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a b s t r a c t

Porous NiTi shape memory alloy (SMA) was fabricated by self-propagating high-temperature synthe-
sis (SHS). With this study, a new solution treatment “solution treatment under loading” was applied to
porous NiTi SMA fabricated by SHS to determine microstructural improvement regarding single phase
NiTi. The effect of solution treatment under load on chemical composition, constituent phases and phase
vailable online 19 August 2008
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transformation behaviors of the specimens was investigated and discussed. The chemical composition of
the specimens considerably changed with solution treatment under loading. Intermetallic phases such as
Ti2Ni and Ni4Ti3 disappeared, the density of B2(NiTi) phase increased and phase transformation temper-
atures sharply decreased. Porous single phase B2(NiTi) SMA with high chemical homogeneity could be
obtained by the load applied during solution treatment at 1050 ◦C.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Recently, the production of porous NiTi shape memory alloys
SMAs) has been received considerable interest due to their extraor-
inary mechanical characteristics similar to those of some natural
iomaterials for hard tissue implants, quite high damping capacity
nd low relative density [1,2]. In addition, they have some unique
roperties like shape memory effect, superelasticity, excellent cor-
osion resistance, and good biocompatibility. Moreover, the porous
tructure of the alloys would help tissue cell in growth, nutrition
xchange and medicament transportation [3,4].

So far, porous NiTi SMAs have been fabricated with powder
etallurgy (PM) processes such as combustion synthesis with self-

ropagating wave [5–7], metal injection molding (MIP) [8], hot
sostatic pressing (HIP) [8], and spark plasma sintering (SPS) [9].
hese processes can avoid the problems associated with casting,

ike segregation or extensive grain growth and have the added
dvantages of precise control of composition and easy realization
f complex part shapes. However, they can cause oxidation and ten-
ency to form other Ti–Ni phases, such as Ni3Ti, Ti2Ni and Ni4Ti3

∗ Corresponding author. Tel.: +90 424 2370000x4242; fax: +90 4242184674.
E-mail address: mehmetkaya@firat.edu.tr (M. Kaya).
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ue to the composition fluctuation in the specimen since the raw
owders are not mixed sufficiently and the particle size of the
eactants is not small enough [2,9,10]. In some cases even elemen-
al Ni in varying proportion occurs, which is toxic in living tissue
10].

None of the above PM processes has allowed obtaining fully
ense high purity single phase NiTi components [11]. The mechan-

cal properties of NiTi depend on its phase state at a certain
emperature. Fully austenitic NiTi material generally has suitable
roperties for surgical implantation and superelasticity [12]. Ti2Ni,
i3Ti and Ni4Ti3 phases existing in SHS-synthesized porous NiTi
MA may increase the brittleness of the products. Moreover, they
an lead to the cavitation corrosion and deteriorate the biocom-
atibility of porous NiTi SMAs in the physiological environments
1,13].

Different procedures are required to remove undesired phases
ormed during fabrication. The amount of Ni4Ti3 phase in porous
iTi SMA decreases slightly after solution treatment. However,
i2Ni and Ni3Ti phases are extremely difficult to remove by subse-
uent thermal treatments since they are thermodynamically stable
2,13,14]. Therefore, it is necessary to implement different proce-
ures for removing the undesired Ti2Ni and Ni3Ti phases in porous

iTi SMAs.

Bertheville and Bidaux [11] studied an alternative powder
etallurgical process called VPCR (vapor phase calciothermic

eduction) for the fabrication of single phase NiTi shape memory
lloys. They reported that the XRD peaks of austenite B2(NiTi) and

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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stoichiometry of the Ni-rich (50.5 at.%Ni) specimen. Moreover, the
presence of Ti2Ni phase, since Ti powder is more flammable than Ni
powder, could make the parent NiTi phase richer in Ni. If the mix-
ing is not homogeneous, the amount of undesired phases becomes
larger [2,9,10].
M. Kaya et al. / Journal of Alloys

f CaO were visible when using the VPCR process. In another study
14], they reported a thin calcium oxide film over the surface of
he compact which can easily be removed by polishing or leaching.
n addition, it was determined by them that the vacuum sintered
ompact was predominantly B2(NiTi) phase and secondly Ti2Ni
nd Ni4Ti3 at room temperature while the sintered compact under
educing Ca vapor was the major stable B19′(NiTi) phase instead of
he B2(NiTi) phase.

