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Processing of Titanium Foams

By David C. Dunand*

Because of their excellent mechanical properties, low density and bio-
compatibility, titanium foams are attractive for structural and biomedi-
cal applications. This paper reviews current techniques for titanium

* %k

foam processing, which are all based on powder-metallurgy because of B : —
the extreme reactivity of liquid titanium. A first group of processes is based on powder sintering with
or without place-holder or scaffolds. A second group relies on expansion of pressurized pores created

during prior powder densification.

1. Introduction

The vast majority of research on the processing and syn-
thesis of metallic foams (this term is used here interchange-
ably for cellular and highly-porous metals) has focused to
date on melt-processing of aluminum foams with open or
closed cells, as previously reviewed."™™ This is because the
low melting point (662 °C) and low reactivity of molten alu-
minium make liquid-state processing relatively simple. Mag-
nesium, with an even lower melting point (650 °C), is how-
ever more difficult to process in the liquid state into foams,
due to its pyrophoric nature in air. The third technically-rele-
vant light-metal is titanium, which exhibits excellent mechan-
ical properties, but is much more difficult to process in the
liquid state, due to its very high melting point (1670 °C). An-
other problem is the extreme chemical affinity of titanium
with atmospheric gases (i.e., oxygen and nitrogen), which dis-
solve rapidly in liquid or solid titanium above ca. 400 °C, with
attendant loss of ductility. Liquid titanium is also highly reac-
tive with respect to most mold materials, thus further increas-
ing the difficulty of melt processing. Casting of bulk titanium
objects requires high-vacuum, high-temperature processing
equipment. Powder metallurgy, on the other hand, can pro-
duce bulk titanium objects at much lower temperatures and
under less stringent chemical reactivity constraints. Fabrica-
tion processes for titanium foams have thus to date focussed
on the powder-metallurgy route and avoided the liquid
route,'® which is particularly prone to contamination because
of the high surface area of foams. However, if a viable melt
process could be devised for titanium foams, their cost would
likely drop substantially.

Titanium-based foams have many potential applications
due to titanium’s outstanding mechanical properties, low
density and high chemical resistance.”’ The first area of use
for titanium foams is for structural applications, e.g., as sand-
wich core for aerospace or submarine vehicles, taking advan-

tage of the excellent density-compensated strength and stiff-
ness of titanium as well as its outstanding resistance to
corrosion. Titanium’s high melting point also allows for the
use of titanium foams at elevated temperatures (e.g., for sand-
wich core or as heat exchanger and catalyst substrate), limited
to ca. 400 °C due to the low oxidation resistance of titanium.
The second area of application is for porous bone-replace-
ment implants, where the excellent biocompatibility and me-
chanical properties (in particular fatigue resistance) of tita-
nium are essential.®'? Also relevant for that application is
the low stiffness of titanium foams, desirable to reduce the
amount of stress-shielding of the bone into which the foam is
implanted; stress-shielding is known to lead to bone resorp-
tion and eventual loosening of the implant.!*?!

The present article provides a review of existing methods
for the solid-state fabrication of titanium foams, which are
schematically depicted in Figure 1. We do not include tita-
nium-based intermetallic foams, and in particular NiTi foams
with shape-memory or superelastic properties.* !
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Fig. 1. Schematics of main solid-state processes used to fabricate titanium foams —
(a) powder sintering — (b) hollow powder sintering — (c) formation of secondary pores
by gas expansion or addition of a fugitive solid-space holder, followed by sintering —
(d) sintering of powders deposited on fugitive scaffold — (e) powder densification in
presence of gas, and subsequent expansion of trapped gas bubbles.

2. Processes Based on Powder Sintering

The inherent simplicity of sintering processes allows for
relatively rapid, single- or two-step methods requiring little
more than a high-vacuum furnace.

