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Abstract: The effects of heat treatment on the microstructure and compressive properties of porous Ni-rich NiTi shape memory alloy
(SMA) fabricated by self-propagating high-temperature synthesis (SHS) were investigated. The solution treatment at 1050  has little
effects on stable Ti,Ni second phase, however, it decreases the amount of Ni,Ti; phase derived from the SHS process and results in the
improvement of the ductility of porous NiTi SMA. The subsequent aging treatment after solution treatment could lead to the precipitation
of the discrete Ni,Tiz phase in NiTi matrix grains, which increases the brittleness of porous NiTi SMA. Porous NiTi SMA presents a
composite fracture behavior consisting of a ductile fracture of NiTi matrix and a cleavage fracture of second phase particles. Many cracks
existing on the interfaces indicate that the bonding of the matrix with second phase particles is weak.
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1 Introduction

Porous NiTi SMA whose mechanical properties
can be easily adjusted to match those of replaced hard
tissues by obtaining different porosity and pore sizes
through controlling the synthesis conditions has been
acknowledged as a promising biomaterial for use as
artificial bones or teeth roots[L 4]. Moreover, its
porous structure could allow body tissues to grow inside
and body fluids to be transported through the
interconnected pores. Self-propagating
high-temperature synthesis(SHS) technique has been
proven to be an ideal alternative to produce porous NiTi
SMAs by igniting a compressed powder mixture of
Ti+Ni in an inert atmosphere and producing a
self-sustaining chemical reaction with sufficient heat
released. It has the advantages of saving time and
energy over powder metallurgy[5 12]. Up to now,
many porous NiTi SMAs with different pore structures
were developed by SHS method. CHU et al[5]
fabricated porous NiTi SMA with homogeneously

distributing spherical pores and porosity of 70% by SHS.

LI et al[6 8] prepared porous NiTi SMA with the
anisotropic pore structure successfully by SHS. The
pores in the porous NiTi SMA with porosity of about
57% 68% are three- dimensionally interconnected.
CHU and CHUNGI[9 12] recently developed porous
NiTi SMA with the three-dimensionally interconnected
isotropic pore structure by an improved SHS method.
Porous NiTi SMAs fabricated by SHS have the
common feature of composition inhomogeneity because
the raw powders are mixed insufficiently and the
reactant particle is not small enough[6 13]. As a result,
porous NiTi SMAs usually have the complicated
microstructure, which has important effects on their
properties. The microstructure and properties of porous
NiTi SMAs can be modified by heat treatment.
However, few systematic literatures have been reported
to date to study the effects of heat treatment on the
microstructure and properties of porous NiTi SMAs,
especially porous Ni-rich NiTi SMAs prepared by SHS.
In this paper, porous Ni-rich NiTi SMA was
fabricated by SHS. Then the effects of heat treatment on
the microstructure and compressive properties of porous
Ni-rich NiTi SMA were investigated using optical micro-
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scope, scanning electron microscope(SEM), energy-
dispersive analysis by X-rays facility(EDAX), X-ray
diffraction(XRD) and Instron testing machine.

2 Experimental

Porous Ni-rich NiTi SMA was produced by the
SHS technique as described in Ref.[9]. The mixed
powders of Ni(99.5%, mass fraction, the same below
if not mentioned) and Ti (99.3%) with 51% Ni(mole
fraction) were blended by ball milling for 12 h, and then
pressed into cylindrical compacts of 50 mm in diameter
and 25 mm in height. The pressure used was sufficient
to give a green density of (45+2)% theoretical value. A
small hole was drilled in the side of the compact to
accommodate the W-5%Re/W-26%Re thermocouple.
The temperature—time profile was recorded during the
furnace heating of the sample using a strip chart
recorder. The preheating temperature was 350 . The
preheated pellet was ignited at one end by an ignition
reagent (4 g in mass) composed of Ti and C powders
with 50% Ti(mole fraction) under an atmosphere

pressure (about 0.1 MPa) of 99.98% pure argon flowing.

Once ignited, combustion wave could self-propagate
along the axis to the other end of the compact, and then
porous NiTi SMA was synthesized.

Pore characteristics of porous NiTi SMA were
analyzed with optical microscope. The general porosity

was determined by mass and dimensional measurements.

