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Abstract

Porous NiTi shape memory alloys are considered as artificial bio-materials for possible use in
implant applications. Their extraordinary pseudoelastic response under uniaxial loading through phase
change needs further analysis. The objective of this work is to show the effect of heat treatment on the
pseudoelastic behavior of NiTi SMA produced by spark plasma sintering (SPS). NiTi samples were
prepared from pre-alloyed Ti-50.7 at.% Ni powders of 100-150 nm average diameter, and subjected to
a wide range of homogenization and/or aging at different temperatures and duration. Transformation
characteristics of heat treated samples were obtained from DSC, their phase composition was identified
using X-ray diffraction (XRD), and checked with scanning electron microscopy (SEM) and energy
dispersive X-ray analysis (EDX). Instrumented micro-indentation was carried out to measure the
hardness altered by aging. Uniaxial compression tests were performed on heat treated samples, and
their pseudoelastic behavior was shown on the stress-strain diagrams; the results showed a variation in
pseudoelasticity. In general, Ni concentration of the matrix resulted in partial-pseudoelastic behavior
of samples. Homogenization prior to aging improved the pseudoelasticity of the SPSed NiTi. The
pseudoelastic response of the samples that have not shown the expected full pseudoelastic behavior
was enhanced by applying a considerably long period of homogenization and aging.
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1 Introduction

Porous NiTi shape memory alloys (SMAs) attracted interest in biomedical applications as a hard
tissue replacement material with increased interfacial bonding, lower elastic modulus and density
achieved with porosity [1-3]. In addition, the ability of NiTi to recover from large deformations
through phase transformation (pseudoelastic behavior) increases its potential to be used as an implant
material [2-4]. Porous NiTi parts can be produced starting from elemental or pre-alloyed Ni-Ti
powders in different sizes and fractions [5,6]. Spark plasma sintering (SPS) is one of the methods
applied to metallic powders providing rapid fabrication compared to other sintering techniques such as
conventional sintering (CS), hot isostatic pressing (HIP) or self-propagating high temperature synthesis
(SHS) [1]. During the SPS process, powders are consolidated through simultaneous application of
heat and pressure. Temperature is uniformly increased through pulsed DC current along with uniaxial
pressure applied through graphite dies [7,8]. In the literature on SPS processed NiTi, most of the works
focus on densification and microstructural (phase) evaluation [7,9-12] while achieving the pseudoelastic
behavior after sintering is not straightforward. For the pseudoelastic response, NiTi must be loaded
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at a temperature around its critical austenite finish temperature (A¢), and its yield strength must
be high to prevent plastic deformation [13]. Both criteria depend on the phase composition of the
material. After sintering, NiTi compacts are cooled in a large temperature interval that results in
uncontrolled formation of secondary phases such as TisNi, TigNiy or TiNiz among which the crucial
contribution to the pseudoelastic behavior comes from precipitation of TigNig [14,15]. Homogeneous
and coherent precipitation of TigNiy, obtained mainly between 300 — 600°C, increases the resistance
against plastic deformation by the internal stress field generated around them [13,15-19]. Therefore,
NiTi samples need thermal treatment after spark plasma sintering to control the microstructure, hence
the phase transformation and the mechanical behavior.

In the literature, many works focus on the effects of heat treatment of NiTi alloys produced by
classical casting and then hot/cold working methods while studies on the heat treatment of SPS
processed NiTi are limited. Zhao et al. [20] have produced NiTi samples using SPS starting from pre-
alloyed Ti-50.9 at.% Ni powders; their dense and 13% porous samples showed a good pseudoelastic
loop under uniaxial compression after a short time aging treatment (30 minutes at 320°C then water
quenched). The same sintering and heat treatment processes were repeated by Nemat-Nasser et
al. [21] who observed similar pseudoelastic behavior with 12% porous NiTi. Later, Butler et al.
[22] have produced highly dense NiTi wires through spark plasma sintering and extrusion starting
from fine elemental powders. Although their as-SPSed samples have shown transformation peaks in
differential scanning calorimetry (DSC), they applied 15 minutes of aging at 500°C after sintering
and extrusion which resulted in the expected pseudoelastic behavior under tension. Soba et al. [23]
sintered elemental Ni-Ti powders by mixing them with TiOy powders to increase the strength of the
alloy. Sintered compacts with 99.9% relative density were then hot extruded, solutionized at 1000°C,
and aged at 500°C for an hour. The extruded and heat treated bars were then tested under uniaxial
tension up to 3% maximum strain; although there were no clear stress plateau during unloading,
100% strain recovery was achieved. Lately, Salvetr et al. [24] studied the influence of heat treatment
on the microstructure and the mechanical properties of a spark plasma sintered NiTi alloy, testing the
specimens under high strain rate compression, and comparing their ultimate compressive strengths;
but there was no discussion of the pseudoelastic behavior.

