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High strength, low stiffness, porous NiTi with superelastic properties
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Abstract

Near-stoichiometric NiTi with up to 18% closed porosity was produced by expansion at 1200 �C of argon-filled pores trapped by
powder metallurgy within a NiTi billet. When optimally heat-treated, NiTi with 6–16% porosity exhibits superelasticity, with recov-
erable compressive strains up to 6% at a maximum compressive stress up to 1700 MPa. The apparent Young�s modulus of NiTi with
16% porosity, measured during uniaxial compression, is in the range of 15–25 GPa (similar to human bone), but is much lower than
measured ultrasonically (�40 GPa), or predicted from continuum elastic mechanics. This effect is attributed to the reversible stress-
induced transformation contributing to the linear elastic deformation of porous NiTi. The unique combination of low stiffness, high
strength, high recoverable strains and large energy absorption of porous superelastic NiTi, together with the known biocompatibil-
ity of NiTi, makes this material attractive for bone–implant applications.
� 2005 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The Young�s moduli of metallic materials used for
bone replacement range from �110 GPa for titanium al-
loys to �190 GPa for stainless steel and �210 GPa for
Co-based alloys [1], and are thus much higher than the
modulus of human cancellous bone (<3 GPa) or com-
pact bone (12–17 GPa) [2]. This large stiffness mismatch
between monolithic metallic implant and the surround-
ing human bone results in stress-shielding, eventually
inducing implant loosening [3]. Reducing the stiffness
of metallic implants can be achieved by adding porosity
uniformly within the implant, since stiffness decreases
with the square of porosity in porous and cellular mate-
rials [2]. Currently, surface porosity is produced on
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monolithic implants to improve anchorage of bone
[1,4,5], but with minimal reduction of implant stiffness.
By contrast, a fully porous prosthetic material can de-
crease stiffness and the stress-shielding effect while also,
if appropriate pore size and connectivity are achieved,
allowing bone ingrowth, thus improving the strength
of the implant/bone interconnection [6,7].

Porous materials made from bio-compatible metals
have been demonstrated for stainless steel [8], titanium
[8,9] and tantalum [10]. Near-stoichiometric nickel–tita-
nium alloys (abbreviated as NiTi in the following) are
particularly promising for such applications, as they
exhibit proven biocompatibility [6,11] and the lowest
stiffness of any bio-compatible metals (55–80 GPa,
depending on temperature, for austenitic NiTi [12]). It
should thus be possible to match the stiffness of human
bone with porous NiTi at porosity levels that are much
lower than those needed for the other bio-compatible
metals [7]. This is desirable, since strength (in particular
fatigue strength) also decreases more than linearly with
porosity in porous metals [2]. A further interesting
sevier Ltd. All rights reserved.
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mechanical property of nickel-rich NiTi is superelastic-
ity, enabling monolithic NiTi to recover up to 8% strain
in uniaxial deformation by a reversible stress-induced
transformation [13]. Human bone also recovers high
strains (up to 2% [2]) and NiTi can thus match this
mechanical property as well.

One of the simplest processing approaches to create
porous NiTi consists of mixing elemental nickel and tita-
nium powders with a blowing agent, e.g., TiH2 [17]. At
high temperature, the metallic powders in the pressed
preform react exothermally while the hydride decom-
poses and releases hydrogen. The resulting material
has a mostly open porosity of 30–40%, [17,18]. Numer-
ous phases coexist with NiTi, i.e., the intermetallics
Ni3Ti, Ti2Ni and elemental Ti and Ni (a strong allergen)
[19,20]. Some superelastic behavior is measured in these
foams, with failure occurring in mixed cleavage and duc-
tile fracture mode [17,18]. Recently, it was demonstrated
that a slow heating to 1150 �C at 1 �C/min could result
in complete homogenization of these undesirable phases
[21].

When a pressed pellet of mixed Ni and Ti powders is
heated and ignited at one edge [14,15,22–28], porous
NiTi is created in a reaction wave propagating traveling
through the pellet through self-propagating high-tem-
perature synthesis (SHS), as previously studied for
numerous other intermetallics [29]. Mostly-open poro-
sity in the range 45–65% is achieved, with a 120–
600 lm pore size. Upon implantation in animals, bone
ingrowth within these porous NiTi samples was reported
[11,30]. While the SHS method is very rapid and energy-
efficient, it suffers from lack of control with respect to
pore size, pore volume fraction, and chemical homoge-
neity: Ti2Ni, Ni3Ti and Ni4Ti3 are almost always ob-
served, with a corresponding embrittling effect. Some
studies [25,31] report superelastic behavior of the foams
in compression, but stresses are low due to the high
porosity. Lagoudas and Vandygriff [32] added argon
gas to canisters containing Ni and Ti powders. SHS pro-
cessing in a pressurized hot-isostatic press (HIP) and
subsequent annealing at 900 �C allowed the argon to ex-
pand and form large-scale porosity (42–50%), but with
residual Ni3Ti and NiTi2 phases. Porous samples exhi-
bited superelasticity, with however partial strain recov-
ery on unloading and microcracking [32,33].

