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CELL Ti6A14V FOAMS FOR BIOMEDICAL APPLICATIONS

MEDIKAL UYGULAMALAR ICIN ACIK GOZENEKLI

o

é]': Sintered Ti6AI4V alloy foams were prepared using atomized spherical powders in the porosity range of 52-72 % us-
«¢ holder. Powder-space holder mixture was cold compacted at 200, 300, 400, 500 and 700 MPa compaction pressures and
ered at 1200 °C for 2 h and 1300 °C for 2, 4 and 6 h. The porosity level and mean pore sizes of the sintered foams were de-
function of the compaction pressure and sintering temperature and duration. The compression strength and deformation

nterlenmis Ti6AI4V toz alagim kopiikler, %52-72 gbzenek arahifinda, kiiresel tozlar ve bosluk yapict madde kullandarak
it Toz-bogluk yapict madde kangim 200, 300, 400, 500 ve 700 MPa basinglarda soguk preslenlenerek, 1200 °C de 2
' 300 °C de 2, 4 ve 6 saat siiresince sinterlenmistir. Sinterlenmis képiiklerin gbzenek miktarlari ve ortalama gizenek boyut-
anan presleme basinct ve sinterleme sicaklifn ve siirelerine bagl olarak belirlenmistir. Hazirlanan kipiiklerin mukave-

r Kelimeler: Toz metalurjisi; Ti6AI4V; Gézenekli malzemeler; Sinterleme.

Two methods of Ti-based porous implant struc-
tures and/or coatings are currently under investiga-
tion. The first process is based on the sintering of
Ti and/or Ti6Al4V powder compacts preformed
under pressure. Using this method, porous Ti and
Ti6AI4V compacts potentially to be used in bio-
medical applications were previously prepared suc-
cessfully with interconnected pores [3, 4, 5]. The
method allows a direct near net-shape fabrication
of porous implant components having elastic
modulus comparable with that of natural bone and
with a relatively homogeneous pore structure and
low level of porosity (<40%). The pore size ranged
between 50 and 200 um, depending on the powder
size and compaction pressure used [3, 4, 5]. It was
further shown that the utilization of Ti6Al4V pow-
der increased the strength of the compacts signifi-
cantly as compared with pure Ti powder [5]. The
optimum pore size ranges required for the attach-
ment and proliferation of new bone tissue and the
transport of body fluids are however given to be
between 200 and 500 pm [6]. To reach optimum
pore size range, a space holder having the particle
size in the optimum pore size range for the bone
tissue attachment is used in the powder compacts.
It was noted that for the preparation of highly po-
rous foam parts, the particle size of metal powder
should be smaller than the average particle size of
space holder [3]. A Particle size smaller than 150
pm is normally considered to be sufficient for the
homogeneous coating of 200-500 pum size space
holder particles with Ti powder. Furthermore, the
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consolidation pressure used for the compaction of
metal powder-space holder mixture must be high
enough for the preparation of mechanically strong
compacts that would retain their geometry
throughout the foaming process. The compaction
of Ti powder is usually conducted under a uniaxial
pressure ranging between 100 and 200 MPa, while
higher pressures, or a binder material, may be re-
quired for the compaction of the harder Ti6AI4V
powder.

This experimental study was conducted to produce
stronger Ti6Al4V foams that can potentially be
used in biomedical applications including human
cortical bone replacement and spinal cages for
spine surgery. The experimental work presented
focused on the determination of Ti6AI4V process
parameters and the compression mechanical prop-
erties of the foams as function of porosity.

2 MATERIALS AND TESTING METHODS

The processing steps of space holder method are
schematically presented in Figure 1. The process
starts with mixing of metal powders with a suitable
space holder material, followed by a compaction
step (e.g. uniaxial and isostatic pressing) that pro-
duces metal powder-space holder mixture compact.
The green compact is then heat treated at a rela-
tively low temperature to release the space holder,
resulting in an unfired open cell foam metal struc-
ture. Finally, the compact is sintered at relatively
high temperatures to provide structural integrity.
This method allows a direct near net-shape fabrica-
tion of foamed implant components with a rela-
tively homogeneous pore structure and a high level
of porosity (60-80%).

