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Abstract

TizeNigg—oZr15Ta, (z = 5, 10, 15 at.%) alloys were prepared using a lab-scale arc-melting
furnace and homogenized at 1173 K under an argon atmosphere for 2 hours, followed by furnace
cooling. The buttons were sliced into 1-2 mm-thick sheets using wire cutting. These sheets
were solution-treated under an argon atmosphere, followed by aging and annealing. The results
revealed an increase in hardness with Ta addition, due to solid-solution strengthening. With
aging and annealing, the hardness decreased due to the softening effect of Ta diffusing from the
matrix to form beta phase (3), whose peaks were observed in XRD for the quaternary samples,
as well as the development of B2 peaks for the 10 Ta and 15 Ta samples in the diffractogram.
Microstructure analysis showed grain refinement with 5 Ta addition. At higher Ta content of
10 and 15 at.%, the martensite structure coarsened due to decreased grain boundary mobility.

Key words: shape memory alloys, martensite, phase transformation, microstructure, hard-

ness

1. Introduction

Titanium-nickel (TiNi) shape memory alloys
(SMAs) have been widely explored for their unique
shape memory and superelastic characteristics [1,
2]. This has led to current and potential research
and development across multiple application do-
mains, including automotive, industrial, aerospace,
and biomedical sectors [3-6]. This is made possible by
extensive research aligned towards understanding the
full scope of their properties [7-9]. Research has con-
firmed that stoichiometric and Ti-rich compositions
of TiNi alloys undergo a single-step transformation
from a B19’ monoclinic low-temperature phase to a
B2 austenitic phase, whereas Ni-rich compositions un-
dergo a two-step transformation cycle from Austen-
ite (B2) — Orthorhombic (B19) — Monoclinic (B19’)
phase [10-12].

In addition, the Ni-rich system compensates for the
mechanical properties by forming fine TizNiy precip-
itates, thereby optimizing cyclic mechanical and su-
perelastic behavior [13, 14]. In contrast, the Ti-rich al-
loys contain micron-sized TisNi-type precipitates that
do not provide strengthening due to their incoherency
with the matrix [15, 16]. Moreover, a key issue with
this binary TiNi system is its low transformation tem-
perature, which limits its scope of use to below 70°C
[17-22]. Certain ternary alloying elements effectively
compensate for this and increase the martensite trans-
formation temperature for use, i.e., Pt, Pd, Au, Hf,
and Zr. This has led to the exploration and develop-
ment of high-temperature shape memory alloys [23,
24].

The TiNiZr shape memory alloy system has been
touted for requiring lower additions to raise the trans-
formation temperature above 373 K than other op-
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tions, such as TiNiPd, and for being more readily
available and cheaper than gold and platinum addi-
tions [25]. However, this system faces specific issues
that hinder its practical applications. TiNiZr alloy un-
dergoes phase degradation around 1198 K, in which
the matrix decomposes into a liquid phase, which is
detrimental to the overall system performance. In ad-
dition, it exhibits poor cyclic transformation stabil-
ity, with the transformation temperature decreasing
sharply with repeated cycling. Furthermore, Zr addi-
tion rapidly deteriorates the workability of the alloy
beyond 10 at.%, becoming almost negligible at 25 at.%
[26, 27].

To address these issues, quaternary additions have
been explored for decades to overcome the limitations
of ternary SMAs. In particular, the use of S-phase sta-
bilizer elements such as niobium (Nb) and tantalum
(Ta) has been effective in resolving phase and mecha-
nical stability issues and imparting superior chemi-
cal resistance [28-34]. This alloy system has been re-
searched previously. Hsieh has conducted in-depth re-
search on the addition of Zr to the properties of TiNi
SMA, focusing on the effect of Zr content on trans-
formation temperature, texture, hardness, and the in-
fluence of cold rolling on these properties [35]. In a
subsequent study, Hsieh evaluated the influence of Zr
content on lattice parameters and phase formation
[36]. Furthermore, another work reported on a Ti-rich
TiNiZr alloy, providing an in-depth evaluation of the
microstructural phases and highlighting an incipient
melting phase that is detrimental to mechanical prop-
erties and forms around 930°C [37]. Zhang worked
on Ni-rich materials, evaluating their properties as a
function of repeated cold-rolling and heat treatment
[38]. However, the influence of the composition of these
elements on TiNiZr-based systems has not been thor-
oughly investigated. The present work investigates the
influence of Ta addition on the properties of these arc-
melted alloys, as well as the effect of subsequent heat
treatment on mechanical properties, microstructure,
and phase development. The work will emphasize the
use of an atomic force microscope for martensite struc-
ture analysis, an optical microscope, XRD to analyze
the phases present, and Vickers hardness testing.

