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a b s t r a c t

Open-celled titanium foams were fabricated by vacuum hot pressing of a blend of Ti and NaCl powders
followed by NaCl removal in water. Densification kinetics of the Ti/NaCl blends are measured at 780 ◦C
at various pressures (30–50 MPa), NaCl volume fractions (30–70%) and NaCl powder sizes (50–500 �m).
As compared to pure Ti powders, densification kinetics of the blends is faster for relative densities below
92% due to rapid deformation of the NaCl powders. After dissolution, the flattened shape of the NaCl
eywords:
odium chloride
omposites

powders is replicated in the pores, resulting in an anisotropic porous structure. The foams exhibit good
compressive strengths (e.g., 102 MPa for 50% porosity and 28 MPa for 67% porosity), low Young moduli
(e.g., 29 GPa for 51% porosity) and ductile behavior up to compressive strain >60%.

© 2010 Elsevier B.V. All rights reserved.

orous materials
owder metallurgy
ow cost titanium

. Introduction

Titanium foams, inheriting attractive properties from titanium
lloys, show high specific strength, stiffness and energy absorption
ogether with excellent corrosion resistance and biocompatibility,

aking them applicable in fields ranging from biomaterial [1–3]
o transportation [4,5]. Titanium foams are particularly interesting
or bone implants because of their low stiffness (which reduces
he stress shielding effect due to the stiffness mismatch between
mplant and bone [1,6]) and because bone growth can occur within
he porosity, if a minimum diameter of ∼100 �m [1,7,8] is achieved,
hus improving anchorage of the implant [9].

Due to the high melting point, strong reactivity and acute
ontamination tendency of liquid titanium, various solid-state
rocesses based on titanium powder densification have been
eveloped to create titanium foams, as reviewed in Refs. [4,10].
xpansion of trapped gas [11–13], partial sintering of powders
14,15], or electron beam/laser melting of powders [16–18] are
xisting methods where porosity is created in titanium without
pace-holders. The use of space-holders allows for simple and accu-
ate control of pore fraction, shape and connectivity in titanium,

nd the focus to date has been on temporary, fugitive space-holders
e.g., magnesium [19], sodium chloride [20], polymers [21,22], cam-
hene [23], ammonium hydrogen carbonate [24] and ice [25])
hich evaporate or decompose during the temperature ramp lead-

∗ Corresponding author at: Department of Materials Science and Engineering,
orthwestern University, 2225 North Campus Drive, Evanston, IL 60208, USA.
el.: +1 847 491 5370; fax: +1 847 467 6573.

E-mail address: dunand@northwestern.edu (D.C. Dunand).

921-5093/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.msea.2010.09.054
ing to the final sintering temperature. However, microporosity
within the Ti struts is often present, as a result of incomplete sin-
tering. By contrast, a space-holder remaining during the entire
titanium powder densification process allows the use of pressure to
enhance the densification of the titanium powders. Recently, steel
has been used as permanent space-holder in Ti and Ti–6Al–4V, with
the removal from the densified composites occurring by electro-
chemical means [26,27]. This second step in the process can be slow,
so it is desirable to use as space-holder a salt which is chemically
inert with titanium at the high temperature used during the densi-
fication step, but can be removed rapidly at ambient temperature
by simple immersion in water. This approach was demonstrated for
NiTi foams which used as space-holders acid-soluble NaF [28,29] or
water-soluble NaCl [30] powders. NaCl was however molten at the
temperatures needed to densify the NiTi powders, thus requiring
encapsulation of the metal/salt powder blend in a steel container
[30].

In the present article, we demonstrate the creation of titanium
foams using solid NaCl space-holders by hot pressing at 780 ◦C
at various pressures (30–50 MPa), NaCl volume fractions (30–70%)
and NaCl sizes (50–500 �m). We measure densification kinetics of
Ti/NaCl blends as a function of these variables, and report on the
structure and mechanical properties of the resulting foams after
NaCl dissolution.