Porous NiTi SMA was treated by solution treatment at
1050 for different time and subsequent aging
treatment at different temperatures for 1 h. A flowing
argon environment was used in the furnace to protect
the samples from oxidizing. The samples were etched
for 10 s in a mixture of 5% HNO3, 10% HF in water.
Then the microstructure was examined using optical
microscope and scanning electron microscope (SEM).
The phase constituent and chemical compositions of the
specimens were determined by X-ray diffraction (XRD)
analysis and energy-dispersive analysis by X-ray
facility (EDAX).

The compressive samples were cut in a size of
about 6mm in width, 5 mm in thickness and 15mm in
highness. Uniaxial compression test was carried out at a
constant rate of 0.1 mm/min on Instron testing machine
(4400 type) to investigate the compressive properties of
porous NiTi SMA at room temperature. The
compressive strength was defined as the maximum
value in the stress—strain curve, and the compressive
strain was the value corresponding to the compressive
strength in the stress-strain curve. The average
compressive properties are obtained by repeating the
compressive experiments with at least five different
samples. The fracture surfaces of the samples were

observed by SEM in order to determine their fracture
behaviors.

3 Results and discussion

Porous Ni-rich NiTi SMA fabricated in this work
has an average porosity of 57.3%(volume fraction) with
a deviation of +1%. Optical micrograph (Fig.1) shows
that the size of the pores in porous NiTi SMA is about
200—500 pum and most pores are three-dimensionally
interconnected. Porous NiTi SMA has the pore structure
with an isotropic feature in the morphology and
distribution of the pores. Fig.2(a) shows the XRD
pattern of porous NiTi SMA without any heat treatment.
Besides B2(NiTi) parent phase and B19’(NiTi)
martensitic phase, two second phases including Ni-rich
Ni4Tiz and Ti-rich Ti,Ni exist in the sample. No Ni-rich
NisTi phase could be observed. Fig.2(b) and ¢ show
XRD patterns of porous NiTi SMAs after solution

Fig.1 Optical micrograph of SHS-synthesized porous Ni-rich
NiTi SMA
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Fig.2 XRD patterns of porous Ni-rich NiTi SMAs after solution
treated at 1 050 for different time: (a) Non-treated; (b) 2 h;
(c)4h
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treated at 1 050 for 2 and 4 h, respectively. It is
obvious that Ti;Ni phase could not be removed by
solid-state diffusion under the given conditions.
According to an equilibrium diagram of Ti-Ni
system[14], Ti,Ni is thermodynamically stable above
1 050 , while NisTi; is metastable under the same
temperature. The combustion temperature of Ni+Ti
system recorded by the thermocouple in this work is up
to 1 310 , thus it is possible that the formation of
TioNi is prior to that of NisTis during the fabricating
process of SHS. As a result, the presence of Ti-rich
Ti,Ni phase in Ni-rich NiTi SMA(51% Ni, mole
fraction) could make NiTi parent phase more Ni-rich.
Thus the extra nickel then forms Ni-rich Ni4Tis phase.
This may also be the reason why the solution treatment
at 1 050 for a short time (less than 4 h) could not
remove metastable Ni,Tis phase formed during the SHS
process completely. However, the amount of NisTis
phase in porous NiTi SMA decreases slightly after
solution treatment, which can improve the ductility of
porous NiTi SMA. As indicated by Table 1, the
compressive strain and compressive strength of the
sample non-treated are about 4.8% and 208 MPa,
respectively. After porous NiTi SMA is treated at 1 050
for 4 h, the compressive strain increases to 6.2%,
while the compressive strength decreases to 173 MPa.

Table 1 Average compressive properties of porous Ni-rich NiTi
SMAs with porosity of 57.3% after different heat treatments

Compressive

Compressive
Sample P

Strength/MPa Strain/%
Non-treated 208 4.8
Solution treated at
1050  for4h 173 6.2
Solution treated at
1050 for 4 h and 190 57

subsequently aged at
450 forlh

Fig.3 shows XRD patterns of porous Ni-rich NiTi
SMAs after solution treatment at 1 050 for 4 h and
subsequent aging treatment at different temperatures for
1 h. It could be found that the subsequent aging
treatment can increase the amount of Ni,sTis phase in
porous NiTi SMA. Fig.4(a) shows the optical
micrograph of the microstructure of porous Ni-rich NiTi
SMA after solution treated at 1 050 for 4 h. The
dark discrete phase is Ti,Ni, confirmed as Li,Ni using
an energy-dispersive analysis by X-ray (EDAX) facility,
which often occurs near grain boundaries. The white
network-like phase in the gray NiTi matrix is NisTis,
which is derived from the fabricating process of SHS.
Fig.4(b) and Fig.5 show the optical and SEM

