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Abstract

Directional freeze-casting — a process used to create foams with elongated, aligned pores applied so far exclusively for ceramics — is
demonstrated for titanium foams. An aqueous slurry of <45 pm titanium powders was directionally solidified, resulting in a powder pre-
form consisting of elongated, aligned dendrites of pure ice separated by interdendritic regions with high powder content. After freeze-
drying to remove the ice dendrites and sintering to densify the powders, the resulting titanium foams exhibited 57-67% aligned pores
(~0.1 mm wide and several millimeters long) replicating the ice dendrites. Because of the high powder oxygen content, the foams display
high compressive strength and signs of embrittlement. Lower contamination was achieved by using purer <125 pm powders, but their
larger size prevents the formation of pure ice dendrites (and thus elongated pores in the foam), in agreement with a model considering

particle pushing and engulfment by a moving ice front.

© 2007 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Due to its low density, high strength and high chemical
resistance, titanium is an attractive choice for the fabrica-
tion of foams for structural applications, e.g. as cores in
sandwiches for structural applications [1,2], or for porous
bone-replacement implants, where the excellent biocompat-
ibility of titanium is essential [3-8]. Two main powder-met-
allurgy processes have been used to create titanium foams
with high (>30%) porosity, as reviewed in Ref. [2], e.g. by
powder sintering in the presence of a temporary space
holder [9-11], or by creep expansion of entrapped argon
[12-14]. However, very few reports describe titanium foams
with aligned, elongated pores, which are of particular inter-
est for filters, heat exchangers and biomedical implants. For
the last of these applications, elongated pores mimic the
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pore architecture of bone which is responsible for its struc-
tural and mechanical anisotropy [15].

One approach for creating aligned, elongated pores in
titanium is to densify bundles of wires in the presence of
argon, thus producing pressurized elongated pores which
are then expanded by creep of the surrounding matrix
[14]. The pressurized pore expansion method has also been
used to produce elongated pores in preforms made of tita-
nium powders, which are less expensive and more easily
fabricated than titanium wires. In one case [12], equiaxed
high-pressure pores were elongated and aligned by rolling
or extruding the preform prior to their expansion. In
another case [13], the pores were elongated during their
expansion by application of a uniaxial stress. While the
pores became aligned, their average aspect ratio was only
~2. Tuchinskiy and Loutfy [16] extruded rods, with a fugi-
tive core and a shell made of titanium powder and polymer
binder, which were cut in segments and compressed into a
green body. The core material was removed at low temper-
ature, forming elongated pores and the powders were vac-
uum-sintered at higher temperature. The authors suggested
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that aligned pores could be achieved by aligning the rod
segments before pressing but did not address the issue of
contamination by the core or binder materials.

Freeze-casting is an alternate, simple method to produce
high aspect ratio pores in sinterable materials. While this
process has been used to produce porous ceramics [17-
23], it has never, to our knowledge, been applied to the cre-
ation of porous metals. In a first step, submicron ceramic
powders are suspended in a liquid carrier which is usually
water. Solidification of the slurry produces high aspect
ratio dendrites of ice which reject and concentrate the pow-
ders into the interdendritic space. After complete solidifica-
tion, the ice/powder composite is subjected to sublimation
of the ice under vacuum, resulting in a powder preform
with pores in the size and shape of the prior dendrites. Sin-
tering of the preform leads to densification of the interden-
dritic ceramic powders into solid walls which surround the
large pores, replicating the pure ice dendrites formed dur-
ing freezing. Recently, using directional solidification of
aqueous suspensions of submicron alumina powders,
Deville et al. [22,23] demonstrated the formation of alu-
mina foams with highly elongated, aligned pores. They
showed that initial slurry composition and freezing condi-
tions are important factors controlling the porous architec-
ture of the foams.