2. Experimental procedures
2.1. Materials

The titanium powders used were angular HDH (hydrogenation/
de-hydrogenation) titanium of commercial purity, shown in Fig. 1a,

dx.doi.org/10.1016/j.msea.2010.09.054
http://www.sciencedirect.com/science/journal/09215093
http://www.elsevier.com/locate/msea
mailto:dunand@northwestern.edu
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ig. 1. SEM micrographs of (a) 30–44 �m angular titanium powders; (b)
55–500 �m sodium chloride powders with cuboidal shape.

upplied by Phelly Materials (Bergenfield, NJ), sieved to −325
esh (30–44 �m) and with oxygen content of 0.42 wt% (ASTM

rade 4). The microhardness of mounted and polished powder
as 217 ± 13 HV, corresponding to a yield strength of 602 ± 13 MPa

using a conversion factor of 3.6 [31,32]), within the range of
80–635 MPa for commercial-purity Ti ASTM grade 4 [33]. The
uboidal sodium chloride powders (∼99% pure, iodide-free, NaCl
rom Morton Salt) shown in Fig. 1b were sieved to different size
anges: 50–100, 100–200, 355–500, and 100–500 �m.

A few control experiments were carried out with angular HDH
i–6Al–4V powders with a typical size of 100 × 200 �m and the
ollowing composition (in wt.%): 5.50–6.75% Al, 3.50–4.50% V, 0.30%
e, 0.20% O, 0.08% C, 0.05% N and 0.015% H (ASTM F 1580-1).

.2. Ti/NaCl blend densification

Blends of Ti and NaCl powders were thoroughly mixed by tum-

ling for 20 min in a polypropylene round-bottom bottle with a
ingle central baffle [34]. All blends were hot pressed in cylindrical
ies at 780 ◦C under a vacuum of 5 × 10−5 torr (further experi-
ental details concerning the uniaxial hot pressing procedures

re reported in Ref. [35]). Small samples used for pore morphol-
Engineering A 528 (2010) 691–697

ogy and ultrasonic experiments were densified from blends with
350–500 �m NaCl powders at 40 MPa for 2 h in a graphite die
(6.6 mm ID, 63.5 mm OD and 34.3 mm height), using tungsten pis-
tons. Large samples for densification study were pressed until
densification rates became negligible in a cylindrical TZM molyb-
denum die (25.4 mm ID, 63.5 mm OD and 34.3 mm height) using
TZM pistons. NaCl fractions and size distributions in the blends as
well as applied stresses were varied for these samples, which were
also used for mechanical property measurements.

The density of the large Ti/NaCl samples, with a height of
∼12 mm, was measured by the Archimedes method in ethanol
(denatured, 95 vol.%, EMD Chemicals, Inc., Gibbstown, NJ). Ethanol,
with a density of 0.809 g/cm3 at room temperature (supplier infor-
mation), was chosen because it dissolves neither NaCl nor vacuum
grease. Using the measured final density and the piston displace-
ment data, the Ti/NaCl sample relative density (with an error about
0.3%) was then calculated during the densification experiment, as
previously described in Ref. [35].

2.3. Ti foams

After density measurement of the Ti/NaCl composites, the NaCl
phase was dissolved in deionized water to obtain Ti foams. Com-
plete removal of the NaCl was observed after 2–3 h for samples
with ∼1.5 g mass, and foam metal density measured by helium
pycnometer was equal to the theoretical density of titanium
(4.51 g/cm3), indicating that no closed porosity was present. Oxy-
gen and sodium content of the foams, as measured by chemical
analysis (performed by Luvak, Inc., Boylston, MA) were 0.48% and
0.052 wt.%, respectively. Thus, the oxygen contamination due to hot
pressing was small (0.06%) and the NaCl space-holder removal was
near complete.