The cylindrical foam samples were prepared using
atomized spherical Ti6AI4V alloy powder. The
particle size of powder ranged between 23 and 90
lum with a mean particle size of 70.5 pm (Fig. 2).
"The chemical composition of Powder is complied
with ASTM 1580-1 standard [7] as tabulated in
Table 1. The microstructure of as-received
Ti6Al4V powder is composed of martensitic «
known as acicular (needle like) a (Fig. 3). The
needle-like microstructure is resulted from atomi-
zation process due to quenching after heat treat-
ment above B-transition temperature. The particle
size of the space holder ranged between 315 and
500 pm (Fig. 4). .

N

Table 1 ASTM standard for Ti6Al4V powder chemical com-
position.

Element Al v 0 Fe C

ASTM F1580- |55~6.75 |3.5~45 |0.2 (03 [0.08
01

Testing Resulls  |6.13 3.89 0.17 _f0.11 0.02
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Before compaction, Ti6AI4V powder was mixed
with 52, 62 and 72 % (by volume) of ammoninm
bicarbonate (space holder) and PVA solution gag
the binding material. The mixture was then com-
pacted at room temperature inside a steel die. The
green compacts were 10 mm in length and 15 mm
in diameter. It was found that without using g
binder the powder could not be shaped until about
the pressures of 200 MPa; therefore, PVA solution.
10% by volume was used as the binding material in
an amount of 10% by weight. Compaction pres-
sures 1nvesngated were 200, 300, 40
500 and 700 MPa. During heating the compact to.
the sintering temperature, the space holder was
moved at 200 °C for 5 hours. The sintering of
compacts was performed in a tightly enclosed hori-
zontal tube furnace under the high purily.
(99.998%) Ar atmosphere at temperatures 1200
and 1300 °C for 2, 4 and 6 h. The sintering tem-
perature and time were chosen based on the prev
ous sintering studies of Ti foam and powder com
pacts [8, 9]. The compacts were inserted into the:
furnace at room temperature inside an enclo!
Ti6Al4V box on a graphite plate which prevent
the bonding between Ti6Al4V box and foam
The compacts were heated and cooled with a rate
of 5 °C per min. In the heating cycle, the foan
were kept at 450 °C for V2 hour in order to aI
the burning of the binder. g
Poromy levels of sintered foams were darerml e
using the Archimedes’ method after coating
mf'\ce of the foams with paraffin to prevent pE_
tration of water into the pores. Quasi
compression tests were performed on the cyl
cal foam samples using a displacement contro
SHIMADZU AG-I universal tension-compre
test machine. Eccentric compression test plat
used in all tests in order to prevent shear
formed by uneven surfaces of the test spec
Tests were performed at a cross-head speed i
mm min™ corresponding to a strain rate of2x|3
', respectively. During compression test, the.
plates and surfaces of the samples were lu
in order to reduce the friction between sampl
the test plates. At least three tests were conduc
for each set of powder samples. Elastic modit
vield stress, ultimate compressive stress and | ﬂigu
strain values were determined from the
strain curves. The measured strain values We
rected with the compliance of the com[”‘“sm
machine. :

3 RESULTS AND DISCUSSION

The porosity levels of the foams prepared afc
lated in Table 2 together with applied Cﬂmfi‘
pressures, space hoIder volume % and 5"1 :
temperature and duration. [ncreasing com :



