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Abstract

Ti–6Al–4V, with a network of elongated, open pores aligned along two perpendicular directions, is produced by a two-step replication
process: (i) Ti–6Al–4V powder or foil preforms containing low-carbon steel wire meshes are densified by hot pressing under transforma-
tion superplasticity conditions; (ii) porosity is created by electrochemical dissolution of the low-carbon steel wires and the adjacent Fe-
containing Ti–6Al–4V matrix. If high-carbon steel wires are used, Fe diffusion into Ti–6Al–4V is inhibited by a carbide layer forming at
the wire/matrix interface, and pores exactly replicate the shape of the wires. Ti–6Al–4V with �19% and 34% porosity, without and with
Fe–Ti interdiffusion respectively, shows low oxygen contamination and good compressive ductility. Strength and stiffness, as measured
by compression testing and ultrasonic measurements, are compared with simple analytical models and numerical finite-element models.
� 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Commercially pure titanium (CP-Ti) and the titanium
alloy Ti–6Al–4V are extensively used as implants in the
medical industry because of their surface oxide biocompat-
ibility, corrosion resistance, high strength and low density
[1]. Furthermore, the low stiffness of titanium alloys as
compared to the commonly used stainless steel and
cobalt–chromium alloys reduces stress shielding, where
low stiffness bone resorbs because the much stiffer implant
carries the majority of the load [2]. Non-porous implants
may also slip out due to the lack of physical anchoring
mechanism, and must rely on polymer adhesives that are
prone to damage and creep at body temperature [3].

While implant anchorage can be achieved with bone
ingrowth into a thin porous surface layer with 200–
500 lm pores [4], fully porous implants exhibit lower stiff-
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ness addressing the stress-shielding issue as well. Most pro-
cessing methods for fully porous titanium are based on
powder metallurgy, because of the reactivity and high affin-
ity of molten titanium for oxygen and the detrimental effect
of oxygen on titanium ductility. Existing methods for pro-
ducing porous titanium are reviewed in Ref. [5] and include
partial sintering of powders [6,7] or fibers [8], sintering of
hollow powders [9], creep expansion of gas-filled pores
[10–13], sintering around a fugitive spaceholder [14–18],
direct laser/electron beam fabrication [19–23], electro-
discharge sintering [24–27] and gel casting [28,29].

Creating elongated pores in titanium implants is of
interest, because elongated pores more closely mimic the
anisotropic bone porous architecture and can reduce stiff-
ness (and thus stress shielding) more efficiently than equi-
axed pores. Beside rapid prototyping approaches which
permit the creation of titanium scaffolds with directional
struts [22,23,30,31], four main powder-metallurgy pro-
cesses exist to produce elongated pores in titanium. First,
bundles of wires are densified in the presence of argon,
which is then expanded into elongated pores by creep of
the surrounding titanium matrix [11]. In a second process,
rights reserved.
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powder preforms of titanium and deformable spaceholder
are extruded, and the elongated spaceholder phase is later
removed to produce elongated pores [32,33]. The third pro-
cess involves freeze-drying a directionally solidified place-
holder titanium powder slurry to leave pores that were
previously occupied by elongated dendrites of water ice
[34–36] or camphene [37]. The fourth process relies on
the densification of titanium powder preforms containing
steel wires which are subsequently electrochemically
removed, as recently demonstrated for CP-Ti [38] and
Ti–6Al–4V [39].

In the latter study [39], preforms of Ti–6Al–4V powders
containing parallel layers of steel wire meshes were vacuum
sintered for 24 h at 1050 �C, leaving 13 ± 3% microporosity
in the Ti–6Al–4V matrix due to incomplete sintering. For
bone implants, this equiaxed microporosity is undesirable,
as it weakens the material without being accessible to bone
ingrowth because of its small size. Increasing the sintering
temperature to the 1200–1350 �C range needed to achieve
full densification of Ti–6Al–4V is impossible, because of
the presence of a Fe–Ti eutectic at 1085 �C. In the present
paper, we use external pressure and induce transformation
superplasticity by thermal cycling to fully densify the
Ti–6Al–4V powders around the steel wire meshes, prior
to electrochemical removal to create elongated pores. We
also demonstrate that Ti–6Al–4V foils can be used instead
of powders to create fully dense Ti–6Al–4V/steel compos-
ites and, after dissolution, porous Ti–6Al–4V. We measure
compressive mechanical properties of these two types of
porous Ti–6Al–4V materials (powders or foil precursors)
with two levels of porosities (�19% and �34%) and we
compare strength and stiffness values with predictions from
analytical and finite-element models.