Metallographic sample preparation for the small foam samples
for scanning electron microscope (SEM) imaging followed Ref. [35]
and consisted of 9 �m and 1 �m diamond suspension polishing and
0.05 �m colloidal silica final polishing. The Young’s modulus in the
direction of the densification stress was measured ultrasonically,
using 2.25 MHz and 5 MHz ultrasonic transducers in transmission
mode, on cylindrical samples with 5.1 mm diameter and 7.8 mm
height. Cylindrical foam samples with 5 mm diameter and 11 mm
height were cut by electro-discharge machining with their height
parallel to the height of the larger densified billet. They were tested
in compression on a MTS Sintech 20/G tensile tester at a strain
rate of 5 × 10−4 s−1 to a final strain of ∼60%, using a compression
cage to insure parallelism, with strain determined by cross-head
displacement after calibration with aluminum sample and taking
into account compliance of the load train. An extensometer was
attached to the compression sample for direct strain measurement
during the first 1% strain.

3. Results and discussion

3.1. Choice of space-holder

We selected here NaCl as a permanent space-holder because of
its high solubility in water (359 g/L at room temperature), complete
inertness with titanium, and very low toxicity (important if small
quantities of space-holder remain in the foams used as biomedical
implants). However, unlike the previous research where NiTi pow-
ders were densified by hot isostatic pressing (HIP) at temperatures
where the NaCl phase was liquid [20,30], we use here a temperature

below the melting point of NaCl (801 C). This is possible because Ti
is much less creep resistant than NiTi [36,37], so that titanium pow-
ders can be densified at lower temperatures than NiTi powders at a
given stress and for a given time. Avoiding liquid NaCl then allows
powder densification to occur in a die by uniaxial hot-pressing,
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Fig. 2. SEM micrographs of radial cross-sections of titanium foams created with
355–500 �m NaCl powders showing (a, b) 50 vol.% porosities at low and high mag-
B. Ye, D.C. Dunand / Materials Scienc

ather than in a closed canister used in HIP densification. In turn,
his permits the use of shaped dies capable or creating near-net-
hape objects, unlike HIP densification of billets within canisters;
urthermore, as compared to HIP, it eliminates the steps of sealing
nd removing the steel canister before and after densification.

The Hunter process creates a mixture of Ti and NaCl powders
y reduction of TiCl4 with liquid sodium, and the salt is removed
y washing in water to create pure Ti powders [33]. This latter step

ncreases the cost of the powders and also potentially increases
heir oxide content. The present method could use Ti–NaCl mix-
ures (with Ti/NaCl volume ratio of ∼0.1) as-synthesized by the
unter process and without washing to create directly titanium

oams. It would be however necessary to reduce the NaCl fraction
and thus the pore fraction) to below 80%, so the titanium phases
ecome percolating after densification. This could be achieved by
dditions of pure Ti powders or partial removal of NaCl through
artial washing.

.2. Microstructure of Ti foams

SEM images of cross-sections of foams with 50 and 60% porosi-
ies are shown in Fig. 2 in radial cross-sections and in Fig. 3
n longitudinal cross-sections. These figures confirm that near-
omplete densification of the titanium matrix is achieved, with
mall amounts of fine (<10 �m) porosity visible only in a few places
arrows in Fig. 2). Thin Ti struts between pores (Fig. 2b and d) illus-
rate that even small volumes of titanium powders can be well
ensified under the present conditions (780 ◦C/40 MPa/2 h).

In radial sections (Fig. 2), the primary pores, which are uniformly
istributed, replicate the size and shape of the angular NaCl parti-
les with rounded corners. Thus, pore shape can be controlled by
sing NaCl powders with various shapes which can be controlled,
.g., by anti-solvent crystallization [38]. In the longitudinal sections
Fig. 3), the primary pores are flattened, with the small pore dimen-
ion parallle to the hot-press loading direction, indicating that the
aCl powders deformed in the direction of the stress applied by the
istons. The creep deformation of the NaCl powders occurred most
robably during the early stages of densification, when pressure
as not yet fully isostatic in the die, as the Ti powders were only

ightly connected. Deformation occurred because NaCl has a much
ower creep strength than Ti [39]: at 780 ◦C, the shear strain rate of
aCl is higher than that of Ti by factors >3 × 105 for 1–10 MPa shear

tress and >20 for 100 MPa shear stress. Only once the NaCl pow-
ers are in near hydrostatic state within a packed bed of Ti powders
nd do not deform, densification between Ti powders becomes the
ominant densification mechanism.