Previous works in the literature show that spark plasma sintered NiTi is expected to show a pseu-
doelastic loop similar to the one seen from bulk NiTi up to 12 —13% porosity [20-23]. With increasing
porosity, however, the pseudoelastic response starts to differ and the recovery from deformation de-
creases [25-30]. Either highly dense or porous, SPSed NiTi is heat treated to enhance its pseudoelastic
behavior, and there is a need to discuss the effect of heat treatment on the pseudoelastic behavior.
The pseudoelastic behavior of NiTi alloys processed by hot isostatic pressing (HIP) and selective laser
melting (SLM) has been studied by McNeese et al. [31] and Saedi et al. [32] respectively. But there
is no work in the literature that studies the heat-treatment-pseudoelasticity relation of SPSed NiTi,
especially the effect on the full recovery from strain.

The present work contributes to the literature by studying the effects of a wide range of heat treat-
ment on the pseudoelastic behavior of a spark plasma sintered NiTi. The heat treated NiTi compacts
were characterized in terms of shape memory characteristics and pseudoelasticity using calorimetric
measurements, microstructural analyzes, and uniaxial compression tests. A detailed discussion was
presented by comparing the effects of the heat treatments applied to the SPSed NiTi and the ones
used in the literature.



2 Experimental procedure

Pre-alloyed Ti-50.7 at.% Ni powder of 100-150 pm nominal diameter, purchased from TLS Technik
GmbH (Bitterfeld Germany), was consolidated using DR SINTER Fuji 515-S LAB Spark Plasma
Sintering equipment. The powder was placed in a graphite die covered with graphite paper, and
heated in a vacuumed chamber at 100°C/min rate, held at the target temperature for 5 minutes, and
then cooled to room temperature. Average porosity, fp, of the cylindrical compacts was calculated
using f, = 1 — m/(pV) where m is the powder mass, py;7; = 6.45 g/cm? is the theoretical density
of bulk NiTi, and V is the end volume of a cylinder. A porosity range up to 30% was achieved
by changing the parameters. Details of the sintering parameters, resulting dimensions and porosity
are presented in Appendix A (see Table A.1). Porosity can be decreased significantly by increasing
the temperature or pressure as expected. However, when compared to the sintering parameters and
resulting porosity (850°C, 50 MPa, 0% porosity) provided by Zhao et al. [20], remarkably higher
temperature and pressure (1000°C, 60 MPa) were required with a comparable powder size to decrease
the porosity. It is recognized that Zhao et al. [20] did not share any dimension which is known to
affect the sintering parameters, resulting porosity and microstructure as studied by Olevsky et al. [33].

High density NiTi compacts were subjected to different combinations of homogenization and aging
treatments to analyze the change in their pseudoelastic behavior. The target of homogenization is to
dissolve the secondary phases or precipitates (e.g. TipNi, TiNig and TizNis) that may form during
sintering, thereby better controlling the aging process. Subsequent aging of NiTi alloys enhances the
pseudoelastic behavior if coherent precipitation of TigNis in small sizes is achieved [16,19]. First,
20 — 60 mg samples were cut from NiTi compacts for heat treatment and calorimetric tests. They
were either first homogenized at 1000°C and then aged, or directly aged between 320 — 600°C in an
oven operated under air. The heat treatment categories that were used for the calorimetric analyzes
are listed below:

e 1 h of direct aging in 320 — 500°C temperature range.

e 2 h of homogenization and then 1 h of aging in 350 — 600°C temperature range,
2 h of homogenization and then aging from 30 minutes to 3.5 h at 500°C.

e 5 h of homogenization and then 24 h of aging at 350°C.