It is well accepted that the shape memory effect (SME) and
uperelasticity effect (SE) of NiTi SMAs depend critically on
he reversibility of the martensitic transformation [15]. Various
esearchers [4,16–18] have studied the effects of porosity, aging and
olution heat treatment on the martensitic transformation behav-
or of porous NiTi SMAs. However, the effects of solution treatment
nder loading on characteristic of porous NiTi SMAs fabricated by
HS have not been investigated in the literature.

Porous NiTi SMAs fabricated by SHS have more porosity than
orous NiTi SMAs fabricated with the other PM processes according
o literature [2,19]. So far, various ignitors such as tungsten coil [20],
gnition reagent composed of Ti and C powder [2], laser [21] or other

eans have been employed for the fabrication of porous NiTi SMAs
y SHS.

In this study, high-voltage electric arc was used to ignite the
pecimens in the fabrication of porous NiTi SMA by SHS. Also, a new
olution treatment, “solution treatment under loading” was applied
o porous NiTi SMA fabricated by SHS to determine microstructural
mprovement regarding single phase NiTi. In addition, the phase
ransformation behavior was also investigated.

. Experimental procedures

The raw materials used were Ni (99.8 wt.%) and Ti (99.5 wt.%) powders with an
verage size of 44 �m (Alfa Aesar). Firstly, the powders of Ni and Ti with 50.5 at.%Ni
ere blended in a rotating container for 24 h for a homogenous mixture, and then

he blended powder was pressed into cylindrical compacts of 10 mm in diameter and
5 mm in height using a hydraulic press at a cold compaction pressure of 100 MPa.
he green samples after compacting were preheated up to 200 ◦C with a heating rate
f 15 ◦C/min in a furnace under the protection of high purity argon gas, then were
ubjected to electrical discharge pulse (14 kV and 30 mA) for about 2 s [22,23]. The
emperature of the green samples was increased in a short time at the beginning
f current application and ignition started. Once ignited, combustion wave self-
ropagated along the axis of the specimen to the other end in a very short time, thus
orous NiTi SMA was synthesized. To investigate the effects of solution treatment
nder loading on microstructure and phase transformation behavior, synthesized
pecimens were separately solution treated under a load of 25 kg (3.2 MPa) and 50 kg
6.41 MPa) at 1050 ◦C for 1 h in a furnace under the protection of high purity argon
as. Finally, the specimens were quenched into water at room temperature.

To investigate the chemical composition, the surfaces of specimens were etched
y a mixture of 10% HF, 5% HNO3 in water [13]. An energy-dispersive X-ray spectrom-
ter (EDS) coupled with the scanning electron microscopy (SEM, LEO Evo-40VP) was
sed to locally measure the chemical composition of the specimens. The phase con-
tituents were determined by X-ray diffraction (XRD, Rigako Rad-B D-Max 2000
RD) analysis using CuK� radiation with 1.54046 Å. The phase transformation tem-
eratures and energies were measured by differential scanning calorimeter (DSC,
erkinElmer Pyris 6). The samples, typically 14–17 mg in weight, were placed in alu-
inium pans. The measurements were carried out under nitrogen gas flow. In the
SC thermal analysis, specimens were heated from −50 to 140 ◦C and kept isother-
ally for 2 min to establish thermal equilibrium, then cooled down to −50 ◦C, and

lso kept isothermally for 2 min and then ramped back to 140 ◦C again. Finally, they
ere cooled to −50 ◦C to finish the thermal cycle. Heating and cooling rates were

ept at ±5 and ±10 ◦C/min for the first and second thermal cycles respectively.