2. Experiment

TiseNigeZri5Ta, (z = 5, 10, 15) alloys were pre-
pared using high-purity (> 99.9 %) elements. The el-
ements were purchased as solid pieces and cold-rolled
into thin strips. These were then cut into fine chips (1-
2mm) and weighed using an analytical balance. The
chips were cleaned using a 1:10 mixture of HF and
HNOg3, then with analytical-grade acetone in an ul-
trasonic cleaner. After that, they melt in a Mini Arc
Melter (MAM-1) furnace and cast into small buttons.

All the alloy buttons were remelted at least 5 times
to ensure homogenization. The buttons were then
vacuum-sealed and homogenized at 1173 K for 2 hours
in an argon atmosphere, with the specific temperature
and time chosen because they provide the minimum
temperature required to solutionize the samples by
eliminating most second-phase particles [39, 40]. After
homogenization, the buttons were cut into thin, small
slices 1-2 mm thick using electric discharge machin-
ing (EDM), which were then sealed in titanium foil
and solution-treated at 1173 K for 1 hour, followed
by quenching in ice water. The solution-treated alloys
underwent two further heat treatments, namely aging
and annealing. In the aging treatment, the solution-
treated alloys were heated to 773 K for 1 hour, followed
by quenching in ice water; in the annealing treatment,
the alloys were cold-rolled to 10 %, heat-treated at
773K for 1 hour, and subsequently quenched in ice
water. The heat-treated alloys were mounted, ground
to 2400 grit, and polished with nano-alumina paste
and a pad. Optical microscopic (OM) image analysis
was performed using an Olympus optical microscope,
in which image capture was conducted using an au-
tomated adjustment feature in the software for best
image capture, and atomic force microscopy (AFM)
was performed using Nano-Flex surf AFM, in which
a maximum cross-section of 100 um x 100 um was
used. For etching, a 2:2:6 volume ratio of H,O, HF,
and HNOj3; was used to reveal the microstructure.
Hardness testing was carried out using Vickers test-
ing with a 50-gram load, with 10 indents per sample;
the average was used. Phase analysis was performed
using a Bruker XRD instrument with a step size of
0.02° min~—! and an angular range of 20°-80°.

3. Phase change by XRD

The XRD analysis was performed to identify the
phases formed in the sample. The phase analysis re-
vealed a peak shift, as shown in Figs. 1-4. Different
peaks were analyzed to highlight the phases present.
The peaks were identified and compared with the liter-
ature [41, 42]. The peaks for 35° and 38° were indexed
as (001)y and (110)y and denoted with ‘M’. The (T4,
Zr),Ni phase peaks were also identified, which agrees
with previously published literature [36, 43-45]. The
(Ti, Zr)3Ni peaks were identified at 32, 49, and 68°C,
corresponding to the (511), (422), and (800) crystallo-
graphic planes, respectively. The peak at 63° overlaps
with the peak for precipitating and oxide formation.
The beta (f)-phase peaks were found in 5, 10, and
15 Ta and found to be consistent with previously pub-
lished work [33, 46, 47].

The key peaks observed with the ternary alloy sys-
tem correspond to the B19’ monoclinic peak and the
presence of (Ti, Zr)s;Ni-type second-phase particles.
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Fig. 1. The combined XRD analysis of the base alloy after
heat treatments.
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Fig. 2. The combined XRD analysis of the 5 Ta alloy after
heat treatments.
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Fig. 3. The combined XRD analysis of the 10 Ta alloy after
heat treatments.
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Fig. 4. The combined XRD analysis of the 15 Ta alloy after

heat treatments.

