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Tisy.xNizgCuy0Nby alloys with Nb additions of x = 4, 6, and 10 at.% were produced through
arc melting. The phase constitution and morphology were evaluated through X-ray
diffraction, microstructural analyses (scanning electron microscopy/energy-dispersive X-
ray spectroscopy), and thermodynamic calculations (ThermoCalc). The as-cast alloys
exhibited a TiNi matrix, B-Nb/TiNi eutectic, and Ti,Ni precipitates. Under equilibrium
conditions, TiNi and a small fraction of B-Nb were expected. Increasing the Nb content
resulted in a higher B-Nb volume fraction, development of different morphologies for Ti,Ni
precipitates, and formation of Ti particles. The Scheil calculator and virtual composition of
the liquid were used to simulate the effect of chemical segregation during solidification.
We demonstrated that the metastable phases formed during solidification and the Nb
content played a vital role in the solidification sequence, phase distribution, and
morphology of the alloy.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

superelastic cycling, which makes them suitable for a wide
range of new applications [1,2]. Adding a quaternary element
is one of the ways of adjusting the required properties and

The addition of copper as a substitute for nickel in binary
TiNi shape memory alloys is known to result in ternary alloys
with narrow thermal and stress transformation hysteresis,
low composition sensitivity of the transformation tempera-
tures, and increased damping capacity in comparison to bi-
nary TiNi alloys. These characteristics can be associated with
improved structural and functional fatigue properties during
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martensitic transformation temperatures for new potential
applications such as solid-state refrigeration [3—11].

Among various quaternary additions, Nb has been reported
to increase the ductility of ternary Ti—Ni—Cu alloys through
the introduction of the soft B-phase [12,13] and to decrease
their direct and reverse martensitic transformation tempera-
tures [13,14]. Previous studies on this quaternary system have
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demonstrated that Ti—Ni—Cu—Nb alloys exhibit good me-
chanical properties [12,15] and predominant B2+ B19 phase
transformation [13,14], which is characterized by an intrinsi-
cally lower hysteresis than that of B2~ B19' [2]. Their prop-
erties and characteristic transformation temperatures have
been reported to be influenced by Nb content [13,14] and heat-
treatment conditions [12], providing powerful tools for alloy
optimization. Furthermore, the addition of Nb into TissNizas-
Cuy, was reported to significantly enhance the thermal cycling
stability of this alloy [16].

While formability is favored by the increased ductility
resulting from the presence of the soft B-phase, the ability to
control the reversible transformation temperature and the
stabilization of the low hysteresis B2<B19 phase trans-
formation can be highlighted. These results suggest that there
is potential to develop formable TiNiCuNb alloys that could be
suitable for room temperature applications requiring high
functional and mechanical stability during superelastic cycling.

However, only few studies have been conducted on this
quaternary system and the effect of addition of Nb on the
ternary Ti—Ni—Cu system thermodynamics and solidification
microstructure are yet to be explored. Therefore, this study
aims to understand the role of Nb in the phase stability of
Ti—Ni—Cu—Nb alloys through thermodynamic calculations
and microstructural analyses. Based on the binary phase di-
agram analysis [17—-24] and the isomorphous Ti—Nb in-
teractions at high temperatures [21], quaternary alloys were
produced by adding Nb as a substitute for Ti in the Tis,Nias-
Cuyp base alloy.

Melting was performed from elemental constituents
(>99.5% purity) into 30 g ingots in an arc-melting furnace.
This procedure was performed under an argon-controlled
atmosphere in a water-cooled copper mold. Each ingot was
remelted at least six times to ensure chemical homogeneity,
being turned over after each melting/solidification step. A
new Nbl0 sample was cast and homogenized for 24 h at
900 °C to achieve close-to-equilibrium conditions in the alloy
with the highest Nb content. Slow cooling took place inside of
the furnace.

