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a b s t r a c t

NiTi powders are densified in the presence of argon gas, whose initial pressure is varied between 1 and
33 atm, to create NiTi billets containing isolated Ar-filled pores. Upon vacuum annealing, the pressurized
pores expand by creep of the surrounding NiTi matrix at rates which are in agreement with a simple
analytical model up to 16% porosity. Beyond this porosity, foaming becomes very slow, as pores connect
with each other and with the specimen surface where the gas escapes. This is due to failure of previous
NiTi powder boundaries weakened by oxides insoluble in NiTi; this mechanism does not occur in Ti
eywords:
ellular materials
etallic foams
itinol
ot isostatic pressing
owder metallurgy

foams which dissolve their oxides at high temperature, allowing higher levels of pore expansion and
foam porosity. NiTi with 10–16% porosity exhibits Young’s moduli of 48–57 GPa, and may be useful for
high-strength, low stiffness biomedical implants with superelastic or shape-memory properties.

© 2009 Elsevier B.V. All rights reserved.
tiffness
icrostructure

. Introduction

Near-equiatomic nickel–titanium alloys (NiTi) are used for var-
ous medical devices due to their excellent biocompatibility [1,2]
igh strength and toughness, and their superelastic or shape mem-
ry properties [3]. While NiTi is the least stiff among the main
iocompatible alloys (steel, Co- or Ti-based alloys), it is much stiffer
han bone, leading to stress-shielding between implant and bone
nd eventual implant failure. As recently reviewed [4], porous NiTi
reated by a variety of methods can exhibit very low stiffness
atching that of bone, while also showing open porosity allow-

ng bone ingrowth [5–12,26]. Foam fabrication methods based on
he reaction of elemental powders have the advantages of rapid
rocessing and low powder costs, but offer limited control over the
ore fraction and architecture, and may result in undesirable off-
toichiometric phases. By contrast, methods based on sintering of
realloyed NiTi powders allow better control of porosity and com-
osition, but they suffer from the high cost, low sinterability of NiTi
owders, and their propensity for creating stable oxides layers.

The low sinterability of prealloyed NiTi powders [10] can be

ddressed by using a solid-state foaming process, first demon-
trated for Ti–6Al–4V by Kearns et al. [13] and recently extended
o NiTi by Greiner et al. [14]. In this method, metallic powders are
laced in a steel can which is evacuated and then backfilled with

∗ Corresponding author. Tel.: +1 847 491 5370.
E-mail address: dunand@northwestern.edu (D.C. Dunand).

1 Present address: ATI Allvac, 2020 Ashcraft Ave, Monroe, NC 28111-5030, USA.

921-5093/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.msea.2009.05.045
argon. The sealed can is then densified in a hot isostatic press (HIP)
at high temperature and pressure, resulting in a nearly dense metal-
lic billet containing small, isolated pores filled with argon. After
removing the steel can, the billet is exposed to high temperatures
under vacuum to allow the expansion of the pressurized pores by
creep of the surrounding metallic matrix. Greiner et al. [14] found
that NiTi foamed very rapidly by this method at 1200 ◦C, i.e. reach-
ing ∼11% porosity in less than 1 h; this was followed by a much
slower porosity increase to ∼19% porosity (4–8 days). The result-
ing porous NiTi exhibited superelastic behavior, a high compressive
strength and a Young’s modulus of 41 GPa, as measured ultrasoni-
cally. The apparent stiffness, as measured from stress–strain curves,
could be altered by heat-treatment and reached values as low as
14 GPa.

In the present paper, we study solid-state foaming of NiTi in
more detail by varying the foaming temperature and the amount of
trapped argon, and by modeling the expansion process. We also elu-
cidate the reason for the abrupt change of foaming rate observed
to occur at ∼11% porosity by Greiner et al. [14] and the low ter-
minal porosities achieved with NiTi foams, as compared to Ti or
Ti–6Al–4V foams processed by the same method [13,15,16]. Finally,
we measure the stiffness of porous NiTi ultrasonically.