2. Experimental procedures

2.1. Composite densification

Irregularly shaped Ti–6Al–4V powders (with 44–149 lm
size range and 0.19 wt.% oxygen, produced by the hydride–
dehydride process by StarMet Corp.) were used in the as-
received state. Their size were larger than, and their oxygen
content was similar to, the powders used in our previous
investigation (44–53 lm and 0.17 wt.% O) [39]. Ti–6Al–4V
foils with 800 lm thickness were purchased from McMas-
ter-Carr (Elmhurst, IL) and cut by water jet into 19.1 mm
diameter disks. Steel meshes consisted of 356 lm diameter
low-carbon steel wires woven in an orthogonal pattern with
wire center-to-center spacing of 1068 lm in each direction
and an open area of 44%. These meshes were identical to
those used in our previous study [39] and were used as
received (0.13 wt.% C) or were carburized in a graphite pack
in air at 960 �C for 1 h to achieve a carbon content
of 0.67 wt.% C, as measured by Wah Chang Analytical
Laboratory Services (Albany, OR). When steel with
>0.2 wt.% carbon is in contact with CP-Ti at high temper-
atures, a thin, continuous TiC layer forms which inhibits
the Fe–Ti interdiffusion occurring at lower carbon content
[40]. Thus, the as-received and carburized meshes result in
high interdiffusion and low interdiffusion, respectively,
between the wires and the matrix. In the former case, the
Fe-containing Ti–6Al–4V region surrounding the wires is
removed electrochemically together with the steel wire, thus
increasing the porosity beyond the fraction of steel wires
[38,39].

Four types of samples were fabricated: (i) powder based,
high interdiffusion (PHI), with Ti–6Al–4V powders and
uncarburized steel mesh; (ii) powder based, low interdiffu-
sion (PLI), with Ti–6Al–4V powders and carburized steel
mesh; (iii) foil based, high interdiffusion (FHI), with
Ti–6Al–4V foil and uncarburized steel mesh; and (iv) foil
based, low interdiffusion (FLI), with Ti–6Al–4V foil and
carburized steel mesh.

Powder-based samples were assembled in a 12.7 mm
inside diameter graphite die by pouring 0.5 g powder layers
(hand-compacted for flatness) interspersed with steel meshes
with 8 � 8 cells whose wires were aligned to (no rotation),
and formed parallel planes with, each other. Foil-based
samples were created in a 19.1 mm inside diameter graphite
die by laying 19.1 mm diameter disks of Ti–6Al–4V foil in
alternating layers with aligned, parallel steel meshes with
12 � 12 cells. For each sample, 11 layers of matrix (powder
or foil) material and 10 layers of steel mesh were used.
Densification was carried according to the same procedures
for both types of matrix material as follows.

The hot press was evacuated to a residual vacuum of
5 � 10�5 torr and heated to 860 �C. Once this temperature
was reached, a 10 MPa uniaxial compressive stress was
applied to the pistons and the temperature was cycled for
2 h between 860 and 1020 �C with near-linear heating and
cooling ramps of �1.5 min each, to induce transformation
superplasticity in the Ti–6Al–4V powders [41,42] and thus
increase the powder densification rates [43–45]. A displace-
ment transducer monitored piston displacement resulting
from sample densification during thermal cycling. After
2 h, piston displacement was negligible, indicating that
the sample was fully dense. Depending on the diameter
of the die used (12.7 or 19.1 mm), one or two parallelepiped
4.5 � 4.5 � 9 mm samples were cut by electro-discharge
machining from the densified composite. The 9 mm height
(3-direction) was parallel to the applied stress and thus
perpendicular to the wire mesh plane, while the two shorter
1- and 2-dimensions were perpendicular (respectively
parallel) to the wires in the meshes.

After cutting, the high-interdiffusion PHI and FHI sam-
ples were annealed at 1050 �C for 6 h to increase interdiffu-
sion between the wire and the matrix, and thus increase
porosity after electrochemical dissolution.