-qure and sintering temperature and sintering
% nation increase the relative density of foams by
- oviding higher contact areas between pa_mcles,
{euding to decrease in the final foam porosity val-
« The porosity levels of the foams vary between
o and 73% (Table 2).
o compressive stress-strain curves of the pre-
ared foams compacted at different compaction
kpurmures and sintered at 1200 °C for 2 h are shown
 Figure 5. The maximum compressive stress is
round 40 MPa and its value d_ccreases as the com-
qction pressure decreases. It is also noted that the
gams show relatively low elastic moduli v_alues,
neing between of 0.52 - 1.18 GPa, depen@nng on
applied compaction pressure. The porosity lev-
s of the foams range between 62 and 64%_35
<(od in Table 2. The increase in the compressive
gs of the foams with increasing compaction
qure may be attributed to increased contact
‘petween the particles. However, the brittle
ure mode of foams dictates that the bonding
s between the sintered particles is not large
ough or the bonding between particles is not
rrong enough to induce a ductile failure mode of
eformation composing of the regions of elastic
deformation and cell collapse in the stress-strain

rve.

le 2. Compaction pressures, space holder ratio, sintering
erature, sintering lime, porosity and mean pore size of

repared foams. ]

mpiction Space Sintering SinleJ:ing Porosity
Holder Temp duration (%)

Volume, % (°C) (h) |

62 1200 2 64
62 1200 2 63
62 1200 2 a3
62 1200 2 62
62 1300 2 6l
62 1300 2 60
62 1300 2 58
62 1300 4 57
62 1300 4 6l
62 1300 6 58
T2 1300 ] 73
52 1300 6 49

he compressive stress-strain curves of foams sin-
ered at 1300 °C for 2 h are shown sequentially in
Figure 6 and 7 for 500 and 700 MPa cold compac-
ion pressures, respectively. Increasing sintering
mperature comes with several effects in the com-
ssion behavior of the foam. First at low com-
iction pressures, 300 and 500 MPa although foam
lill shows relatively brittle behavior the compres-
stresses increases greatly as compared with
L of the samples sintered at 1200 °C. The com-
sSive stress ranges between 50 and 80 MPa for
Compaction pressures of 300 and 500 MPa.
econd, the sudden decrease in the stress values
Creases (o larger strains, 0.2. Finally at 700 MPa,
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the foams show typical ductile metal foam behav-
ior composing of a linear elastic deformation re-
gion followed by an increasing foam collapse re-
gion. These samples did not fracture until about
large strains, 0.6. The porosity level of the foam
samples sintered at 1300 °C are 61, 60 and 58% for
the compaction pressure of 300, 500 and 700 MPa
as seen in Table 2. The sintering duration de-
creased the foam porosity from 62% to 60% at a
compaction pressure of 500 MPa.

The increasing sintering duration from 2 to 4 and 6
h at 1300 °C in foam samples compacted 500 MPa
reverts the brittle foam behavior into a ductile one-
as shown in Figure 8 and 9. Foam samples sintered
for 6 h shows increased yield stress as compared
with that of the samples sintered at 4 h. The poros-
ity levels of the samples compacted at 500 MPa
and sintered for 4 h and 6 h are 61 and 58%, re-
spectively. It should be nofed that the initial vol-
ume percentages of the space holder is more or less
reached after sintering.

Several trials were also performed by changing the
initial space folder volume percentages to 52% and
72% while keeping the compaction pressure (500
MPa) and the sintering time (6 h) the same. These
foam samples showed also brittle behavior, indicat-
ing that the compaction pressure and sintering time
and temperature should be optimized for any spe-
cific volume percentages of the space holder.

The variation of the yield strength of the foam with
porosity is shown in Figure 10. It should be noted
here the data shown in this figure belong to the
samples compacted at 500 MPa and sintered at
1300 °C. Therefore the variation of the porosity
Jevels simply arises due to the change of the sinter-
ing time. It is shown in the same figure that both
porosity level and yield strength are affected by the
sintering time. Three percent decrease in porosity
results in 20 MPa increase in the yield strength as
depicted in Figure 10. The lower porosity levels
naturally tend to increase the stress values since
more solid is accommodated in the foam structure.
However the enhanced bonding between particles
at increasing sintering times may have also contri-
bution to the foam strength.