After either homogenization or aging, the samples were water quenched using tap water, and then
mechanically polished with 500 grit silicon-carbide papers. Effect of heat treatment on transformation
temperatures and paths were studied with a Setaram-131 differential scanning calorimeter at 10°C/min
heating and cooling rate according to ASTM F2004-17 [34]. Phase composition of the samples were
also analyzed in three categories. A Rigaku D/MAX-Ultima X-ray diffraction (XRD) equipment with
a Cu-K, anode was used around room temperature (20-25°C) in the range of 0° to 90° 26. The effect
of aging time was shown by studying 1-5-18-24 h of aging after 5 h of homogenization.

Hardness measurements were carried out using a Ficherscope-HM2000 instrumented micro-indentation
equipment with a diamond Vickers indentor. The sintered samples were cut into small sizes, hot
mounted using an epoxy resin, and then mechanically polished starting with grit papers followed by
diamond pastes until 1 pm final polish prior to testing. Indentation was performed at ambient tem-
perature, around 27°C, where the samples were mostly in a mixed austenite - martensite or R-phase
structure according to their DSC results. Load was increased from zero to 1000 mN in 20 s, and then
decreased to zero at the same speed. The samples were indented at 10 random points; average Vickers
hardness and percent of recovered energy were recorded.

Cylindrical compression test specimens were machined from the sintered compacts with an L/d
ratio of two (5 mm diameter, 10 mm length). The specimens were subjected to three different heat



treatments to see the differences in their deformation under uniaxial compression: 1 h of direct aging;
2 h of homogenization and then 1 h of aging; 5 h of homogenization and then 24 h of aging, all
samples being aged at 350°C. The samples were heated up to 100°C and then cooled down to the
test temperature prior to uniaxial compression to increase the amount of austenite at the initial state.
Compression tests were performed at 1073 s~! strain rate, until around 4% global strain, with a 30 kN
Instron-5960 loading machine equipped with an environmental chamber controlling the temperature.
Each sample was compressed twice: first at a temperature 5°C above Ay to observe the pseudoelastic
behavior. Second test was performed at room temperature (27°C), that is below Ay, to observe
the shape memory effect. The displacement data were directly obtained from the machine and the
correction for the setup compliance was obtained experimentally as suggested by Instron.

3 Results and discussion

Figure 1 shows the DSC plot and the X-ray diffraction pattern of the powder. It is expected to be a
mixture of the austenite-martensite phases around room temperature according to the DSC plot. The
XRD pattern of the powder matched perfectly with the theoretical austenite and martensite peaks;
there was no impurity in the starting material.
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Figure 1: a) DSC plot, b) XRD pattern of the Ti-50.7 at.% Ni powder

Figure 2 shows the phase composition of the as-sintered sample by X-ray diffraction and scanning
electron microscopy (SEM). Only the main peak area between 40-45 26 was shown for a better focus.
The XRD spectrum of the as-sintered sample revealed the presence of austenite and martensite phases
together at room temperature. Twinned structure of martensite was visible in the SEM image in Figure
2b. Dark gray spots observed under SEM were matched with TisNi (TigNizO,) phase as presented
in the literature [5,23, 31,35, 36] which was also supported by the results of energy dispersive X-ray
analysis (EDX). The composition of the matrix was found to be Ti-49.8 at.% Ni while composition
of the dark gray spots was Ti-38at.%Ni which is very close to the theoretical atomic composition of
TioNi. These regions were assumed to be Ni-rich solution of TisNi phase. TisNi was also detected by
XRD with a low intensity as shown in Figure 2a, no TizNiy nor TiNiz phases were detected by XRD.
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Figure 2: (a) X-ray diffraction pattern, (b) SEM image of as-sintered sample