In a different approach, Zhao et al. [34] produced
NiTi with 13% and 25% porosity through spark plasma
sintering of pre-alloyed NiTi powders. The 25% porosity
material was found to be very weak, due to formation of
undesirable intermetallics and incomplete bonding be-
tween powders. One superelastic loop was measured
for the 13% porosity sample, where a maximum com-
pressive stress of 950 MPa induced a strain of 4.6%
which was fully recovered superelastically on unloading.

In a recently published short communication [16], we
fabricated porous NiTi by the gas expansion method,
previously used to produce titanium and Ti–6Al–4V
foams with up to 40% porosity [9,35–37]. First, pressur-
ized Ar bubbles are created by HIP densification of pre-
alloyed NiTi powders together with Ar gas; second,
these bubbles are expanded by exposure of the billet to
high temperature and low pressure. After heat-treat-
ment, NiTi with 17% closed pores was superelastic
(recovering 7% strain in uniaxial compression after a
maximum stress of 825 MPa) and very compliant
(apparent elastic modulus of 9 GPa). This combination
of low stiffness, high strength, and high recoverable
strains makes such material ideal for bone implants.

The purpose of the present paper is to systematically
study porous NiTi produced by the above gas expansion
method [16]. We report here kinetics of pore expansion
in NiTi for various argon pressures and the mechanical
properties (stiffness, strength and superelastic recovery)
of porous NiTi with a range of porosities, subjected to
various heat-treatments designed to induce or suppress
the superelastic effect.
2. Experimental procedures

The fabrication process is shown in Fig. 1: pre-alloyed
martensitic NiTi powders (Ni–50.6at.%Ti, 99.9% purity,
size between 44 and 177 lm, from Specialty Metals
Corp., NY) were mixed with small quantities of elemen-
tal nickel powders (99.9% purity, size between 44 and
177 lm), for an overall composition of Ni–49.0at.%Ti.
Such nickel-rich NiTi alloys are known to exhibit super-
elastic behavior at room temperature [13], and a mono-
lithic billet of the same composition fabricated with the
same NiTi–Ni powders was found in previous studies to
exhibit superelastic behavior in compression [38–40].
The mixed powders were filled in two mild-steel cans
with an outer diameter of 35.0 mm and a wall thickness
of 1.6 mm, which were evacuated and backfilled with
argon. Two samples, labeled A and B in the following,
were created with initial Ar pressures of 207 and
449 kPa (about 2 and 4.5 atm), respectively. The sealed
cans were densified by HIP at 1066 �C under a pressure
of 103 MPa for 4 h at UltraClad Corp. (Andover, MA).
Electro-discharge machining was used to cut cubic sam-
ples (6.0 · 6.0 · 6.0 mm3), originating from the center of
the billets; for the A billet only, rectangular samples
(5.0 · 5.0 · 10.0 mm3) were also machined from a region
closer to the edges of the billets. A control sample was
taken from an Ar-free NiTi billet of the same composi-
tion previously produced by the same HIP technique,
except for the lack of Ar [40].

All samples were lightly polished with 600 grit SiC
paper to remove any contamination from machining.
Foaming experiments were performed using rectangular
A and cubic B specimens at 1200 �C under high
vacuum (<10�5 Torr) for times as long as 200 h. At



Fig. 1. Schematic of foaming process for NiTi: argon gas is trapped within the metal during HIP powder compaction and subsequently expanded at
high temperatures and low pressure.
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Fig. 2. Cooling curve for furnace-cooled NiTi porous samples.
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regular intervals, foaming was interrupted and the sam-
ple density was measured by the Archimedes method in
deionized water, after coating with a thin layer of vacu-
um grease to prevent water penetration in open pores.

Metallographic examination was done by optical and
scanning electron microscopies on mounted samples
which were ground and polished to 0.05 lm alumina,
to assess pore size (by manual line intercept) as well as
pore spatial distribution and morphology (by qualitative
observation). For as-HIPed A and B materials, metallo-
graphic samples originated from the billet edge, while
for foamed materials, a rectangular A sample with
18.8% porosity was used.

