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Abstract

A martensitic NiTi foam was produced by hot isostatic pressing a blend of NiTi and NaF powders and subsequent dissolution of the NaF
phase. The NiTi foam consists of 40 vol.% near-fully open pores, 240 mm in size, and with ragged surfaces due to incomplete NiTi powder
densification. Near linear stressestrain curves are measured in compression with an average loading stiffness of 4 GPa, well below the unloading
stiffness of 13 GPa because of detwinning on loading. Shape-memory recovery after unloading corresponds to 85e89% of the unloading plastic
strain. After sintering at 1250 �C, the foam exhibits 20% porosity, smaller, smoother and partially-closed pores, and a shift in composition to-
wards a martensite/austenite mixture at ambient temperature. This new composition allows for the activation of the superelastic effect in the
austenite during loading and unloading resulting in average stiffnesses of 6e12 GPa, and the shape-memory effect in the martensite with
60e97% of the plastic strain recoverable.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The near-equiatomic NiTi ordered intermetallic exhibits
shape-memory or superelastic properties, depending on
phases present, which provide high recoverable strains, good
mechanical damping and large energy absorption [1]. NiTi
foams can utilize the combined attributes of the NiTi material
(e.g., shape-memory or superelasticity, high yield strength and
ductility, good corrosion resistance and biocompatibility) and
the foam architecture (e.g., low density and stiffness, high
energy absorption and surface area). NiTi foams may thus
find multi-functional applications such as bone implants [2e
5], impedance-matching connectors between structural parts
[6], energy-absorbing structures [7,8], separators [9] and
actuators [10].

Foaming NiTi through the liquid route is very challenging,
due to its high melting point (1310 �C), its extreme chemical
reactivity with crucibles and atmospheric gases, and the
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need to tightly control composition to achieve shape-memory
or superelastic properties. Therefore, to date, powder-metal-
lurgy techniques have been exclusively used to fabricate po-
rous NiTi (with the exception of Ref. [11] using zone
melting in a hydrogen atmosphere). These solid-state methods
use elemental or pre-alloyed powders and can be divided into
five main groups: conventional sintering [12], reactive sinter-
ing [13e19], spark plasma sintering [20], self-propagating
high-temperature synthesis (SHS) [21e27] and gas expansion
in the solid-state after gas entrapment by hot isostatic pressing
(HIP) [6,28].

None of these methods allows for an independent control of
pore size and volume fraction, which are determinants for the
thermo-mechanical properties of NiTi foams. In particular,
sintering methods typically lead to relatively low porosities
and small pores, dictated by the initial powder size; foam
strength is often reduced due to incomplete sintering of the
powders. SHS suffers from inhomogeneous pore size distribu-
tion as well as undesirable intermetallic phases [13,25,26]. Fi-
nally, the high creep strength and low creep ductility of NiTi
prevent the achievement of high porosities in the gas
expansion method [28].
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Another processing method (used previously for Ti-, A1-,
Ni-, Cu-, and Fe-based foams [29e36] but never, to our
knowledge, for NiTi foams) is based on powder densification
in the presence of a space-holder which is removed during
or after the powder densification, resulting in a metallic
foam with open porosity. Control of the pore volume fraction,
shape and size are all accomplished by selection of the space-
holder materials which have included in previous studies; so-
dium chloride [29] or carbamide [30,31] for aluminum foams,
polymers [32] or potassium carbonate [33] for copper foams,
sodium carbonate for nickel foams [34], and ammonium bicar-
bonate [35] or magnesium [36] for titanium foams.

To apply this solid-state replication method to the fabrica-
tion of NiTi foams, two issues must be addressed. First, the
space-holder must be chemically unreactive with NiTi at the
densification temperature. We choose here sodium fluoride
(NaF) due to its thermodynamic stability in contact with nickel
and titanium, its high melting point (993 �C) and its relatively
high solubility in water (42.2 g/L at 18 �C [37]). Furthermore,
NaF is a common, low-cost salt which can be easily recycled
by precipitation after dissolution from the foam. The second
issue pertains to the low diffusivity of NiTi resulting from
its ordered crystal structure, which makes full densification
of NiTi powders by pressureless sintering difficult to achieve.
We address this issue by using HIP to enhance densification of
the NiTi powders in the presence of NaF.