2.1. Sintering of Uniform Powder Preforms

The simplest technique for making a titanium foam is
based on the partial sintering of a porous preform of titanium
powders (Fig. 1a). Cirincione et al.'”! sintered loose Ti-6Al-
4V powders at 1000°C for times between 0.5 and 24 h.,
achieving porosities between 41 and 55 %. The strength was
dictated by the necks formed between the powder particles,
and a maximum compressive strength of 55 MPa was found
for a foam with 49 % porosity. Kinetics of densification of un-
alloyed titanium can be accelerated by uniaxial pressing,

which was investigated below and above the allotropic tem-
perature of titanium (882 °C), resulting in porosity between 5
and 35 %."%1% Oh et al.”*?!! sintered spherical unalloyed tita-
nium powders with and without applied pressure and
achieved 5-37 % porosity. Young’s modulus and compressive
yield strength decreased linearly with increasing porosity,
and at 30 % porosity, the stiffness of the porous titanium was
close to that of human bone (ca. 20 GPa). The same authors'®?
expanded this approach to samples with a gradient in porosi-
ty, achieved by using distinct layers of titanium powders
with different particle sizes, which were co-sintered with and
without applied stress. A gradient in porosity and pore size is
achieved by the more rapid sintering of finest powders. Ric-
ceri and Matteazzi'®' used a combination of cold isostatic
pressing and sintering of milled Ti-6Al-4V powder to pro-
duce foams with 26 % porosity; subsequent containerless hot-
isostatic pressing eliminated the closed porosity without af-
fecting the open pores. Another way to decrease sintering
time is to use spark plasma sintering®: CP-Ti and Ti-6Al-4V
powders were consolidated to a porosity of ca. 30 % by this
methods which allows much lower temperature (560-700 °C)
and sintering times (3-20 min.) at relatively high pressures
(20-30 MPa). A subsequent anneal at 1000°C further im-
proved the mechanical properties of the foams.

Thieme et al.”™ reported porosities between 35 and 60 %
for sintered titanium powders, the highest value being
achieved with agglomerated powders, and they measured
bending strengths (ranging from 5 to 190 MPa) and Young
moduli (5-80 GPa) for a large number of samples. Further-
more, they demonstrated that the sintering of coarse powder
could be accelerated by adding 1.5wt.% silicon to the tita-
nium powders which produced a transient liquid phase, with
no measurable decrease in foam strength after processing. Fi-

Fig. 2. Cross-section of foam produced by partial sintering of CP-Ti powders, showing
sharply cusped, open porosity (porosity: 24 %) [18].
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Fig. 3. SEM image of foam produced by partial sintering of hollow Ti-6 Al-4V spheres
(total porosity: 73 %) [28].

nally, Thieme et al.” produced graded titanium foams by

sintering a stack of three powder layers with different particle
size and silicon content. The volume fraction and pore size
varied from 22 % and 48 um for the finer powder layer, to
45 % and 200 um for the coarser powder layer. A gradient in
elastic property was also measured by scanning acoustic mi-
Croscopy.

The limitation of the powder sintering approach is that
pores size and shape are dictated by the titanium powder size
and shape. For spherical powders, the porosity is limited to at
most 50 %, and the shape of the pores is highly non-spherical.
Pores are cusped at the sintering necks between powders
(Fig. 2), where cracks are likely to initiate under fatigue con-
ditions. For instance, a fatigue limit of 40 MPa for 10° com-
pressive cycles was found by Asaoka et al.”*® for a sintered Ti
foam with 42 % porosity, much less that the static compres-
sive strength of 182 MPa.

A solution to the problem of low pore fraction produced
during sintering of titanium powders is to use titanium wires:
this was demonstrated with a 130 um diameter crimpled wire
sintered near 1600 °C, resulting in a open-cell foam with 45—
50 % porosity (this value could be easily increased by reduc-
ing the sintering temperature).”” Another approach is to sin-
ter hollow powders (Fig. 1b): porosity then consists of the in-
ner space of the porous powders as well as the space between
the powders due to partial sintering. This approach was dem-
onstrated by Sypeck et al.,”®' who produced a foam with 73 %
porosity by sintering 0.5-1.4 mm diameter hollow Ti-6Al-4V
spheres (a by-product of gas atomisation) for 24 h. at 1000 °C
(Fig. 3). Only a weak bonding was observed between the
spheres due to their large size, resulting in relatively low
compressive strength (6.2 MPa).