Anisotropic pore shape allows control of mechanical and phys-
cal properties (e.g., stiffness, strength and permeability) and is
hus desirable in some applications. For instance, elongated pores
n titanium bone implants can mimic the structure of bone which
ccounts for its mechanical anisotropic properties. Elongated pores
ave recently been created in titanium by swaging of Ti/camphene
owder blends, followed by evaporation of the deformed cam-
hene space-holders and sintering of the Ti powders at 1070 ◦C
40]. However, carbon contamination and incomplete Ti sintering
ere reported. The use of NaCl as an inert, permanent space-holder

ddresses these issues, and hot extrusion of NaCl/Ti blends at 780 ◦C
ay provide complete densification of Ti powders (due to the high

eviatoric stresses present during extrusion) as well as elonga-
ion of the NaCl space-holders (from the high plasticity of NaCl at
levated temperature).
The inner surface of the primary pores is rough, with the shape
nd size of the original Ti powders visible (Figs. 2 and 3). This indi-
ates that the Ti powders indented the weaker NaCl powders during
ot pressing, and that surface diffusion at 780 ◦C was not suffi-
ient to smooth the pores, as expected given the very high melting

nification, (c, d) 60 vol.% porosities at low and high magnification. Hot press loading
was perpendicular to sections.
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Fig. 3. SEM micrographs of longitudinal cross-sections of titanium foams created
with 355–500 �m NaCl powders showing (a, b) 50 vol.% porosities at low and high
magnification, (c, d) 60 vol.% porosities at low and high magnification. Hot press
loading was vertical.
Fig. 4. Densification curves for pure Ti powders under 30, 40 and 50 MPa stress at
780 ◦C. A curve for Ti–6Al–4V powders under 50 MPa stress is also shown.

point of titanium (1668 ◦C). Surface roughness has been shown to
enhance bone growth [41] and the roughness of the inner pore sur-
faces in the present Ti foams can be modified by heat-treatment
or acid dissolution. Finally, in Figs. 2 and 3, fenestrations between
pores are visible either as black pores (due to the limited depth
of field of the SEM) or as necks between adjacent pores in cross-
sections. These fenestrations often exceed 100 �m in diameter, the
critical size for bone ingrowth [1,7,8], indicating that bone may be
able to penetrate deep into the porous structure.

3.3. Densification kinetics of Ti/NaCl blends

Densification curves plotted as relative density vs. time for Ti
powders without NaCl are shown in Fig. 4 for applied stresses of
30, 40 and 50 MPa. The densification rate decreases with time and
increases with applied stress, as also reported by Taylor et al. [42]
for pure Ti powders hot-pressed at similar temperature and pres-
sures. Further comparisons with this work are not made, because
of the much slower densification (e.g., at 800 ◦C and 50 MPa, the
relative density was ∼82% after 3000 s [42]) due to the use of a
smaller die leading to significant friction, as quantified in Ref. [43].
Fig. 4 shows that, at 50 MPa, the Ti powders reach 97% relative den-
sity within 40 min. For comparison, Ti–6Al–4V attains 79% relative
density at the same pressure and times, indicating that significantly
higher stresses (maybe in the typical range of HIP presses and hot
extrusion machines) are needed to achieve full densification, given
that the densification temperature must remain below the 801 ◦C
melting point of NaCl.