2. Experimental procedures
2.1. Powder densification

Prealloyed martensitic NiTi powders (49.4 at.% Ni, 99.9% purity,
44–177 �m size, from Specialty Metals Corp., NY) were mixed for

http://www.sciencedirect.com/science/journal/09215093
http://www.elsevier.com/locate/msea
mailto:dunand@northwestern.edu
dx.doi.org/10.1016/j.msea.2009.05.045
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Table 1
Initial conditions for NiTi (50.2 at.% Ni) billets 1–8 studied here. Samples A and B pre-
viously studied by Greiner et al. [14], with 51 at.% Ni, are also listed for comparison.

Sample Backfill Ar pressure (atm) HIP pressure (atm) Porosity after HIP (%)

1 0.9 1800 0.09
2 1.4 1800 0.25
3 2.5 1800 0.43
4 5.3 1800 0.98
5 6.7 1800 1.34
6 11 1800 2.26
7 24 1800 3.92
S.M. Oppenheimer, D.C. Dunand / Materia

t least 1 h with small quantities of elemental nickel powders
99.9% purity, 44–177 �m size, from Specialty Metals Corp., NY) to
ncrease the Ni/Ti ratio. A first group of billets, initially described
y Greiner et al. [14] and labeled A and B in Table 1, had been
anned and backfilled with Ar by the HIP company (UltraClad,
ndover, MA) in 35.0 mm diameter cans with a 1.6 mm wall thick-
ess, using pre-mixed powders with an average Ni composition
f 51.0 at.%. A second group of cans, labeled 1–8 in Table 1, was
lled for the present study with mixed powders with 50.2% Ni
verage composition, Ar-backfilled and sealed in our laboratory,
nd sent to UltraClad for densification. Densification occurred at
066 ◦C for 4 h at a pressure of 1020 atm (103 MPa) for billets A
nd B, and 1800 atm (152 MPa) for billets 1–8. While the small
hange in composition from 50.2 to 51 at.% affects the room tem-
erature mechanical properties of the foams (in particular their
hape-memory and superelastic behavior), it is inconsequential
or their creep properties [17] which control the foaming kinet-
cs.

For billets 1–8 prepared in our laboratories, the powders were
oured and packed by hand with a steel rod into a low-carbon
teel tube (7.04 and 9.53 mm inner and outer diameter and ∼50 cm
ength) with a crimped and welded bottom. After multiple flushings

ith Ar, the tube was backfilled with 99.999% pure Ar and crimp-
elded. This method was used up to 5 atm Ar, above which the
ressurized gas burst through the weld area during the sealing pro-
ess. A new method was developed to increase the Ar content above
hat limit. The welded lower end of the long tubes was immersed
n liquid nitrogen (77 K boiling point [18]) which led to condensa-
ion of solid Ar (84 K freezing point [18]) within the tube. Very large
uantities of solid Ar could be trapped in the tube while keeping a

ow Ar pressure (equal to its vapor pressure at 77 K) allowing easy
eld-sealing of the can. The Ar amount introduced in the tube was
etered, from which the gas pressure, after the sealed tube has

eturned to ambient temperature, was calculated, as reported in
able 1.

Because of the somewhat irregular shape of the tubes after HIP
onsolidation, the steel can was removed electro-chemically rather
han by turning. The process occurred under a 2 V voltage in an
queous 10% acetic acid solution with NaCl. The less noble steel
an was dissolved preferentially, while the nobler NiTi billet was
athodically protected. The NiTi billet was then sanded to remove
thin surface layer contaminated by reaction with steel during HIP
nd oxidized during the steel removal, and finally sectioned on a
iamond saw into cylindrical test specimens 15–20 mm in height
nd ∼6 mm in diameter. For the larger HIP consolidated billets A
nd B, samples were cut by electro-discharge machining (EDM) into
mm cubes whose sides were polished with 400 grit SiC paper to

emove the damaged layer.