. Results and discussions

Fig. 1 shows the general morphology of porous NiTi fabricated by

HS which consists of the combustion channels and pores. The dis-
ribution of the pores is uniform and most of the pores are isolated
nd rarely interconnected. The pores have fairly low size in �m
nd various shapes. The specimens fabricated by SHS has a general
orosity of 55.5 vol.% and the porosity decreases to 40.6 vol.% with F
Fig. 1. Optic micrograph of porous NiTi synthesized at 200 ◦C.

olution treatment under loading [23]. The pore characteristics and
orosity ratios of the specimens produced are suitable for hard tis-
ue implants because the ideal implant material should have the
orosity in the range of 30–90%, and the optimal pore size for bone
issue ingress is 100–500 �m [24].

Fig. 2 shows the microstructure of the porous NiTi fabricated
y SHS. The EDS quantitative analysis result of atomic composition
as Ni–41.01 at.%Ti for the grain boundary pointed out as Ellipse1 in

ig. 2, corresponding to Ni3Ti2 or Ni4Ti3 phase. The same composi-
ion was seen for the formations like mushrooms or water granules
n shape, too. The atomic composition of elliptic area showed as E0
n Fig. 2 was Ni–59.29 at.%Ti, which is possibly a pore. EDS anal-
sis shows that the composition of platelike formations in Fig. 2
s Ni–43.81 at.%Ti, which can be identified as Ni4Ti3 or Ni-rich
19′(NiTi) martensite phase by combining EDS and XRD results.
iTi matrix is seen grey; Ni3Ti2 or Ni4Ti3 phases are seen as light
rey in Fig. 2, and NiTi2 phase in Fig. 3a is seen as cornered shapes
n dark grey.

Although the phases such as Ni4Ti3 and NiTi2 usually form in
orous NiTi alloys fabricated by SHS [2], the phases such as Ni3Ti,
ure Ni and pure Ti rarely occur [10]. Ni3Ti, pure Ni and pure Ti
ere not observed in this study. The presence of Ni4Ti3 and Ni3Ti2

n the porous NiTi SMA synthesized by SHS is due to the overall
ig. 2. SEM micrograph and EDX regions of the porous NiTi SMA fabricated by SHS.
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heating–cooling cycle, thus one-step (B19′ → B2) transformation
ig. 3. SEM micrographs and EDX regions of the specimens. (a) Solution treatment
nder 3.2 MPa and (b) solution treatment under 6.41 MPa.

Fig. 3 shows the microstructures of solution treated specimens
nder different loads at 1050 ◦C for 1 h. where the microstructure

s predominantly NiTi phase as desired. The result of the atomic
omposition from the EDS quantitative analysis in Fig. 3a was
i–64.19 at.%Ti for the cornered dark grey area (Ellipse0, E0), pos-

ibly corresponding to NiTi2. Ni4Ti3 and Ni3Ti2 phases were not
bserved in Fig. 3. The load applied accelerated the dissolution
f these phases by increasing local stress and thus diffusion [25].
here is some amount of NiTi2 phase in the solution treated spec-
men under 3.2 MPa (Fig. 3a) but it disappeared completely after
he application of a load of 6.41 MPa during the solution treatment
Fig. 3b). The EDS quantitative analyses results of atomic composi-
ion were Ni–46.41 at.%Ti and Ni–46.23 at.%Ti for the areas pointed
ut as Ellipse0 and Ellipse1 in Fig. 3b respectively, corresponding
o NiTi phase richer in Ni.

Fig. 4 shows XRD patterns of the synthesized (curve-a) and solu-
ion treated specimens under loading. It is seen that the desired
roducts such as B2(NiTi) and B19′(NiTi) are the predominant
hases in the Fig. 4 (curve-a). In addition, the SHS process resulted

n the formation of several second phases such as Ti3Ni4 and Ti2Ni.
hu et al. [13] also determined the same phases. In addition, they
eported that the amount of metastable Ni4Ti3 phase decreased
harply after solution heat treatment at 1050 ◦C for 4 h, and Ti2Ni
hase could not be removed by solution treatment [13]. The results

n our study where load and solution treatment were implemented

imultaneously showed that when the load on the specimen was
.2 MPa during solution treatment, it can be seen in Fig. 4 (curve-b)
hat the amount of B2(NiTi) phase increased, B19′(NiTi) decreased,
i4Ti3 was not observed but still there was little NiTi2. When the

o

p
i

ig. 4. XRD patterns of porous NiTi SMAs, (a) the specimen synthesized, (b) the
pecimen applied load of 3.2 MPa at 1050 ◦C for 1 h and (c) the specimen applied
oad of 6.41 MPa at 1050 ◦C for 1 h.