The objective of the present investigation was to apply
the freeze-casting method to the creation of titanium
foams. As compared to the freeze casting of submicron
alumina powders studied so far [19-23], the use of tita-
nium powders raises additional issues. Titanium has 50%
higher density than alumina and it is not available in the
submicron powders sizes used for alumina, because of the
extreme reactivity of titanium (and most metallic) powders
in air when in the submicron range. Both the higher density
and larger particle size result in a faster settling rate of the
powder in water (thus making the use of thin slurries diffi-
cult) and a higher tendency for ice dendrites to engulf,
rather than push, the powders. An additional issue for tita-
nium powders, even when they are coarse enough to pre-
vent pyrophoric reactions, is that their surfaces may be

oxidized by air during handling or by water during
freeze-casting, thus increasing the oxygen content of the
foams and leading to a steady reduction in tensile ductility
up to an oxygen content of ~0.8 wt.% where titanium
becomes brittle in tension [24].

In this investigation, we explored for the first time the
feasibility of using directional aqueous freeze casting to
create titanium foams with elongated, aligned pores.
Foams produced with two sizes of powders were tested
mechanically in compression and the effects of oxygen con-
tamination were investigated.

2. Experimental procedures

Unalloyed titanium powders with particle sizes <45 pm
and <125 um (called hereafter “fine” and ‘‘coarse”,
respectively) were purchased from Aremco (Cottage,
NY) and Starmet (Concord, MA), respectively. As shown
in Fig. 1, the fine powders were irregular in shape (as is
typical of the hydride-dehydride process), while the
coarse powders were spherical (as is typical of the spray-
ing process). A dry volume of ~2.8 ml of powders (corre-
sponding to a dry mass of 4.9 g of fine powders or 9.3 g
of coarse powders) was added to ~3.5 ml deionized water
contained within a cylindrical glass vessel with 13 mm
inner diameter and 38 mm height. The water had been
de-aired under vacuum and contained 0.2 wt.% agar
(Eden Foods, Clinton, MI) and a very small amount
(~1 ul) of neutral detergent as surfactant. After stirring
the powders to form a slurry, the vessel was placed on
a copper chiller block held at 256 K in a freezer. The side
of the vessel was insulated with polystyrene foam to min-
imize radial heat losses and thus maximize unidirectional
freezing in the longitudinal, vertical direction. After
release from the vessel, the frozen ice/titanium composite
was sublimated for 24 h in a freeze dryer under a 7.5 Pa
vacuum at 233 K. The resulting dried powder preform
was pre-sintered under high vacuum of 1072Pa at
573K for 3h and then sintered under 107> Pa at
1423 K for 5h for the fine powder preform and 1373 K

Fig. 1. SEM micrographs of Ti powders: (a) fine powders (<45 um), (b) coarse powders (<125 pm).
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for 2 h for the coarse powder preform. A fine powder
control specimen was processed identically to the above
procedures, except that the freezing and freeze-drying
steps were not carried out. Instead, the water in the
slurry, which was contained in a graphite vessel with
16 mm inner diameter and 40 mm height, was evaporated
by holding at 356 K for 15 h. Finally, a dedicated sample
was used to measure the ice front velocity during unidi-
rectional freezing, using a fine alumina rod to determine
the height of the frozen region at 15 min intervals.

The apparent density of the sintered samples was mea-
sured by the Archimedes method in deionized water, after
coating with a thin layer of vacuum grease to prevent water
penetration in open pores, thus yielding direct measure-
ment of the total porosity. Also, the closed porosity was
measured by helium pycnometry on selected specimens.

A

Ice freezing direction

A

Ice freezing direction

Metallographic examination was done by optical micros-
copy and scanning electron microscopy (SEM) on ground
and polished samples whose porosity was filled with epoxy.

Uniaxial compression tests were carried out at room
temperature with a constant crosshead displacement (with
an initial strain rate of 107>s™') on three electro-dis-
charge-machined compression specimens with 4 mm diam-
eter and 8 mm height. The first two specimens originated
from the middle region of a foam with 60% porosity pro-
duced by freeze casting of fine powders and had their com-
pression axis parallel or perpendicular to the ice freezing
direction. The third specimen was machined from the top
part of the control foam (with 60% porosity) produced
by water evaporation of the fine-powder slurry, with its
compression axis parallel to the vertical (powder settling)
direction.

