits hysteresis, in which the transformations on heat-
ing and on cooling do not overlap. The shape and the
width (Ty) of the hysteresis loop also depend on doped
atoms. In the last few decades, the Ti-based alloys have
been a subject of intensive experimental and theoretical
investigations. In many practical applications of SMAs,
the most commonly used material is NiTi. Otsuka and
Ren [1] give the extensive review of the Ti—Ni-based al-
loys. Substitution of a third element for Ni or Ti has
been proved to be an effective way to increase the trans-
formation temperature [2—4].

The TiPd shape memory alloys are well-known as po-
tential materials for high temperature applications, since
the intermetallic phase of TiPd undergoes a thermoelas-
tic transformation from a simple cubic B2 structure to an
orthorhombic B19 structure around 800 K [5]. The unit
cell of B2 phase (space group Pm3m) is characterized by
one Pd site labeled la and one 1b Ti site, both having
cubic symmetry. In the unit cell of B19 phase (space
group Pmma), the Pd atoms occupy 2e sites, while the
Ti atoms are situated in 2f positions [6, 7]. These sites
have a lower symmetry and, therefore, for each of them
one can expect the non-axially symmetric electric field
gradient (EFG). Since the martensitic transformation is
a type of non-diffusive structure phase transformation,
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involving a change in the shape of the unit cell together
with the atomic scale displacements of atom positions
in the lattice, the application of the perturbed angular
correlation (PAC) method, sensitive for the changes of
microstructure, is justified.

2. Experimental details
2.1. Sample preparation

The TiPd alloys were prepared by multiple arc melting
under argon atmosphere of the proper amounts of high
purity components. The nominal composition of alloy
was determined by the masses of components, where a
minor mass loss appearing during the melting procedure
was attributed to evaporation of the most volatile ele-
ment. The four sets of samples were prepared: pure with-
out admixture, doped with hafnium, indium and zirco-
nium admixture of different content. The maximum con-
centrations of impurity added to the compounds reached:
6.47(3) at.% Hf, 7.48(3) at.% In, and 2.33(3) at.% Zr.
The pure sample and these with additional In and Zr
atoms were measured using '''In/!1Cd probes, while
the samples with Hf using '81Hf/*®1Ta probes.

The 1In/1Cd probes at energy of 400 keV were im-
planted into the slice-shaped samples at room temper-
ature by means of the Gottingen heavy ion implanter
IONAS [8]. After implantation, heat treatment at 1073 K
for a few hours was applied in order to remove the irra-
diation damages. The ®1Hf/81Ta probes were obtained
by neutron irradiation of natural hafnium in the pile of
the MARIA reactor at Swierk at a flux of about 10'*
neutrons/(cm?s). The 81Hf/181Ta PAC probes were in-
troduced by additional arc melting of the sample with
a few milligrams of the radioactive hafnium. After fast
cooling down in the arc oven, the samples were annealed
in evacuated and sealed quartz tubes at 1273 K for 1 h
to ensure the homogenization. The X-ray diffraction
measurements were performed at room temperature with
Cu K, radiation to check the stoichiometry and crystal-
lographic structure of the samples. The analysis of the
XRD spectra confirmed formation of the low tempera-
ture orthorhombic TiPd phase with B19 structure with-
out any admixture of the other TiPd compounds for the
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samples up to about 7 at.% of impurity. This indicates
that a small addition of ternary element does not influ-
ence formation of the B19 single phase in the TiPd alloy.

2.2. Perturbed v—y angular correlation method

The perturbed y—y angular correlation method is one
of the nuclear methods in solid state physics appropriate
for studying the structural and electronic properties of
probe atoms in solids. The PAC method has been re-
viewed extensively in the literature [9, 10]. EFG acting
on the probe nuclei can be characterized by only two pa-
rameters: the asymmetry parameter n = (Vy0—Vyy)/Vss,
which represents the deviation from the axial symmetry
(0 <n<1),and V,, — the largest EFG component in
the principal axis system, which represents the strength
of the EFG. The analysis of experimental R(t) spectra
was performed assuming the expression of the perturba-
tion factor Gao(t) [9] valid for the static electric hyperfine
interactions

ko3
Goa(t) =Y fi > son(nm:) cos(gn(mi)vqit)
i=1 n=0

X exp(—gn(1:)d;t). (1)
The least squares fits of the perturbation factor to the ex-
perimental data yield the fractions f; of probes exposed
to different EFG’s characterized by the quadrupole fre-
quencies vg; and asymmetry parameters 7;.

