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Abstract

This study investigated the effect of annealing on the microstructure, mechanical properties, and thermal properties of
Tis; ,sNiy  ,5Nb; 5 ternary nitinol alloy manufactured using the laser direct metal deposition (LDMD) technique. The
mechanically pre-alloyed powder consisting of the composition of Tis, sNi4, sNb; s was used as a feedstock to manufacture
cubic samples on a Ti6Al4V base plate. The manufactured samples were subjected to post-heat treatment at temperatures
of 700 °C and 900 °C. The produced samples were then characterized using scanning electron microscope (SEM), Vickers
hardness, nano-indentation, Differential Scanning Calorimeter (DSC), and X-ray diffraction (XRD). SEM micrographs of
both annealed samples showed dissolution of the eutectic phase that was present in the as-built sample into the matrix as
B-Nb phase, which resulted in the annealed samples having increased hysteresis. The Ni;Ti peaks’ prominence increased
with annealing temperature, leading to an increase in hardness.

Introduction

Nickel (Ni) and titanium (Ti) binary alloy, also known as
Nitinol (NiTi) alloy, is produced at approximately equal
atomic percent of pure Ni and pure Ti. This combination
has special properties, such as superelasticity, shape memory
effect, low stiffness, and good corrosion resistance [1, 2]. In
1959, Scientist, Buehler W.J., discovered the shape memory
effect of NiTi when heating a folded strip of NiTi. [3], since
then there has been industrial applications in the aerospace
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and medical fields for this alloy. In the aerospace sector,
nitinol alloy is used for the manufacture of aircraft thermo-
power actuators and thermomechanical connectors, and
within the medical field, it is used as constrictive stents and
implants [4]. The use of nitinol material for manufacturing
implants and stents has surpassed the use of stainless steel
because nitinol has good biocompatibility and low elastic
properties [5].

The most common manufacturing process used to pro-
duce nitinol implants and stents is still the casting or pow-
der metallurgy process, also known as the sintering process.
However, both these processes have limitations. For instance,
the production of nitinol via vacuum arc melting requires
an inert atmosphere to avoid oxidation, and in addition, the
use of crucibles to cast is likely to contaminate the final
product, which can impact the mechanical properties. Also,
the casting process involves multiple steps, which include
melting, alloying, casting, and removal of unwanted material
(pouring and risers) before the final part can be machined,
work hardened, and annealed, which is time-consuming.
On the other hand, the sintering process requires a higher
temperature, which attracts the formation of impurities [6].
Moreover, these processes have limitations in fabricating
complex parts [7]. The as-cast NiTi components manufac-
tured for biomedical applications have an elastic modulus
ranging from 28-41 GPa for the B19 martensitic phase and
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41-75 GPa for the B2 austenitic phase.This is slightly higher
than the elastic modulus for human bones measured using
ultrasonic testing, which ranges between 10 and 30 GPa [8,
9]. Current research proposes that nitinol samples can be
enhanced or improved by adding third metallic elements to
the binary balanced Ti—Ni alloy to form a ternary NiTi alloy
[10, 11]. Commonly known elements are niobium (Nb), iron
(Fe), and copper (Cu), and among these elements, Nb is one
of the promising additions since it has good biocompatibil-
ity and it enhances mechanical properties. However, minor
additions have yielded an increase in hardness due to the
interstitial hardening effect [11, 12], while excess additions
of Nb yield segregation of f-Nb-rich, with a eutectic struc-
ture; therefore, a balance must be attained.

Ying et al. [12] observed that microalloying of nickel-
rich NiTi alloy with 3.5 wt% and 5 wt% Nb, respectively,
improved the yield strength and ductility, thus making it
easier for machining. Nb also serves as a lubricant in nitinol
alloy, where it forms the Nb,O5 phase that improves the
surface wear resistance [11, 13]. In addition, Nb improves
the hysteresis of NiTi samples [14], and copper (Cu) does
not [12, 15-17]. It was observed that less or more of Nb
added leads to the reduction in the shape memory effects
because of the irreversible plasticity of Nb [13], and that
ultimately, when fabricated using arc melting, the NbNiTi
sample transformation temperature increases when the ratio
of Ni: Ti (>) is greater or equal to 1; otherwise, the Mg
temperature is reduced when Ni:Ti ratio is less or equalling
(<L) to 1 [18, 19]. However, Zhu et al. [7] found that
Ni,;TiyyNbg plate produced via induction arc melting and
then hot worked at 850 °C yields a significant improvement
in the recovery rate.

Heat treatment has a positive influence on the resulting
microstructure; it reduces residual stresses, brings about the
homogenization of precipitation, and eventually enhances
the mechanical properties, including superelasticity and
shape memory behavior [6]. Moreover, aging tremendously
impacts the superelasticity of NiTi alloys even at short
durations [17], and over prolonged time, it can somewhat
diminish. Precisely, the shape memory and superelasticity of
a deformed nitinol binary system (Ni—Ti) can be recovered
by aging at temperatures ranging from 500 to 550 °C. Halani
et al. [6] also found that annealing of nickel-rich nitinol at
1050 °C reduces the martensitic start temperature to below
- 60 °C.

