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Abstract. The development of new production technologies for NiTi Shape Memory Alloys (SMAs) is always
challenging. Recently, we introduced two powder metallurgical (PM) processing routes involving mechanical
activation of elemental powder mixtures and densification through extrusion or forging. Those processes were named
Mechanically Activated Reactive Extrusion Synthesis (MARES) and Mechanically Activated Reactive FOrging
Synthesis (MARFOS). Heat treatments were performed in order to adjust the B2-NiTi matrix composition, yielding a
microstructure consisting of a homogeneous dispersion of NiyTi; precipitates embedded in nanocrystalline B2-NiTi
matrix. In the present study, we demonstrate the viability of those PM processes for producing NiTi SMAs. With in-
situ X-ray diffraction and differential scanning calorimetry it is shown that B2-NiTi matrix undergo a B2<>R<B19’
two-step phase transformation.

1. Introduction

NiTi alloys near the equiatomic concentration are the most successful Shape Memory Alloys (SMAs) due to
their unique physical and mechanical properties like room temperature ductility, damping effect, corrosion
resistance and biocompatibility, which make them attractive for numerous smart engineering and biomedical
applications [1].

Intensive effort has been put to adopt alternative production techniques such as powder metallurgy
(PM) for manufacturing NiTi SMAs. The main advantage of the PM route is the possibility of producing near-
net-shape components and thus avoiding or minimizing the problems associated to the conventional casting
methods which are the expensive thermomechanical treatments, machining and associated material losses.
However, special attention has to be given to the amount of impurities (especially oxygen and carbon) that are
almost unavoidable during PM and casting processing of NiTi. Several conventional PM methods including self-
propagating high-temperature synthesis (SHS), reactive sintering, hot isostatic pressure (HIP), hot extrusion and
field-activated pressure assisted synthesis have been used for the fabrication of NiTi alloys [2-6].

Our intention is to develop NiTi SMAs by means of two nonconventional PM techniques, which are
designated by Mechanically Activated Reactive Extrusion Synthesis (MARES) and by Mechanically Activated
Reactive FOrging Synthesis (MARFOS). One of the advantages of these techniques is the densification and
synthesis of Ni-Ti intermetallics at a relatively low temperature through a controlled reaction [7,8].

The present manuscript reports results of experimental studies focused on the characterization of phase
transformations in thermal cycles and microstructures in NiTi alloys having nanosized microstructure prepared
by the two original nonconventional PM routes mentioned above. Microstructure is investigated by transmission
electron microscopy (TEM) and phase transformations are studied by in-situ X-ray diffraction (XRD) and
differential scanning calorimetry (DSC). Although DSC is one of the most commonly used technique to
characterize the phase transformation behaviour in SMAs, XRD can detect a smaller volume fraction of the
phases compared to thermal methods [9].
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2. Experimental

General sequence of operations involved in MARES and MARFOS processes is shown schematically in Fig.1.
The elemental powders were mixed in order to attain the desired composition of Ti-S0Ni (at. %). Subsequently,
the mixtures were mechanically activated in a vario-planetary mill pulverisette 4. Afterwards, the mechanically
activated powders were pressed inside copper cans, which were then placed inside the densification dies.
Densification by extrusion (MARES) and by forging (MARFOS) was carried out at 700 °C in a conventional
tensile/compression Instron test machine fitted with compression plates. The heating was achieved by induction
and the temperature was controlled with a thermocouple in direct contact with the can. For the extrusions the ram
moved at a constant speed of 30 mm/min while for the forging experiments a constant ram speed of 6 mm/min
and a holding time of 1 min were used. The pressure/ram displacement of each experiment was recorded in a
computer (see Fig.1). Subsequent heat treatments, namely, solution and ageing heat treatments were carried out
at, respectively, 950 °C/ 24 h and 500 °C / 7 h, both followed by water quenching (WQ).
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Fig.1. MARES and MARFOS processes chart.

Characterization of the processed materials was done by XRD (Bruker diffractometer) using Cu-K,
radiation and TEM (FEI Titan microscope, 300 kV). Oxygen content was determined using a LECO TC-436
analyzer. In-situ XRD and DSC measurements were performed with the purpose of studying the phase
transformations occurring in the aged materials. XRD patterns were recorded in a 26 range of 37° to 47° at
various temperatures between a minimum and maximum of -120 °C and 120 °C, respectively, using the low
temperature chamber attachment TTK-450. The DSC measurements were carried out using a Setaram DSC 92
calorimeter in samples with 50 mg in masses and in a range of temperatures between -90° C and 100° C with
heating and cooling rates of 7° C/min.

3. Results and Discussion

As was previously reported [7], the mechanically activated powders showed a lamellar microstructure consisting
of thin alternating lamellae of Ni and Ti. This was the pathway for the decrease of the inter-diffusion distance
and hence for the change of reactivity between Ni and Ti. Following the densification by extrusion (in MARES)
and by forging (in MARFOS) high density materials were obtained and the layered structure was maintained
consisting of thin layers of the intermetallic phases (NiTi, Ti,Ni and Ni;Ti) and of Ni and Ti [7,8]. With the
objective of increasing the compositional homogeneity, solution and ageing treatments were performed. The
solution treated bulk materials showed quite stable two phase nanostructure with single crystalline NiTi grains
and Ti,Ni grains with substructure of about 30 nm cell size [10]. Following subsequent ageing treatment, a high
density of small and evenly distributed Ni Ti; precipitates (labelled as P in Fig.2) were created within the NiTi
phase.