A broadening of EFG is described by the relative width
0; of the Lorentzian distribution around vg;. The vari-
ous observed fractions f; of different PAC parameters
indicate the population of non-equivalent probe sites in
the lattice. The amplitudes s, and the functions g, (7)
can be calculated according to Ref. [11]. As no texture
has been evidenced in the samples, the data were fitted
with so, parameters for polycrystalline compound. The
known quadrupole moment @ = 2.36(5) b for 181 Ta [12]
and Q = 0.83(5) b for 111Cd [13] were adopted in the cal-
culation of the principal EFG component V., according
to V., = hv@/eQ.

The PAC measurements were carried out in the tem-
perature range 295-1073 K using the standard four
Nal(Tl)- or BaFs-detector setups. In the temperature
range where the martensitic transformation takes place
the spectra were collected in a step of 5-10 K to ensure
the determination of Mg temperature with good accu-
racy.

3. PAC results and discussion
3.1. Concentration dependence on the hfi parameters

The room temperature PAC spectra taken for the TiPd
alloy with '8!Ta and '''Cd probes can be described by
the two quadrupole frequencies both with asymmetry pa-
rameters differing from zero. For the pure TiPd sample
measured with '1Cd, about 70% of the probe atoms ex-
hibit EFG1, described by the well defined quadrupole
frequency vg1 = 48.8(7) MHz and asymmetry parame-
ter 7, = 0.34(1). The rest of the probes exhibit slightly

smaller EFG2 (vge = 37(2) MHz) with a larger asym-
metry parameter (n; = 0.83(3)) [14]. For the TiPd
with lowest hafnium concentration measured with '81Ta
about 90% of the probe atoms exhibit EFG1, charac-
terized by the quadrupole frequency vg; = 312(2) MHz
(m = 0.19(1)). The rest of the probes exhibit slightly
larger EFG2 (v = 354(2) MHz) with larger asymmetry
parameter (2 = 0.59(3)) [15].

TABLE I

The experimental [14, 15] and calculated [16] parameters of
the electric field gradient at ''*Cd and '®'Ta probes in TiPd.
V.. in units of 10%' V/m?.

Lattice|vq (RT) Vel [IVaz [P V] cate .
Probe site [MHz] n (RT) | (0 K) |(0K) n Impurity
Ti 2f | 48.8(7) |0.34(2) [2.43(3) 2.2 |0.56
111
cd 2.76(1
Pd 2e | 37(2) |0.83(3)|1.845)| 27 | 1.0 |0.66| PUTC
Lsip,| Ti2F | 314(2) [0-15(2)[5.50(1) 55 |0.05| Hf
a 5.74(1) N
Pd 2¢ | 354(4) |0.59(3)]6.20(2) ~14.1|0.42|0.18 at.%

Recently the results of the ab initio calculation based
on density functional theory (DFT) performed by Be-
logevié et al. [16] for TiPd intermetallic compounds con-
firmed the assumption that the '''Cd and '¥!Ta sub-
stitutes mainly Ti atoms in the lattice (Table I). The
location of the 1'In/1'1Cd probes in the Pd site was
also verified by these calculations. Since the measured
and calculated V. values at '8! Ta substituted Pd site in
TiPdHf alloy do not match each other, the origin of the
second EFG2 is still not clear. On the other hand, similar
values of the both EFGs but the larger n parameter and
larger frequency distribution § describing the EFG2 can
indicate that the corresponding probe atoms are placed in
Ti-sites but with not perfect environments, disturbed by
defects and/or the presence of the other impurity atoms
in the probe’s neighborhood.

The PAC results obtained for TiPd alloys with the var-
ious admixtures and their concentrations gave the infor-
mation about the compositional dependence of the elec-
tric field gradient acting on the probe nuclei at Ti and
Pd sites. Figure 1 presents the concentration dependence
of the hfi parameters characteristic for the EFG1 (solid
symbols) and EFG2 (open symbols) in TiPd alloy with
Hf, In, Zr admixture, obtained at room temperature.

As can be seen in the left part of Fig. 1, the value of
the EFG1 corresponding to the ''Cd and '8! Ta probes
substituting Ti atoms was almost independent of the ad-
mixture content. However, the significant growth of the
EFG2 was observed up to 1 at.% of indium and zir-
conium. The data obtained for these two admixtures
can be fitted according to the known empirical function
vg(x) = r[l —exp(—cz)] [17]. The determined parameter
r reaches 1.43 and 1.3 for In and Zr, respectively, giving
the v55* = 58(1) MHz for indium and v3* = 53(2) MHz
for the zirconium impurity. The EFG2 measured for the
samples with Hf admixture did not follow this relation-
ship. This favors the interpretation that in this case the
probes are placed at the interstitial or disordered lattice
site.
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Fig. 1. Concentration dependence of the hfi parame-

ters obtained at room temperature in TiPd alloy doped
with Hf, In, and Zr.