.2. Solid-state foaming

Foaming was performed at 900 or 1150 ◦C in a high-vacuum
urnace (residual pressure <10−5 Torr, typically ∼4 × 10−6 Torr,

easured at the chamber) with molybdenum heating elements.
amples were placed on a boron-nitride-coated molybdenum mesh
nd surrounded by a titanium tube (25.4 mm outer diameter,
00 mm high) acting as a getter. Temperature was measured out-
ide the tube with a K-type thermocouple coated with boron nitride.
ests with a second thermocouple confirmed that no measurable
emperature difference existed between the inside and outside
f the tube. At regular intervals during foaming, the sample was

ooled to ambient temperature and its density was measured by
he Archimedes method in deionized water, after coating with a
hin layer of vacuum grease to prevent water penetration in open
ores. Helium pycnometry was first performed to measure open
orosity.
8 33 1800 6.26
A [14] 2.1 1020 0.60
B [14] 4.5 1020 1.16

The total porosity of the foam f was calculated from the
Archimedes sample density � as

f = �NiTi − �

�NiTi − �Ar
(1)

where �NiTi is the density of NiTi, measured as 6.439 ± 0.001 g/cm3

on a large sample densified from the same powders as the foams,
but with no Ar backfill. For foamed samples where the Ar-filled
pores have expanded, the Ar density, �Ar, is small and can be
neglected. For the densified billets, this assumption leads to sizeable
errors: the density of the compressed Ar in the pores was calculated
with the virial equation [18] based on the HIP pressure and tem-
perature, as 0.496 g/cm3 at room temperature (assuming no pore
expansion during HIP depressurization at ambient temperature).

2.3. Ultrasonic measurement of Young’s modulus

The Poison’s ratio � and Young’s modulus E of the NiTi foams
were calculated based on the measurement of sound longitudinal
wave velocity Vl and shear wave velocity Vs from:

Vs =
√

E

2�(1 + �)
(2)

Vl =
√

E

�

(1 − �)
(1 + �)(1 − 2�)

(3)

where � is the foam density. Measurements were carried out in
transmission on 5–10 mm long sample at a frequency of 5 MHz,
using a high viscosity fluid (molasses) to couple the sample to the
transducers. A digital oscilloscope recorded the time taken for the
sound waves to be transmitted through the samples. Repeated mea-
surements of time-of-flight through the samples showed less than
±0.01 �s difference. An additional systematic error was associated
with the determination of the first rise in the signal on the receiv-
ing transducer, which was estimated to be <±0.1 �s. Even for the
shortest time of flights (smallest samples with least porosity), the
random error in velocity is only 0.4% and the largest systematic error
possible is 4%, but is expected from measurement of calibration
samples to be below 1%.

3. Results and discussion

3.1. Measurements of foaming kinetics

Fig. 1 shows that there is a linear relationship, as expected,
between the Ar pressure within the can at ambient temperature

before HIP densification and the billet initial porosity after HIP. Sam-
ples A and B by Greiner et al. [14] are included for comparison, but
were densified at a lower pressure (103 MPa vs. 152 MPa) and thus
show higher initial porosity for a given initial Ar pressure. Also, Ar
pressures for samples 5–8 (for which Ar was solidified) were not
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igh-pressure samples (5–8) made with solid Ar, and open symbols are for low-
ressure samples (1–4) produced with gaseous Ar. Samples A and B from Ref. [14]
re also shown, and were densified under lower pressure, thus yielding higher initial
orosity.

easured directly, but rather calculated from the metered gas, and
ave higher errors.

A first series of foaming tests was carried out on samples 5–8
t 1150 ◦C, close to the temperature of 1200 ◦C used by Greiner et
l. [14] for samples A and B. Foaming for these four samples hap-
ened extremely rapidly: after only 5 min at temperature, porosity
as nearly fully open and had reached values between 8% and 12%.
hen foamed for an additional 10 min at 1150 ◦C, sintering was

bserved to occur by an increase in closed porosity, as measured by
elium pycnometry. A third anneal for 15 min closed by sintering a
ajority of the open porosity. This series of events sheds light on

he unexpected foaming kinetics reported by Greiner et al. [14] for
amples A and B and reproduced in Fig. 2: foaming rates decreased

rastically after the foams reached 10–11% porosity, despite the fact
hat all porosity was found to be closed. The present experiments
ndicate that foams A and B, between two porosity measurements,
ost their pressurized Ar by pores which opened to the surface and

ig. 2. Foaming curve for samples A and B foamed at 1200 ◦C by Greiner et al.
howing a very fast initial rise followed by a very slow increase in porosity with
ime.
nce and Engineering A 523 (2009) 70–76

then rapidly reclosed by sintering. The subsequent very slow foam-
ing occurred as a minority of small pressurized pores connected
to the network of empty pores and re-pressurized them, albeit at
a much smaller pressure. A schematic of the proposed process is
given in Fig. 3