We present here the microstructure as well as physical and
mechanical properties (including shape-memory properties) of
an open porosity NiTi foam produced by the above solid-state
replication method, using pre-alloyed NiTi powders and NaF
powders as space-holder. We also examine the effect of a sub-
sequent sintering step on this foam in terms of structure and
properties, including the emergence of superelasticity.

2. Experimental procedures

2.1. Materials and processing

Pre-alloyed near-equiatomic NiTi powders with 99.9% pu-
rity and 44e177 mm particle size were used. These were the
same powders (procured from Special Metals Corp., NY)
used in previous study [38]. High-purity (99.995% pure)
NaF powders were procured from Alfa Aesar, MA and sieved
in the range of 62e250 mm. The typical morphologies of the
NiTi and sieved NaF powders are illustrated in Fig. 1(a and
b): NiTi powders are nearly spherical and have a smooth sur-
face while the NaF powders have a blocky, equiaxed shape.

A mixture of 59.9 vol.% NiTi and 40.1 vol.% NaF powders
was mechanically blended in a twin-shell dry blender for
40 min and poured into a mild steel can with 35 mm outer di-
ameter and 1.6 mm wall thickness. The evacuated and sealed
can was HIP-densified by UltraClad Corp. (MA) at 950 �C
for 4 h under a pressure of 100 MPa. The HIP temperature
was selected to be high enough to allow densification of the
NiTi powders (950 �C corresponds to a homologous tempera-
ture of 0.77, given the NiTi melting point of 1310 �C) while
remaining below the NaF space-holder melting point of
993 �C.

The consolidated NiTieNaF composite billet was cut with
a diamond saw at slow cutting rate to make samples with a di-
mension of 5� 10� 10 mm3. The samples were then sus-
pended in circulating water to dissolve the NaF phase. The
sample mass was measured to track weight loss during disso-
lution. All salt was considered removed after 2 weeks, when
the sample mass reached the expected value corresponding
to volume fraction and bulk density of NiTi and did not
change. After salt removal, samples were divided into two
groups: a first group (labeled H for HIP) was characterized
in the as-HIP condition while a second group (labeled HS

Fig. 1. SEM micrographs of initial powders: (a) NiTi, (b) NaF.
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for HIP/sinter) was subjected to a subsequent sintering step
under high vacuum (0.01 mtorr gage vacuum) at 1250 �C for
24 h, using a heating and cooling rate of 7 K min�1. Titanium
getters were used to minimize oxidation of the sample by
residual gases.

2.2. Foam characterization

Cross-sections of billets H and HS were infiltrated with ep-
oxy resin, polished to 0.5 mm grit and examined with a scan-
ning electron microscope (SEM). SEM images were used to
determine an average linear pore size by the line-intercept
method as 1.12Lo/Npore [39] where Lo is the line length and
Npore is the number of pores on that line. Closed and open po-
rosities were calculated by helium pycnometry and Archi-
medes water displacement (after applying a thin coating of
vacuum grease on the sample surface), using a NiTi density
of 6.45 g/cm3 [40]. Differential scanning calorimetry (DSC)
was carried out on NiTi powders and small H and HS samples
using a PerkineElmer DSC-7 apparatus at a rate of 10 K/min
under nitrogen cover gas. Two temperature cycles were carried
out between �60 (or in some cases 0 �C) and 170 �C and the
second cycle was used to determine transformation tempera-
tures (from the intersection between the baseline and the
steepest slopes of the peak) and the transformation enthalpy
(from integration of the peak).

After salt removal, samples H and HS were cut by electro-
discharge machining into mechanical test samples with paral-
lelepiped 4� 4� 8 mm3 shape. To remove the thin surface
layer damaged during machining, the sample surfaces were
lightly polished on grit paper. The samples were then annealed
in an oil bath at 160� 2 �C for 5 min and oil-quenched to
room temperature, to reduce any effect of the prior stress
and thermal history.