Microscopic studies have shown that the sintered
powders have Widmanstitten structure. In this
structure, colonies of P lathes (bce and rich in
V) and o platelets (hep and rich in Al) formed in-
side the prior B grains (Fig. 11). The percentage
and thickness of P phase were measured typically
18-20% and 0.2-1 pm, respectively. The thickness
of a platelets varied between 4 and 8 im and it
was also microscopically observed that the thick-
ness of o platelets increases at and near the inter- -
particle bond region.

Two different sizes of the pores are clearly seen in
foam microstructures (Fig. 12). The larger pores,
400 micron, are due to the space holder removal
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and smaller pores ranging between 10-20 micron
formed between the particles. The sizes of the in-
terparticle pores however were observed to in-
crease at lower compaction pressures. It was also
observed that high compaction pressure resulted in
particle deformation as depicted in Figure 13.
Undeformed and deformed images of the foam
compacted at 500 MPa and sintered at 1300 °C for
6 h are shown in Figure 14. The foam shows local-
‘ized deformation starting from the mid-sections.
This deformation matches with the ductile metal
foam deformation. For about 60% porosity ductile
foam behavior are found in the samples compacted
at 500 MPa and sintered at 1300 °C for 6 h. Since
higher compaction pressure may induce deforma-
tion of space holder, 700 MPa compaction pressure
may be disregarded. )

4 CONCLUSION

The open cell foams of Ti6AI4V alloy were pre-
pared in the porosity around 60% using atomized
spherical powders by varying the cold compaction
pressure and sintering temperature and time. The
green powder compacts were cold compacted at
various pressares and then sintered at 1200 °C and
1300 °C for 2, 4 and 6 hours. Foams compacted at
200, 300, 500 sintered at 1200 °C for 2 h showed
brittle failure, while foams compacted at 700 MPa
and sintered at 1200 °C for 2 h showed ductile
failure. Similarly, foams compacted at 500 MPa
and sintered at 1300 °C for 4 and 6 h showed typi-
cal foam metal compression behavior composing
localized deformation region and increasing pla-
teau stress. Microscopic analysis have shown that
two ranges of pore sizes: (a) larger pore sizes
around 400 micron resulted from the space holder
removal while (b) small size pores 10-20 micron
formed between interparticle regions, The brittle
foam behavior at lower compaction pressures and
sintering temperature and times was attributed to
the weak interparticle bonding. The results of this
study were used to prepare cervical cages with a
porosity of about 60% and pore size of 400 micron.

S
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5 PHOTOGRAPHS AND FIGURES
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Figure 4 SEM micrograph of the space holder.
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Figure 5 Compression stress-strain curves of foams (T=1200
oC, 2 h at various compaction pressures).
. 100 e, S mm S

o7

jgure 6 Compression stress-strain curve of foams cold com-
iclion pressure at 500 MPa, T=1300°C and 2 h.

250 - T T T T
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igure 7 Compression stress-strain curve of foams cold com-
tion pressure at 700 MPa, T=1300"C and 2 h.

0 01 02 03 04 05 08 07
; Strain
figure § Compression stress-strain curve of foams cold com-
clion pressure at 500 MPa, T=1300°C and 4 h.
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Figure 9 Compression stress-strain curve ol foams cold com-
paction pressure at 500 MPa, T=1300 °C, 6 h <90 pm
Ti6bAl4V powder. :
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Figure 10 Variation of the yield strength with the porosity
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Figure 12 Optical microscopy image of a foam sample
(P=500 MPa, T=1300 °C and t= 6 h) showing relatively
small pores between particles and larger pores in the places
left by the space holder.
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igure SEM 1mgc ol" foam sape (P=500 MPa,
T=1300 °C and t= 6 h) showing excessive particle deforma-
tion

Figuml4 Undeformed (lefl) and deformed (right) images of
the foam (P= 500 MPa, T=1300 °C, t=6 h).
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