Heat treatment may alter the transformation characteristics by changing the microstructure in
Ni-rich NiTi alloys, therefore, NiTi samples are often heat treated to improve their pseudoelastic
behavior. DSC plots can be used to observe the differences in their transformation sequence and
temperatures. The DSC plots of the sintered and heat treated samples are shown in Figures 3, 4 and
5. The alloy that was not heat treated exhibited weak transformation peaks as shown in Figure 3;
the austenite finish temperature was supposed to be higher than 80°C. The first sample tested was
subjected to 30 min. of direct aging. Zhao et al. [20] and Nemat-Nasser et al. [21] observed the
full pseudoelastic behavior from a similarly heat treated spark plasma sintered pre-alloyed Ti-50.9
at.% Ni powder under uniaxial compression. The material tested in this study did not show any clear
transformation peak after the same treatment. Figure 3 shows the evolution in the DSC plotsup to 1 h
aging at different temperatures. The phase transformation peaks became visible at 1 h aging at 350°C.
When the aging temperature was increased from 350°C to 400 —500°C, the phase transformation were
more pronounced. The transformation curve is wavy and continues gradually in a large temperature
interval when compared to the DSC plots of the samples that were first homogenized and then aged as
presented in Figure 4. This type of multi-step transformation of NiTi was explained by inhomogenous
distribution of Ti3Nis precipitates in the literature [16,18].

DSC plots of the samples that were first homogenized for 2 h and then aged for an hour in
350-600°C temperature range are provided in Figure 4. After 2 h of homogenization, two distinct
transformation peaks (one in the heating range, another one in the cooling range) were observed in
the DSC plot which is typical for bulk NiTi alloys that are not subjected to aging treatment. Under
certain temperature and duration, aging may promote R-phase transformation which manifests itself
with a small temperature hysteresis between forward and reverse transformation peaks on a DSC
plot [16,19,37]. DSC results obtained from the samples which were aged between 350 — 500°C after 2
h of homogenization exhibited the characteristic transformation peaks between austenite and R-phases
which was more clearly visible on the DSC plot of the sample corresponding to aging at 500°C. The
R-phase formation through aging is expected until around 600°C according to the phase diagram of
NiTi [15]. The DSC plot corresponding to 2 h of homogenization plus 1 h of aging at 600°C showed
one-step transformation between austenite and martensite phases similar to the only homogenized one;
the result is consistent with the literature [15,19,37]. 350°C, 400°C and 450°C aging temperatures
did not show significant changes in the DSC plots. Their transformation peaks were found to be
in the temperature range of 20 — 40°C, and mainly one-step transformation between austenite and
R-phases was observed. At 500°C aging temperature, a second transformation peak indicating the
transformation from R-phase to martensite was detected near the lower temperature edge, however,
the peak intensity is small to recognize in Figure 4.
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Figure 5 shows evolution of the transformation peaks in time while keeping the aging temperature
at 500°C. After 2 h of aging, the second transformation peak from R-phase to martensite became
more pronounced. This two stage transformation behavior that was initially observed in cooling also
appeared in heating by increasing the aging time to 3.5 h. In addition, the A; temperature significantly
increased by 3.5 h of aging (around 25 °C) at 500°C. This result was attributed to a possible decrease
in the Ni concentration of the matrix due to growing size of TizNiyg precipitates by increasing the aging
time. The increase in the precipitate size when aging NiTi alloys at 500°C was reported by Gall et
al. [17] and Aboutalebi et al. [37] earlier.
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In some studies, longer homogenization or aging of NiTi alloys are performed [38-40]. It is known
that more secondary phases may dissolve into the matrix by increasing the homogenization time
[39]. After 5 h of homogenization, transformation peaks disappeared from the DSC plot as shown in
Figure 6; the material did not undergo any phase transformation in the studied temperature range.
Figure 6 also shows the DSC plot obtained from the sample that was aged for 24 h at 350°C after
homogenization. The A; temperature was found to be around 55°C which is significantly higher than
the ones obtained from the samples subjected to short time homogenization and aging treatments.
The evolution of the phases by increasing the aging time from 1 to 24 h is discussed in the following
paragraphs according to XRD analyzes.