2.2. Sintering of Non-Uniform Powder Preforms Made with
a Gaseous Blowing Agent

In this approach, large, secondary pores are created by a
gas within a preform consisting of titanium powders and
small, primary pores; upon sintering, the primary pores are
eliminated rapidly, while the much larger secondary pores

remain unchanged (Fig. 1c). The advantage of this method is
that the shape and volume fraction of the secondary pore can
be controlled independently of the titanium powder charac-
teristics. The disadvantages are the large size of the secondary
pores as compared to the titanium powders, contamination
from the binder used together with the titanium powders,
and residual primary porosity due to incomplete sintering.
Also, uniaxial pressing cannot be used to improve sintering,
as it would produce collapse of the secondary pores.

Jee et al.”! used a CO,-based blowing agent to create large
secondary pores within a mixture of titanium powders, bind-
er and surfactant. After foaming and air pyrolysis, reticulated
metallic foams with 90-95% porosity and cell size of ca.
0.4 mm were formed. Subsequent sintering of the titanium
struts was only partially successful, because of ash residues
(3-4wt.%) from the resin pyrolysis. This technique was also
applied to Ti-15V-3Cr-3A1-35n (wt.%).*"

In an approach combining the above gas-blowing process
with the hollow-sphere process, Hurysz et al.Bu produced
hollow titanium spheres by injecting a slurry of titanium hy-
dride and polymer binder in a solvent through a co-axial noz-
zle. Thermal treatment in an inert atmosphere removed the
binder within the green bubbles, decomposed the hydride
and sintered the titanium powders in the sphere walls to a
density over 96 %, resulting in titanium spheres with 1-6 mm
diameter and 0.1 mm wall thickness. If sintered together,
these spheres would result in a foam with ca. 86 % porosity.

2.3. Sintering of Non-Uniform Powder Preforms Containing
a Solid Space Holder

Another approach to make large secondary pores within a
titanium powder preform is to use a “space holder”, consist-
ing of a solid material which can be removed, usually at low
temperature, without excessive contamination of the titanium
powders. The mixture of metallic powders and space-holder
powders can then be pressed, thus imparting enough green
strength to the metal powder to prevent collapse upon re-
moval of the space-holder and subsequent sintering (Fig. 1c).

Fig. 4. Cross-section of titanium foam produced by sintering of powders after removal
of a fugitive place holder (porosity: 67 %) [38].
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Fig. 5. SEM micrograph of reticulated Ti-6Al-4V foam produced by sintering of pow-
ders deposited onto a fugitive scaffold (porosity:> 80 %) [42].

In an early article, Wheeler et al.” used magnesium pow-
ders as space holder, which were removed by evaporation at
1000 °C, followed by sintering at 1400 °C of the Ti or Ti-6Al-
4V powders into the foam structure. Elongated pores were
achieved by using Mg wires (0.18-0.45 mm in diameter).
Foams exhibited 25-82 % porosity, strengths of 15-607 MPa,
and Young’s moduli of 3-9 GPa. Kostornov et al.****! sin-
tered a blend of Ti with up to 7wt.% Cu and 5-30 % stearin.
The combination of wax space holder and metallic alloying
addition producing a transient liquid phase resulted in foams
with 25-70 % porosity, for which the authors reported tensile,
shear and bending strengths as well as impact toughness.