While cast and heat-treated NiTi parts are promising,
the challenge is in producing complex parts. Additive
Manufacturing (AM), a group of manufacturing techniques
including direct energy deposition (DED) and selective laser
melting (SLM), seems to be gradually getting traction within
the manufacturing industries globally. AM process is popular
in fabricating complex shape parts, such as those found
in the biomedical field, layer-by-layer [20-22]. However,
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fabrication of implants using the AM process yields higher
hardness than the as-cast due to the fast cooling [11, 14],
leading to difficulties in machining and high wear on tools.
To fabricate industrial stents using AM, it is proposed that
during manufacturing, laser energy density must be reduced
[23]. Unalloyed nickel-rich nitinol (NissTi,s) produced via
the SLM system has a higher hardness [16], making this
alloy prone to cracking and difficult to machine. Polozov
et al. [4] showed that a ternary NiTiNb sample produced via
SLM has an increased Hysteresis, while Zhang et al. [24]
showed that the annealing of NiTiNb alloy increases both the
hardness and tensile strength. Xi et al. [25] investigated the
effect of solution heat treatment at 1273 K on microstructure
and functional properties of NiTiNb fabricated via laser
powder bed fusion, and the results showed distributed
precipitates and coarsened f-Nb phase, which improved
tensile strength. Moreover, hysteresis was not affected by
the holding time.

While it is evident from the literature that adding Nb
on Ni/Ti ratio <1 reduces the Ms temperature, and that
annealing significantly improves hysteresis, there is still
a gap in studies that report the effects of annealing the
Ti-rich ternary nitinol alloy that is micro-alloyed with
Nb and produced using DED techniques. In this study, the
investigation focused on studying the influence of annealing
on the microstructure, mechanical, and thermal properties of
Ti—rich nitinol that contained Nb (Tis;.,5Niy; ,5Nb; 5 alloy)
synthesized using the LDMD technique. In the future, the
current authors will investigate further the effects of energy
density during DED of NbTiNi samples.

Materials and methods

Elemental powders of pure nickel (99.7% Ni) and pure
titanium (99.6%) were supplied by TLS Technik GmbH, and
pure niobium (99.5% Nb) was supplied by Weartech (Pty)
LTD. All three powders were spherical, having particle sizes
ranging from+45 pm to — 95 um. It is known that spherical
powder particles have good flowability and do not clog the
nozzle during the LDMD process as compared to irregular
powder [26, 27].

The powders were pre-mixed using a Tubular T2F mixer
at 300 rpm for 12 h to achieve a homogenized mixture of
Tis; 25Niy) 25sNby 5.

The deposition was done in a layer-by-layer manner using
an IPG fiber laser. The GTV powder feeder was used to
transport powder to a 3-way nozzle head attached to the
KUKA robot arm.

Optimum laser process parameters that include laser
power of 600W, laser scanning speed of 0.5 m/min, beam
diameter of 2 mm, and shielding Argon gas of 15 1/min
were used to fabricate 30 X 30X 55 mm cube samples on a
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Ti6Al4V base plate. The produced cube was wire machined
to 8 X4 x4 mm rectangular samples for the heat treatment
process and X-ray diffraction (XRD) characterization. For
heat treatment, a carbolite furnace was heated at a rate of
10 °C/min to 700 °C and 900 °C, respectively, for 2 h, and
the samples were furnace cooled.

Differential scanning calorimeter (DSC) DSC2A-
02589, equipped with a cooling system (RCS90), was
used to measure the phase transition temperatures. For
DSC experimentation, microgram-sized shavings samples
of about 6 mg in weight were used, and the samples were
heated and cooled at a rate of 10 °C /min to determine the
solid—solid-transition temperatures of the fabricated nitinol
sample.

The as-built and heat-treated samples were metallograph-
ically prepared, surface polished to a mirror finish, etched
with Kroll’s reagent, and then characterized using Jeol JSM
6510 scanning electron microscope (SEM) with energy dis-
persive spectroscopy (EDS) and micro-Hardness (HV) using
Zwick Vickers machine at a load of 500 g and dwell time of
10 s. XRD (XPERT PRO Analytical Netherland) that uses
Cu ko radiation (#=0.1545 nm) set at voltage and current
settings of 45 kV and 40 mA, respectively was used. X-ray
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patterns were scanned over a 26 range from 10 to 90°. XPert
and High score software were used to analyze the XRD pat-
terns. The described process is summarized in Fig. 1.

Results and discussions

Figure 2 presents the microstructure and phase identity of
the as-built and heat-treated samples.