Fig. 2. Longitudinal section of foam produced by freeze casting of fine powder slurry. Optical micrograph montage for: (a) upper half (67% porosity);
(d) lower half (57% porosity). Higher magnification SEM micrographs for: (b, c) regions highlighted in (a); (e, f) regions highlighted in (d). Elongated
pores are more visible when viewing micrographs under a grazing angle. Solidification direction is vertical.
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3. Results and discussion
3.1. Foam produced by freeze casting of fine powders

Montages of optical micrographs showing a longitudi-
nal cross-section of a foam freeze-cast with fine powders
are shown in Fig. 2a for the upper half of the foam and
in Fig. 2d for the lower half of the foam. Average total
and closed porosities were 67% and 0.2% for the upper half
and 57% and 0.2% for the lower half, respectively. At the
base of the foam nearest to the chill, the pores were equi-
axed (Fig. 2f). At a level ~10 mm above the chilled bottom
surface, high aspect ratio pores (with width of ~0.1 mm
and length of several millimeters) appeared and remained
present up to the uppermost part of the foam. The pores
visible in the longitudinal cross-section were aligned along
the ice freezing direction and are separated by walls
consisting of partially sintered titanium powders (Fig. 2b,
cand e). As shown in Fig. 3a and b, a transverse cross-sec-
tion (plane perpendicular to solidification direction) of the
same foam shows mostly equiaxed pore cross-sections,
confirming that the pores are well aligned in the solidifica-
tion direction and illustrating that the walls are intercon-
nected in the horizontal plane. A few elongated pores are
visible in Fig. 3b and may be the result of dendrites grow-
ing radially. In the longitudinal sections, the average
distance between walls — marked as w in Fig. 2b and
corresponding to the structure wavelength as defined by
Deville et al. [22,23]— was measured on micrographs shown
in Fig. 2a and d and found to gradually increases from 150
to 180 pm with increasing height above the specimen base,
as shown by a best-fit line in Fig. 4. The error bars (corre-
sponding to minimum and maximum values) increase near
the top of the foam, probably because of powder depletion
and slower ice growth rate.

The macrostructure of the control specimen produced
by water evaporation without freezing is shown in
Fig. 5a. Its average total and closed porosities were 60%
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Fig. 4. Plot of wall-to-wall distance (illustrated in Fig. 2b) vs. specimen
height for freeze-cast foam with fine powders.

and 0.6%, close to the values (62% and 0.2%) for the
freeze-cast specimen shown in Fig. 2a—f, suggesting that
the volume increase due to water freezing did not signifi-
cantly affect the average foam porosity after sintering.
However, the macrostructure of the control foam
(Fig. 5a) was very different from that of the freeze-cast
specimen (Fig. 2a and d): pores, equiaxed in shape and with
a diameter ~50 pm, were present between the partially-
sintered titanium powders (Fig. 5b), as expected from a par-
tially-sintered preform of powders. Also, a small number of
larger, near-spherical pores (170 um average diameter) were
present in the control foam (Fig. 5b), and were probably
caused by water vapor formation during evaporation. The
equiaxed pore structure of the control foam produced
by evaporation (Fig. 5a and b) confirms that the aligned
walls observed in the freeze-cast foam (Fig. 2a—¢) resulted
from the growth of ice dendrites rejecting the powders in

Fig. 3. Transverse section (plane perpendicular to solidification direction) for foam shown in Fig. 2, taken at a height midway between Fig. 2b and c.
(a) Optical micrograph montage of quarter of foam (other quarters are similar). (b) Higher magnification SEM micrographs of transverse section.
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Fig. 5. Longitudinal section for control foam (60% porosity) produced by water evaporation of fine powder slurry: (a) optical micrograph montage of
upper right quarter of foam (other quarters are similar), (b) higher magnification SEM micrographs of region highlighted in (a).

the interdendritic space, where they accumulated and sub-
sequently sintered during heat-treatment. The equiaxed
shape of the pores at the bottom part of the freeze-dried
foam (Fig. 2f) most probably represents replication of equi-
axed ice crystals, as also reported by Deville et al. in alu-
mina foams [23]. These equiaxed pores near the base of
the freeze-cast foam (Fig. 2f) had about twice the diameter
(~8 times the volume) of those visible in the control unso-
lidified foam (Fig. 5b), indicating that powders were prob-
ably pushed by the growing equiaxed ice crystals.