The compression experiments were conducted at ambient
temperature in a screw-driven load frame with engineering strain
being determined from crosshead motion corrected by the previ-
ously-measured compliance of the system. Each sample was
loaded and unloaded at a constant crosshead displacement rate
of 0.05 mm/min between a minimum strain of 0% and a maxi-
mum strain 3max, with 3max increasing in 1% increments from
1 to 6% for foam H and from 1 to 8% for foam HS over six,
respectively eight, consecutive loops. Average loading and
unloading stiffness values, Eload and Eunload, were determined
from the slope of a best linear fit of the loading curve and unload-
ing curve, respectively, while ignoring the stressestrain data
between 0 and 10 MPa (all compressive stresses and strains
are reported as positive value in the present article), which
were likely to be inaccurate due to sample settling effects. For
unloading stiffness calculations, the data between the maximum
stress smax and smax�10 MPa were also discarded, to avoid the
steep stress drop at the beginning of unloading (assigned to
machine mechanical hysteresis). The unloading strain was found
from the change of length on unloading from maximum to zero
stress, as measured by a micrometer with 1 mm accuracy. After
its eighth cycle, foam HS was subjected to a final compressive
loop to a maximum stress of 482 MPa and strain of 15.6%.
At the end of each of the mechanical loops, each sample
was immersed in a 160 �C oil bath for 5 min and oil-quenched
to room temperature (the same condition used in heat treating
the samples before mechanical testing). This excursion above
the austenite-finish (Af) temperature leads to strain recovery,
3rec, by the shape-memory effect, which was quantified by
measuring the longitudinal dimension of the sample before
and after the thermal recovery treatment with a micrometer
with an accuracy of 1 mm. From the former measurement,
the plastic strain after unloading, 3pl, was also determined.

3. Results

3.1. Microstructure

Representative SEM micrographs of foams H and HS are
shown in Figs. 2 and 3, respectively. Fig. 2(a) provides a view
of the microstructure of foam H at low magnification, which il-
lustrates that a porous structure was achieved after hot isostatic
pressing and salt removal. The large pores (with size as large as
400 mm) correspond to the salt particles and have an irregular
shape and average sizes of 242� 32 mm. The overall porosity
of foam H is 39.5� 0.1% and its closed porosity is
2.8� 0.6%; by subtraction, the open porosity is 36.7%. A
higher magnification image of foam H (Fig. 2(b)) shows that in-
dividual NiTi powders are still identifiable but that they are con-
nected with each other through sizeable necks. Closed porosity
is probably associated with the small pores present between
partially densified powders, with size typically under 10 mm.
Incomplete sintering is also confirmed by the presence of indi-
vidual NiTi powders lining the surface of the large pores, as
shown in Fig. 2(c) for a sample not infiltrated with epoxy. No
residual salt in the structure can be seen after dissolution. More-
over, neither reaction between NiTi and NaF (which may have
occurred during HIP) nor corrosion of the NiTi (which may
have occurred during salt dissolution) was observed.

SEM micrographs of foam HS (Fig. 3(aec)) show the effect
on the microstructure of the subsequent high-temperature sin-
tering step. A significant increase in the overall degree of den-
sification was observed, which was confirmed by density
measurements showing a total porosity of 19.6� 0.1% which
is half of the pre-sintering porosity. The closed porosity is
6.6� 0.2% more than twice the pre-sintering value. Accord-
ingly, the open porosity (13.0%) is much reduced. Also, the
pores were more rounded, their surfaces smoother, and their
average size reduced to 177� 41 mm.

3.2. Phase transformation behavior

DSC thermograms of the NiTi powders and foams H and
HS are shown in Fig. 4. Foam H exhibits phase transforma-
tions typical of bulk NiTi, with peaks resulting from the trans-
formation between the low-temperature martensitic B190

phase and the high-temperature austenitic B2 parent phase
(and no second peak for the R-phase). To first order, the mar-
tensite start and finish (Ms and Mf), and the austenite start and
finish (As and Af) temperatures are given in Table 1, together
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Fig. 2. SEM micrographs of 39.5% porosity foam H (densified by HIP and with salt removed): (a, b) resin-filled pores at low and high magnification, (c) unfilled

pores.
with the transformation enthalpies calculated from the area of
the transformation peaks. Given its Mf value of 55 �C, foam H
is fully martensitic during mechanical testing at ambient tem-
perature. Comparison between the NiTi powders and foam H
(Fig. 4 and Table 1) shows that after HIP process the transfor-
mation enthalpies of NiTi remain nearly the same but the
transformation temperatures is increased by about 10e30 �C.