Samples from the as-cast and homogenized alloys were
cut, mounted, ground, and mechanically polished for micro-
structural evaluation through scanning electron microscopy
(SEM)/energy-dispersive X-ray spectroscopy (EDS) (FEI Inspect
S50) with backscattered electrons. X-ray diffraction (XRD) was
used for phase identification in a PANalytical Empyrean
diffractometer with Cu K-« radiation, with 26 ranging from 30
to 110°, at a scan speed of 0.02°/s. Materials Project database
was used for peak indexation based on the phases reported in
previous studies [12—15,25—27]. The relative integrated peak
areas were used to qualitatively compare the phase fractions
of the different alloys.

Differential scanning calorimetry (DSC; Shimadzu - DSC60)
was used to assess the reversible martensitic transformation
of the as-cast alloy. The specimens were cooled to —100 °C and
subsequently heated at 20 °C/min to 100 °C. Cooling to —100 °C
occurred at the same rate as the heating. This heating/cooling
cycle was repeated five times to acquire information on
thermal cycling stability.

2, Experimental procedure

Tis».xNizgCu,0Nby alloys were synthesized with Nb additions
of x = 4, 6, and 10 at%, hereafter referred to as Nb4, Nb6, and
Nb10, respectively. Thermodynamic simulations using Ther-
moCalc (2018b) software were used to predict the equilibrium
microstructures using the TCNI8 (v8.1) database.

2021.11.22.20.07.52
TCNIS : Ti, Ni, Cu, Nb
Pressure [Pa] = 100000.0, System size [mol] = 1.0, Mole percent Ni = 38.0, Mole percent Cu =10.0

3. Results
3.1 Equilibrium simulations
The Tis, xNisgCu;oNby system was initially assessed using its

pseudobinary phase diagram, as shown in Fig. 1(a). The vol-
ume fractions of the equilibrium phases as a function of
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Fig. 1 — (a) Tis-xNizgCu,oNby pseudobinary phase diagram and (b) volume fractions of stable phases with varying
temperatures under equilibrium conditions for x = 4, 6, 8, and 10 at%.
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Fig. 2 — XRD spectra of the as-cast alloys.

temperature in the selected alloys, marked in Fig. 1(a), were
obtained using the equilibrium calculator and are illustrated
in Fig. 1(b). Nb4 is represented by red lines, Nb6 by blue lines,
and Nb10 by green lines. The different dashed lines represent
the different phases illustrated in Fig. 1(b). Under these con-
ditions, all cast alloys should solidify as pure TiNi, and as
much as 5vol% of B-Nb could precipitate during slow cooling.

3.2.  Microstructural evaluation and phase identification
in the as-cast alloys

The XRD spectra of the as-cast alloys are illustrated in Fig. 2.
The B2 type TiNi (MP #571) austenitic phase was identified,
whereas B-Nb (MP #75) and Ti,Ni (MP #1808) peaks were pre-
sent in all compositions.

Fig. 3 — Backscattered electron images of (a,b) Nb4, (c,d) Nb6, (e,f) Nb8, and (g,h) Nb10 alloy at (a,b,c) 1000x and (d,e,f) 5000 x

magnifications.
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Table 1 — Mean element contents measured on the EDS
semi-quantitative analysis of different phases in Nb4,

Nb6, Nb8, and Nb10 as-cast alloys. Values are in atomic
percent.

Ti(at%) Ni(at%) Cu(at%) Nb (at%)
TiNi Nb4 46.5+0.3 41.7 £+ 0.8 9.0+0.9 2.7 +0.1
Nbé6 45.0 + 0.6 412 +1.6 9.8+ 1.6 3.7 +05
Nb10 443 +0.5 429+06 8.1+05 46+0.3
B-Nb Nb4 34.8 +2.0 9.0+4.3 45+ 1.4 51.7 + 6.6
Nbé6 227 +20 7.1+20 3.8+0.8 64.7 + 6.6
Nb10 231+27 10.3 + 1.9 51+10 61.5+5.5
Ti;Ni  Nb4 62.3 +0.2 30.2 £ 0.6 3.7+01 3.8+0.3
Nbé6 56.4 + 1.9 30.8 +0.7 4.6 + 0.6 82+19
Nb10 528 +1.2 31.0+0.1 6.0+ 0.7 10.2 + 0.9
Ti Nb10 90.1 + 2.7 34+1.8 1.4 + 0.5 5+06