XRD results of the heat treated samples are presented in Figure 7. Figure 7a shows a sharp
decrease in the main austenite peak by 1 h of direct aging when compared to the XRD spectrum of
the as-sintered specimen. According to the DSC plots in Figure 3, the samples are expected to be
mixture of different phases (austenite, martensite and R-phases) at around room temperature, with
a low austenite fraction. The slight XRD peak which showed up near 42° might be due to both a
small fraction of the austenite phase [41] or R-phase diffraction that occurs between 42-43° [42,43].
On the other hand, there was not much difference in the XRD spectrum of the directly aged samples
depending on the aging temperature.
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Figure 7b shows XRD patterns obtained from the samples subjected to 2 h of homogenization
plus 1 h of aging in the temperature range of 350 — 600°C. XRD spectrum of the sample that was
only homogenized contains austenite and martensite main phases with a high austenite intensity. The
sample that was first homogenized and then aged at 600°C yielded a similar XRD spectrum. It is



consistent with the results obtained from the DSC study; both samples were mainly in the austenite
phase at room temperature. The samples that were subjected to aging between 350-500°C were
expected to be a mixture of austenite and R-phases according to their DSC plots in Figure 4. The
XRD analysis also detected martensite peaks. It was shown in the literature that XRD can detect
smaller volume fraction of phases when compared to thermal analyzes [44]. In general, XRD spectrum
of the samples that were homogenized and then aged by 1 h at 350 — 400 — 500°C were close, there
was no secondary phase detected other than TisNi.

Figure 7c shows evolution of the XRD spectrum by increasing heat treatment duration at 350°C
constant aging temperature. The samples were subjected to 5 h of homogenization and then aging
for 1, 5, 18 and 24 h. After 5 h of homogenization, there were austenite and martensite phase peaks
in the XRD spectrum. There was an evident increase in the intensity at the peak locations of free
Ni element after 1-5 h of aging. The increase of the intensity and a relative angular shift of the peak
location around 44.6° was attributed to a possible Ni release into the matrix. By increasing the aging
time to 18-24 h, the intensity decreased, and a peak splitting was observed between 42-43° indicating
the R-phase formation, a possible outcome of TizNiy precipitation in Ni-rich NiTi alloys achieved by
heat treatment [16,42].

High yield strength is one of the criteria for the pseudoelastic behavior of NiTi alloys. Micro-
indentation analyzes showed the effect of heat treatment on the strength of the SPSed NiTi. According
to the literature, aging affects the hardness of NiTi alloys by two main reasons. First, TigNiy precipi-
tation alters the transformation temperatures by changing the Ni concentration of the matrix. As the
difference between martensite start temperature and the test temperature increases, the resistance to
martensitic transformation is enhanced, hence the increase of hardness. On the other hand, hardness
is maximum at a small precipitate size. Therefore, assessment of hardness measurements must be
done by considering both martensitic phase transformation and age hardening mechanisms [17,19,45].

In Figure 8, hardness and energy recovery follow the same trend in every heat treatment category;
higher hardness accompanies higher energy recovery ratio. In general, average Vickers hardness and
energy recovery ratios were found to be in the range of 200 — 250 HV and %25 — 35 respectively except
for one sample which was subjected to long-time homogenization and aging at 350°C; the details of
which will be given in the following paragraphs. Hardness of the as-sintered sample (~ 250 HV) was
in the same order with NiTi alloys that were loaded to the same level in other studies. However, larger
deviations were observed in hardness measurements of some specimens when compared to the ones
provided in the literature [17,32].

After 1 h of direct aging, there was no increase in the hardness compared to the as-sintered
specimen as shown in Figure 8a. It was at a maximum at 400°C aging temperature, as well as the
percent of recovered energy (Figure 8b). However, it is difficult to explain the differences in the
hardness measurements of the samples in this group; first, it is unclear which phase was dominant
during indentation of the samples by looking at their DSC plots, and their XRD spectrum were very
close. Figures 8c and 8d show that hardness and energy recovery ratio decreased considerably by 2
h of homogenization. Usually, homogenization treatment results in softening of NiTi alloys due to
dissolution of secondary phases such as TiaNi [39] as it was the case in this study. Further aging for
an hour, in 350 — 600°C temperature range, did not result in a significant change in terms of hardness
and energy recovery ratio. A relatively higher energy recovery was achieved by aging at 600°C as
shown in Figure 8d. According to the DSC plots in Figure 4 and the XRD spectrum in Figure 7b,
the samples which were subjected to 2 h of homogenization, and 2 h of homogenization plus 1 h of
aging at 600°C were mainly in the austenite phase at the beginning of the indentation test, therefore,
higher deformation recovery was attributed to the reversible martensitic transformation instead of
precipitation hardening.
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(e)