As compared to foam H, foam HS shows a decrease in the
transformation enthalpies (by about a factor 2), a decrease in
transformation temperatures (by about 50 �C for Mf and Af

and 110 �C for Ms and As), and an increase in the spread be-
tween start and finish temperatures (Fig. 4 and Table 1). Given
its Ms value of 24 �C, foam HS consists of metastable austen-
ite at the onset of mechanical testing at ambient temperature.

3.3. Mechanical and shape-memory properties

Fig. 5(a and b) displays for foams H and HS the stresse
strain curves from the series of compressive loadeunload-
recovery tests. Strain recovery by reverse transformation
upon heating after each compressive loadeunload loop is in-
dicated by a horizontal arrow for each cycle. It is apparent
from Fig. 5(a) that foam H exhibits near linear stressestrain
curves, with plastic strain accumulated after each cycle in-
creasing from 0.5 to 5%. Five loadeunload-recovery cycles
were carried out before the final cycle (maximum strain of
6% and maximum stress of 135 MPa) led to large-scale dam-
age visible as a stress drop before unloading. In the first five
cycles, the shape-memory recovery (expressed as a fraction
of the plastic strain) is near constant at 85e89%, but decreases
to 71% for the last cycle where damage had accumulated.

Foam HS (Fig. 5(b)) shows a loadeunload-recovery behav-
ior that is generally similar to foam H, but with some impor-
tant differences, as expected from its lower porosity and lower
transformation temperatures. For a given maximum strain, the
stress is much higher, corresponding to a higher average stiff-
ness on loading. On unloading, however, the strain recovery is
higher than for foam H, corresponding to a lower unloading
stiffness. Also, as compared to foam H, the magnitude of
the shape-memory recovery of foam HS is much reduced,
and somewhat reduced when normalized by the plastic strain
accumulated after each loadeunload cycle. Finally, the last cy-
cle shown in Fig. 5(c) is characterized by a near linear range
up to a stress of w400 MPa and a strain of w7%, followed
by a plateau with a much lowered slope up to the highest stress
of 482 MPa and a strain of 15.6%, terminated by the beginning
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Fig. 3. SEM micrographs of 19.6% porosity foam HS (processed like foam H and additionally vacuum-sintered): (a, b) resin-filled pores at low and high mag-

nification, (c) unfilled pores.
of stress drop. A much reduced, but still sizeable, shape-
memory strain (2.7% or about a quarter of the residual strain
after unloading) was measured.

Fig. 6(a and b) depicts the stressestrain curves for foams H
and HS for a maximum strain of 5%. The method for evaluating
strains and average stiffnesses are illustrated on each plot. It is
apparent that stiffness values can vary noticeably from point
to point as compared to the average value, indicating that the
foams are not deforming in a purely elastic manner (we thus
use the term average stiffness rather than Young’s modulus). It
is also noticeable from the unloading curve (in particular from
the sharp strain recovery below 25 MPa) that foam HS shows
superelastic strain recovery, which is followed by a sizeable
shape-memory strain recovery during the thermal excursion.

4. Discussion

4.1. Microstructure

For foam H, open porosity (36.7%) represents the vast ma-
jority of the overall porosity (39.5%), as expected since the
salt leaching process implies an open and connected pore
network. The closed porosity (2.8%) is expected to be empty
because no salt was observed during metallographic examina-
tion, and because the salt fraction is well above the percolation
threshold. Thus, closed porosity is most probably due to the
incomplete densification of the NiTi powders, illustrated in
Fig. 2(b). Then, the small discrepancy between the open po-
rosity (36.7%) and the NaF initial volume fraction (40.1%)
is assigned to inhomogeneities during packing of the powder
blend in the HIP can, explainable by the large mismatch in
densities between NiTi (6.45 g/cm3) [40] and NaF (2.78 g/
cm3) [41]. In fact, this large density mismatch is the reason
why coarser NaF powders were not used, despite the improve-
ment in powder packing (and thus eventual densification) pro-
vided by blends with powders of different sizes: it was not
possible to uniformly mix coarser NaF (250e350 mm) with
the present NiTi powders.