Bram et al.®® used carbamide (urea) powders which were
removed below 200 °C, with minimal contamination of the ti-
tanium powders. Subsequent sintering at 1400 °C for 1 h re-
sulted in foams with porosity in the range 60-77 % and pore
size in the range 0.1-2.4 mm, controlled by the carbamide
particle size. The authors reported compressive and bending
mechanical properties for these foams, e.g. a plateau stress of
ca. 10 and 100 MPa for porosities of 77 and 60 %, respectively.
Wen et al.’® used ammonium hydrogen carbonate as space
holder, with decomposition at 200 °C and titanium sintering
at 1200 °C for 2 h. The resulting foam with a porosity of 78 %
exhibited a compressive strength of 35 MPa and a Young's
modulus of 5.3 GPa. These values were a close match to those
for cancellous bone, 3-20 MPa and 10-40 GPa, respectively.
No information was provided for the contamination levels of
the titanium. Later, these authors produced by the same
method foams with 35-80 % porosity with a wide range of
strength and stiffness showing a good match to both human
cancellous and cortical bone.""*”" They also reported the
growth of a bonelike apatite layer throughout the foam."”
Rausch and Banhart **' used polymer granules as space
holder, which were removed chemically at 130 °C. Sintering
at 1100-1250°C produced foams with 55-80% porosity
(Fig. 4) with a tensile strength range of 1.5-30 MPa, and
Young’s modulus of 0.3-16 GPa. The authors noted that mi-
croporosity within the sintered network decreased strength
and could be reduced by partial addition of titanium hydride.

Tuchinskiy and Loutfy™ recently described an interesting
variation on the above method. First, they extruded rods con-

sisting of a fugitive core and a shell made of titanium powder
and polymer binder. The rods were cut into segments which
were poured into a die and compressed into a green body.
The core material and binder were then removed at low tem-
perature and the powder vacuum-sintered at 1200-1300 °C,
resulting in a titanium foam containing elongated secondary
pores. The authors suggest that honeycomb structures could
be produced by aligning the rod segments before pressing.
Andersen et al.*”! used the space-holder technique to pro-
duce hollow spheres, by coating Styrofoam spheres with tita-
nium powders and a binder suspension in a fluidised bed.
The polymer was then removed by heat-treatment, and the
green spheres were sintered, resulting in hollow titanium
spheres, with 4 mm diameter and 0.125 mm wall thickness.
Subsequent sintering of these spheres would lead to very low
density foams, but was not attempted, presumably due to
contamination of the titanium during processing.

2.4. Sintering of Powders Deposited on a Fugitive Scaffold

An approach, which is related to the above technique
using a fugitive space holder, uses a polymer scaffold which
is repeatedly coated with a mixture of titanium powders and
binder. After removal of the scaffold and binder, and subse-
quent sintering of the powders, a reticulated open-cell foam
with hollow titanium struts results (Fig. 1d), as demonstrated
recently by Kupp et al.*!! Three types of pore are present in
these foams, which are in order of increasing size: primary
porosity within the struts (if sintering was incomplete), sec-
ondary porosity at the core of the struts (previously occupied
by the scaffold), and open tertiary porosity between struts. Li
et al."? used this process with Ti-6Al-4V powders and poly-
urethane elastomeric scaffold foams and fabricated reticu-
lated foams with 88 % porosity and compressive strength of
10 MPa (Fig. 5). They later showed that a second deposition
of powders slurry on a previously-sintered foam followed by

Fig. 6. SEM micrograph of tensile fracture surface of Ti-6Al-4 V foam, produced by
densification of powders in the presence of argon, and subsequent creep expansion of
the entrapped argon pores (porosity: > 25 %) [45].

372 © 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.aem-journal.de

ADVANCED ENGINEERING MATERIALS 2004, 6, No. 6



Dunand/Processing of Titanium Foams

Fig. 7. Cross-section of Low-Density-Core Ti-6 Al-4V sheet, consisting of a dense face
sheet and a porous core produced by creep expansion of entrapped argon pores (core
porosity: 40 %) [50].

a second sintering resulted in increased density and much
improved compressive strength (80 % and 36 MPa, respec-
tively), as a result of healing of flaws in the titanium struts."*”!

3. Processes Based on Expansion of Pressurized
Bubbles

The sintering processes described in the previous section
all have in common that the shape, size and volume fraction
of the pores in the final titanium foam are dictated by those of
the original (primary and secondary) pores in the powder
preform. Furthermore, sintering processes do not allow easy
control of the level of pore connectivity to each other and the
surface. By contrast, the creep and superplastic expansion
processes described in the present section result in titanium
foams exhibiting pores with shape, size, connectivity and vol-
ume fraction independent of those in the original powder
preform. The process route is however more complicated, as
it requires high-pressure and -temperature equipment, and
necessitates two separate heat-treatment steps (the first for
powder compaction and the second for bubble expansion).
Also, pore volume fractions rarely exceed 50 %.