SEM micrographs consisted of a dark phase rich in
titanium, a light gray matrix that contains approximately
50-50 Ti—Ni plus Nb, and a whitish boundary rich in Nb.
Figure 2b sample shows nucleation of dendrites, while
Fig. 2c shows dendritic grain growth. It is known that
dendritic growth in material affects mechanical properties.

The as-built in Fig. 2a shows a secondary lamella
structure precipitate (NiTi and Nb) between the grains,
which is the product of the pseudo-binary eutectic reaction
of NiTi—Nb as proposed by Piao et al. [28]; this lamella
precipitate suppressed the martensitic phase and Ti2Ni
intermetallic which contributed in reducing the martensitic
transition temperature [14]. However, after annealing, the
B-Nb phase dissolves into the NiTi matrix, which is expected
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Fig.2 Microstructure and XRD pattern graphs of the (a) As-built, (b) annealed at 700 °C, and (c¢) annealed at 900 °C samples

to affect martensitic transition temperatures and mechanical
properties according to Fan et al. [18] and Wei et al. [19].

X-ray diffraction was used to determine the phases of
the as-built and the heat-treated samples. Figure 2 shows
the XRD patterns of the (a) as-built Tis; ,5Niy; ,sNb; 5,
(b) sample annealed at 700 °C, and (c) sample annealed
at 900 °C, respectively. The XRD patterns confirmed the
presence of the Ti,Ni, Ni;Ti, f-Nb-rich, austenitic phase
(B2), and martensitic phase(B19). An increase in the
martensitic (B19) peak intensity was observed on both
annealed samples (Fig. 2b, c) as compared to (Fig. 2a)
as-built. There was also an increase in the proportion of
Ni,;Ti identified with an increase in annealing temperature.
It was assumed that annealing brings about oxidation of
titanium, which reduces the ratio of Ni/Ti transitioning to
Nickel-rich and leads to the formation of Ni;Ti. Nucleation
of brittle intermetallic (Ni;Ti) into the matrix yields an
increase in hardness.

Figure 3 represents the DSC scan results of NiTiNb alloy
samples. Previous studies have indicated that the transition
temperature changes of nitinol are sensitive to changes in the
Ni/Ti ratio and/or the addition of a third element [8, 14, 26].

The DSC results in Fig. 3a—c show that the NiTiNb
samples are hysteretic and reversible after annealing heat
treatment. The sample annealed at 900 °C, Fig. 3c, shows an
increase in the hysteresis temperature, while the hysteresis
of the sample annealed at 700 °C slightly decreases. The
hysteresis values calculated from (Mp—Ay) for the as-built,
sample annealed at 700 °C, and the sample annealed at
900 °C are 33.1 °C, 29.8 °C, and 36.16 °C respectively, and
these hysteresis values are within typical hysteresis values
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of a binary Ni-Ti alloy which ranges between 20 and 50 °C
[29].

The DSC also shows the increase in martensitic and
austenitic transition temperature on both annealed samples,
and this change is associated with the dissolution of Nb into
the matrix and increased Ti,Ni proportion.

Figure 4 presents the Vickers hardness results of the as-
built and sample annealed at 700 °C and 900 °C NiTiNb
synthesized via laser energy deposition.

The hardness results presented in Fig. 4 show higher
hardness for samples annealed at 900 °C and lower hardness
for both the as-built and samples annealed at 700 °C.
Tracking back to the SEM micrographs observed in Fig. 2,
annealed samples showed dendritic nucleation, dendritic
growth, and an increase in Ti,Ni; these features contribute
to an increase in hardness according to the literature [4, 18].
Ti,Ni intermetallic inhibits dislocation movement, leading to
an increase in dislocation density that brings about a work-
hardening effect. On the other hand, dendritic nucleation
comes with an increase in hardness.

Conclusions

In this work, we investigated the effect of annealing heat
treatment on microstructure, mechanical properties, and
thermal properties of Tis; ,5Niy; ,sNb; 5 alloy fabricated
using the LDMD process to enhance the mechanical and
thermal properties.
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e The eutectic structure observed on the as-built micro-
structure disappeared after annealing. It is assumed that it
had dissolved into the matrix, which is the same observa-
tion of Xi et al. [25].

e The annealing heat treatment performed at 900 °C
realized microstructural changes that yielded an increase
in Ti,Ni intermetallic proportion, which caused an
increase in the hardness of NiTiNb samples produced by
the LDMD process, while annealing performed at 700 °C
has homogenized the hardness.

e Annealing of NiTiNb increased both the martensitic and
austenitic transition temperatures. The sample annealed at
900 °C reported slightly higher hysteresis than the sample
annealed at 700 °C, which impacts the shape memory
effect and superelasticity. We agree with Nie et al. [30]
that an investigation of the effect of heat treatment on
superelasticity and SME is needed for future work.

e XRD patterns confirmed the presence B19, B2, Ti,Ni,
Ni,;Ti, and p-Nb-rich, and it also confirms increase in
Ni,;Ti with increase in annealing temperature.
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