Vickers hardness and percentage of recoverable energy according to different heat treat-

Figure 8

ments: a-b) 1 h direct aging at different temperatures, c-d) 2 h homogenization at 1000°C and then 1

h aging at different temperatures, e-f) aging at 350°C for different duration. Error bars represent the

standard deviations in 10 measurements.
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Strength of the alloy did not increase by the first two groups of heat treatments. In the third group
of indentation analyzes, the material was subjected to aging treatment at 350°C for various hours.
The samples were either first homogenized for 5 h and then aged or directly aged from 1 to 24 h. The
most significant enhancement in the hardness and the energy recovery ratio was achieved by increasing
the aging time to 24 h as shown in Figures 8e and 8f; the material that was first homogenized for 5
h and then aged for 24 h exhibited around 325 Vickers hardness, and %40 of energy recovery ratio.
It is important that hardness and energy recovery ratio did not increase in the same way without
homogenization prior to aging treatment; the hardness achieved by 24 h of direct aging treatment was
in the same level with the as-sintered one.

Figure 9 shows the uniaxial stress-strain diagrams of the cylindrical compacts that were subjected
to different thermal treatment. In general, some residual strain was observed indicating a deformation
at the end of a partial-pseudoelastic loop which was not fully plastic. A significant portion of the
residual strain was removed by re-heating the samples above Ay, and then cooling to room temperature
as shown by the arrows on the stress-strain diagrams. It should be noted that the phase transformation
continued gradually in a large temperature interval in the specimen which was subjected to 1 h of
direct aging at 350°C (see Figure 3). Therefore, that sample was loaded at 45°C which is 5°C above
the temperature that corresponds to the end of the main transformation peak observed during heating.
At that temperature, the alloy was expected to be in austenite-martensite mixed structure. Therefore,
the minimum strain recovery was achieved from the uniaxial compression of this specimen among all
specimens that were tested in this study. The specimen that was subjected to 2 h of homogenization
and then 1 h of aging at 350°C was expected to be in complete austenite phase at 45°C according
to its DSC plot. The strain recovery achieved from this specimen was higher than the one that was
directly aged at the same temperature as shown in Figure 9c. The maximum pseudoelastic strain
recovery was achieved from the specimen that was subjected to 5 h of homogenization and then 24 h
of aging at 350°C; around 50% of the deformation was recovered globally as shown in Figure 9e.