3.1. Creep Expansion Processes
3.1.1. Argon Expansion Process

Foaming by solid-state expansion of pressurized pores
was first described by Kearns et al.®*! for Ti-6A1-4V foams,
and is schematically depicted in Figure le. In a first step,
powders are packed into a steel canister which is evacuated
and backfilled with argon gas. Then, the powders are densi-
fied by Hot Isostatic Pressing (HIP), and, because argon is
neither soluble nor reactive with titanium, the gas is en-
trapped within a continuous titanium matrix in the form of
isolated, micron-sized, high-pressure argon bubbles with a
low volume fraction (typically less than 1%). Finally, after
cooling and removal of the steel canister, the titanium billet is
exposed to elevated temperatures at ambient pressure (or un-
der vacuum). The reduced strength of the titanium matrix at

elevated temperature allows the expansion of the high-pres-
sure gas bubbles, in a process similar to foaming of viscous
polymer melt containing pressurized gas bubbles.

Kearns et al***! found that increasing the argon backfill
pressure or the foaming temperature increased the foam
porosity, as a result of the reduction in creep strength of the
matrix. At the highest temperature of 1240 °C and with 0.1 atm
backfill pressure, the pore growth kinetics was found to mono-
tonically decrease with time, with ultimate porosity of ca. 30 %
reached after ca. 12 h (porosity as high as 40 % are reported,
but with no information on experimental conditions). This
effect is due to the decrease in gas pressure in the pores, asso-
ciated with the increase in pore diameter. Above 1000 °C, the
pores adopted a cubic, facetted morphology, as a result of
surface diffusion and anisotropic surface energies (Fig. 6). Ad-
ditionally, Kearns et al.®* gshowed that the argon-filled pores
could be elongated by hot-working of the billets, resulting in a
highly anisotropic expansion upon subsequent foaming.

Later, Dunand et al.***”! demonstrated the Kearns process
for commercial-purity titanium (CP-Ti). They investigated
lower temperatures (903 and 960 °C) and achieved porosity of
26 % in times as short as 30 min., as a result of the reduced
creep strength of CP-Ti as compared to Ti-6Al-4V and of the
increased backfill pressure (3.3 atm.). For foams with 22 %
porosity, a yield stress of 200 MPa and a Young’s modulus of
60 GPa were measured.

Recently, Ricceri and Matteazzi 1 used a variation of the
Kearns process, by replacing argon with hydrogen produced
in-situ by hydride decomposition. The authors cold-com-
pacted titanium powders in which 5 or 10 wt.% TiH, powders
had been blended. These blends were then HIP-consolidated
into a partially porous billet where complete decomposition
of the TiH, was avoided by the high pressure. After removing
the can, the samples were reheated in the HIP to the foaming
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Fig. 8. Total, open and closed porosity vs. time and pore morphology evolution during
superplastic foaming of CP-Ti [62].
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temperature (950-1150°C) under isostatic pressure. Upon
pressure release, internally-pressurized hydrogen bubbles are
formed by decomposition of TiH,. These bubbles grew by
creep deformation of the matrix, resulting in foams with po-
rosities in the range 17-24 % after one hour of foaming. As
compared to the Kearns argon process, a much larger amount
of gas can be incorporated in the billet; however, unlike ar-
gon, hydrogen has very high solubility and diffusivity in tita-
nium, rapidly reducing the pressure in the bubbles and the
driving force for foaming.