2.2. Steel dissolution

To remove the steel wires from the Ti–6Al–4V matrix,
each of the parallelepiped samples with steel exposed to
the surface was first attached to a CP-Ti strip with nylon
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wire to maintain electrical contact. The sample was then
immersed in a 0.34 M aqueous sodium chloride solution.
Acetic acid, used to accelerate dissolution process in Ref.
[38], was not used here as it pitted the surface of the
Ti–6Al–4V matrix [39]. The cathode was a 500 lm thick
sheet of CP-Ti wrapped around the inside circumference
of the 84 mm diameter beaker to produce a symmetrical
radial electric field. The sample, acting as the anode, and
the Ti sheet cathode were then connected to a Kaito model
HY3003D DC power supply and immersed in the electro-
lyte. Sonication was used to remove the loosely adherent
iron oxide layer formed by the electrochemical reaction
and bring fresh solution to the reaction surface. A voltage
of 2.5 V was found to be optimal for steel wire removal
[39]: higher values overcame the natural passivation layer
of the Ti–6Al–4V and oxidized both matrix and wires con-
currently, while lower values reduced the kinetics of disso-
lution. Steel removal was verified by holding samples on a
microbalance and suspending a magnet above them. After
complete steel removal, Archimedes density measurements,
with open porosity plugged with vacuum grease, were per-
formed to determine the total porosity.

2.3. Mechanical testing

The times of flight of ultrasonic sound waves transmit-
ted through the three main directions of the porous sam-
ples (with 9 mm height and 4.5 � 4.5 mm2 cross-section)
were measured with two 5 MHz transducers, with molasses
as the coupling material between transducers and sample.
Due to the sample shape and pore orientation, orthorhom-
bic symmetry was assumed for the stiffness tensor, which
requires nine independent elastic constants, i.e. one longi-
tudinal and two shear wave velocities for each of the three
principal directions of the sample. Longitudinal wave
speeds were used to calculate the axial components of the
elastic stiffness matrix, C11, C22 and C33, as [46]:

Cii ¼ qv2
ii ð1Þ

where q is the sample density and v is the sound velocity.
The first subscript denotes the propagation direction, while
the second subscript denotes the polarization direction. For
these parallelepiped samples, the 3-direction is the long
direction. Shear wave measurements were used to calculate
C44, C55 and C66 as [46]:

C44 ¼ qv2
23 ð2aÞ

C55 ¼ qv2
13 ð2bÞ

C66 ¼ qv2
12 ð2cÞ

Because off-diagonal elastic constants were not mea-
sured (as this would have required samples cut in non-axial
directions [47]), the only non-zero off-diagonal components
of the stiffness matrix are assumed to be [48]:

C12 ¼ C11 � 2C66 ð3Þ
with C23 = C13 = C12, as in Ref. [48]. The elastic stiffness
matrix was inverted to determine the elastic compliance
matrix, Sij, which was then used to calculate the Young’s
moduli in the three principle directions, i.e. the two trans-
verse moduli E11 and E22, and the axial modulus E33. Stan-
dard propagation of error was used to calculate the error
associated with each stiffness, compliance and Young’s
modulus value [49]..

Uniaxial compressive testing was performed at a defor-
mation rate of 0.1 mm s�1, using crosshead displacement to
determine strain after taking into account machine stiffness
through prior calibration with aluminum samples. Friction
was minimized by using highly fully dense polished ceramic
spacers on the upper and lower faces of the unlubricated
specimens. Each porous Ti–6Al–4V sample was loaded
and unloaded three times along the elastic portion of the
stress–strain curve before being loaded to failure. Failure
occurred by shear along a plane forming an �45� angle
with respect to the loading direction and corresponding
to the plane of maximum shear stress. Stress–strain curves
were analyzed for elastic modulus, 0.2% yield strength and
peak strength.
3. Results and discussion

3.1. Densification process

Hot-pressing with thermal cycling, which enhances
Ti–6Al–4V powder densification by transformation mis-
match plasticity [43–45], led to complete elimination of
porosity in the Ti–6Al–4V matrix for samples produced
from powders (PLI, Fig. 1b) or from foils (FLI, Fig. 1c).
This is in sharp contrast to similar samples produced by
pressureless sintering of Ti–6Al–4V powders for 24 h at
1050 �C, which exhibited a matrix microporosity of
�13% [39], as illustrated in Fig. 1a.