The size and shape of the large pores in foam H (Fig. 2(a))
are similar to those of the NaF powder (Fig. l(b)). Some of the
largest pores may have been due to agglomeration of a few
NaF powders. The irregular shape of the large pores also indi-
cates that, during the HIP process, the NaF powders do not de-
form significantly. This suggests that pore shape and size can
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be controlled by the NaF space-holder, but not to the same ex-
tend as in replicated foams using liquid metal infiltration [42]
since densification of the NiTi powders also determines the
quality of the pore surface. As shown in Fig. 2(aec), individ-
ual rounded NiTi powders are still visible, thus giving a rough
topography to the inner surface of the larger pores.

Another consequence of the incomplete densification of
the NiTi powders in foam H is the presence of finer pores
present between NiTi powders (some of which are marked
with arrows in Fig. 2(b)). The closed porosity of 2.8% is
most probably associated with these small pores, which
were probably never filled with NaF as discussed above. Op-
timization of the HIP parameters or further sintering after the
HIP process may increase the densification of the NiTi pow-
ders and eliminate these fine pores. For the former option,
higher HIP pressure and/or higher HIP temperature (using
higher-melting salts such as BaF2 or SrF2 which have been
used successfully for replication of Zr-based foams [43,44])
could be used.

Table 1

Transformation temperatures and enthalpy on heating and cooling for NiTi

powder, foam H and foam HS

Powder Foam H Foam HS

Heating

AS (�C) 63 92 �18

Af (�C) 93 114 47

Enthalpy (J/g) 23.8 23.9 10.9

Cooling

MS (�C) 61 73 24

Mf (�C) 35 55 �45

Enthalpy (J/g) 23.8 24.0 11.3

Fig. 4. DSC curves of NiTi powder and foams H and HS.
In the present work, a high-temperature sintering step was
chosen to further densify the NiTi powders, resulting in foam
HS. This step reduced overall porosity by a factor two and al-
tered significantly pore shape and size, as illustrated in

Fig. 5. Series of compressive stressestrain curves (loadeunload) for increas-

ing maximum strains for (a) foam H, (b) foam HS. Curves are shifted along the

y-axis for clarity. Arrows along the y-axis for each curve represent the ther-

mally-recovered shape-memory strain. The stress at which the sample is un-

loaded is marked with a dot. (c) Final compressive stressestrain curve for

foam HS up to maximum strain of 15.6%.
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Fig. 3(aec): the large pores previously occupied by NaF pow-
ders exhibit smaller sizes, more rounded shapes and much
smoother inner surfaces than those in foam H. Individual
NiTi powders are not visible anymore, unlike for foam H,
and the fine cusped pores between NiTi powders have disap-
peared. The overall porosity is 19.6%, close to the percolation
limit; accordingly, about one third of the porosity (6.6%) is
now closed, while two thirds (13.0%) remain open. Foam
HS thus represents an upper limit in foam densification, be-
yond which alternate processes might be better suited, e.g.,
pore expansion by entrapped gas, as done by Greiner et al.
[28] who reported porosities of 19e20% after 100 to 200 h
of expansion at 1200 �C. In that study, however, the NiTi po-
rosity was fully closed. Sintering of foam H at lower temper-
ature and/or shorter time is expected to produce foams with
structure and porosities intermediate between those of foams
H and HS.

Fig. 6. Compressive stressestrain curves for a maximum strain of 5%: (a)

foam H, (b) foam HS. Evaluation method for loading and unloading stiff-

nesses, and for the unloading, shape-memory and plastic strains are illustrated,

together with the phases expected (A e austenite, M e martensite, M0 e det-

winned martensite).
4.2. Phase transformation behavior

The DSC thermogram in Fig. 4 indicates that foam H is
fully martensitic during testing at ambient temperature after
oil quenching from the annealing temperature of 160� C, and
that the reverse transformation upon heating is complete
well below the temperature of 160 �C used to induce the
shape-memory effect. These transformation temperatures
(Table 1) are typical of stoichiometric, or slightly nickel-
poor, NiTi compositions [45]. The transformation enthalpies
for foam H on both heating and cooling are very close to pub-
lished values for bulk NiTi (24.3 J/g) [40]. This implies that
neither the HIP process nor the salt dissolution step signifi-
cantly affected the composition of foam H.