Table 1. The combined XRD analysis of the alloy sam-
ples in solution-treated (ST) conditions

S. No Alloy label Grain size (um) Roughness, Ra (nm)

1 0 Ta ST 0.757 146.1
2 0 Ta An 0.820 147.2
3 0 Ta Ag 18.5 82.5
4 5 Ta ST 0.473 103.9
5 5 Ta An 0.332 175.1
6 5 Ta Ag 0.565 121.0
7 10 Ta ST 0.757 125.0
8 10 Ta An 0.654 130.5
9 10 Ta Ag 0.704 162.9
10 15 Ta ST 0.147 163.2
11 15 Ta An 1.51 125.0
12 15 Ta Ag 219.0 28.1

The monoclinic phase shows strong peaks at 260 = 35°
and 42°. Furthermore, multiple peaks correspond to
second-phase precipitates present in the matrix. This
is attributed to the formation of second-phase pre-
cipitates during quenching, despite the formation of
a homogeneous matrix. The reason not to choose a
higher homogenizing temperature was to prevent the
formation of the embrittling delta phase, which desta-
bilizes the transformation behavior and shape mem-
ory response when the sample is heated at and above
1198 K. Aging and annealing treatments increase peak
intensities, particularly of the (Ti, Zr)sNi-type pre-
cipitates [34]. Beta (8)-phase peaks appear with tan-
talum (Ta) addition in the matrix. With 5 Ta addi-
tion, the lower-index peak at 260 = 39° was prominent,
while at higher Ta additions, the higher-order peaks
became prominent at approximately 55° and 70°. The
transition to higher planar indices for S-phase peaks
highlights a change in the growth region, particularly
around the B2 phase.



292 S. A. Raza et al. / Kovove Mater. 63 2025 289-298

14 140K 0 —r1
| bo2 120806 P2
3
100K 06 B
= LOOE-07 ———
£ ——P

= L00E- 07

400K 07

-04 Look 07

02 000K + 00
OGE+00 S00E06 LOGEOS 1S0E05 LOGE-0S 1S0K0% M00E 05 ASOE 0%
o (m)

1050 w0007
00807 o~

08 - =
00K 07

S00K.-07

E o or
-

Avor.a7
200807
Loog o7

DO0E +00
-0 1 K 00 2008 06 AOK 06 SOE 06 KOO 06 100K 08
% (m)

14y o8 o

12 200K 06
B 15006

100K 06

¥ i)

S00E 07

000K + 00
OOEA00 SO0E06 LOOEOS LSOEES 100K 08 1S0EES A0OE0S  LS0K 05
u ()

FT10pm 150806

o8 1Leok 0a
1.408 06
1.208 08

= o

i 100K

02 - LOOE-07

00 S00E 07

400807

ook o7

000K + 00
000K + 00 100K 0% 100K 08 Aok ot 400K 0t
5 (m)

Fig. 5. The combined AFM analysis of the alloy samples in the solution-treated (ST) condition.

Additionally, the aging and annealing treatments
benefited the growth of (Ti, Zr);Ni-type second-phase
particles in the matrix, along with the precipitation of
the S-phase [48]. The intensity of second-phase precip-
itates increased primarily in the ternary alloy. With Ta
additions of 5, 10, and 15 at.%, the 3-phase peaks also
showed increased intensity compared to the ST con-
dition, highlighting that aging promoted the diffusion
of Ta out of the (Ti, Zr)(Ni, Ta) matrix [49]. The in-
crease in precipitation reduces the ratio of S-forming
elements in the matrix and lowers the transformation
temperatures, as observed for the base and 5 Ta com-
positions.

4. Microstructure analysis

The microstructure showed a trend dependent on
Ta content; however, it reversed at higher Ta content.
This can be either due to a certain solubility limit
of Ta in the matrix or the solubility limit varying in
the B2 cubic and B19’ martensite phase. With 5%

added, the grain structure was observed to be refined.
This is determined quantitatively by calculating the
mean martensite variant size using AFM, with val-
ues of 0.473, 0.332, and 0.565 nm for 5 Ta in solution-
treated, aged, and annealed conditions, respectively.
The addition of Ta increased the mean grain size. This
is evident in the optical microscope results, which pro-
vide a larger observable area. At 5at.% addition of
Ta results in an entirely martensitic matrix [50]. The
analysis is shown in Figs. 5-7, and the optical micro-
scope results are highlighted in Figs. 8-10.