It is known that a thin, continuous TiC layer (titanium
carbide is a biocompatible material [50]) forms at high tem-
peratures at the interface between steel with >0.2 wt.%
carbon and CP-Ti, and inhibits Fe–Ti interdiffusion
[38,40]. Conversely, steel with <0.2 wt.% carbon content
does not form a TiC layer, so iron can diffuse into the tita-
nium matrix at 800–1000 �C [38,40]. These findings were
confirmed for partially densified Ti–6Al–4V [39] and are
further confirmed here for fully densified Ti–6Al–4V
(Fig. 2). This figure shows that Fe in low-carbon steel wires
diffused into the Ti–6Al–4V matrix over distances exceed-
ing 200 lm, and produced two thin layers of intermetallics:
TiFe2 immediately adjacent to the steel wire and TiFe adja-
cent to the matrix (Fig. 3). By contrast, the high-carbon
steel wires produced a continuous TiC layer at their inter-
face (Fig. 3, insert), fully inhibiting interdiffusion between
the steel wires and the Ti–6Al–4V matrix. These results
are confirmed by etched cross-sections in Fig. 4a and c.
Fig. 4a shows the PLI sample with no visible interdiffusion
zone in the Ti–6Al–4V matrix surrounding the high-carbon
steel wire. By contrast, Fig. 4c shows, for the PHI sample,
an interdiffusion zone extending to a diameter of �510 lm



Fig. 1. Optical micrographs of cross-sections of (a) sample II from Ref.
[39] sintered from powders; (b) sample PLI hot-pressed from powders; and
(c) sample FLI hot-pressed from foils. The sintered sample shows 12%
residual microporosity in the Ti–6Al–4V matrix (M), while the two hot-
pressed matrices are fully dense. No iron interdiffusion occurred, as the
wires (W) were carbon rich and formed a continuous TiC layer at their
surfaces.

Fig. 2. EDX profiles of iron content along a radial direction from steel
wire in hot-pressed foil samples FLI and FHI. The origin is at the wire/
matrix interface and the Fe concentration is normalized to the maximum
Fe concentration in the wire. Inset: SEM image of cross-section of sample
FLI 2, showing steel wire (W) surrounded by densified Ti–6Al–4V matrix
(M). A TiC layer (arrow) is present at the interface.

Fig. 3. SEM micrograph of cross-section of interface between low-carbon
steel wire (W) and Ti–6Al–4V alloy matrix (M) showing two thin layers of
intermetallics: TiFe2 (F2) immediately adjacent to the steel wire and TiFe
(F) adjacent to the matrix.

Fig. 4. Optical micrographs of etched cross-sections: (a) sample PLI with
high-carbon steel wire (W) after hot pressing; (b) sample PLI after
subsequent electrochemical steel removal with pore (P) in black replicating
exactly the wire; (c) sample PHI with low-carbon steel wire (W) after hot
pressing showing iron interdiffusion zone (D); and (d) sample PHI after
subsequent electrochemical steel removal with pore (P) in black extending
to most of the interdiffusion zone.
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and a concomitant decrease in the diameter of the low-
carbon steel wire from 356 to �310 lm.

3.2. Wire dissolution

Fig. 5a and b show samples PLI and FHI 1 prior to
mechanical testing after steel mesh removal. As shown in
Figs. 5a and 4b, the PLI sample exhibits cylindrical pores,
exactly replicating the original 356 lm diameter steel wires.
Figs. 5b and 4d show that the PHI sample has pores
extending to a diameter of �530 lm, confirming that both
the wire and the adjacent Fe-containing Ti–6Al–4V matrix



Fig. 5. SEM image of PLI (a) and FHI 1 (b) samples used for compressive testing.
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were removed during dissolution. These micrographs illus-
trate that the amount of porosity can be tailored by allow-
ing more or less interdiffusion by controlling the sintering
time and/or temperature and the resulting width of the dif-
fusion zone. However, if the overlap of diffusion regions
from neighboring wires becomes too extensive, regions of
very high porosity can form locally, weakening the
material.

Complete removal of the carburized steel wires was
completed in 18–21 h, as measured by a mass loss of
250 mg per sample (with dimensions of 4.5 � 4.5 � 9 mm3

and an initial mass of 910 mg). Complete removal of uncar-
burized steel wires and their associated interdiffusion
regions, as measured by a mass loss of 480 mg, was
achieved after 67–74 h (when negligible conversion current
was measured). Average material removal rates for the PLI
and FLI samples were 1.5–1.7 mm3 h�1, while those for
PHI and FHI samples were 1.1–1.2 mm3 h�1. These rates
compare favorably with those for laser machining [51]
and electro-discharge machining (EDM) [52–55] of cylin-
drical holes with similar dimensions (Fig. 6). Because all
wires are being removed simultaneously, the net removal
Fig. 6. Material removal rate for several titanium alloy processing
methods: rotary disk EDM [52], microEDM [53–55], laser drilling [51]
and the current method based on placeholder electro-dissolution (one and
three samples with present dimensions).
rate increases linearly with the number of wires exposed
to the electrolyte. However, the average removal rates
decrease rapidly with the depth of the holes [38], because
of the increase in diffusion distance for the electrolyte
and the corrosion products. In Fig. 6, two points are given
for the present steel wires electro-dissolution process, cor-
responding to one and three samples processed simulta-
neously. Increasing the number of samples, decreasing
the hole depth or increasing their diameters would increase
the average material removal rate. The rates reflect mate-
rial removal only, not the production time associated with
the powder process. By contrast, for methods that create
holes sequentially (laser machining and EDM), these rates
are insensitive to the number of holes created and, to a first
extent, the depth of the holes (but increase with hole
diameter).