Fig. 6 shows the variation in ice front velocity as a func-
tion of ice height for directionally freeze-cast specimens
with fine and coarse powders. The ice front velocity was
unaffected by the powder size, and exhibited a maximum
value at a height of 12 mm, corresponding to the first data
point in the dendritic zone. With increasing ice height, the
ice front velocity decreased monotonously, as expected
from the much lower thermal conductivity of ice as com-
pared to copper. This decrease in ice velocity is consistent
with the increase in wall-to-wall distance shown in Fig. 4.
Indeed, Deville et al. [22,23] showed for freeze-cast alumina
slurries that a decrease in ice front velocity leads to an
increase in ice dendrite tip radius, due to a drop in super-
cooling ahead of the ice interface and thus an increase in
the structure wavelength (alumina wall-to-wall distance).
Miyawaki et al. [25,26], in an investigation of ice crystal
size of pure water and aqueous agar solutions, also found
that the ice dendrite size is inversely proportional to ice
front velocity. Fig. 7 shows the best-fit line through the
experimental data (ice front velocity vs. mean dendrite size)
measured by Miyawaki et al. [27], together with the wall-
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Fig. 6. Plot of ice front velocity vs. ice height for slurries of fine and coarse
powders.

to-wall distance found in the present fine-powder foam.
The good correlation between both sets of data is evidence
that the ice dendrite formed by unidirectional freezing were
replicated, most probably faithfully, into pores in the pres-
ent sintered foams.

3.2. Foam produced by freeze casting of coarse powders

Fig. 8 shows a longitudinal section of the bottom half of
the freeze-cast foam produced with coarse powders, with
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Fig. 7. Plot of wall-to-wall distance in fine-powder foams (with 0.2 wt.%
agar) vs. ice front velocity. Best-fit lines for experimental data [27] of ice
front velocity vs. mean ice dendrite size are also shown for various agar
concentrations.

total and closed porosities of 38.1% and 1.3%. The upper
half, with porosities of 38.9% and 0.8%, exhibited the same
structure and is not shown. This foam did not exhibit elon-
gated pores, despite having been freeze-cast under the same
conditions and with the same ice front velocity as the fine-
powder foam displaying elongated pores (Fig. 2a—¢). The
lack of clearly defined dendrites may be due to the similar-
ity in the powder size and ice dendrites diameter. Another,
more likely reason is that the large powders were entrapped
by the growing dendrites, rather than being pushed into the

Ice freezing direction

Fig. 8. Longitudinal section for bottom half of foam produced by freeze
casting of coarse powder slurry (38% porosity) shown in optical
micrograph montage.

interdendritic spaces. This hypothesis is discussed in the
following.

Deville et al. [22,23] estimated a critical size above which
suspended particles are trapped by the moving water—ice
front. They used a force balance between viscous drag
during particle pushing (favoring entrapment) and the
repulsive molecular interaction at the particle/ice interface
(favoring pushing). In our study, the effects of gravity and
buoyancy forces were taken into consideration because of
the much larger particle size as compared to the alumina
particles used in Refs. [22,23]. Here, the critical ice front
velocity was estimated using another simple theoretical
model developed for the ideal case of smooth spherical par-
ticles interacting with a planar freezing front [28]. Under
steady-state conditions, the force experienced by the parti-
cle is the sum of attractive forces (gravity and viscous drag
forces), oriented downwards and favoring entrapment, and
repulsive forces (buoyancy and molecular van der Waals
forces), oriented upwards and favoring pushing. Setting
to zero this sum of forces (for which expressions are given
in Ref. [28]) and assuming that the particle and ice velocity
are the same, provide the critical ice front velocity, v,
above which particles are engulfed by the moving ice front
and below which they are rejected from the ice front

Py —4

=0 - - 1
Y =50 |2ndoy gddo(p, — p1) (1)

where d is the particle diameter, A4 is the Hamaker constant
of the ice—water-particle system (4 =-7.0 x 102°J [29],
assuming that the oxidized particle surface is TiO, [30]),
n is the viscosity of the liquid phase (7 =0.0018 m®s™!
[31] for water, assumed to be unaffected by the small agar
solute content), d, is the minimal distance between the par-
ticle and the freezing front (6o =1 nm [28,32]), p, is the
particle density (p, = 4500 kg m~?), ps and p are the den-
sities of the solid and liquid phase (p; =920 kg m~3 for
ice, p; = 1000 kg m ™~ for water) and g is the gravitational
constant.