The densification curves of Ti–50% NaCl blends for 30, 40 and
50 MPa applied stresses (Fig. 5) display, as expected, the same
trends as for pure Ti (Fig. 4): densification rates decrease with
time and increase with applied stress. Fig. 6 compares densification
curves for Ti (Fig. 4) and for Ti–50 vol.% NaCl (Fig. 5), with curves
shifted along the time axis so they all initiate at the same density of
65%. Two trends are visible in Fig. 6. First, the presence of NaCl accel-
erates densification for relative densities below ∼94%; second, the
final density, extrapolated with dotted lines in Fig. 6 for long times,
is nearly unaffected by the presence of NaCl. Because the low stress

curves are below the 94% density range for the present experiment
times of ∼3000 s, the first effect (NaCl enhancement of densifica-
tion) is most visible for 30 MPa, less apparent for 40 MPa and least
visible for 50 MPa (in fact, for this stress, the pure Ti experiment
shows slightly higher densities at all densification times). Simi-
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at a stress of 50 MPa. This is in agreement with theoretical powder
ig. 5. Densification curves for blends of Ti/50 vol.% NaCl (355–500 �m) powders
nder 30, 40 and 50 MPa stress at 780 ◦C. A curve for Ti–6Al–4V/50 vol.% NaCl
355–500 �m) under 50 MPa is also shown.

arly, densification of Ti–6Al–4V/50 vol.% NaCl at 50 MPa (Fig. 5)
s much faster than for pure Ti–6Al–4V powder (Fig. 4), with the
urves remaining below 94% density at all times.

These observations can be well explained by the previously
iscussed mechanisms of densification of Ti/NaCl blends: at first,
eak NaCl powders deform rapidly, explaining the initial enhance-
ent of densification rates. Then, densification occurs among the

tronger Ti powders, justifying that the final density is unaffected by
aCl. This scenario is consistent with, but opposite to, that put for-
ard for previous densification experiments conducted at similar

emperatures and pressures (870 ◦C and 25–50 MPa) for Ti/10 vol.%
iC powder blends: the composite blends showed densification rate
ower by a factor 5 than pure Ti, for a given stress and density [42]. In
hat case, the TiC powders are non-deforming, so load is transferred
o them from the creeping, densifying Ti matrix, thus reducing the

tress on the Ti powders that drives densification. Furthermore, the
hrinkage rate is reduced for pairs of TiC and Ti powders (which had
similar size, unlike the present Ti/NaCl powders), since only the

atter deform. Finally, the initial packing densities of the blends was
ower than pure Ti for the Ti/10 vol.% TiC powder blends [42] but

ig. 6. Densification curves for Ti and blends of Ti/50 vol.% NaCl (355–500 �m) pow-
ers under 30, 40 and 50 MPa stress at 780 ◦C.
Fig. 7. Densification curves for Ti/NaCl (355–500 �m) powder blends under 50–MPa
stress at 780 ◦C for NaCl volume fractions of 0, 30, 50, 60 and 70%.

higher for the present Ti/NaCl blends. This increased packing den-
sity is due to the large difference in powder sizes between Ti and
NaCl (Fig. 1).

Densification curves for blends with 30, 50, 60 and 70 vol.% NaCl
(all with 355–500 �m size) are shown in Fig. 7. Differences among
these various Ti/NaCl blends are very small, confirming that, at
50 MPa, NaCl powders do not control the densification kinetics. This
is likely to hold true up to near the point where Ti powders become
non-percolating in the blend, i.e., ∼17 vol.% for spherical particles
[44] (corresponding to ∼83 vol.% NaCl). Above the percolation limit,
the Ti powders form a continuous network within the blend, and
the densification between pairs or clusters of Ti powders becomes
controlling.

Finally, Fig. 8 shows that the NaCl powder size has no significant
effect on densification kinetics for a constant volume fraction of 50%
densification models [45,46] that are insensitive to powder size,
and it is consistent with the above mechanism where final density
is dictated by the densification of the Ti powders rather than NaCl
powders.

Fig. 8. Densification curves for Ti/50 vol.% NaCl (355–500 �m) powder blends under
50 MPa stress at 780 ◦C for NaCl size ranges of 50–100, 100–200, 355–500, and
100–500 �m.
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ig. 9. Compressive stress–strain curves for Ti foams with 50, 60, and 67% porosity.