Additional issues are the recast layer formed on the sur-
face of the holes for EDM and laser drilling, and tool fra-
gility for micromachining and microdrilling. Also, the
geometry of the pores produced by these methods is limited
to straight holes, slits and surface impressions, whereas
electro-dissolution of embedded wires can create continu-
ous pores with widely varying geometry and orientation,
limited only by the original steel wires and their placement
in the Ti–6Al–4V matrix. One possible issue with the cur-
rent process using uncarburized wires is the remaining Fe
in the matrix that is not removed electrochemically. Low
levels of Fe in solid solution within Ti–6Al–4V may be del-
eterious to its corrosion resistance and/or biocompatibility.
It is known, however, that iron additions up to 0.2 wt.% in
Ti–6Al–4Vs increase the tensile strength and yield stress,
and may thus be beneficial [56]. If further research indicates
that Fe cannot be tolerated, even at low levels, within these
porous Ti–6Al–4V materials, then only carburized steel
wires preventing Fe diffusion can be used.

Oxygen analysis of the porous Ti–6Al–4V samples was
performed by Wah Chang Analytical Laboratory and pro-
vided 0.17 wt.% for FLI 1 and FLI 2. The as-received foils
were not analyzed for oxygen content, which was most
probably low (e.g. �0.07 wt.%) to maximize ductility
for the foil rolling process. The oxygen contamination
due to the densification process is thus on the order of
0.17–0.05 = 0.1 wt.%, which is much less than the oxygen
values (1.2–1.8%) that detrimentally affected the ductility
of the sintered samples in Ref. [39]. This is confirmed by



Fig. 7. Plot of stiffness vs. porosity as determined by ultrasonic testing and
as calculated by the Eshelby model (Eq. (4)), Gibson–Ashby model (Eq.
(5)), ROM model (Eq. (8)) and FEM simulation.
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the high compressive ductility of the present porous
Ti–6Al–4V, as described in the next section.

3.3. Stiffness

3.3.1. Experimental measurements

Fig. 7 plots the stiffness E33, as determined ultrasonically
in the longitudinal direction, as a function of the porosity
of the Ti–6Al–4V specimens. Table 1 also lists the other
two stiffness values, E11and E22, as well as the Young’s
modulus as measured from compressive stress–strain
experiments in the longitudinal direction. These are some-
what lower (by �5 GPa) than the ultrasonic measurements
of E33 for the low-porosity samples. The discrepancy is
Table 1
Porosity and longitudinal compressive engineering mechanical properties of
comparable samples produced by sintering [39] with residual matrix porosity,

Sample Process Porosity (%) Compressive measurem

Yield strength
(MPa)a

PLI Hot-pressed 19.3 526
FLI 1 17.9 495
FLI 2 18.1 503

LI [39] Sintered 20.7 267

PHI Hot-pressed 32.4 209
FHI 1 36.1 216
FHI 2 34.8 190

II [39] Sintered 34.0 265
HI [39] 41.4 176

Ti–6Al–4V
[58,62]

Cast/mill-
anneal

0 970

The ultrasonically measured stiffnesses in the transverse (E11 and E22) and lon
a Typical error: 10 MPa.
b Typical error: 1 GPa.
c Compression test stopped before reaching peak strength.
however very large (�30 GPa) for high-porosity samples.
This may be due to the small width of the walls separating
the pores, which undergo microplastic deformation in the
apparently linear regime of the stress–strain curve.

Predictions from four models are also plotted in Fig. 7:
the first two models (Eshelby and Gibson–Ashby) are
shown for qualitative comparison only, since they are
derived for materials with equiaxed porosity and different
pore connectivity (isolated pores and cylindrical struts,
respectively). The other two models (rule-of-mixtures
(ROM) and finite-element method (FEM)) take into
account the elongated pore geometry and are thus useful
for a quantitative comparison with our experimental data.
Each of these four models is described in detail in the fol-
lowing sections.