oad on the specimen was raised up to 6.41 MPa during solution
reatment, Ni4Ti3, Ti2Ni and B19′(NiTi) phases disappeared and the

icrostructure transformed to B2(NiTi) phase (Fig. 4 (curve-c)).
Zhu et al. [26] reported free nickel beside TiNi and intermetallics

uch as Ti2Ni and Ni3Ti from XRD results when sintering time was
hort. They also reported that free Ni disappeared, and the speci-
en was composed mainly of NiTi phase a small amount of other

ntermetallics when the sintering time exceeded 8 h.
Recently, Biswas [27] has proposed that the second phase (Ni3Ti,

iTi2) can be eliminated completely by a post-reaction heat treat-
ent. While unreacted Ni disappeared the Ni14Ti11 and Ni3Ti are

ound distributed within NiTi after post-reaction heat treatment at
050 ◦C, the specimen post-heat treated at 1150 ◦C is clearly single
hase. This is because of the eutectic temperature of NiTi2 and N3Ti

s 984 and 1118 ◦C, respectively. The higher post-treatment temper-
ture of 1150 ◦C induced the dissolution of undesired phases [28].
uring the formation of NiTi, NiTi2 and Ni3Ti phases exothermic

eactions occur as given below [26]:

i + Ti → NiTi + 67 kJ/mol (1)

i + Ti → NiTi2 + 83 kJ/mol (2)

i + Ti → Ni3Ti + 140 kJ/mol (3)

In the binary Ni–Ti phase diagram, NiTi, NiTi2 and Ni3Ti phases
re stable phases. Moreover, according to the amount of energy
xerted during the formation of phases, Ni3Ti and NiTi2 phases are
ore thermodynamically favoured than NiTi. Consequently, it is

ifficult to completely remove Ni3Ti and NiTi2 phases from the syn-
hesized sample only by altering heat treatment [26]. In our study,
single phase porous B2(NiTi) was obtained by solution treatment
nder loading at 1050 ◦C. This situation is harmonious with EDS
nd XRD results.

Fig. 5 shows the result of DSC measurement for the non-solution
reated specimen. The broad peak in the heating curve corresponds
o the martensite (monoclinic) to austenite (cubic) transformation,
nd the broad peak on the cooling curve corresponds to the trans-
ormations from austenite to martensite. There are two peaks in the
rst heating curve corresponding to B19′ → R (intermediate trigo-
al martensite) → B2 transformation. The first peak disappeared in
he second heating curve. A similar transformation, B19′ → R → B2
ransformation due to the formation of Ni4Ti3 after aged at 400
nd 450 ◦C and B19′ → B2 transformation after aged at 475, 500
nd 550 ◦C, was determined by Chu et al. [18]. It is thought that the
ncoherent stress fields in the structure disappeared after the first
ccured.
A one-step transformation from the high-temperature parent

hase B2 to the low-temperature monoclinic martensite phase B19′

n the cooling curves is seen in Fig. 5. For equiatomic dense NiTi
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Table 1
Measured DSC transformation temperatures and associated energies for porous NiTi SMA synthesized.

Heating rate
(

As (◦C) Ap (◦C) Af (◦C) Ms (◦C) Mp (◦C) Mf (◦C) �HM → A �HA → M �SM → A �SA → M
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◦C/min)

5 91.86 99.63 107.26 67.64 65.10
10 85.81 96.11 103.90 67.13 62.54

lloys, the similar martensitic transformation usually is seen in the
ooling curve. Two-steps or multi-stage martensitic transformation
MST) can also occur in dense NiTi alloys after certain thermal or

echanical treatments, which can be described as B2 → R, R → B19′,
r B2 → B19′ [15].