The critical ice front velocity, as determined from Eq.
(1), is plotted as a function of particle diameter in Fig. 9.
Also shown are the experimental data for the two sizes of
powders, based on the measured velocity range shown in
Fig. 6. Despite significant uncertainties in some of the
parameters (in particular the value of dy), the model cor-
rectly predicts that the fine powders (<45 um) are pushed
by the growing dendrites and that the coarse powders
(<125 pm) are, for the most part, entrapped by the advanc-
ing ice front.

3.3. Foam oxygen content

One challenge associated with the aqueous freeze
casting of titanium powders is the formation of a surface
layer composed of oxide TiO, and its hydrated oxide
(TiO,H,0) [33]. Table 1 lists oxygen and hydrogen con-
centrations of the as—received powders and the freeze-cast
foams as measured by ATI Wah Chang (Albany OR)
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Fig. 9. Plot of critical ice front velocity vs. Ti particle size (Eq. (1)), above
which particles are engulfed in the ice and below which particles are
pushed by the ice dendrites.

using the combustion-infrared-emission method. As
expected from the vacuum sintering step, the hydrogen
concentration of both foams was below the level where
severe embrittlement occurs in pure titanium [34]. Oxygen
contents for the coarse powders (0.16 wt.%) and the corre-
sponding freeze-cast foam (0.24 wt.%) were also below the
embrittlement level. However, the oxygen content of the
as-received fine powders (3.4 wt.%) was much higher than
the critical value (~0.8 wt.%) above which tensile ductility
of titanium becomes small [24]. After freeze casting, the
oxygen content of the fine-powder foam increased by
0.4 wt.%, which is five time the gain observed for the foam
made with coarse powders. This higher gain was expected
in view of the larger specific area of the fine powders, due
to both their smaller size and their less spherical shape
(Fig. 1). However, the twentyfold increase in powder ini-
tial oxygen content from coarse to fine powders (from
0.16 to 3.4 wt.%) is unlikely to be due solely to the higher
specific area and probably reflects different production
histories.

The first effect of this high level of oxygen is a steep
increase in the o — oo+ [ transus temperature. With
3.8 wt.% O, the transus is above the sintering temperature,

Table 1
Oxygen and hydrogen concentration of as-received titanium powders and
freeze-cast titanium foams

Material Oxygen (wt.%) Hydrogen (ppm)
Ti powder (<125 pm) 0.16 26
Ti foam (<125 pum) 0.24 180
Ti powder (<45 pm) 3.4 1600
Ti foam (<45 pm) 3.8 880

so that the fine-powder foams were sintered in the o-Ti
field. Since self-diffusion is slower for o-Ti than for B-Ti
[35], this reduces the extent of powder densification
achieved during the sintering step. Given that titanium rap-
idly dissolves its oxides at elevated temperature [36], densi-
fication is, however, expected to be unhindered by the
oxide layer present on the fine powders (an upper bound
of whose thickness is calculated as 0.7 um, assuming a
spherical shape for the fine powders).

A second expected effect of the elevated oxygen content
of the fine-powder foams is a large increase in strength and
concomitant decrease in tensile ductility, as measured in
non-porous titanium [24]. As discussed in the following
paragraph, the fine-powder foams indeed showed sign of
oxygen-induced strengthening and embrittlement. One
option to address this issue would be to increase the size
of the powders to reduce oxygen contamination. Fig. 9 pre-
dicts that somewhat coarser titanium powders (i.e. in the
range of 50-70 pm), which should have markedly lower
oxygen contamination tendency than the present fine pow-
ders (<40 pm), would allow the formation of dendrites for
freezing velocities as high as ~10 ums~' (36 mmh™').
Such powders may, however, be too coarse to produce a
self-standing preform after ice removal and the resulting
foams might display cell walls with a width nearly equal
to the powder size, resulting in very irregular wall surfaces.
It thus seems that a better strategy would be to use fine tita-
nium powders (in the range 20-50 um) with lower initial
oxygen content than the present <45 um powders. A future
publication will report on foams produced with such
powders.