Foaming curves are shown in Fig. 4 for a second series of foam-
ing experiments performed at 900 ◦C to study pore growth in more
detail. The curves for samples 1–4 are not shown, because the foam-
ing rate was very slow. Foaming for samples 5–7 was much slower
than at 1200 ◦C, but remained very fast for sample 8 (fo = 6.26%)
which achieved a terminal porosity of 8.4% after 5 min. Fig. 4 shows
that the initial foaming rate decreases with decreasing initial Ar
pressure and the subsequent foaming rate decreases with foaming
time, as expected qualitatively. Open porosity starts to appear when
foams 5–7 reached ∼11% total porosity, and increases continuously
with foaming time. At 14% porosity, foaming rates are near zero,
and the open porosity represents about half of the total porosity.
A maximum porosity of 16% is reached for samples 7 and 6 after
∼16 and 32 h of foaming, respectively, and sample 5 with the low-
est initial Ar pressure, has not yet reached maximum porosity after
32 h.

3.2. Modeling of foaming kinetics

A simple analytical model has been used previously to describe
the foaming kinetics of titanium containing pressurized, spherical
pores within a creeping matrix, based on the creep expansion of a
thick-walled spherical pressure vessel [19]:

ḟ = 3A

2
f (1 − f )

(1 − f 1/n)n

(
3

2n
Peff

)n

(4)

assuming that primary creep is negligible. In this equation, ḟ is the
rate change of porosity, f is the porosity, and Peff is the effective
Ar pressure. The parameters A and n come from the uniaxial creep
equation:

ε̇ = A′ exp
(−Q

RT

)
�n (5)

where ε̇ is the uniaxial creep rate, � is the uniaxial stress, n is
the stress exponent, Q is the activation energy, T is the tempera-
ture, R the gas constant, and A′ is a material dependent constant.
At constant temperature, the first two terms are combined as
A = A′ exp(−Q/RT). NiTi creep parameters reported in Ref. [17] were
used. This simple analytical model was compared to finite-element
calculations taking into account the overlapping stress fields of
neighboring pores and found to give a very good approximation
[19].

As compared to the original model [19], two modifications are
implemented here in Eq. (4). First, Ar is not assumed to be an ideal
gas, and the virial gas equation for the gas pressure Pvir is used:

PvirVmRT = 1 + B

Vm
(6)

where Vm is the molar volume of Ar and B is a fit-
ting parameter determined by a Taylor expansion as
B(m3) = −16 − 60(T0/T − 1) − 10 (T0/T − 1)2 where T0 = 293 K [18].
Second, an effective hydrostatic pressure Ps is considered to act on
the pore due to the surface tension of solid NiTi, given by:

Ps = 2�

r
(7)
where � is the surface energy of NiTi, and r is the pore radius.
Then, the net Ar pressure Po within the pores at the end of the HIP
densification (with applied pressure PHIP) is

Po = PHIP + Ps (8)
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Table 2
Oxygen and carbon content of NiTi samples.

Sample O (wt.%) C (wt.%)

Prealloyed powder 0.1 0.003
ig. 3. Schematic diagram illustrating the mechanism of resintering and re-pressur
ressurized pores expand at different rates due to different size, (b) large pore co
ontinues to grow and connects to large pore and (e) merged pores with very low g

rom which the initial pressure at the foaming temperature can be
alculated using the virial equation. Similarly, the effective pore
ressure during foaming, Peff, is reduced by the surface tension as

eff = Pvir − Ps (9)

The surface energy of solids is difficult to measure experimen-
ally [20]. Even where data on surface tension in solids has been
ollected, it is most often pure metals [21,22]. It is much easier to
xperimentally measure the surface tension of materials in the liq-
id state, and there is a significant amount of data on pure metals
nd alloys in liquid form [18,23]. It is generally found that the solid
urface tension is higher than the liquid surface tension [20]. The
urface energy of pure liquid titanium at 1680 ◦C (slightly above
he melting point of 1668 ◦C) was measured as 1.51 N/m, while the
urface energy of solid titanium at 90 ◦C below the melting point
as 1.70 N/m, an increase of ∼13% [21]. The surface energy of NiTi

ould not be found in the literature and was estimated as follows.
he surface energy in liquids generally scales with melting point,
nd based on published surface tension and melting point trends
or pure metals [23], the extrapolated liquid surface tension of NiTi
s estimated as 1.05 N/m. The surface energy for solid NiTi is then
stimated to be 1.19 N/m, by using the same 13% increase in surface

ension measured from liquid to solid titanium.

