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Porous NiTi was produced by sintering pre-alloyed NiTi powders (with small Ni addition to form Ni-rich
composition) with NaCl powders which are removed to create 40-60 vol.% macropores which are open to
the surface, blocky in shape, and 100-400 lm in size. The microporosity present between the NiTi powders
is infiltrated by an in situ created NiTi-Nb eutectic liquid which, after solidification, densifies the NiTi
powders into dense struts. This processing technique allows for separate control of the macroporous
structure, and the densification and composition of the NiTi struts.
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1. Introduction

Porous NiTi is attractive for biomedical applications because
of the biocompatibility, high compressive strength, and shape
recovery (from either the shape memory or superelastic
mechanism) of NiTi, and the reduction in stiffness and increase
osseo-integration offered by the pores (Ref 1). Several methods
use space-holder materials to achieve good control over pore
size, shape, and volume fraction (Ref 2-5). However, many of
these methods result in poor densification of the NiTi powders
into walls or struts (for brevity, we use in the following only the
word ‘‘strut’’) due to the low sintering ability of NiTi and the
presence of the space-holders. Insufficient densification within
the NiTi struts of these foams, which may lead to poor fatigue
resistance, can be addressed by hot isostatic pressing (HIP) of
pre-alloyed NiTi powders mixed with NaCl space-holder
(Ref 6). HIP processing, however, adds to the cost of the
foam, and so a method relying on sintering is desirable.

Recently, we demonstrated an approach that uses a transient
liquid to promote densification of the NiTi powders (Ref 7). A
eutectic liquid, created by reaction between pre-alloyed Ti-rich
NiTi powders and niobium powders, fills the space between the
NiTi particles of the foam matrix without filling the macropores
previously created by NaCl space-holders. Bansiddhi and
Dunand (Ref 7) showed that transient liquid phase sintering can

be performed on NiTi structures containing a high fraction
(40%) of large pores, and that it produces desirable mechanical
properties (high compressive strength and low stiffness) at
relatively low processing temperatures (1185 �C). Moreover,
the resulting porous NiTi-Nb material, which is biocompatible
(Ref 8), exhibits the same shape memory effect as porous NiTi
(Ref 7).

The goal of this study is to adapt the above liquid phase
sintering method from Ti-rich, shape-memory NiTi (Ref 7) to
Ni-rich, superelastic NiTi. Pre-alloyed NiTi powders are again
used to avoid the non-uniform composition and contamination
often observed in NiTi foams produced from elemental Ni and
Ti powders (Ref 1). Small additions of Ni powders are added to
the pre-alloyed NiTi powders to create the Ni-rich composition
needed for superelastic properties, and Nb powders are
furthermore added to generate a transient liquid phase which
fills the space between the NiTi powders within the struts.

2. Experimental Procedures

Four types of powders were used: pre-alloyed NiTi
(48.6 at.% Ni, Special Metals Corp., NY) sieved to 44-63 lm,
Ni (99.9% purity, 3-7 lm, Alfa Aesar, MA), Nb (99.8% purity,
1-5 lm, Alfa Aesar, MA), and NaCl (99% purity, Alfa Aesar,
MA) sieved to 100-250 lm. Two preparation routes were used
to make powder compacts: (1) homogeneous powder mixing;
and (2) powder layering.