The dynamic Young�s modulus was determined from
sound velocity measurements in longitudinal and trans-
versal directions using the ultrasonic pulse-echo-method
for one control monolithic sample (0% porosity) and
five A samples with the following porosities:
0.60 ± 0.06%, 2.3 ± 0.1%, 5.6 ± 0.1%, 11.0 ± 0.1% and
17.7 ± 0.1%. The first sample was in the as-HIPed con-
dition, and the last four samples were foamed at 1200 �C
for 0, 0.08, 5 and 170 h, respectively (where time does
not include the heating and cooling ramps, e.g., the
0 h foamed sample was cooled immediately upon reach-
ing 1200 �C).

Uniaxial compression testing was performed on rec-
tangular A samples with four different porosities (mono-
lithic, 5.6%, 11% and 16%) and three different thermal
histories: (i) furnace cooling (as-foamed); (ii) homogen-
ization (4 h at 1000 �C in vacuum, quenched in ambient-
temperature brine); (iii) homogenization (as above)
followed by aging (4 h at 400 �C in air, quenched in
ambient-temperature water). The furnace-cooled sam-
ples experienced a variable cooling rate ranging from
�3 K/s near 1200 �C to �0.01 K/s near ambient temper-
ature, as shown in Fig. 2. Compression tests were
carried out at ambient temperature (23 �C) at initial
strain rates <0.01 min�1, low enough to eliminate any
temperature effect from the latent heat of transforma-
tion [38]. A self-aligning compression cage was used to
assure uniaxial deformation, and strain was measured
by laser extensometry. At 100 MPa stress intervals, the
load was reduced to near zero before being increased
again, resulting in multiple load–unload loops.
3. Results

3.1. Foaming kinetics and microstructures

The initial porosity of the as-HIPed A and B materi-
als was determined by the Archimedes method as
0.60 ± 0.06% and 1.16 ± 0.05%, respectively, using a
density value of 6.5057 ± 0.0020 g/cm3 for pore-free
NiTi (as measured on the pore-free control sample,
and in good agreement with literature data [12]).
Line-intercept measurements on SEM micrographs of
polished cross-sections yielded an average pore size of
4.6 ± 2.2 lm and 4.1 ± 3.0 lm for A and B materials,
respectively. A representative SEM micrograph for
as-HIPed B material is shown in Fig. 3(a).



Fig. 3. (a) SEM micrograph of as-HIPed B material; (b) optical micrograph of 18.8% porous A material; (c) SEM micrographs of 18.8% porous A
material; (d) high-magnification detail of (c), showing a rounded prior NiTi particle (P) surrounded by a network of merged pores.
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Fig. 4. Total porosity as a function of time during isothermal foaming
at 1200 �C for A and B materials (207 and 448 kPa, respectively). Data
points for each curve originate from two samples, identified by open
and closed symbols.
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Fig. 3(b) shows an optical micrograph for the pol-
ished cross-section of an A sample with a porosity of
18.8 ± 0.1%, after foaming for 200 h at 1200 �C.
Fig. 3(c) provides a corresponding SEM picture with en-
hanced depth of field, and Fig. 3(d) presents a higher
magnification SEM picture illustrating pore clustering
around a primary powder particle. Line-intercept mea-
surements on the SEM micrographs yielded an average
pore size of 21 ± 5 lm.

Foaming curves for A and B materials are plotted in
Fig. 4 as total sample porosity vs. total foaming time at
1200 �C (i.e., discounting heating and cooling times).
For each material, two samples were foamed, as illus-
trated by open and closed data points in Fig. 4, which
shows that excellent reproducibility was achieved. As
expected, samples A, with about half the argon backfill
pressure of samples B, foam at a slower rate. For the
two cubic B samples, the three edge dimensions were
monitored during foaming, and isotropic expansion
(with no face bulging) was observed, indicating isotropic
pore growth. This is confirmed by micrographs of cross-
sections showing no preferred direction for pore growth
or coalescence.

3.2. Mechanical testing

Engineering stress–strain plots are presented in
Fig. 5(a)–(c) for monolithic samples in the furnace
cooled, homogenized and aged states, respectively, and
in Fig. 5(d)–(f) for foamed samples with the highest
porosity (16%) in the same three states. It is apparent that
the heat-treatment has a strong effect on the stress–strain
curves for both monolithic and porous samples.