3.1.2. Low-Density Core Process

Martin and Lederich™®”’ adapted the Kearns argon expan-
sion process to the integral fabrication of sandwich structures.
They used Ti-6Al-4V flat canisters (rather than steel canis-
ters), which were filled with low-cost blended elemental par-
ticles of CP-Ti and 60AI-40V (rather than pre-alloyed Ti-6Al-
4V gas-atomized powders). Foaming occurs without removal
of the canister, which becomes the face-sheets of a sandwich
structure. They called their process the Low-Density Core
(LDC) process, and reported porosities of 25 % in the foamed
core. They also indicated that forging, extrusion and shape-
milling could convert HIP billets to smaller sections. In a later
publication,lso] large sheets 2 m x 1.2 m x 4 mm) with ca.
40 % porosity core porosity were reported (Fig. 7). Deforma-
tion of the sheet by hot rolling, forging, die forming or drape
forming before or after the core expansion was also demon-
strated.

Elzey and Wadley"®" subsequently modelled the open-die
forging of LDC sandwiches, and predicted that densification
occurs first in the centre of the work-piece, and propagates as
a front toward the outer edges, resulting in a complex non-
uniform densification behavior. Queheillalt et al.™ per-
formed an experimental study of foaming of rolled Ti-6Al-4V
LDC precursors. They used eddy-current and laser ultrasonic
sensors to determine the evolution of relative density and
elastic moduli in-situ during heat treatment. Core porosity in-
creased during initial heating and stabilized to ca. 27% after
an additional anneal for 4.5 h at 920 °C. The resulting sand-
wich (core and face sheets) exhibited a Young’s modulus of

Fig. 9. Micrographs of CP-Ti foams produced by expansion of Ar pores with a superimposed uniaxial 1 MPa stress
(stress axis is horizontal). (a) foamed under creep conditions at 903 °C for 11.8 h. (porosity: 20 %) (b): foamed under
superplastic conditions by cycling between 830 and 980 °C for 11.8 h. (porosity: 41 %) [47].

45 GPa. Initial pores were highly elongated due to rolling
and became more equiaxed after foaming. Vancheeswaran et
al.®™ developed a microstructure-dependent model based on
a representative volume element consisting of a single pres-
surized spheroidal pore expanding within a matrix deform-
ing by dislocation creep or grain-boundary sliding.

Elzey and Wadley™! later published an analysis of the
time dependence of porosity, in terms of pore size and spac-
ing and process conditions. They first use an existing model
based on expansion of a pressure vessel deforming by power-
law creep to describe the early stage of foaming. They then
consider void coalescence based on a percolation threshold
approach. Their model predicts that the maximum achievable
porosity for the core of a LDC material is less than 50 %. They
point out that this upper limit under superplastic condition
could increase to 65 %, which is however much lower than
the values achievable by semi-solid and liquid state pro-
cesses.

3.2. Superplastic Expansion Processes

The foaming processes described in the previous section
(3.1) exhibit slow kinetics due to the low deformation rates
displayed by titanium under creeping conditions. Also, foam-
ing under creeping conditions allows only for modest porosi-
ties, because walls between adjacent pores fracture at relative-
ly small strain. This allows for the merging of pores with each
other and with the billet surface, which leads to the escape of
the foaming gas. A possible solution to these limitations is to
induce superplasticity in the titanium matrix during foaming;:
as compared to creep, superplastic deformation is character-
ized by faster deformation rates (i.e., faster foaming rates)
and higher tensile ductility (i.e., higher terminal porosities).
Dunand and Teisen* first demonstrated that superplasticity
could be used for solid-state foaming of CP-Ti and Ti-6Al-4V.
They used transformation superplasticity, which is activated
by thermal cycling around the allotropic transformation of
CP-Ti®>® and Ti-6A1-4V, rather than fine-grain super-
plasticity, which is difficult to achieve in CP-Ti (due to grain
growth) or in Ti-6Al-4V (unless a complex thermo-mechani-
cal treatment is given).