3.3.2. Approximate models for equiaxed porosity

First, the Eshelby model considers a random distribu-
tion of isolated, spherical inclusions, assumed to be pores
with zero stiffness. The composite (foam) compliance
matrix Sc is given by [57]:

Sc ¼ C�1
m � ðf ððCi � CmÞðS � f ðS � IÞÞ

þ CmÞ�1ðCmÞ�1ðCi � CmÞÞ ð4Þ

where Cm is the Ti–6Al–4V elastic stiffness matrix (assumed
to be isotropic and calculated assuming a Young’s modulus
of 110 GPa [58] and a Poisson’s ratio of 0.22), f is the vol-
ume fraction of inclusion (equal to porosity p for a foam),
Ci is the inclusion stiffness matrix (taken to be zero for
pores), S is the Ti–6Al–4V elastic compliance matrix and
I is the identity matrix.

Second, the Gibson–Ashby model is derived for cellular
materials with uniform struts deforming by bending,
expected to be valid for foams with relative densities of
0.03–0.3 [59] but found to fit experimental data to higher
all samples produced by hot pressing (PLI, FLI, PHI, FHI) and three
with pore-free, cast Ti–6Al–4V [58,62] listed for comparison.

ents Ultrasonic measurements

Peak strength
(MPa)a

Stiffness (GPa)b E33 (GPa) E11, E22 (GPa)

831 77.0 84.9 91.8
>947c 80.7 82.6 95.0
810 80.1 84.2 95.5

432 39.9 – –

341 21.9 57.9 78.3
>732c 19.7 47.9 72.1
>729c 20.7 50.7 68.0

513 14.8 – –
341 4.8 – –

1680 105–116 – –

gitudinal directions (E33) of all samples were produced by hot pressing.
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densities [60]. The Young’s modulus E of the cellular mate-
rial is given by [59]:

E
E�
¼ C

q
q�

� �2

ð5Þ

where E* is the Young’s modulus of the dense material, q
and q� are respectively the densities of the foam and dense
material (with p = 1 � q/q�), and the geometric constant,
C, is unity. Surprisingly, as shown in Fig. 7, both the
Eshelby and Gibson–Ashby predictions are relatively close
to the experimental data for foams with p � 0.19 and
p � 0.34, despite the widely different geometrical assump-
tions made for their derivations.

3.3.3. Simplified ROM model

For the ROM model, we assume that cylindrical pores
can be modeled as rectangular slots of the same cross-
sectional area. Fig. 8 shows the steps followed to derive this
approximate model. Fig. 8a is a simplified model of the
Ti–6Al–4V matrix after the steel mesh has been removed.
The interweaving channels are replaced by straight, paral-
lel, cylindrical holes in two stacked plates. Treating these
separate layers as non-interacting, their longitudinal strains
in the 3-direction can be combined into a ROM model. The
volume fraction of the two porous layers is denoted as VI

and that of the solid as VII, with VI + VII = 1.
We then approximate each of the two individual sublay-

ers in the porous volume (with fraction V1) as a solid layer
with rectangular slots (Fig. 8b). The two sublayers are
assumed to not interact, so, when longitudinally loaded
along the 3-axis (Fig. 8b), they deflect elastically to the
same strain eI:

eI ¼
r=V m

E�
; ð6Þ

where r is the applied uniaxial stress and Vm is the matrix
volume fraction in the sublayers. Overall, the composite
(foam) strain in the 3-direction, etot, is the weighted sum
of the strains of the two regions:

etot ¼ V I � eI þ V II � eII ¼
V I � r=V m

E�
þ V II � r

E�

¼ r
E�

V I

V m

þ ð1� V IÞ
� �

ð7Þ
Fig. 8. ROM model as used to calculate stiffness. (a) A simplified geometry wit
each with parallel cylindrical holes and a second pore-free region (volume frac
same volume fraction. (c) ROM model with slotted sublayers stacked parallel
Thus, the composite (foam) longitudinal Young’s mod-
ulus is:

Efoam ¼
r

etot

¼ E� � 1þ V I

1

V m

� 1

� �� ��1

ð8Þ

where the parameters Vm and VI are connected by geome-
try to the overall porosity p as:

p ¼ ð1� V mÞ � V I ð9Þ

An additional equation is needed to eliminate Vm and VI

from Eq. (8). The fraction of open area of the mesh is given
by the supplier as 44.2%, which is equal to the fraction of
matrix in the porous sublayer for exactly replicated pores
with carburized steel. Thus, for the PLI and FLI samples,
Vm = 0.442 and p = 0.19, and Eq. (9) gives VI = 0.341.