The stress-strain diagrams show that the material did not fully recover from the deformation after
compression above Ay; some of the deformation was recovered back by reheating the samples until
around 100°C and then cooling back to room temperature. The residual strain might be due to some
amount of blocked martensite plates in addition to a small plastic deformation. In the literature,
the full pseudoelastic behavior was observed by only a few researchers for alloys with either higher
Ni concentration [20,21] or produced with finer powders [22,23]. A similar result was reported by
McNeese et al. [31] for the uniaxial compression of NiTi samples processed by hot isostatic pressing.
They also observed significant residual strain after uniaxial compression of the samples tested above
their A; temperature. The behavior was named as partial pseudoelastic, and it was attributed to
the Ni concentration of the matrix (49 at.% Ni). The EDX analysis of the samples in this study also
revealed around 49 at.% Ni concentration as presented in the previous discussion. On the other hand,
the material underwent martensitic reorientation at room temperature as shown in Figure 9. At room
temperature, the specimens were expected to be mostly in the martensite or R-phase, and the expected
deformation mechanism was the martensitic reorientation. At the end of unloading, there was around
3% of residual strain which was almost completely recovered by reheating the specimens until around
100°C and then cooling back to room temperature. Although the pseudoelastic behavior was partial,
the specimens from each category of heat treatment showed almost complete shape memory effect.
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Figure 9: Stress-strain diagrams obtained from uniaxial compression of the samples subjected to:
a-b) 1 h of direct aging at 350°C, c-d) 2 h of homogenization and then 1 h of aging at 350°C, e-f)
5 h of homogenization and then 24 h of aging at 350°C. Test temperatures are indicated at upper
right corners. Figures on the left correspond to the tests 5°C above Ay temperature, Figures on the
right correspond to the tests at room temperature (27°C). The residual strain at the end of unloading
is presented inside each figure. Arrows represent the strain recovery by re-heating the samples until
100°C and then cooling to room temperature.
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In general, it was shown that the transformation characteristics of the SPSed NiTi were similar
to those of bulk NiTi alloys studied in the literature; aging favored the R-phase transformation under
certain temperature and duration which affected the pseudoelastic behavior under uniaxial loading.
When the specimens were compared in three categories, the pseudoelastic strain recovery achieved by
direct aging or short time homogenization and aging treatments were lower. The maximum strain
recovery was achieved from the specimen that was subjected to 5 h of homogenization plus 24 h of
aging at 350°C. Micro-indentation results showed that this long aging treatment yielded the maximum
hardness and energy recovery ratio, and it was the only case where the hardness increased considerably.
DSC results in Figure 6 show that the sample was in R-phase at the temperature when indentation
was performed, therefore, the high energy recovery obtained from the micro-indentation test cannot be
solely related to reversible austenite to martensite transformation, a certain amount of coherent TigNiy
precipitation must be present to enhance the resistance of the material against plastic deformation
increasing the hardness and energy recovery. It is important that the long time aging treatment
without prior homogenization did not result in the same age hardening mechanism showing that it is
important to increase the homogeneity of the SPSed samples before aging.

4 Conclusions

This study was carried out on SPSed NiTi samples that have not shown the expected full pseudoelastic
behavior under uniaxial compression. The samples were subjected to various heat treatments at
different temperatures and duration, and were further analyzed using differential scanning calorimetry,
X-ray diffraction, instrumented micro-indentation and uniaxial compression tests to discuss the effect
of heat treatment on the phase transformation and the mechanical behavior. The main findings are
summarized below.

The SPSed NiTi responded to homogenization and aging similar to bulk NiTi. With heat treat-
ment, changes in the transformation sequence among austenite, martensite and R-phases were observed
in DSC and XRD. Although the material did not show a complete pseudoelastic strain recovery under
uniaxial compression, its pseudoelastic behavior was improved as a result of heat treatment. Among
different heat treatments, the strain recovery was the lowest following direct aging: significant het-
erogeneity was observed in the DSC results. The homogenized samples resulted in more distinct
transformation peaks when compared to the directly aged ones, and a slight improvement on the
pseudoelastic response was observed under uniaxial compression. In general, moderate pseudoelastic
behavior of the specimens was attributed to the Ni concentration of the matrix and to a large powder
size at the initial state.

The maximum pseudoelastic strain recovery was obtained from the specimen that was subjected
to 5 h of homogenization plus 24 h of aging at 350°C: more than 50% of deformation was recovered
as shown in Figure 9e. Micro-indentation results showed that aging this long resulted in a consider-
able increase in hardness and energy recovery ratio through R-phase formation which is an expected
outcome of precipitation hardening in NiT1i alloys. Aging without first homogenizing did not increase
the hardness showing the effect of homogenization on the SPSed samples’ pseudoelastic behavior.
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Appendix A.

Additional data on spark plasma sintering is provided below.

Table A.1: Sintering parameters, resulting dimension and porosity of cylindrical compacts

High density compact Low density compacts
Powder mass (g) 5.50 5.00 4.55 4.13 645
Mold diameter (mm) 8 8 8 8 10
Punch pressure (MPa) 60 60 60 60 38
Target temperature (°C) 1000 850 700 560 560
Duration at target temperature (min) 5 5 5 5 5
Final Length (mm) 17 16 153 159 18
Average porosity (%) <1 3.58 8.23 19.84 29.23
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