The first route mentioned above consists of three mixing
steps, all performed in a twin-shell dry blender: (i) pre-alloyed
NiTi are mixed with 2.2 at.% Ni and blended for 2 h to create a
Ni-rich NiTi mixture (50.8 at.% Ni and 49.2 at.% Ti); (ii) this
Ni-rich NiTi blend is mixed with 3.1 at.% Nb (94.7 wt.% NiTi
and 5.3 wt.% Nb) and blended for an additional 2 h; and (iii)
the NiTi-Nb mixture is mixed with 40 vol.% NaCl space-holder
powders and blended for 2 h. The resulting homogeneous NiTi/
Ni/Nb/NaCl blend was cold pressed at a pressure of 350 MPa
into a green preform with 10-mm height and 12.7-mm diameter.
The preform was sintered at 1185 �C for 10 h (heating rate:
7 �C/min) in a high-vacuum furnace with titanium getters,
resulting in a porous sample labeled 1.
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The second route (Fig. 1) creates a preform with two
chemically distinct layers: a Ni-rich NiTi blend for the lower
layer, and a NiTi-Nb eutectic mixture for the upper layer. The
lower layer is made as previously by mixing near-equiatomic
(48.6 at.% Ni) NiTi with 2.2 at.% Ni for 2 h, and blending the
resulting mixture with 40 vol.% NaCl powders for an addi-
tional 2 h. The upper layer is made by mixing near-equiatomic
NiTi and Nb powders to obtain a eutectic composition of
74 at.% NiTi-26 at.% Nb (Ref 9), with the proportion of Nb (in
the upper, eutectic layer) to overall NiTi (in both the upper,
eutectic and lower, foam layers) being 3.1 at.% (5.3 wt.%) Nb.
A double-layer pellet is formed by pouring the lower NiTi/Ni/
NaCl mixture in a 12.7 mm die, adding the upper layer of NiTi/
Nb mixture, and then cold pressing the two layers simulta-
neously with a pressure of 350 MPa. The preform is then
heated under high vacuum in two stages: 1135 �C for 15 h,
followed by 1185 �C for 10 h. The preform 2a with two layers
had dimensions (12.7 mm in diameter, 10 mm in height)
approximately the same as the perform 1 made by the simpler
mixing method. To demonstrate the effect of process param-
eters on pore structure, another specimen labeled 2b was
prepared by the double-layer procedure with the following

Fig. 1 Schematic of the double-layer method

Fig. 2 Optical micrograph of a cross section from the as-sintered
foam 1, made using a single NiTi/Ni/Nb/NaCl layer; pores are black,
metal is light

Fig. 3 SEM micrographs showing (a) a vertical cross section of foam 2b consisting of four regions (1-4); and high magnification images show-
ing: (b) the interface between the eutectic layer (1) and foam layer (2); (c) the region (2) of full strut densification by eutectic infiltration; (d) the
transition between the high and low densification regions (2-3); and (e) the region of poor densification (4) without eutectic infiltration
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parameters: a composition in the NiTi/Nb layer of 86 at.%
NiTi-14 at.% Nb (hypoeutectic), a NaCl volume fraction of
60%, and a sintering temperature of 1195 �C.

Cross sections of the sintered specimens were mounted in
epoxy resin, polished with 320 lm SiC paper, 9 lm diamond
paste, and 0.05 lm alumina paste, and imaged with a SEM
equipped with energy dispersive x-ray (EDX) analysis.

3. Results and Discussion

The microstructure of foam 1 is shown in Fig. 2: it consists
of macropores, 100-400 lm in diameter, surrounded by struts of
poorly sintered NiTi powders. As expected, the macropores
reflect the shape of the NaCl space-holders which were removed
by evaporation during the sintering process (Ref 6). The
micropores between the clearly distinguishable NiTi powders
forming the foam struts and the lack of transient liquid phase
are, however, unexpected because the processing temperature
(1185 �C) was sufficient for the NiTi-Nb eutectic liquid to form.
The low level of NiTi powder densification is comparable to that
seen in the previous study (Ref 7), where pre-alloyed NiTi
powders are sintered without Nb powders. The transformation
temperatures measured by differential scanning calorimetry are
equivalent to those of pre-alloyed NiTi with no additional Ni or
Nb. Therefore, the procedure where Nb is used to densify foam
struts of near-equiatomic prealloyed NiTi powder (Ref 7) does
not transfer to NiTi foams to which Ni powders were added.
This can be explained by considering the Ni-Nb phase diagram
showing the intermetallic phases Ni6Nb7 and Ni3Nb (Ref 10): it
appears that the elemental Ni and Nb powders added to the NiTi-
NaCl mixture did not react with NiTi upon heating, but rather
reacted with each other to form one or more of the stable
intermetallic phases Ni6Nb7 or Ni3Nb. This prevented the
formation of either Ni-rich NiTi compositions (Ni diffusing into
NiTi) or a transient eutectic phase (Nb reacting with NiTi) and
caused poor NiTi densification at elevated temperature. It is,
however, expected that using pre-alloyed Ni-rich NiTi (rather
than adding Ni powder to pre-alloyed near-equiatomic NiTi as
done here) would result in densification with Nb addition. In
fact, Grummon et al. (Ref 9) used Nb powder to successfully
join Ni-rich NiTi strips.