For monolithic NiTi in the furnace-cooled condition
(Fig. 5(a)), the loading curve envelope is characterized



0.00 0.02 0.04 0.06 0.08 0.10
0

200

400

600

800

1000

1200

1400

1600

1800

2000
Monolithic, furnace cooled

St
re

ss
 [M

Pa
]

Strain

0.00 0.01 0.02 0.03 0.04 0.05
0

200

400

600

800

1000

1200

1400
Monolithic, homogenized

St
re

ss
 [M

Pa
]

Strain

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
0

200

400

600

800

1000

1200

1400

1600

1800

2000

2200
Monolithic, homogenized and aged

St
re

ss
 [M

Pa
]

Strain

0.00 0.02 0.04 0.06 0.08 0.10 0.12
0

200

400

600

800

1000
16% porosity, furnace cooled

St
re

ss
 [M

Pa
]

Strain

0.00 0.01 0.02 0.03 0.04 0.05
0

200

400

600

800
16% porosity, homogenized

St
re

ss
 [M

Pa
]

Strain

0.00 0.02 0.04 0.06 0.08 0.10
0

200

400

600

800

1000

16% porosity, homogenized and aged

St
re

ss
 [M

Pa
]

Strain

(d)(a)

(b) (e)

(c) (f)

Fig. 5. Compressive stress–strain curves as a function of heat-treatment and porosity. Monolithic samples: (a) furnace cooled; (b) homogenized;
(c) aged. Porous samples (16%): (d) furnace cooled; (e) homogenized; (f) aged.
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by a yield stress of about 850 MPa (with a correspond-
ing strain of 2%), a plateau where stress increases slowly
with strain up to about 7%, followed by a more rapid
stress increase up to the maximum tested value of
1800 MPa. Unloading curves exhibit partial non-linear
recovery of the strain, while reloading curves follow
the same trajectory as the envelope curve. This mechan-
ical behavior is typical of partially superelastic NiTi [13].
When the furnace-cooled sample is homogenized
(Fig. 5(b)), the stress–strain curve is characterized by a
yield stress at about 950 MPa, followed by strain hard-
ening up to the highest tested stress of 1200 MPa. All
unloading and reloading curves are linear. The overall
behavior is typical of an elastic–plastic material, without
superelasticity, as expected from the annealing treat-
ment. Finally, the NiTi sample aged after homogeniza-
tion shows a fully superelastic behavior (Fig. 5(c)),
similar in nature to that of the furnace-cooled sample,
except for the lower yield stress (about 550 MPa) and
shorter plateau (about 5% total strain), and for more
completely recovered strains (up to about 7%) on
unloading. Very similar stress–strain curves for super-
elastic NiTi are reported in the literature [13].

As for the monolithic samples, the 16% porous sam-
ples are sensitive to heat-treatment. In the furnace-
cooled condition (Fig. 5(d)), partial superelasticity is
observed, with a yield stress of about 450 MPa, about
half the value of 850 MPa for the monolithic specimen.
Strain recovery in the last unloading curve is similar for
both materials (about 6% strain recovered from a maxi-
mum strain of 11%). After annealing the 16% porous
sample, superelasticity disappears (Fig. 5(e)), as for the
monolithic sample (Fig. 5(b)), and the mechanical
behavior is elasto-plastic, with a yield stress of about
450 MPa, about half that of monolithic NiTi. Finally,
after aging, the 16% porous material becomes superelas-
tic (Fig. 5(f)), like the monolithic material (Fig. 5(c)).
The loading envelope is characterized by a first
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near-linear region (up to about 300 MPa, again about
half the value for monolithic NiTi), with an apparent
modulus of about 14 GPa (as compared to 46 GPa for
monolithic NiTi). A second near-linear region extends
to about 800 MPa, with a slope of 7 GPa (similar value
to that of monolithic NiTi). For the porous sample,
superelastic recovery strains are improved after anneal-
ing as compared to the furnace-cooled samples, but less
so than for the monolithic sample.

For superelastic monolithic NiTi, it is difficult to
determine the true Young�s modulus from macroscopic
stress–strain curves, since deformation in the initial lin-
ear region usually contains both elastic and superelastic
contributions [41]. The apparent Young�s moduli for
the monolithic NiTi samples (as determined by a best-
fit line through the stress–strain curve) are in the range
Eapp = 41–52 GPa, depending on heat-treatment. These
values are significantly lower than the dynamic value
Edyn = 69.5 GPa determined ultrasonically, which is
within the broad literature range of 55–80 GPa [12]. A
similar discrepancy between apparent and dynamic
Young�s moduli is found for the porous samples, as illus-
trated in Fig. 6 where Eapp and Edyn are plotted as a func-
tion of porosity. This plot shows that both the dynamic
and apparent Young�s moduli decrease near linearly with
porosity, and that the heat-treatment affects the apparent
modulus, with the aged samples displaying a significantly
lower modulus than the furnace-cooled samples.
4. Discussion

4.1. Microstructure

After HIP compaction, the B material has a porosity
(1.16 ± 0.05%) which is, within experimental error,
twice that of the A material (0.60 ± 0.06%), as expected
from the approximate doubling in initial argon backfill
pressures (from 207 to 448 kPa). Because the average
pore sizes for both as-HIPed A and B materials are
the same (within a broad error range), it can be con-
cluded that increasing the backfill pressure increases
the pore number density rather than their size. It is
apparent from Fig. 3(a) that the pore spatial distribution
is not random, but that pores are located around the
prior NiTi powder particles, which can be identified as
pore-free circular regions. The pore shape is generally
rounded, with some pores being more elongated; both
shapes are generally free of cusps, indicative of extensive
plastic flow during NiTi powder HIP densification.