The transformation enthalpies for the NiTi powder are sim-
ilar to those of foam H, indicative of full transformation. The
significant lower transformation temperatures and presence of
double peaks on both heating and cooling may be the result of
internal stress in the powders, expected from their fabrication
by rapid solidification (inferred from their spherical shape).

The shift in transformation temperature as well as the re-
duction in transformation enthalpy observed for foam HS
(Fig. 4) is indicative of composition changes occurring during
the 24 h vacuum-sintering treatment. It is likely that residual
gases in the furnace were sufficient to oxidize (or nitride) pref-
erentially titanium, resulting in a slightly Ni-rich composition:
for Ni-content in excess of approximately 49.6 at.%, the Ms

temperature drops precipitously by about 90 �C for each
at.% Ni [45]. The broadening in the transformation peaks
for foam HS may also reflect that some regions of the foam
(probably near the surfaces where reaction with gas was
more extensive) are more Ti-depleted than others (away
from the surface), and the reduction in transformation enthalpy
may indicate that parts of the sample (near the surface) do not
transform at the lowest used temperature of �60 �C. After
quenching to ambient temperature, foam HS is expected to
consist completely of metastable austenite, given the Ms and
As temperatures of 24 and �18 �C, thus affecting its mechan-
ical properties, as described in the next section.

4.3. Mechanical behavior

4.3.1. Stiffness
Foam H with 39.5% porosity is characterized by near linear

loading and unloading (Fig. 5(a)), except for the last loop
where damage occurred. The foam is fully martensitic, so det-
winning is expected to occur during loading. While no stress
plateau is visible, the anomalously low value of the loading
stiffness, which is plotted in Fig. 7 for all loops, is a strong in-
dication that detwinning occurs continuously during the load-
ing part of the stressestrain curve. This is confirmed by two
further observations. First and most directly, a significant
shape-memory effect is measured after thermal excursion, as
indicated in Fig. 5(a). Second, the unloading stiffness, which
is expected to be mostly elastic (assuming no reverse detwin-
ning), is 3e4 times higher than the loading stiffness (Fig. 7),
which must thus contain significant contribution from



1619A. Bansiddhi, D.C. Dunand / Intermetallics 15 (2007) 1612e1622
detwinning. We note, however, that the unloading stiffnesses
(12e16 GPa) are significantly lower than predicted from Ash-
by’s theory for open cell, cellular foams, which is expected to
be (l� P)2ENiTi¼ 22e25 GPa based on porosity P¼ 0.395
and Young’s modulus ENiTi¼ 61e69 GPa [46]. This discrep-
ancy on unloading may be due to some reverse detwinning
or, more likely, to an inherently lower elastic stiffness due to
deviation from the cellular architecture assumed for the above
model, and the presence of non-load-bearing metal extrusions
in the pores.

If foam H were mechanically cycled without intermediate
shape-memory recovery, the loading stiffness would be ex-
pected to become similar to the measured unloading stiffness,
i.e., 12e16 GPa, since detwinning on loading would be ex-
hausted in the first cycle. This stiffness range is exceptionally
low as compared to other metallic foams, a property that may
be useful for bone-replacement implants whose stiffness
should ideally match that of bone (12e17 GPa for compact
bone [47]). It is difficult to compare the stiffness of foam H,
which is martensitic, with that of other published NiTi foams,
which are all austenitic and can thus show extraordinary low
stiffness due to the superelastic effect. For example, an
open-cell austenitic NiTi foam with the same range of porosity
(42%) and pore size (500 mm) as foam H, but produced by
SHS followed by gas expansion [6], has a similar stiffness
(15 GPa) at 60�C (above Af) as that measured here for foam H.