Since interaction between elemental Ni and Nb must be
avoided, the preforms (2a and 2b) in the second method was
designed such that Nb and Ni were separated physically and
functionally. Niobium without Ni was used in the upper layer
where NiTi and Nb were mixed at the near eutectic composition
to create a liquid at the processing temperature; this liquid
then infiltrated the lower layer, which contained Ni without Nb
to create a Ni-rich NiTi composition by diffusion prior to
infiltration. Two consecutive heat treatments were designed
to achieve these two separate goals. The first temperature
(1135 �C) was chosen to promote interdiffusion between NiTi
and Ni powders in the lower layer to form a homogeneous
Ni-rich NiTi composition, while evaporating the NaCl to create
a porous structure (NaCl has a boiling point at ambient pressure
of 1413 �C but it sublimates readily in vacuum above its
melting point of 801 �C; Ref 11). The first temperature
(1135 �C) was below the Nb-NiTi eutectic temperature
(�1170 �C; Ref 9) so that no liquid was formed in the upper
layer. The second temperature (1185 �C) was then used to melt
the upper layer into a Nb-NiTi eutectic liquid (for perform 2a).

This liquid then wicked into the lower layer, aided by gravity,
and filled the micropores between the Ni-rich NiTi powders
without filling the macropores created by the evaporation of the
NaCl powders.

Figure 3 shows a representative vertical cross section
(12 mm in height) of foam 2b, produced by the double-layer
method. The porosity was �40%, and the angular macropores
had sizes of 100-400 lm. These pore characteristics can be
controlled by the amount, shape, and size of NaCl. The porous
structure was inhomogeneous and divided into two main
sections: a region without micropores which was infiltrated by
the eutectic liquid, reaching from the top of the sample to a
depth of 8-mm (labeled Region 2 in Fig. 3), and one of
incomplete NiTi densification, with visibly distinct spherical
NiTi particles and micropores, reaching from 8 mm depth to the
bottom of the sample (labeled Region 4). The overall structure

Fig. 4 SEM micrographs showing the microstructure of foam 2b:
(a) at the interface between the upper (1) and lower (2) layers (the
dark phase is a Ti-rich phase, the gray phase is the Ni-rich NiTi
powders and NiTi eutectic, and the white phase is the Nb in the
eutectic) and (b) within the foam layer (2), showing the eutectic phase
and two Ti-rich particles filling the space between NiTi powders
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implies that a sufficiently strong NiTi network was formed by
sintering to avoid perform collapse when NaCl sublimated. The
microstructure in Region 2 is similar to that of foam NTN40 in
our previous study (Ref 7), where in situ transient liquid (NiTi-
Nb) sintering occurred within NiTi struts (without Ni additions),
while that in Region 4 is poorly densified like the structure of
foam 1 (Fig. 2). The sharp transition from high (Region 4) to
poor densification (Region 2) is evidence of an infiltration front,
with the eutectic liquid formed in the upper layer wicking into,
and enhancing densification of, the porous Ni-rich NiTi in the
lower layer. During the gravity-assisted infiltration through the
porous structure, capillary forces in the small channels between
Ni-rich NiTi particles were sufficient to keep the liquid within
the metal struts, preventing spilling into, and filling of, the
macropores. Hence, the desirable macropores produced by NaCl
evaporation were maintained.