Fig.2. Typical bright field TEM investigation of the MARFOS aged materials.
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It is generally accepted that the presence of the metastable NiyTi; precipitates provides a microstructure
which favours the formation of the R-phase prior to the formation of B19’-phase. To identify the nature of the
transformation behaviour of MARES and MARFOS aged materials in-situ XRD and partial DSC cycles
measurements were carried out on samples of those materials. These two techniques involve controlled cooling
and heating to predefined temperatures during which only selected transformations are allowed to occur without
triggering other transformations. Fig.3 shows typical in-situ XRD patterns of the aged materials, exemplified for
the MARFOS process. In addition, Fig.4 shows typical full and partial DSC cycles of the aged materials,

illustrated for the MARES process.
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Fig.3. Typical in-situ XRD patterns for the MARFOS aged material: overall view of a) cooling from 120 °C to -120 °C and of
b) heating from -120 °C to 80 °C; detailed view at ¢) -30 °C and -100 °C during cooling and at d) 1 °C and 40 °C during

heating.
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Fig.4. Typical DSC measurement of partial transformation cycles for the MARES aged material: a) full cycle and partial
cycles up to b) -20 °C, ¢) -50 °C and d) -75°C.

At room temperature, B2-NiTi, Ti,Ni, NiyTi3 and Ti4Ni,O phases were indexed by XRD. The presence
of the TiyNi,O was due to relatively high content of oxygen measured by chemical analysis (0.92 + 0.04 wt %).
In fact, Ti4Ni,O has basically the same structure as the equilibrium Ti,Ni phase and therefore they are difficult to
distinguish [11].

XRD patterns revealed that, on cooling, the B2 phase was found to be present up to 10 °C, the R phase
was identified in the temperature range from 5 °C to -80 °C and the B19’ phase from -80 °C up to -120 °C. The
XRD patterns of Fig.3c) clearly put in evidence, on cooling, the presence of the R-phase, at a temperature of -30
°C, and of B19’-phase, at a temperature of -100 °C, which in the first case was revealed by the decrease in the
intensity and by the split of the peak (1 1 0)g, into the peaks of the R-phase, while in the second case by an even
bigger decrease of the intensity in the 2theta range of the peak (1 1 0)g, and also by the clear indexation of the
B19’-phase peaks. On heating, the B19’ phase was found to be present up to -20 °C, the R phase was identified
in the temperature range from -15 °C to 15 °C and the B2 phase from 20 °C up to 80 °C. Fig.3d) illustrates, on
heating, the presence of the R-phase, at a temperature of 1 °C, and of B2-phase, at a temperature of 40 °C, where
it is evident the peak (1 1 0)g,.

The full DSC cycle (Fig.4a)) shows two peaks on cooling and two peaks on heating. Partial DCS cycle
of Fig.4b) (up to -20 °C), indicates that peak 1 on cooling corresponds to peak 4 on heating. This pair of peaks
had a small hysteresis of 3.5 °C and so it can be deduced that it must be a B2 <> R transformation. Partial DSC
cycle of Fig.4c) (up to -50 °C), demonstrates that R-phase have a wide zone of stability during cooling since only
peak 1 and peak 4 were again observed. Partial DSC cycle of Fig.4d) (up to -75 °C), revealed peak 2 on cooling
and peak 3 on heating. This clearly proves that peak 2 and peak 3 are the forward and the reverse processes of
the same transformation, which is the R <> B19’. Although, partial DSC cycle of Fig.4d) was stopped at a
temperature corresponding to the end of peak 2, it is seen that the intensity of peak 3 is smaller than the
correspondent peak observed in the full DSC cycle. From such information, one can deduce that additional
cooling is required in order to provide sufficient driving force for the complete R — B19’ transformation.

With both techniques, in-situ XRD and DSC, a two-step (B2¢<>R<>B19”) phase transformation was then
found. Moreover, distinct behaviour on the R <> B19’ transformation was detected: on cooling, this
transformation occurred on a gradual manner and was shifted to very low temperatures, while on heating, the
opposite was observed.
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4. Conclusions

Mechanically Activated Reactive Extrusion Synthesis (MARES) and Mechanically Activated Reactive FOrging
Synthesis (MARFOS) have been successfully implemented to the production of NiTi shape memory alloys.
These processes combine mechanical activation of elemental powder mixtures and densification. The main
advantage is the production of highly reactive powders which is responsible for the synthesis and densification at
a lower temperature when compared to the conventional PM routes.

Based on in-situ XRD and DSC measurements, the NiTi alloys produced by these two nonconventional
PM techniques exhibited a B2¢<>R<«>B19’ two-step phase transformation. This behaviour was induced by the
complex microstructure that was developed during MARES and MARFOS processes. Moreover, the R-phase
showed a broad range of stability during the cooling stage of the in-situ XRD and DSC analysis.
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