Given that foam HS has much lower porosity than foam H
and consists of metastable austenite, it is not surprising that its
loading and unloading stiffnesses are quite different from
those of foam H. The lower porosity increases its Young’s
modulus, but its austenitic structure allows for the activation
of superelastic deformation on both loading and unloading
thus reducing its average stiffness. As shown in Fig. 7, the in-
terplay between these different mechanisms (elastic and det-
winning deformation for foam H and elastic and superelastic
deformation for foam HS) leads to the unusual situation where

Fig. 7. Loading and unloading stiffness as a function of maximum compressive

strain for foams H and HS.
stiffness for foam HS is higher on loading but lower on un-
loading than for foam H. Thus, on loading, martensite detwin-
ning in foam H produces larger strain (and thus lower
stiffness) than stress-induced formation of martensite in
foam HS. However, on unloading, foam H does not show sig-
nificant reverse detwinning, while foam HS recovers strain
superelastically by reverse martensiteeaustenite transforma-
tion. As a result, load and unload stiffnesses are in a relatively
narrow range of 6e12 GPa for foam HS. For comparison, an
austenitic sample with 16 vol.% of closed porosity produced
by gas expansion showed an average loading stiffness (from
0 to 400 MPa, similar to the last loop of foam HS) of about
15 GPa [28].

4.3.2. Strength
The ultimate compressive stress of 135 MPa obtained from

foam H with 39.5% porosity (Fig. 5(a)) is low as compared
with porous NiTi with the same level of porosity produced
by different methods: 245 MPa for austenitic NiTi with 42%
open porosity produced by gas expansion [6], 180 MPa for
austenitic NiTi with 30e40% open porosity produced by sin-
tering of elemental powders [48], 275 MPa for austenitic NiTi
with 27% partially open porosity produced by capsule-free
HIP [13]. Direct comparison is again complicated by the dif-
ferent phases present (and thus the inherent strength of the
NiTi material present in the foam), and the fact that foam H
had been subjected to five prior stressestrain-recovery cycles
which may have produced damage. It is, however, likely that
the highly irregular pore shape (acting as internal notches)
contributes to the relatively low strength observed in foam H.

Foam HS showed a marked improvement in ultimate
strength (which is in excess of 482 MPa, Fig. 5(c)), as ex-
pected from the reduced level of porosity, the more equiaxed
pore shape and the smoother pore surface. For comparison,
an austenitic foam with 16% closed porosity displayed no
fracture up to a stress of close to 1000 MPa [28].

4.3.3. Shape-memory strain recovery
Fig. 8(a) presents for foam H unloading strain, shape-

memory recovery strain and residual plastic strain (these
strains are illustrated in Fig. 6(a) and are determined from
the six loadeunload-recovery curves in Fig. 5(a)). It is appar-
ent that the shape-memory strain increases near linearly with
the maximum applied strain, up to a maximum value of
3.2%. In bulk NiTi too, the shape-memory strain increases
near linearly with the applied strain, a behavior associated
with the stress plateau during which detwinning takes place
[38]. Such a constant-stress plateau is, however, not visible
in foam H, or rather the whole loading branch of the stresse
strain curve can be considered as a steadily increasing plateau
where twinning occurs continuously.

The compressive shape-memory recovery capability of
foam H is similar to that for pore-free NiTi produced from
the same pre-alloyed powders [38]. For a residual strain after
unloading of w2% (accumulated at the end of the 3% loade
unload cycle in Fig. 5(a)), foam H recovers 89% of this strain,
while pore-free NiTi recovers 87% [49]. For a residual strain
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of w4% (4.4% for bulk NiTi and 3.9% for foam H after the
5% cycle in Fig. 5(a)), the shape-memory recovery is again
very similar (83% for bulk NiTi and 85% for foam H). The
maximum stresses to achieve those strains are, however,
much higher for bulk NiTi (w370 MPa for 2% residual strain,
and w910 MPa for 4.4% [49]) than for foam H (108 and
131 MPa, respectively). Thus, at least for the relatively low
shape-memory strains studied here (<3.2%), the foam strain
recovery is similar to bulk NiTi, but necessitates much lower
stresses for a given deformation level.

The maximum shape-memory recovery strain (3.2% for the
5% and 6% cycles, Figs. 5(a) and 8(a)) are, however, lower
than the maximum value of 4.5% recoverable in compression
for bulk NiTi (albeit after deformation to a much higher stress
of w1300 MPa) [49]. A likely reason is the early onset of dis-
location plasticity and damage in foam H at regions of stress
concentrations, which inhibit the shape-memory recovery. Im-
provements in the foam architecture would likely increase the
maximum recoverable shape-memory strain in foamed NiTi.