Backscattered electron images of the as-cast samples ob-
tained using SEM are shown in Fig. 3. EDS analysis (Table 1)
was used to identify the phases based on the XRD results. The
gray matrix phase, indexed as number 1, was identified as the
TiNi phase. The white phase, number 2, is an Nb-rich phase
identified as B-Nb in the XRD spectra. The dark gray phase,
number 3, was identified as the Ti,Ni intermetallic. Addi-
tionally, the black particles, number 4, exhibited over 90 at%
Ti, suggesting that it is metallic Ti. This phase was not iden-
tified in the XRD pattern, probably due to the small amounts of
the precipitates and/or overlapping peaks of other phases
present at higher fractions.

B-Nb was mainly observed in a lamellar eutectic constit-
uent with the TiNi phase. Its volume fraction, obtained by
dividing the integrated peak areas of this phase by the sum of
all the integrated peak areas in the XRD pattern, increased
with increasing Nb content:15, 23, and 31% were observed in
Nb4, Nb6, and Nb10 alloys, respectively. Ti,Ni exhibited
different morphologies and distributions as a function of the
alloy composition. In Nb4, a dendritic-like morphology was
observed. In NDb6, prismatic precipitates were observed
within the matrix phase and associated with the B-Nb phase

A
spot| det | ——

1.0 mm| 4.0 | BSED

()

and the eutectic structure. In Nb10, the Ti,Ni precipitates
were mainly intercalated with the B-Nb/TiNi eutectic con-
stituent. Metallic Ti was not observed in Nb4; however, it was
noteworthy in the Nb10 alloy, where it appeared in relatively
high amounts as dendrites.

3.3. Effect of homogenization on the Nb10 as-cast
microstructure

The Nb10 alloy was selected for the homogenization treat-
ment such that it would be possible to observe the effect of this
heat treatment on all the identified second phases, namely B-
Nb, Ti,Ni, and Ti. After homogenization, the phase constitu-
tion of the as-cast alloy was maintained, as shown in Fig. 4.

Partial coalescence of the B-Nb lamellae and Ti,Ni particles
was observed, as shown in Fig. 4(a). By comparing with the as-
cast microstructure, it appears that Ti,Ni precipitates formed
and coalesced around the Ti particles, as indicated by the
arrow. There were also regions, as shown in Fig. 4(b), where no
apparent second-phase coalescence occurred. In turn, fine
precipitation within the TiNi matrix was observed both in
regions with high and low second-phase coalescence, as
highlighted by the rectangles. The contrast of these pre-
cipitates in the backscattered analysis suggests that they are
also Nb-rich.

3.4.  DSC analysis

The Nbé6 alloy, with an intermediate Nb content, was selected
for thermal stability analyses. The DSC chart obtained during
the thermal cycling of this alloy, as illustrated in Fig. 5,
showed a stable transformation behavior. It exhibited an
austenitic finishing temperature (Af) less than, but close to
room temperature, favoring further superelastic cycling. With
thermal cycling, Af varied from 13.7 °C in the first cycle to
14.3 °C in the fifth cycle, as obtained from the tangent line
method. Variations of 1.2 °C and 0.4 °C were observed on the
direct and reverse martensitic transformation peak tempera-
tures, respectively.

\ spot| det
11.0 mm| 4.0 | BSED

(b)

Fig. 4 — Backscattered electron images obtained in the SEM analyses in different regions of the homogenized Nb10 alloy at

5000 x magnification.
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Fig. 5 — DSC chart for the thermal cycle test of as-cast Nb6 alloy during (a) heating and subsequent (b) cooling.