As expected from the non-random initial porosity
distribution, porosity is not evenly distributed after
foaming to 18.8%, as shown in Fig. 3(b) and (c) where
many rounded, pore-free regions corresponding to prior
NiTi particles are visible. Such a particle is shown in
Fig. 3(d), surrounded by pores which have grown and
merged with each other during the foaming stage. Occa-
sionally, a high number of pores coalesced to form sin-
uous, highly elongated voids (visible in Fig. 3(b) and
(c)), as also observed in similar foaming experiments
performed on titanium [42,43]. Overall, the pore shape
is smooth, as expected from the pore expansion process
and the lack of extensive pore wall fracture.

The pore size for cancellous bone is in the 1–100 lm
range and artificial porous bone substitution materials
usually have pore sizes between 100 and 500 lm [1].
For the present porous NiTi materials, the merged pores
are near the bottom of the latter size range, but the indi-
vidual unmerged pores are much smaller, about 10–
20 lm. Furthermore, porosity is closed, thus precluding
bone ingrowth upon foam implantation. However, for
titanium foamed by the same isothermal argon expan-
sion method, open pores with 75–250 lm size were
achieved, with porosities in the range 20–30% [9,42]. A
similar level of porosity with larger pores open to the
specimen surface should be achievable for NiTi if foam-
ing parameters are adjusted, e.g., by using longer times,
higher temperatures and/or higher argon pressures, as
discussed in the following section.

4.2. Pore expansion process

Foaming curves for A and B materials (Fig. 4) show
very rapid foaming up to a porosity of 11%, followed by
a much slower, near-linear increase, with a slope that is
twice as high for material B than for material A, as
expected from their respective Ar backfill pressures. A
similar trend of faster foaming with increased Ar con-
tent was reported for Ti–6Al–4V [37].

It is apparent from Fig. 4 that further foaming could
occur if longer times were used, thus indicating that sig-
nificant gas pressure remains in the pores. For the B
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sample shown in Fig. 3(a), foaming resulted in a poro-
sity increase from 0.6% to 19% after 100 h at 1200 �C,
and a pore size increase from 4.1 ± 3.3 lm to
21 ± 5 lm. Mass conservation links the initial and final
porosity fi and ff with initial and final pore radius ri and
rf as:

rf
ri
¼ f �1

i � 1

f �1
f � 1

� �1=3

ð1Þ

under the simplifying assumptions that pores are spher-
ical and mono-sized. Inserting fi = 0.006 and ff = 0.19 in
Eq. (1), a pore radius ratio rf/ri = 3.4 is predicted, which
is in reasonable agreement with the experimental value
of 21/4.1 = 5.1 given that ri has a large error range
and that the experimental diameter values are for aver-
age cross-sections of spheroidal pores, many of which
have merged. The pore pressure ratio is expected to vary
by a factor (rf/ri)

3 = 39, at constant temperature. Then,
assuming that the internal pore pressure at the HIP tem-
perature is equal to the external HIP pressure
(103 MPa), the final pore pressure for ff = 0.19 at the
foaming temperature is 103/39 = 2.6 MPa (neglecting
the small difference between HIP and foaming tempera-
tures). It is thus apparent that, for the 19% porous B
sample, there is considerable gas pressure for further
pore expansion. Porosities as high as 85% could be
reached if pores were to expand until their internal pres-
sure is 0.1 MPa (Eq. (1)). As observed in Refs. [9,36,42–
44] for titanium foams, such high porosities are not
achieved, because pores merge with each other and con-
nect to the sample surface, so that argon gas escapes pre-
maturely; for titanium foams, a porosity as high as 30%
was achieved under isothermal creep conditions (similar
to those used here for NiTi) and 44% under superplastic
conditions [42,43].