micrographs of porous Ni-rich NiTi SMA after solution
treatment at 1 050 for 4 h and subsequent aging
treatment at 450 for 1 h, respectively. It can be
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Fig.3 XRD patterns of porous Ni-rich NiTi SMAs after solution
treated at 1 050 for 4 h and subsequent aging treated at
different temperatures for 1 h: (a) Non-aging; (b) Aging at 400
; (¢) Aging at 450

(a)

Fig.4 Optical micrographs of porous Ni-rich NiTi SMAs: (@)
After solution treated at 1 050 for 4 h; (b) After solution
treated at 1 050 for 4 h and subsequent aged at 4 50 for
1lh
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found that besides the network-like Ni,Tiz phase
deriving from the fabricating process of SHS, many
white Ni,Tis particles were discretely precipitated in
NiTi matrix grains during the aging process (Figs.4(b)
and 5(a)). In addition, the needle-like B19’(NiTi)
martensitic phase in porous NiTi SMA is also found by
SEM observation with a high magnification (Fig.5(b)).

Tem WD 13 Derwe

Fig.5 SEM micrographs of porous Ni-rich NiTi SMA after
solution treatment at 1 050 for 4 h and subsequent aging
treatment at 450 for 1 h: (a) Typical morphology; (b)
Marten- sitic morphology

It is well known that the precipitation of NisTis
phase in NiTi matrix during the aging process can affect
the features of martensitic transformation in Ni-rich
NiTi SMA by promoting the formation of R-phase prior
to the formation of B19’ from B2 matrix on cooling[14,
15]. The coherency stress fields develop due to the
different lattice parameter and crystal structure of NisTis
(rhombohedral) precipitate with the matrix (B2), which
can act as the strong resistance to large lattice variant
deformations (on the order of 10%) associated with the
formation of B19’. The initial transformation from B2
to R-phase with a very small transformation strain about
1/10 of that in B2 - B19’ transformation can reduce the
overall energy of the system[15]. Further cooling then
transforms the resulting R-phase to B19” because B19’
is more thermodynamically stable than R-phase. It
should be noted that this precipitation of NisTiz phase in
NiTi matrix during the aging process could increase the

brittleness of porous NiTi SMAs. As shown by Table 1,
the compressive strain decreases slightly from 6.2% of
the sample after solution treatment at 1 050 for4 h
to 5.7% of the sample after solution treated at 1 050
for 4 h and subsequently aged at 450 for1h.

The fracture surface characteristics of porous
Ni-rich NiTi SMA after solution treatment at 1 050
for 4 h and aging treatment at 450 for 1 h is shown
in Fig.6. It can be found that the porous NiTi SMA has
a composite fracture characteristics composed of ductile
fracture with some ductile dimples and brittle cleavage
fracture, namely NiTi matrix shows a ductile fracture
behavior, while the second phase particles in the matrix
present a cleavage fracture. There are many cracks
existing on the interfaces between the matrix and the
second phase particles, which indicate clearly that the
bonding of the matrix with the second phase particles is
poor.

Fig.6 SEM fractograph of porous Ni-rich NiTi SMA after
solution treatment at 1 050 for 4 h and aging treatment at 450
forlh

4 Conclusions

Besides NiTi matrix phase (B2 and B19’), two
second phases including Ni4Tis and Ti,Ni are present in
porous Ni-rich NiTi SMA prepared by SHS method.
The solution treatment at 1 050 has little effect on
stable Ti,;Ni phase, however, it decreases the amount of
NisTiz phase and results in the improvement of the
ductility of porous NiTi SMA. The subsequent aging
treatment after solution treatment can lead to the
precipitation of the discrete Ni,Tiz phase in NiTi matrix
grains, which increases the brittleness of porous NiTi
SMA. NiTi matrix shows a ductile fracture behavior,
while second phase particles present a cleavage fracture.
Many cracks existing on the interfaces indicate that the
bonding of the matrix with second phase particles is
weak.
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