4, Discussion

From conventional thermodynamic calculations (Fig. 1), TiNi
and B-Nb are the equilibrium phases for all the cast alloys.
However, these alloys also exhibited Ti,Ni intermetallic
phase, as in Ti-rich TiNi alloys. B-Nb and Ti,Ni particles
exhibited stable behavior during homogenization. At a tem-
perature where no Ti,Ni is thermodynamically expected, this
phase coalesced rather than dissolving. The metallic Ti
observed in the Nb10 alloy was partially dissolved to form
Ti,Ni during the homogenization treatment. The fine precip-
itation formed within the TiNi matrix phase in the homoge-
nized sample appears to be B-Nb, which resulted from a
supersaturation of Nb on the TiNi matrix.

The morphology and distribution of the B-Nb and Ti,Ni
phases in the as-cast microstructures suggested that they

formed during solidification. The coalescence of these phases
during homogenization, in turn, implies that local equilibrium
conditions have been reached, resulting in a stable micro-
structure. Based on these results and discussions, the Scheil
calculator was used to predict the phases formed during so-
lidification. In this calculation, the equilibrium chemical
composition of the solid phases formed at varying tempera-
tures is considered, whereas diffusion is only expected to
occur in the liquid.

In Fig. 6, the solid phases in equilibrium with the liquid
are presented as functions of temperature and solid fraction.
The results are in qualitative agreement with the observed
microstructure: solidification starts with the formation of the
TiNi matrix, whereas the B-phase and the Ti,Ni intermetallic
phase are predicted in the final stages. The solidification
process is concluded by the occurrence of a eutectic reaction
in all the alloys. In Nb4 and Nb6, Ti,Ni solidification occurs
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Fig. 6 — Simulation of solidification using the Scheil calculator.
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Fig. 7 — Equilibrium analyses of (a) TiNi pseudobinary with fixed Nb and Cu contents at different stages of solidification and
(b) TiNb pseudobinary with fixed Ni and Cu contents on the final stages of solidification.

before the eutectic reaction, being favored in the alloy
with a lower Nb content. In Nb10, the B-phase appears
first. The eutectic temperature is related to the presence
of all these three phases in equilibrium with the liquid.
Because it is a quaternary system, a reaction taking place at a
constant temperature implies a four-phase reaction, L —
TiNi + B + Ti,Ni.

It is worth pointing out that the presence of Ti dendrites
was observed in Nb10. The formation of the BCC B-phase
outside of the eutectic was predicted in the Scheil calculation
of this alloy. This B-phase can contain varying amounts Ti and
Nb, and it is possible that of B-Ti formed directly from the
liquid with dendritic morphology.

Considering that cooling takes place out-of-equilibrium,
possibly leading to high chemical segregation when solid
phases are formed, further analyses on the equilibrium pha-
ses that take place were performed. Virtual liquid composi-
tions at varying temperatures for the Nbé6 alloy, obtained via
Scheil calculations, were used in the equilibrium calculator to

obtain pseudobinary diagrams considering the tendencies
observed in the liquid composition variation. Under 90% solid
formation, Ti—Ni pseudobinaries were analyzed with fixed Nb
and Cu contents at different stages (Fig. 7(a)). In this region,
the formation of the three-phase L — B + TiNi eutectic suc-
ceeding the pre-eutectic formation of TiNi is expected, even
within the TiNi + liquid region shown in Fig. 6.