Previous research on titanium isothermal foaming
indicates that foaming rates are very sensitive to powder
size and size distribution. For the same foaming temper-
ature of 960 �C and initial Ar backfill pressure of
330 kPa, a porosity of 20% is reached in as little as
0.5 h (using unsieved powders with size below 150 lm)
[9] or as long as 100 h (using sieved powders with 62–
88 lm size range) [42]. For comparison, the present B
NiTi materials (with sieved powders) reached this poro-
sity after 100 h, but at significantly higher temperature of
1200 �C and backfill pressure of 448 kPa. NiTi, because
of its higher creep resistance as compared to unalloyed
titanium, should indeed exhibit slower foaming kinetics
at the same gas pressure and temperature. Further evi-
dence of the slow rate of foaming for NiTi is given by
the report by Kearns et al. [37] who achieved porosities
as high as 32% for Ti–6Al–4V with an argon backfill
pressure of 100 kPa after foaming at 1240 �C for 10 h,
as compared to 12% for NiTi for the same time and sim-
ilar temperature (but higher gas pressure).
4.3. Mechanical properties

4.3.1. Stiffness

Fig. 6 shows that the dynamic Young�s modulus Edyn

is always significantly higher than the apparent moduli
Eapp. The true Young�s modulus is expected to be repre-
sented by Edyn, since the ultrasound method produces
infinitesimal strains that remain in the linear elastic
range, even for NiTi which can exhibit transformation
strains at very low applied stress. By contrast, Eapp is
determined as the best-fit slope of the linear part of
the stress–strain curves over a large stress range, so that
small superelastic strains, due to the onset of the revers-
ible stress-induced transformation in a subset of opti-
mally oriented grains, can result in a low value of the
apparent Young�s modulus. Since the critical stress for
the stress-induced transformation is sensitive to thermal
history, the apparent Young�s modulus is expected to
vary with heat-treatments, as indeed shown in Fig. 6:
for all porosity values (including 0%), Eapp is signifi-
cantly lower (by about 8 GPa) for the aged than for
the furnace-cooled samples. This trend may be explained
by the fact that the aged samples have the highest pro-
pensity for large-scale superelasticity (Fig. 5(d) and
(f)). For bio-medical implants, stiffness is better de-
scribed by Eapp than Edyn, due to the relatively high
stresses and strains expected in this application.

The Young�s modulus of porous metals can be mod-
eled with the Eshelby technique, assuming that pores
are spherical (or ellipsoidal) and uniformly distributed
within the matrix. The Eshelby predictions are shown
in Fig. 6, using the measured value ENiTi = 69.5 GPa
and a Poisson�s ratio mNiTi = 0.33 [12], and are overpre-
dicting the measured values for Edyn by up to 15%. The
discrepancy is not surprising, given the inhomogeneous
distribution of pores and their non-spherical shapes.
The same magnitude of overprediction between mea-
surements and model predictions has also been found
for titanium foams manufactured using the same solid-
state foaming method [45]. We also consider a widely
used model by Gibson and Ashby, which predicts that
the Young�s modulus of a foam decreases with the
square of its porosity [2]. This model can be derived the-
oretically assuming strut bending in cellular structures
with high porosity (above �75%) but has been found
to hold empirically to much lower porosity. The model
predictions are plotted in Fig. 6 and found to follow,
to a very good approximation, the Eshelby predictions
up to the highest porosity studied here (18%).

The apparent Young�s modulus for the sample with
16% porosity in the aged condition, Eapp = 15 ± 1 GPa,
is in the range displayed by wet compact human bone,
Ebone = 12–17 GPa. Thus, to achieve the goal of avoid-
ing stress-shielding by matching the implant modulus
with that of bone, it may be sufficient to foam NiTi in
the relatively modest porosity range 15–20%, provided
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the correct heat-treatment producing superelasticity
(leading to Eapp � Edyn) is used. By comparison, porous
superelastic NiTi produced by SHS was found to display
Eapp = 15 GPa at a much higher porosity of 42% [32].

4.3.2. Stress–strain curves
Comparison of Fig. 5(b) and (c) clearly demonstrates

that, for monolithic NiTi, superelasticity is not active
after a homogenization heat-treatment, but is restored
by a subsequent aging treatment. This well-known effect
is explained by the dissolution of fine, nanoscale precipi-
tates during homogenization, thus allowing the easy
motion of dislocations [13]. Subsequent annealing leads
to the formation of these precipitates, which, by block-
ing dislocation glide, allow for the activation of stress-
induced transformation, responsible for the superelastic
effect [13]. The partial superelasticity exhibited by the
furnace-cooled sample (Fig. 5(a)) indicates that precipi-
tates were formed during the relatively slow cooling
occurring in the furnace (Fig. 2).

The 16% porous NiTi samples exhibit qualitatively
the same behavior as the monolithic samples: partial
superelasticity upon furnace cooling (Fig. 5(d)), no
superelasticity after homogenization (Fig. 5(e)), and
extensive superelasticity after annealing (Fig. 5(f)).
To the best of our knowledge, there is no report on
compression tests for porous NiTi showing room-
temperature superelasticity at the very high stresses
(900–1000 MPa) studied here. Also noteworthy is the
lack of microcracking, despite the high stresses and
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strains achieved here, which was reported for 42% por-
ous NiTi produced by combustion synthesis [32].