.4. Mechanical properties of Ti foams

Ultrasonic measurement of foams with 42 and 51% porosity pro-
ide Young’s modulus values of 39 GPa and 29 GPa, respectively.
hese values are in reasonable agreement with moduli of 35 and
5 GPa predicted from the Gibson–Ashby model for open-cell foams
47]:

∗ = Es ·
(

�∗

�s

)2
(1)

here E* and Es are Young’s moduli of foam and bulk materials with
ensities �* and �s, respectively, using Es = 105 GPa for Ti [33]. This
odel does not take into account the non-equiaxed shape of the

orosity.
Compressive stress–strain curves are shown in Fig. 9 for foams

ith 50, 60, and 67% pores (as measured on the machined spec-
mens). Measured stiffnesses from stress–strain curves are 11, 8,
nd 4 GPa, respectively, calculated after load-frame compliance
orrection. Stiffness values from direct extensometry measure-
ents are 13, 8 and 14 GPa. Both sets of values are lower than the
ibson–Ashby model (Eq. (1)) predictions which are 26 and 16 and
1 GPa. This may reflect experimental difficulties associated with
ccurate displacement measurements for small, compliant sam-
les, but is also probably linked with the onset of localized plasticity
nd damage in the linear portion of the stress–strain curve, pro-
uced by stress concentrations within the foam and exacerbated
y the non-spherical shape of the pores.

Foams with 50, 60, and 67% porosity exhibit yield stresses of
02, 61 and 28 MPa, respectively (Fig. 9). These yield stresses are
omewhat higher than those reported by Esen and Bor [19] (89, 40
nd 18 MPa for 53, 62, and 70% porosity, respectively) for titanium
oams created with magnesium space-holders by room tempera-
ure cold pressing at 500 MPa followed by sintering at 1200 ◦C. The
igher strength of the present foam may originate from the fuller
ensification of the titanium struts achieved under hot pressing as
ompared to pressureless vacuum sintering [19].

Finally, Fig. 9 demonstrates that the titanium foams exhibit
uctile-like behavior up to compressive strains of 50% or above,

ell beyond the range useful for bone implants but over the range
here extensive energy absorption occurs by collapse of pores. The
ost-yield stress drops recorded in foams with 60 and 67% porosity
marked with arrows in Fig. 9) correspond to macroscopic shearing
f the sample which may be exacerbated by the notch effect from

[
[
[

[

Engineering A 528 (2010) 691–697

the elongated pores oriented with their main axes perpendicular
to the applied stress.

4. Conclusions

Titanium foams with porosities of 30–70% have been produced
by hot pressing of Ti/NaCl powder blends at 780 ◦C followed by
dissolution of NaCl. The following main conclusions are reached:

1. NaCl is an attractive permanent space-holder for Ti powder den-
sification for various reasons: (i) the high melting point of NaCl
(as compared to previous fugitive space-holders used with Ti)
allows full densification of Ti/NaCl blends at high pressures and
temperature, ensuring the elimination of microporosity between
Ti powders; (ii) NaCl is chemically unreactive with Ti, thus
preventing contamination and degradation of mechanical prop-
erties; (iii) NaCl is highly soluble in water and can therefore be
rapidly removed to create porosity; (iv) NaCl is non toxic and
inexpensive.

2. For densification times <1 h and relatively low stresses of
30–50 MPa, the titanium powders are nearly completely den-
sified, insuring that the foam, after removal of the NaCl
space-holder, has good mechanical properties. A foam with 50%
porosity exhibits a Young’s modulus of 29 GPa, a compressive
yield stress of 102 MPa, and ductile-like behavior for compres-
sive strains >50%. Strength and stiffness decrease as porosity
increases.

3. At the 780 ◦C hot pressing temperature, the NaCl powders
deform much faster than the titanium powders. This results in
faster densification of the Ti/NaCl blends as compared to pure Ti,
and in flattening of the NaCl powders perpendicular to applied
stress. The replicated pores created in the foam by NaCl removal
therefore show elongated shapes that may be useful if foams
with anisotropic structure and properties are desired.
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