Incomplete infiltration of the liquid into the foam layer was
probably not caused by interdiffusion of Nb and NiTi, even
though the equilibrium state of the whole specimen (both
layers) is solid at 1170 �C (Ref 9). Unlike in some other
systems [e.g., NiAl (Ref 12) and TiAl (Ref 13)] where
interdiffusion between solid and transient liquid phases governs
and limits infiltration, Nb in the eutectic layer is chemically
stable, and Nb diffusion in solid NiTi is much slower than
infiltration. The depth of the full strut densification Region 2
was therefore primarily determined by processing factors
affecting the volume of the eutectic liquid. For instance, a
sufficient amount of eutectic liquid supplied from the upper

layer (i.e., an appropriate composition in the eutectic layer, and
an appropriate proportion of eutectic layer to foam layer
volumes) and a sufficiently high temperature (to ensure
sufficient liquid is formed) will increase the depth of the full
densification region. In addition, a foam layer having suffi-
ciently high and uniform particle packing density would be
useful, as this leads to higher capillary forces which enhance
the wicking process.

The composition of the upper layer of foam 2b is NiTi-
14 at.%Nb, a hypoeutectic composition consisting of about half
liquid phase and half NiTi-rich solid solution at the processing
temperature of 1185 �C. As observed in Region 1 of Fig. 3 and
in Fig. 4(a), the majority of the solidified upper layer was
occupied by the NiTi-rich solid phase (light gray, similar to the
NiTi in the foam layer 2), with relatively little solidified eutectic
liquid (white) remaining. This suggests that, as expected, most of
the liquid formed in the upper layer wicked into the NiTi foam
layer beneath. The flat interface between the two layers 1 and 2
suggests that erosion due to interdiffusion between the liquid
layer and the underlying solid layer was minimal. At NiTi
powder boundaries in the interface and foam layers (2 and 3),
small volumes of eutectic phase are present, containing large
(�10 lm) faceted precipitates, which were identified in our
previous study as a NiTi2-rich phase (Ref 7). More eutectic
regions are visible, bonding the NiTi particles with each other in
the foam layer (Fig. 4b). According to the NiTi-Nb phase
diagram (Ref 9), the targeted composition of the upper layer
could be near the eutectic composition where the alloy is entirely

Fig. 5 SEM micrographs of (a) a vertical cross section of foam 2a showing full infiltration throughout the perform; and high magnification
images representing; (b, c) the interface between the eutectic layer (near top of foam) and the foam layer at two magnifications and (d) high strut
densification region. Pores are black, NiTi is gray, the Nb in the eutectic phase is white, and the round darker gray shapes are Ti-rich phases
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liquid at a temperature above the eutectic point. Compositions at
or below eutectic are preferred for the upper layer, in contrast to
hypereutectic compositions where further dissolution of NiTi is
required by the Nb-rich liquid infiltrated between the NiTi
powders when the temperature drops to the eutectic temperature.

To demonstrate optimization of the double-layer process,
foam 2a was produced by the same procedure as foam 2b, but
with a eutectic composition (26 at.% Nb versus 14 at.% Nb) in
the upper layer, a higher sintering temperature (1195 �C versus
1185 �C), and a higher fraction of NaCl space-holders
(60 vol.% versus 40 vol.%). As shown in Fig. 5(a)-(d), a
structure similar to foam 2a was obtained, except with full strut
densification throughout the preform. Because of its eutectic
composition, the upper layer was fully transformed to eutectic
liquid at 1185 �C, providing about twice the volume of liquid
present in foam 2a for wicking into the lower foam layer. The
increase in temperature by 10 K also reduced the viscosity of
the liquid, accelerating the wicking process. Finally, a lower
NiTi strut volume was present, because of the higher fraction of
NaCl space-holders.