The effect of heat-treatment on the stress–strain
behavior of the monolithic and 16% porous materials
is illustrated in Fig. 7(a) and (d), where the last load–
unload loops from Fig. 5(a)–(f) are plotted after shifting
to the origin to ease comparison. In effect, the prior
loops shown in Fig. 5(a)–(f) can be considered as train-
ing cycles, which are known in monolithic samples to
improve superelasticity [13]. Similar graphs are shown
for the samples with 5.6% and 11% porosity in
Fig. 7(b) and (c). It is apparent from Fig. 7(a)–(d) that
aging reduces the width of the load–unload hysteresis
as compared to furnace cooling. The aged samples show
a lower stress plateau (i.e., undergo superelastic defor-
mation at lower stresses) but exhibit higher stresses at
large strain, leading to a cross-over of the two loading
curves in Fig. 7(a)–(d). While a prediction of porous
sample stress–strain curves from the knowledge of the
behavior of the monolithic sample will require extensive
micromechanical modeling taking into account stress
concentration and multiaxiality near the pores, it is
qualitatively apparent that the relative shapes for the
curves of the aged and furnace-cooled monolithic sam-
ples (Fig. 7(a)) carry over to the porous samples
(Fig. 7(b)–(d)).

Comparison between Fig. 5(a), (c) and (d), (f) indicates
that, for a given nominal stress, the 16% porous samples
exhibit larger recoverable (elastic and superelastic) strains
and larger non-recoverable (plastic) strains than the
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monolithic samples, for both furnace cooled and aging
heat-treatments. Equivalently, for a given recoverable
strain, the stress for the porous sample is lower (by about
a factor 2) than for the monolithic sample.

Fig. 8(a)–(c) show the last load–unload loops of the
monolithic and porous samples for each of the three
heat-treatments. These comparisons indicate that the
yield stress and apparent Young�s modulus decrease
with porosity in a monotonic manner (with the excep-
tion of the aged samples with 5.6% and 11% porosity
which have overlapping curves). On unloading for the
furnace cooled and aged states, all three porous samples
exhibit the same recoverable strain (about 5.5%), which
is only slightly below that measured on the monolithic
samples (6%). The unrecoverable plastic strain is there-
fore larger for the porous samples, especially for the
furnace-cooled ones, in part because they were strained
to larger values. Again, detailed micromechanical mod-
eling of the type performed for porous titanium deform-
ing by slip only [46] will be needed to quantify the effect
of stress concentration on the strains produced by stress-
induced transformation and dislocation glide; however,
it is apparent from the present study that porous
NiTi retains most of its superelastic strain recovery
capability.

4.3.3. Energy absorption

Using porous NiTi in energy management and vibra-
tion control applications (including bone implants) is
promising, due to very high damping coefficient of
superelastic, monolithic NiTi and the high mechanical
energy it can absorb and dissipate during mechanical
loading–unloading loops [13]. The maximum energy
Emax absorbed by the monolithic and porous samples
was determined by calculating the area under the load-
ing branch of each of the stress–strain loops for materi-
als in the aged condition (shown in Fig. 5(c) and (f) for
the 0% and 16% porosity samples). Fig. 9(a) and (b)
show plots of Emax (expressed in MJ/m3) as a function
of the maximum strain emax or maximum stress rmax

for each mechanical loop.
In Fig. 9(a) where the energy is plotted as a function

of the maximum loop strain, the energy decreases with
increasing porosity, the drop being modest up to 11%
porosity but much larger (by about a factor 2) for
16% porosity, as a result of the lower stresses achieved
by that sample at a given strain. Thus, for displace-
ment-controlled applications, the monolithic and 5.6%
porosity materials are most favorable in terms of energy
absorption per sample volume. Expressing the energy
per unit mass (MJ/kg), does not alter significantly this
conclusion, given the relatively modest porosity levels.
An example for such a strain-controlled application is
energy management during an earthquake, where strains
of a given amplitude are generated on large structures
and must be absorbed by dampers (a fraction of this
energy is dissipated in the form of heat and the rest
is recoverable during the superelastic unloading).

The picture changes when Fig. 9(b) is considered,
where the energy is plotted as a function of maximum
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loop stress. At a given stress, the 16% porous material
absorbs more energy than the monolithic and low
porosity material, so that in load-controlled applica-
tions, the porous material is more favorable. This is
the case where shocks are to be absorbed, e.g., for pack-
aging applications or bone implants (as a result of phys-
ical activity of the patient). The reason for the superior
energy absorption of 16% porous NiTi is that at a given
stress, it deforms to a much larger strain (Fig. 8(c)).