Fig. 8. Unloading, shape-memory and plastic strain as a function of maximum

compressive strain for: (a) foam H; (b) foam HS.
Also noteworthy for foam H is the large unloading strain of
1.5% for the maximum strain of 6%. For comparison, pore-
free NiTi has about the same unloading strain of 1.6% for
the same maximum strain of 6% [49], but at a much higher
maximum stress of w900 MPa. As discussed earlier, this large
unloading strain in foam H is the result of the anomalously
low value of its unloading stiffness, which may be associated
with some reverse twinning and/or large elastic deflections due
to uneven pore geometries. Thus, foam H, when compressed to
a relatively modest (as compared to bulk NiTi) stress of
135 MPa, is capable of recovering a total strain of 4.8% by
combination of unloading and shape-memory strains, with
a relatively low plastic, unrecoverable strain of 1.3%.

4.3.4. Superelastic strain recovery
Fig. 8(b) shows that recovery in foam HS is dominated by

the unloading strain through a combination of elastic and
superelastic effects. A sizeable shape-memory strain is further-
more achieved during the thermal excursion. The coexistence
of both superelastic and shape-memory effects can be ex-
plained as follows. Before loading, the sample is fully austen-
itic, but very close to forming martensite (given its Ms

temperature of 24 �C). On loading, stress-induced martensite
is formed, and a fraction of this martensite disappears on un-
loading, producing the superelastic strain. But another fraction
of the martensite remains in the sample after full unloading,
given that the Af temperature of 47 �C is well above room tem-
perature. Only upon subsequent heating to 160 �C does this
martensite disappear, producing the shape-memory strain.

For an applied strain of 7% at a stress of 380 MPa, a max-
imum unloading (elastic and superelastic) strain of 4.7% is
achieved, which is compounded by a subsequent shape-mem-
ory recovery stain of 1.7%, for a total recoverable strain of
6.4%. A similar total recovered strain of 6.6% is achieved
for the 8% cycle (with a maximum stress of 406 MPa), with
slightly less unloading strain and slightly more recovery strain
(Fig. 8(b)). For comparison, an austenitic NiTi foam with 16%
closed porosity exhibited an unloading strain less than 2.5%
for a similar maximum stress of 400 MPa [28]. However,
foam HS was not heat-treated to develop optimal superelastic
properties, so comparisons with other literature results on
superelastic NiTi foams are not attempted.

5. Conclusions

Open porosity NiTi foams with shape-memory properties
were fabricated by a solid-state replication method, where
a mixture of pre-alloyed NiTi and NaF powders is densified
by hot isostatic pressing at 950 �C into a billet from which
the NaF space-holder is subsequently removed by water disso-
lution. The resulting martensitic NiTi foam, with a mostly-
open porosity of 39.5%, exhibits pores with a ragged internal
surface due to incomplete sintering of NiTi powder particles.
The following mechanical properties in compression are mea-
sured: (i) a near linear loading stressestrain curve, with a very
low average stiffness of 3e6 GPa, as a result of detwinning on
loading; (ii) a near linear unloading stressestrain curve, with
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an average stiffness of 12e16 GPa indicative of elastic defor-
mation; (iii) an ultimate compressive strength of 127 MPa at
6% strain; (iv) a large shape-memory recovery, with 85e
89% of the strain accumulated on unloading recovered after
a thermal excursion, and a maximal value of 3.2%.

After sintering at 1250 �C, the foam showed a reduced po-
rosity of 19.6% (a third of which was closed), smaller and
smoother pores, and a shift in transformation temperature
most probably due to oxidation. This metastable austenitic
foam exhibits the following mechanical properties: (i) near lin-
ear loading and unloading stressestrain curves, with average
stiffness of 6e12 GPa, as a result of the superelastic effect;
(ii) much higher ultimate strength (>482 MPa) and strain
(>15.6%); (iii) a sizeable shape-memory-recovery, which,
when added to the elastic and superelastic recovery strain on
unloading provides a total recovery strain of up to 6.5%.
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