The total Nb amount in foam 2a is 8 wt.%, which is greater
than the 6 wt.% Nb in foam 2b. Because of the eutectic feature,
the liquid composition is similar in each case but foam 2b has a
greater fraction of liquid. However, the quantity of eutectic
liquid in a given volume of the NiTi foam layer is given by the
amount of microporosity available to be filled, which is again
similar between the foams. Thus, the composition and fraction
of the liquid phase that acts to densify the foam struts after
solidification are similar, despite the significant differences in
overall processing and the foam properties are also expected to
be similar.

The eutectic phase formed on the upper layer is visible in
Fig. 4(b) as lamellar eutectic white (high Z) Nb particles within
a NiTi matrix, surrounding large round phase that are darker
(i.e., with lower Z) than the NiTi powders and are thus Ti-rich
(most probably NiTi2). The presence of this Ti-rich phase, also
observed in a Ni45Ti45Nb10 alloy with lower Nb:NiTi ratio
(Ref 14), suggests that the amount of Nb participating in liquid
formation was decreased after early eutectic liquid was formed
and drained out. In the lower layer, the eutectic phase and
blocky Ti-rich precipitates appear at the interfaces of NiTi
powders throughout, as expected from previous result (Ref 7).
As a consequence, the densification of NiTi struts was of good
quality, as shown both within a strut (Fig. 6a) and in an inner
pore (Fig. 6b).

The overall shape of foam 2a is, however, distorted in its
upper region (Fig. 5a). A possible reason is the fluctuation in
the in situ composition of the upper layer, especially toward the
hypereutectic composition. At a temperature 25 K above the
1170 �C eutectic temperature (possibly within the furnace
temperature variation), the NiTi foam layer could be partially
dissolved into the eutectic. The liquid formed in the upper layer
would then have been drawn inward to the center of the
crucible by surface tension before infiltrating through the
porous structure, and so the NiTi foam layer beneath the center
was weighed by liquid and dissolved preferentially, leading to
slumping. Further adjustments in processing to the double-layer
method are likely to lead to higher macroporosity, shorter
processing times, and larger, more uniform sample size.

4. Conclusions

A novel method is developed for producing porous Ni-rich
NiTi by combining a space holder method to control the
features of the porous structure and eutectic liquid brazing of
NiTi powders to ensure high densification of NiTi struts made
of pre-alloyed, near-equiatomic NiTi powders. The method
consists of (i) mixing pre-alloyed NiTi powders with Ni
addition and NaCl space-holders into a first blend; (ii) mixing
Nb as a transient liquid phase sintering agent into the pre-
alloyed NiTi powders to form a second blend; (iii) pressing the
two blends to form a two-layer powder compact; (iv) sintering
the compact at a temperature below the Nb-NiTi eutectic point
to evaporate the NaCl in the lower layer, diffuse the Ni into the
NiTi powders and lightly sinter the NiTi powders; and (v)
heating the compact to a temperature above the eutectic point,
to create a eutectic liquid in the upper layer that then wicks into
the space between the NiTi powders in the lower layer to
enhance their densification.

The key strategy of the method is the physical and
functional separation of Nb (in the upper liquid layer) and Ni

Fig. 6 SEM micrographs of interparticle boundaries in foam 2a on
(a) polished surface and (b) inside a pore; showing eutectic region
(with white Nb particles) and blocky Ti-rich phase (dark)
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(in the lower foam mixture layer), which allows Nb to form a
eutectic liquid with NiTi before infiltrating the foam layer
where a Ni-rich composition has been previously created by
diffusion of Ni into NiTi. Therefore, the double layering offers
a separate control of NiTi composition (by Ni addition), NiTi
densification (by transient liquid phase sintering), and macro-
pore characteristics (by NaCl space-holder addition). This relies
on the finding that the transient NiTi-Nb liquid infiltrates
through capillary forces the small channels between the
partially sintered, Ni-rich NiTi particles, but without filling
the macropores generated by the space-holders. Full strut
densification of the NiTi foam can be achieved using a
sufficient amount of eutectic liquid produced from the NiTi-Nb
mixture in the upper layer, thus allowing the production of large
foam parts of arbitrary shape for biomedical and actuation
applications.
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