For the PHI and FHI samples with uncarburized wires
and p = 0.34, the value of Vm can be estimated as follows.
The pores, with original diameter d1 = 356 lm, have
increased their diameter to d2=528 lm diameter. Estimat-
ing, from cross-sections, that a factor k = 0.25 (25%) of
the diffusion areas overlap between neighboring wires, the
effective area (and thus volume) increase is given as
(1 � k)(d2/d1)2 = 1.65 for the present case. The pore frac-
tion (1 � Vm) is then increased by this same factor from
0.558 to 0.921, so Vm = 0.079. Then Eq. (9) with the mea-
sured value p = 0.34 gives VI = 0.369.

Using these two end-points values (VI = 0.369, p = 0.34
and VI = 0.341, p = 0.19), we use a linear interpolation of
VI with respect to the overall porosity p:

V I ¼
p � 0:19

0:34� 0:19
ð0:369� 0:341Þ þ 0:341 ð10Þ

Introducing Eqs. (9) and (10) into Eq. (8), Efoam can
then be calculated with only two parameters: the overall
porosity, p, and the Young’s modulus of Ti–6Al–4V, E*.
The results of this ROM model are plotted alongside ultra-
sonic data and other model predictions in Fig. 7. Despite
the many simplifications of this model, its prediction for
the Young’s modulus is surprisingly close to the experimen-
tal data for p = 0.19 but strongly underestimates the data
for p = 0.34, possibly because the parameter k = 0.25 is
underestimated.
h a first region (volume fraction VI) consisting of two orthogonal sublayers
tion VII). (b) Simplification of cylindrical holes into rectangular slots with
to each other.
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3.3.4. Finite-element model

Finally, the FEM is used to model porous Ti–6Al–4V
with a representative volume element (RVE), shown in
Fig. 9, with the following boundary conditions. A rigid
horizontal plate constrains translation of the bottom face
of the RVE, two mirror planes constrain translation and
rotation of two adjacent side (vertical) faces, two linear
constraints on the other two adjacent side (vertical) faces
allow translation as the element compresses while still
remaining vertical, and one linear constraint on the top
face maintains its horizontal orientation while allowing
vertical displacement in the 3-direction upon compression.
These periodic boundary conditions simulate an infinite
body, with the RVE being replicated in the 1- and 2-direc-
tions by mirror planes.

The RVE dimensions in the 1–2 plane were
1.068 � 1.068 mm2 (corresponding to the experimental
wire center-to-center spacing of the steel mesh) and the
RVE height in the 3-direction was 1.325 mm. The pore
geometry was simplified by considering two straight (rather
than wavy) cylindrical channels, interwoven with two wavy
Fig. 9. FEM models with (a and b) 19% porosity and (c and d) 32% porosity
compressive stress of 100 MPa and (b and d) for an applied uniaxial strain of 3
(a and c) the yield stress is not exceeded anywhere in the model, while in (b a
interpretation of the references to color in this figure legend, the reader is refe
channels (Fig. 9). The pore diameter was 356 lm (PLI and
FLI, p = 19%) or 528 lm (PHI and FHI, p = 32%), based
on experimental measurements. Four additional pore
diameters were considered, to create a total of six RVEs.
All calculations were performed with the commercial soft-
ware ABAQUS (v. 6.7–3, Simulia).

Fig. 7 shows stiffness values from the FEM simulations
for the six RVEs with porosity between p = 13% and
p = 32%. The stiffness was calculated from a stress vs.
strain simulation (between 0 and 100 MPa) in the elastic
portion of the calculated stress–strain curve. The agree-
ment with the Gibson–Ashby model (Eq. (5)) is serendipi-
tous, given how radically different the two models are. All
experimental data are 2–10 GPa above the FEM values,
possibly because the two straight pores in the simulation
decrease stiffness more than the wavy pores in the samples
and because the overlap volume of the diffusion areas
between neighboring wires is oversimplified. A better rep-
resentation will have to await tomographic imaging of
the samples, which is beyond the scope of the present
paper.
. Von Mises stress distribution is shown (a and c) for an applied uniaxial
%, corresponding to an applied stress of (b) 671 MPa and (d) 383 MPa. In
nd d) red areas denote stresses above the yield strength of 950 MPa. (For
rred to the web version of this article.)