After introducing Eqs. (5)–(9) into the original foaming equa-
ion (Eq. (4)), the latter equation is solved iteratively and results
re plotted in Fig. 5. Surface tension was found to make only a

ig. 4. Foaming curves for samples 5–7 foamed at 900 ◦C. Solid lines and solid
ymbols represent total porosity, dotted lines and open symbols represent closed
orosity. The two green squares are for sample 8 with initial porosity of 6.29% and
nal porosity of 8.4% (mostly open) after 5 min of foaming.
NiTi Billet after HIP 0.075 0.015
NiTi foamed for 47 ha 0.1 0.029

a400 cycles between 550 and 950 ◦C.

small difference in the calculations due to the large initial pres-
sures (152 MPa) and the micron-sized pores (according to Eq. (7),
the surface tension of a 1 �m radius pore is 2.4 MPa). Given the size-
able experimental errors and the many simplifications used in the
model, the simulations results are in reasonable agreement with
experimental data, which are plotted only up to the point where
porosity opens to the surface and gas is lost. A possible explanation
for the discrepancy between model and experiment for foams 6 and
7 is that the pore growth occurred too rapidly for pores to achieve
a spherical shape by surface diffusion, and elongated pores grow
more rapidly than spherical ones [19].

3.3. Foam microstructure and composition

As shown in Table 2, no significant oxygen contamination

occurred during foaming. The carbon content is very low and may
have increased slightly as a result of small remnants of the grease
used in density measurements, which may have produced small
amounts of TiC on the sample surface.

Fig. 5. Initial foaming curves (with fully closed porosity) for samples 5–7 foamed at
900 ◦C. Model predictions are shown with dotted lines.
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ig. 6. Optical micrographs of as-densified NiTi billets showing increasing initial po
c) sample 6, fo = 2.26% (d) sample 7, fo = 3.92%.

Micrographs of cross-sections of the HIP-densified billets (Fig. 6)

llustrate that initial porosity increases with increasing backfill
ressure, as expected from measurements reported in Fig. 1. As
xpected, pores are located at the boundaries of the former NiTi
owders. The pore shape is not spherical, indicating that surface

ig. 7. SEM micrographs of NiTi after foaming (a) Sample A (fo = 0.60%) foamed to
orosity f = 17% after 170 h at 1200 ◦C. (b) Sample 7 (fo = 3.92%) foamed to porosity
= 14% after 30 min at 1150 ◦C.
fo with increasing backfill pressure. (a) Sample 3, fo = 0.43%, (b) sample 5, fo = 1.34%,

diffusion was not sufficient to spherodize the pores during the HIP
process (4 h at 1066 ◦C).

Fig. 7(a) shows foam A with 17% porosity, which after 170 h at
1200 ◦C displays nearly spherical pores. By contrast, Fig. 7(b) shows
foam 7 which reached 14% porosity after a much shorter time,
30 min, at the slightly lower foaming temperature of 1150 ◦C. The
angular pores are interconnected to each other through crack-like
channels. As for Fig. 7(a), the previous powder particles are easily
recognizable. This is also the case for sample 5, foamed for 32 h at
900 ◦C, as shown in Fig. 8. As illustrated in this figure, most of the
volume from the previous NiTi particles does not participate in the
foaming, which is restricted to a network volume close to the prior
powder surfaces.