Finally, at a given maximum strain emax, both mono-
lithic and 16% porous samples absorb less energy in the
aged condition than in the furnace-cooled condition;
this is because the furnace-cooled NiTi has higher
apparent Young�s modulus and plateau stress
(Fig. 7(a) and (d)). Comparing the two heat-treatment
conditions for the energy as a function of the maximum
stress rmax shows that, for the monolithic samples, the
aging heat-treatment is more favorable, whereas for
the 16% porous samples, there is no significant difference
between the two heat-treatments.

4.3.4. Bone-replacement applications

Achieving the stiffness target range of Ebone = 12–
17 GPa at the lowest possible porosity in NiTi is impor-
tant, since it maximizes the implant strength, both under
static and fatigue conditions, which may become limit-
ing for long-term implantation of porous metals. From
that point of view, the exceptionally high compressive
stresses carried without failure by the aged, 16% porous
NiTi (>975 MPa after mechanical training, Fig. 7(d))
coupled with its unusually low apparent stiffness
(Eapp = 15 ± 1 GPa) is unique among known bone-
replacement materials, especially when considering the
very large compressive ductility (>7%) and energy
absorption (>30 MJ/m3).

We expect the apparent Young�s modulus and the
superelastic parameters (yield stress, slope and extent
of plateau stress, recoverable and superelastic strain,
energy absorption) to be tailorable—within a certain
range—by altering the material composition, heat-
treatment and porosity (e.g., pore fraction, shape, con-
nectivity and spatial distribution). These independent
variables may allow custom materials to be used in a
wide variety of medical (and non-medical) structural
applications. However, the mechanical properties are
also likely to depend sensitively on temperature. For
bone-replacement implants which remain at a near-
constant human body temperature (36–42 �C), this issue
is less critical.

The present porous NiTi would benefit from open
porosity, so as to allow bone ingrowth and mechanical
anchorage between implant and bone. For current
monolithic titanium implants, rounded powders are sin-
tered on the implant surface, resulting in a highly porous
surface layer [47] and this approach could be used with
the current closed porosity NiTi materials as well. Alter-
natively, increased level of foaming will lead to opening
of the porosity, as reported in titanium foams [42,43].
However, for higher porosity levels, appropriate heat-
treatments (e.g., similar to the present ‘‘furnace-cooled’’
treatment) may be needed to insure that the apparent
Young�s modulus remains near the value for human
compact bone.

Finally, the superelastic effect could be used to help
anchor a porous NiTi implant within the receiving bone
cavity. One could envision that the superelastic porous
implant, deformed in compression within a holding
sleeve, is pushed into the bone cavity where it expands
by superelastic recovery, thus improving fixation within
the bone by mechanical locking. A similar approach is
used for NiTi stents, which are introduced within veins
or arteries in a low profile, deformed shape, and subse-
quently deployed at the correct position through the
superelastic effect [48,49].
5. Conclusions

Pre-alloyed, near-stoichiometric NiTi powders were
densified in the presence of argon gas, resulting in a NiTi
billet with <1 vol.% pores containing high-pressure
argon, which were subsequently expanded at high tem-
perature to create up to 20% internal porosity. Study
of a series of porous NiTi samples led to the following
main conclusions:
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• Upon foaming at 1200 �C, porosity increases rapidly
up to about 11% porosity and then more sluggishly
up to 20% porosity, with rates increasing with initial
Ar pressure. Pores are equiaxed (except when they
coalesce into elongated pore agglomerates), inhomog-
enously distributed (due to primary NiTi powders)
and unconnected to the surface.

• The Young�s modulus determined by ultrasonic mea-
surements decreases with increasing porosity, in gen-
eral agreement with elastic Eshelby-based theory for
closed, spherical porosity. The Young�s modulus
measured during uniaxial compression is significantly
lower than the dynamic measurement, as a result of
superelastic deformation within the linear-elastic
range.

• Specimen with 0%, 5.6%, 11% and 16% porosity, in
the furnace cooled or aged condition, exhibit super-
elasticity, while homogenization results in a normal
elasto-plastic behavior with no superelasticity. For
the porous specimens, a large superelastic strain of
about 5.5% was recovered upon unloading from
stresses of 900–1700 MPa.

• The 16% porous, aged NiTi materials exhibit a
combination of mechanical properties unique among
bio-compatible materials: very high strength
(�1000 MPa), low apparent stiffness (�15 GPa,
matching compact human bone), large compressive
ductility (>7%), large recoverable strains (>6%),
and high energy absorption (>30 MJ/m3). This makes
porous NiTi an excellent candidate for bone replace-
ment applications.
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