After solution treatment under loading no evident peak was
een in the temperature range (−50 and 140 ◦C) in DSC analysis.
his situation shows that the parent NiTi phase becomes richer
n Ni due to the disappearance of Ni4Ti3 with solution treatment
nder loading decreased the transformation temperatures. If Ni
atio decreases in parent phase due to the formation of Ni-rich
i4Ti3 phase with aging at lower temperature, the transformation

emperature again increases.
Transformation temperatures and associated energies mea-

ured by DSC for porous NiTi SMA synthesized are given in Table 1.
he transformation temperatures and transformation enthalpies
ere evaluated with DSC. Transformation entropies were cal-

ulated with Eqs. (4) and (5) by taking into consideration the
quilibrium condition in a system at constant temperature and
ressure [28].

G = �H − T0 �S = 0 ⇒ �H = T0 �S (4)

0 = Ms + Af

2
(5)

�G, �H, �S and T0 are Gibbs energy change, enthalpy change,
ntropy change and equilibrium temperature, respectively. As and
f are austenite start and finish, Ms and Mf are martensite start
nd finish temperatures, respectively. The transformation temper-
tures of porous NiTi fabricated by SHS are higher for the implants.
he phase transformation temperatures decrease with the second
hermal cycling, but the enthalpy and entropy of the transformation
ncrease in absolute value. The changes in enthalpy and entropy for
19′ → B2 transformation are lower than those for B2 → B19′ trans-
ormation. This result reveals that the heat required for B2 → B19′

ransformation is greater than that of B19′ → B2 transformation.
iang and Rong [5] determined that the transformation temper-
tures decreased very little with thermal cycling up to 10 times.

ig. 5. DSC curves of porous NiTi SMA synthesized at 200 ◦C after green pressure of
00 MPa.

3

A

T

R

(J/g) heating (J/g) cooling (×10−3 J/g K) (×10−3 J/g K)

.58 −0.744 0.782 −2.064 2.169

.97 −0.985 1.053 −2.747 2.937

herefore, we did not attempt more than two cycles in this study.
he transformation temperatures of the specimens solution treated
nder loading could not be determined in the working range of DSC
evice since they are lower than −50 ◦C.

Prymak et al. [29] determined that Ap and Mp (peak tempera-
ures in heating and cooling curves, respectively) for porous NiTi
abricated by SHS were 62.5 and 22.8 ◦C, respectively, which are
ower than those of our study, but the width of the peaks was low
nearly 0.05 m W/mg). That is, the shape memory effect of speci-

ens fabricated by them was little. In addition, it was determined
y Jiang and Rong [5] that As and Af points for austenitic transfor-
ation were 92 and 103 ◦C, respectively, and also Mp was 67 ◦C for

orous NiTi fabricated by SHS. The transformation temperatures
etermined by them are closer to the transformation temperatures
etermined in our study.

Barrabes et al. [30] fabricated porous NiTi by SHS and deter-
ined that As and Af points for austenitic transformation with
broad peak (30 ◦C) were 73 and 103 ◦C, respectively and the

nthalpy of austenitic transformation was 2.28 J/g for the untreated
iTi. At the same time, they determined that Ms and Mf for
artensitic transformation were 69 and 49.6 ◦C, respectively, and

ransformation enthalpy was 2.26 J/g. The transformation tem-
eratures determined by them are closer to the transformation
emperatures in our study and it is seen that the transforma-
ion hysteresis (between difference Ap and Mp) and enthalpies
xplained by them are higher.

. Conclusions

1. Porus NiTi SMAs free from pure Ni, pure Ti and Ni3Ti phases were
fabricated by SHS. The distribution of the pores was uniform and
most of the pores were isolated and rarely interconnected.

. In case of loading during the solution treatment, undesired
intermetallics disappear nearly completely. Porous single phase
B2(NiTi) SMA with high chemical homogeneity was obtained by
the load applied during solution treatment, but still more studies
are needed to determine the effects of the load applied during
solution treatment on dissolution of intermetallics.

. The phase transformation temperature of synthesized specimen
is higher for implant material. The phase transformation tem-
peratures of specimen solution treated under loading decrease
due to richer parent phase in Ni.
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