3.4. Foam compressive properties

Fig. 10 shows the engineering compression stress—strain
curves of three fine-powder foams: two unidirectionally
freeze-cast foams (with their pores oriented parallel and
perpendicular to the compression axis) and the control
foam produced by water evaporation. The total porosity
of the three specimens was 60%. The curves are character-
ized by an initial elastic region, a yield stress of 40-60 MPa,
a sharp stress drop (for the two higher-strength foams) and
a long plateau region with a nearly constant flow stress of
~15 MPa, terminated by a densification region where the
flow stress increases rapidly. This overall behavior is
characteristic of ductile metallic foams [37]. However, the
freeze-cast specimen with pores parallel to the applied
stress was crushed after ~45% strain without reaching
the densification region and all curves exhibited serrations;
both effects are indicative of embrittlement [38]. This is
expected, given the very high oxygen content of the tita-
nium, which is well beyond the value of ~1 wt.% O result-
ing in near-zero tensile ductility in titanium. However,
since pore walls deform primarily in compression and/or
bending, some residual ductility under these deformation
modes may have been retained even at these very high
oxygen concentrations, resulting in the sizeable energy
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Fig. 10. Engineering compression stress—strain curves of foams processed
by unidirectional freeze casting (two orientations of load with respect to
freezing direction) and by water evaporation. All three specimens have the
same 60% porosity.

absorption measured from the stress—strain curves
(~15MJ m~2 up to densification).

Here, we do not attempt to compare the yield stress of
the freeze-cast foams to the widely used relationship for

ductile metallic foams:

7 03 <ﬁ> 3/2 2)

O psl

where ¢ is the foam yield stress, gy is the solid yield stress, p
is the foam apparent density and pg is the solid density.
This is because the compressive yield strength of titanium
with 3.8 wt.% O is unknown (but expected to exceed a yield
stress of 900 MPa for 0.75 wt.% O [24]) and because Eq. (2)
is applicable only to foams with equiaxed pores. For com-
parison purpose, Eq. (2) can, however, be used to provide
the yield stress of a hypothetical foam with 0.25 wt.% O (a
typical value for coarse Ti powders and corresponding to
ag = 280 MPa [34]) and a relative density of 0.40 (corre-
sponding to the 60% porosity of the present freeze-cast
foams). The resulting value of 21 MPa is significantly lower
than measured for the freeze-cast foams (40-60 MPa;
Fig. 10), indicating that strengthening due to the high oxy-
gen concentration exceeds weakening from the notches
present in the partially sintered walls, or the non-spherical
shape of the pores.

4. Conclusions

Titanium foams with aligned, elongated pores were cre-
ated by directional freeze casting of titanium powders. In
this process, an aqueous powder slurry is directionally
solidified at rates sufficiently slow that pure ice dendrites
form and reject the powders to interdendritic regions.

The ice dendrites are then removed by freeze drying, leav-
ing pores that replicate their shape. Finally, sintering of the
interdendritic powders results in continuous titanium walls
separating the pores. This technique, which was previously
used to create ceramic foams, presents additional difficul-
ties when applied to titanium, due to its higher density, lar-
ger powder size and much higher reactivity with water. The
main results are as follows.

e Using <45 um Ti powders and ice front velocities of 2—
12 pm s, foams were produced with 57-67% elongated
pores, which were ~0.1 mm in width and several milli-
meters in length. The pores were aligned along the freez-
ing direction and their wall-to-wall distance varied with
the local ice front velocity, in accordance with theoreti-
cal considerations.

e The as-received <45 um Ti powders had very high oxy-
gen content (3.4 wt.%), which increased by 0.4 wt.% dur-
ing the freeze-casting procedure. As a result, the
resulting freeze-cast foams showed high compressive
strength (40-60 MPa for 60% porosity), but exhibited
signs of embrittlement (stress serrations and crushing
after 45% strain).

e While foams freeze-cast with coarser <125 um powders
contained only 0.24 wt.% O (well below the embrittling
level), they exhibited lower porosities (39%) and these
pores were not elongated. A simplified analysis correctly
predicted that, for the present ice front velocities,
<45 pm powders were rejected into interdendritic space
so elongated pores could form, while <125 um powder
were engulfed by ice, thus preventing the formation of
elongated pores.
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