In the final stages (Fig. 7(b)), where the calculated Ni and Cu
contents were relatively low and fixed, a Ti—Nb pseudobinary
was analyzed such that the partition of Ti and Nb in a liquid
enriched in these elements could be assessed. It was observed
that the formation of Ti,Ni can occur in different ways. At low
Nb contents, it forms individually from the liquid and is suc-
ceeded by the occurrence of a four-phase L — TiNi + B + Ti,Ni
eutectic reaction. At intermediate Nb contents, it occurs only
in the four-phase eutectic reaction after the formation of the
B-phase and three-phase L — TiNi + B reaction. In turn, at high
Nb contents, Ti,Ni does not form, and only a three-phase
eutectic is observed. These results are consistent with the
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Fig. 8 — Liquidus projection of ternary Ti—Ni—Nb.

different morphologies observed for this phase in the micro-
structural analysis of Nb6, where it appeared within the TiNi
matrix in association with the TiNi + B eutectic constituent.

The Ti—Nb pseudobinary represented in Fig. 7(b) can also
be used to interprete the microstructure of Nb4 and Nb10 al-
loys. In Nb4, Ti,Ni exhibited a dendritic-like morphology
because it was formed from the liquid phase. In Nb10, Ti,Ni
was only observed intercalated with the TiNi + B eutectic
constituent, which was predominant in relation to the three-
phase TiNi/B-Nb/Ti,Ni eutectic. In this alloy, metallic Ti was
observed as dendrites, also formed from the liquid phase.
These results indicate that higher amounts of Nb hinder the
formation of the Ti,Ni intermetallic by stabilizing B-Ti.

This behavior is closely related to the Ni—Ti—Nb ternary
system, whose liquid projection, illustrated in Fig. 8, shows
the formation of different three-phase and four-phase
eutectic reactions involving the TiNi, B, and Ti,Ni phases. In
alloys with higher Nb contents and, thus, higher Nb enrich-
ments in the liquid, the formation of the p phase and three-
phase L — TiNi + p reaction are favored, leading to the pres-
ence of B-Ti and higher fractions of TiNi + B-Nb lamellae. In
contrast, alloys with lower Nb contents exhibited a favored
formation of Ti,Ni, which was also embedded in the TiNi
matrix, while no B-Ti was observed.

Therefore, the phases obtained in the as-cast alloys were
observed in the equilibrium phase diagrams when chemical
segregation during solidification was considered. Further-
more, the different morphologies and distributions observed
are consistent with the different cooling sequences in these
calculations and were directly related to the Nb content of the
alloy. The resultant microstructure exhibited high stability
because local equilibrium was reached, and metastable

second phases were not easily dissolved, as indicated by the
homogenized microstructure.

Although the produced alloys presented a complex
microstructure constituted by metastable phases that were
not dissolved during homogenization, the TiNi martensitic
transformation promoted in the calorimetric test of the as-
cast alloy exhibited high reproducibility. Because higher
changes in transformation temperatures are expected to
occur within the initial thermal cycles in TiNi alloys [28—32],
the reproducibility observed in the martensitic trans-
formation of the alloy indicates a high thermal stability.

An Af less than, but close to room temperature, obtained
for the Nbé6 alloy indicates that superelastic behavior may be
achieved at room temperature. Therefore, the results ach-
ieved for the as-cast microstructure indicate the potential of
alloys with stable room-temperature superelasticity.

5. Conclusions

In this study, Tis;-xNisgCuioNby, x = 4, 6, and 10 at% alloys
were produced, and the effect of Nb on the phase stability
was evaluated using microstructural analyses and thermo-
dynamic simulations. All the cast alloys were composed of a
matrix TiNi phase, a eutectic TiNi/B-Nb constituent, and Ti,Ni
precipitates. Despite not being expected from ideal equilib-
rium conditions, B-Nb and Ti,Ni can be formed during solid-
ification owing to chemical segregation: the former, in
eutectic reactions, and the latter, embedded in the TiNi ma-
trix or within a four-phase eutectic constituent. The
morphology of the Ti-rich intermetallic was associated with
the Nb content of the alloy and Ti/Nb partition on the liquid.
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A higher Nb content seemed to hinder the formation of Ti,Ni,
and metallic Ti was also observed in Nb10. This phase
constitution exhibited stable behavior during homogeniza-
tion treatment, which was related to the development of local
equilibrium conditions.
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