This is unlike the situation observed in titanium foams [16],
where an initially inhomogeneous distribution of small, high-

pressure pores found at the prior powder particles grow into a
much more homogenously distributed population of larger pores,
by creep of the surrounding matrix. In NiTi, it appears that the
prior particle boundaries are weakened, and thus fail with little
creep deformation, forming rapidly a network of pores linked by

Fig. 8. SEM micrograph of sample 5 (fo = 1.34%) foamed to porosity f = 14% after
32 h at 900 ◦C, showing network of elongated pores. Superimposed on top right of
the micrograph are light-gray areas highlighting material that is deformed during
foaming.
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ig. 9. SEM micrograph of sample 7 (fo = 3.92%) foamed to porosity f = 14% after 30 h
t 900 ◦C, showing the interface between previous powder particles decorated by
arker oxide particles (arrows) and pores (black). The elongated pores are in the
rocess of merging by fracture of the interface.

longated crack-like channels. As shown in Fig. 9, the surface of
he prior NiTi powders is decorated by numerous particles, form-
ng a near-continuous film (visible as a darker band in Fig. 9). Due
o their small size, composition of these particles could not be
etermined quantitatively by energy dispersive X-ray spectroscopy
EDS) which however indicated qualitatively an increase in tita-
ium as compared to the matrix, in agreement with the presence
f a titanium-rich oxide, probably formed during the powder solid-

fication step. This oxide film is most likely responsible for the
eakening of the interparticle regions leading to the early linkage

f pores into a network, premature escape of gas, and termination
f foaming in NiTi. By contrast, titanium dissolves its own oxide at
levated temperature, so oxide films on Ti powders disappear dur-
ng the HIP process, and subsequent foaming can occur to much
igher final porosities before pores link to each other and to the
pecimen surface [13,15,16,19].

.4. Foam Young’s modulus

The foam Young’s modulus, as measured ultrasonically, is plot-
ed as a function of foam porosity in Fig. 10. The data were fit to the
ibson–Ashby equation [24]:

E

Eo
=

(
�

�o

)2
(10)

here E and Eo are the Young’s moduli of the foam and the dense
etal, � and �o are the density of the foam and the dense metal. Data
ere also fitted to a modification of the above equation proposed

y Wanner [25]:

E

Eo
=

(
�

�o

)n

(11)

here � is a fitting parameter increasing above 2 as pores become
ore elongated. A best fit is found for the present foams with
= 2.85, which is larger than 2 as expected given the non-spherical

hape of the pores. Also plotted in Fig. 10 are ultrasonic moduli for
he NiTi foams of A and B presented by Greiner et al. [14]. These
oams are systematically less stiff than 1–8, which may be due to
he difference in composition. The best-fit exponent is � = 2.57, close

o the value for the present foams.

To reach a 15–25 GPa modulus for bone, the present foams would
ave to show a porosity of 35–45%. Such high porosity may not be
eeded since, as shown by Greiner et al. [14], the apparent stiffness
f porous NiTi as measured from stress-strain curves, is significantly
Fig. 10. Plot of Young’s modulus measured ultrasonically vs. porosity, for NiTi foams
from Greiner et al. [14] with 51 at.% Ni, and from the present study with 50.2 at.%
Ni. Dotted and full lines show best-fit to Eqs. (10) and (11) with � values given in
parentheses, respectively.

lower than the Young’s modulus as measured ultrasonically. The
explanation offered for the lower stiffness measured during com-
pressive testing is the onset of reversible superelasticity during the
linear, apparently elastic, loading and unloading of the foams, which
occurs in small foam volumes with stress concentrations [14].

4. Conclusions

• Porous NiTi was created by entrapping Ar gas during powder den-
sification and subsequently expanding the individual gas-filled
pores at 900 or 1150 ◦C, in a creep expansion method previously
demonstrated for titanium.

• Unlike titanium produced by this method, the porosity of NiTi
does not exceed 16–20%, due to premature merging of pores into
a network connecting to the sample surface where the gas is lost.

• Despite the non-spherical pore morphology, a simple gas expan-
sion model can accurately predict the foaming behavior up to the
onset of gas loss, and the foaming rates is strongly influenced by
the initial Ar content of the densified billets. Surface tension plays
a small role in the initial pore expansion, but is important at a later
stage in reclosing open porosity.

• Porous NiTi exhibits Young moduli, as measured ultrasonically,
which decrease with porosity in agreement with a simple analyt-
ical model, to 48 GPa for 16% porosity.

• Porous NiTi is an attractive material for biomedical implants,
given its unique combination of desirable mechanical proper-
ties (low stiffness, high strength and superelastic/shape-memory
strain), its biocompatibility and its open porosity allowing bone
ingrowth.
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