The optical microscope results showed that the
10 and 15Ta samples contained mixed fractions of
B19’ martensite and a second phase, identified as B2
austenite [51]. The martensite morphology is thin,
needle-like when 5 Ta is added to the ternary TiNiZr
system, showing an overlapping martensite structure,
which transforms to a plate-like morphology with fur-
ther Ta addition. The 15 Ta optical microscope also re-
veals the untransformed B2 cubic phase, as evidenced
by XRD peaks. The lattice parameters also increase
with the increasing Ta content [52, 53]. Furthermore,
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Fig. 6. The combined AFM analysis of the alloy samples in the aged condition.

post-processing treatments alter the morphology of
the microstructure. After aging, the base alloy under-
goes grain growth, with the mean grain size increas-
ing to 0.565 um. The annealing treatment further in-
creases the mean martensite size, which is calculated
to be 0.332 um. The increase in martensite could be
attributed to a decrease in the enthalpy and entropy of
transformation in both the exothermic and endother-
mic directions when tantalum is added, which reduced
the internal friction of transformation [54].

Annealing treatment increases the mean size,
though the difference is not significant compared with
the ST samples. This indicates that annealing may
have provided stress relief in addition to grain growth.
More importantly, the dislocations generated by cold
rolling increased the lattice strain energy, thereby fa-
cilitating grain growth and precipitation in the matrix.

5. Hardness testing

The hardness of the samples is directly correlated

with the volume fraction of Ta and varies with the
applied heat treatments, as shown in Fig. 11. As the
Ta content increased, the hardness increased due to
solid-solution strengthening, which expanded the lat-
tice. This increased to 426.85 from 284.73 for the
ternary base composition under the same treatment.
Conversely, the hardness of the ST condition is the
highest among all three treatments for all the com-
positions created. The largest observable difference is
for 5 Ta, where the ST sample had a hardness of ap-
proximately 390 HV, and the aged sample’s hardness
decreased to 324 HV, the difference being 64 HV.

The annealed sample of the same composition was
found to have a slightly higher HV of 335, owing
to precipitation into defects and stress-relieving that
formed during cold rolling [55].

The hardness also seems to reach saturation as the
Ta amount approaches 15 at.%. This indicates that
the Ta atoms reach the occupancy limit in the ma-
trix and that second-phase particles provide ineffec-
tive strengthening due to their incoherent interface
with the matrix. Another key factor to consider is the
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Fig. 8. The optical microscopes of the solution-treated samples are shown in (a) base, (b) 5 Ta, (c¢) 10 Ta, and (d) 15 Ta.
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Fig. 10. The optical microscopes of the annealed samples are (a) base, (b) 5 Ta, (c) 10 Ta, and (d) 15 Ta.
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Fig. 11. The hardness values of the alloy samples as a
function of different heat treatments.

transformation temperature. With the further addi-
tion of the Ta beyond 5 %, the transformation tempe-
rature was suppressed below room temperature, and
austenite was retained in the matrix. The austenite
phase has higher hardness, which could be offset by
increased precipitation of the Ta-rich phase in the ma-
trix due to the solubility limit [56]. This is confirmed
by the increased intensity of the B2 peaks in the 10
and 15 Ta XRD diffractograms at 26 values of 41° and
45°, which have superior mechanical properties [57].

The aging treatment exhibited similar behavior, in-
dicating a coherent effect of Ta content on hardness.
This also indicates that the trend is unaffected by the
retained austenite volume in the matrix. Therefore,
the precipitation volume increases with increasing Ta
content in the matrix. It may be that a higher Ta
content is found in specific regions, though this re-
mains to be studied. Annealing treatment produced a
sharper increase in hardness; at 15 Ta, the value was
comparable to that of ST samples. This highlights the
synergistic effect of cold-rolling and heat treatment
on mechanical properties. However, the hardness of
the annealed samples does not exceed that of the ST
sample, reaching 428 HV, compared with 426 HV for
15 Ta in the ST condition [58].

5. Conclusions

Based on the results analyzed from this study, we
have reached the following conclusions:

1. Adding Ta leads to gradual coarsening of
martensite structure after refinement at 5at.% addi-
tion.

2. The addition of Ta leads to the formation of

increased second precipitates and the Ta-rich S-phase.
3. The heat treatment promotes the precipita-
tion of the second phase (Ti, Zr)oNi type phases and
Ta-rich S-phase.
4. The addition of Ta also increases the hardness of
the alloys. This trend persists in all heat treatments.
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