Davis et al.”! demonstrated that
the overall foaming rate of CP-Ti is
significantly higher under cyclic
superplastic conditions (830-980 °C)
than under isothermal creep condi-
tions at the corresponding effective
temperature (903 °C). Furthermore,
the terminal porosity is also much
higher for the superplastically-
foamed specimens. Even when the
cycling experiments are compared to

! mm isothermal creep experiments at
960 °C (well above the effective tem-
perature and near the maximum cy-
cling temperature of 980 °C), terminal
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total porosities are larger for the cycled specimens. Confirma-
tion of the beneficial effect of superplastic foaming was given
in a further study where the temperature cycling frequency
and range were systematically changed.™” Modelling of the
pore expansion within a creeping titanium matrix was per-
formed by continuum mechanics and by the finite-element
method, which allowed the study of pore clustering and pore
size distribution.*"!

Another study'® focussed on the evolution of pore micro-

structure for specimens superplastically foamed under ther-
mal cycling conditions. As shown in Figure 8, foaming for
8 h. resulted in rapid growth of pores (from 2-3 to 100 um)
which are mostly rounded and generally equiaxed. During
the following 18 h of thermal cycling, pore size increased at a
lesser rate and internal pore coalescence occurred. The fact
that porosity stopped to increase before significant opening
of the pores to the surface (and escape of the gas) indicated
that the gas pressure was too low to affect further pore expan-
sion. However, in the following 57 h, the mostly equiaxed
pores became very jagged and achieve much larger pore di-
mensions (up to 500 um). This was due to extensive pore coa-
lescence through rupture of the very thin walls made possible
by the high ductility achievable during superplastic deforma-
tion. The fractured thin walls became protrusions within the
coalesced pores, giving them a jagged morphology. Similar
results were obtained recently by Li et al."®® where porosities
as high as 53 % were achieved for CP-Ti under thermal cy-
cling conditions. The authors also carried out a finite-element
study of the mechanical properties of the foams with and
without bone ingrowth within the pores.
Davis et al.l*’! performed experiments where titanium
foaming took place with a superimposed uniaxial stress under
either superplastic or creep conditions. While the total porosi-
ty was not affected by the applied stress, the pores in the
superplastic foams were notably elongated in the direction of
the applied stress, with an aspect ratio as high as 5 and a
length of up to 1 mm (Fig. 9). The yield stress and Young's
modulus for a superplastic foam with 41 % porosity was about
120 MPa and 39 GPa. Murray et al.® also studied the case
where the phase transformation of titanium was induced by
chemical cycling through cyclic alloying and de-alloying with
hydrogen, rather than thermal cycling. Foaming by chemical
cycling was slower than by thermal cycling because of the
lower cycling frequency achievable. However, similar foam-
ing kinetics were observed when foaming was considered on
a per-cycle basis. Additionally, similar terminal porosities
were found for either chemical or thermal cycling foaming.

4. Summary

Titanium foams are attractive for structural and biomedi-
cal applications. Unlike aluminum foams, they cannot easily
be produced in the liquid state, due to the high melting tem-
perature and extreme contamination susceptibility of tita-
nium. All existing processes are based on powder metallurgy
and can be classified into two groups:

1. Powder sintering processes - A first approach is based
on partial sintering of loose titanium powders into a porous
body, with porosity in the range 20-50 % and low strength at
the higher porosity. Alternatively, hollow titanium powders
or spheres can be used to increase porosity. Another ap-
proach uses a gas or fugitive solid particles to create larger
pores around which the titanium powders are then fully sin-
tered as struts or walls. In a variation to this approach, pow-
ders deposited upon a fugitive scaffold are sintered into a re-
ticulated foam. Higher porosities can be reached (up to 90 %)
with a good control of pore morphology, but the pores are al-
ways open and they are much larger than the original tita-
nium powders.

2. Pressurized pore expansion processes — First, argon gas
is entrapped in titanium by hot-compaction of a powder pre-
form. The resulting high-pressure argon bubbles are then ex-
panded by exposure to high temperature, where the densified
titanium matrix creeps rapidly. A variation on this process
uses a titanium canister which is not removed before expan-
sion, resulting in a titanium sandwich structure. An improve-
ment of this process utilizes superplasticity in the matrix dur-
ing pores expansion, allowing for faster foaming rates and
higher porosity (as high as 53 %) with good strength values.
In the pore expansion processes, the pore size and connectiv-
ity can be tailored.
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