The population of the Ti site decreased with increas-
ing impurity concentration, reaching about 80% and 60%
for the maximum content of Hf, Zr, and In, respectively.
Simultaneously, the width § of the frequency distribu-
tion increased, however only small changes in asymme-
try parameter n as observed for all types of admixtures
(Fig. 1, right parts). The variations of the frequency dis-
tributions and asymmetry parameters with the impurity
content can be connected with the oversized probe atoms
comparing to the constituent atoms of TiPd compound
and with the additional impurity atoms or/and defects
nearby the probes.

3.2. Effect of ternary addition on the Mg and Ty

In order to investigate the influence of impurity and its
concentration on the martensitic transformation parame-
ters: the martensitic start temperature Mg and the width
of hysteresis loop T, the series of PAC experiments were
performed for TiPd alloy doped with wide range of Hf,
In, and Zr admixtures. The temperature dependences
of the martensite fraction obtained by the PAC are pre-
sented in Fig. 2. Only three of ten different concentra-
tions of impurity (pure, 0.18 at.% Hf and 1.04 at.% In)
are plotted for the clarity of the figure. The martensitic
fraction reached 100% only for z = 0.18 at.% Hf. For the
higher contents of Hf as well as for other admixture the
fraction is smaller due to the presence of defects and ad-
ditional impurity atoms in the neighborhood of the probe
atoms. As it is visible in Fig. 2, the drastic decrease of
the Mg temperature with increasing impurity concentra-
tion x was observed simultaneously with increase of the

Kawamura et al. [18] reported a similar behavior, evi-
denced in TiAu alloy doped with various elements. A lin-
ear decrease in the Mg temperature with increasing con-
centration (up to 3 mol.% of the impurity) was observed.
In these alloys, they found almost linear relationship be-
tween the Mg and e/a (electron—atom ratio) values, cal-
culated as a number of the sum of the outer s- and

martensite [%]

Fig. 2.

Temperature dependence of the martensitic
fraction in TiPd compound of selected impurity and

its concentration: pure — without admixture, a —
0.18 at.% Hf, b — 1.04 at.% In.
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Fig. 3. Martensitic start temperature Mg and the

width of the hysteresis loop 7w obtained for TiPd alloy.

p-electrons. Moreover, they suggest that not only the e/a
number, but also other factors must influence the Ms.

Figure 3 presents the Mg and Ty values, obtained by
PAC method as a function of the content x of the third
element in TiPd alloy. The strong influence of the admix-
ture on the martensitic transformation is clearly visible.
Although, these phenomena has been reported for several
shape memory alloys [18-20], its origin is still not fully
understood. As can be seen in Fig. 3, both the Mg and
Ty concentration dependences are much stronger for In
and Zr admixture than for Hf. It is noticeable that only
for very low impurity concentration x the linear relation-
ship can be observed. The results obtained for Hf and
In impurities reported in Refs. [14] and [15] confirmed
that the Mg in TiPd depends on the e/a number as well.
However, for Zr admixture this so strong relationship was
not observed.

The calculated e/a number and the measured temper-
ature Mg for the samples with impurities concentration
about 1 at.% are summarized in Table II. The e/a value
was calculated taking into account f +d + s, d + s, and
d+ s+ p electrons for Hf, Zr, and In admixtures, respec-
tively. Our results supported the suggestion that many
factors should be taken into account, when the effect of
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TABLE II

Influence of the ternary addition on the martensitic
start temperature Ms observed in TiPd alloy.

. Concentr. x Ms
Impurity [at.%] e/a K]
Hf 0.94 7120 | 767(2)
Zr 0.99 7.043 | 710(2)
In 1.04 7.020 | 700(2)

ternary addition on the martensitic transformation is dis-
cussed. Beside the influence of the alloy components on
the Mg, the residual stress, internal defects or precipi-
tates could change the transformation parameters.

4. Conclusions

The high sensitivity of the PAC method allowed
us to study on the microscopic scale the martensitic
phase transformation in TiPd intermetallic compounds.
The hfi parameters determined experimentally were
confirmed by the ab initio calculations. The measured
concentration dependence of the EFGs, showed that
the electric field gradient corresponding to the probes
substituting Pd atom rise with the amount of the
third element, while that corresponding to probes
substituting Ti atoms did not change significantly. The
transformation parameters Mg and Ty were determined
with high accuracy for wide concentration range of Hf,
In, and Zr admixtures. The temperature Mg of TiPd
phase was found to decrease with increasing content of
the third element, simultaneously with increase of the
width Ty. Moreover, the strength of these relationships
depended on the type of admixture. Experimental
results showed that the transformation temperature in
TiPd could be tuned between 590 K and 810 K by a
suitable adjustment of the ternary element content.
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