Fig. 11. Stress–strain curve for samples with low porosity (PLI and FLI)
and high porosity (PHI and FHI). Duplicating experiments are noted with
1 and 2, and illustrate sample-to-sample repeatability. Asterisks denote
catastrophic failure for PLI, FLI 2 and PHI. Numbers inside parentheses
denote measured porosity.
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Simulations were also run on stacks of two RVEs with
varying wire orientations for models with p = 32.0% and
18.7%. These variations are denoted as parallel (Fig. 10a),
inverted (Fig. 10b) and rotated (Fig. 10c). As compared
to the baseline single-cell RVE stiffness values of 48.6 GPa
(p = 32.0%) and 71.3 GPa (p = 18.7%), the two-cell RVE
result in very small stiffness variations of ±0.4 GPa, indicat-
ing that 90� or 180� rotations of the meshes and resulting
pores have negligible effects on the longitudinal stiffness.

3.4. Plastic deformation

Fig. 11 shows the experimental stress–strain curves of
the two series of Ti–6Al–4V materials with low porosity
(PLI and FLI, p � 19%) and high porosity (PHI and
FHI, p � 34%). All curves exhibit ductile behavior with
plastic strains without failure exceeding 15% and all sam-
ples fail by shear after extensive collapse of individual pore
layers, visible as serrations on the stress–strain curves and a
steadily increasing stress due to densification. Mechanical
properties are summarized in Table 1 and compared to sin-
tered samples from Ref. [39] with similar overall porosity.
These are weaker, less ductile and less energy absorbing,
as expected from their matrix microporosity and much
higher oxygen content (�1.2–1.8 wt.%).

Elasto-plastic FEM simulations were run to calculate
the stress–strain curves of the two porous Ti–6Al–4V sam-
ples with p = 19% and 32%, using as input the stress–strain
curve of dense Ti–6Al–4V with matrix yield strength of
950 MPa and strain hardening shown in Fig. 12, from
Ref. [61]. The calculated curve for Ti–6Al–4V with the low-
est porosity agrees reasonably well with the experimental
one, but calculations overestimate the strength of the
higher-porosity foam (Fig. 12). This may be due to sharp
stress concentrations which are sensitively dependent on
Fig. 10. FEM models consisting of two stacked cells for 18.7% porosity: (a) p
wires alternating in the vertical direction; and (c) rotated stack with straight w
the details of the pore spatial arrangement and local over-
lap, which are not captured in the simplified RVE used
here. These stress concentrations are visible in Fig. 9, which
shows the two porosity levels at the same macroscopic
strain (3%) corresponding to different applied stress, or
the same applied stress (100 MPa) corresponding to differ-
ent strains. Stress concentration leads to local yielding in
the center of the RVE (Fig. 9c), with the plastic zone
spreading to the rest of the RVE at higher stress, as illus-
trated by the red areas in Fig. 9b and d.
arallel stack with wires repeating vertically; (b) inverted stack with waved
ires positioned directly beneath waved wires.



Fig. 12. Stress–strain curves for PLI and FLI samples as determined by
FEM simulation and as measured by mechanical testing. The low-
porosity sample matches better with simulation than the high-porosity
sample. The dip near 4% strain for PHI is due to the collapse of a pore
layer.
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4. Conclusions

A network of elongated pores is created in Ti–6Al–4V
by a two-step replication process. First, a composite is cre-
ated by densifying a preform consisting of steel fiber
meshes and Ti–6Al–4V powders or foils, relying on trans-
formation superplasticity. Second, the steel wires are
removed electrochemically to produce porosity in the
Ti–6Al–4V matrix. This method offers wide freedom for
altering the amount, shape, size, orientation, tortuosity
and interconnectivity of the pores, which can all be manip-
ulated through the steel wire geometry. Also, the pore
diameter can be increased by creation of a Fe-containing
diffusion zone during densification that is subsequently dis-
solved together with the steel wires. Ti–6Al–4V samples are
manufactured by this method with 19% and 34% open
porosity (without and with creation and dissolution
of Fe-containing zones, respectively), replicating stacks of
meshes of 356 lm diameter steel wires. The stiffness of
these porous samples is in reasonable agreement with var-
ious models for foams with equiaxed and elongated pores.
Finite-element models developed to predict their plastic
compressive behavior illustrate local stress concentrations
present at regions where pores overlap.
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