Mansoura Engineering Journa), (MEJ}, Vol. 33, No. 1, March 2008. M. 54
Fabrication of high pours Ti-6Al-4Fe alloy for biomedical application

Montasser M. Dewidar'® | Jae Kyoo Lim?

'Department of Materials and Design, High Institute of Energy, South Valley University, Aswan, Egypt.
“Automobile Hi-Technology Research Institute, Chonbuk National University. Duckjin 1-664-14,
Jeonju, JB 561-758, South Korea.

¥DewidarS@hotmail.com

Luhalh liphill (b \galadid iy gaally a gaia o) g p SR (e dsabiaall Ale Ay ol Aslee

b 0Ol y o gsin gV o BN ASaaid JaS Aoy apally a gaie Y15 o Bl (5a Aga gl y Sbaad o5 Al il 38 A
SEVPL Qg [ PP USR-S VEVIRP ' L RO WS g P PR L P SV S O R PR A g A T R VL
3l (je de guadl L3 ks Gp Andl AN as Lgdifady Lds) ¢y 30l oda Jiaiy ot yadt daudi il ) (al YU
Y el o iy p3polhi) jemie 33m g Of Rpaladl Clas¥ il Cign 3oty gl Ny g ppllill s 0 pie B
. ool SolSaalh fadall 43y 3k aladiady A5l 038 dlaed 0528y ¢ ey aadl 6 all

7o) oo geall 23S (3 gaie aladind 25 8y et il dadla &5y sk aladial By jb oo %Y Aaebis Audy Dlige doliva a3 M
Oated il dadla 33125 05 ccded il Bdlal 5y Sa Tv v g Vs Gl b i anon g JSAN Aadiiie e s <l (pladall
aulil lac ol 38y cclllobis Lua Baaly g gie da 0 Ve 3 e Aa o aie AL elall (e alea A gy By b e clipd)
Ofielesaal; 1yt da 33 1100 G )1 n i o dic ol ggll ¢ e o b b il

gl Joury Ciligsl 480Kl ol yall Gamd 23 LS ddpplall sUaally 535 gally 4008 Aliain plise Blall Colipall oy jedb 28
LSSy agalall o salh o g EEH ey s JSullan Vo Ryl e e a6 LS JSuliage YA, 0 Aagh Luiial

Agphll Maall et i 40035 il

Keywords: Titanium-based allo};Ba]l milling; Space-holder; Porosity; Mechanical properties

Abstract. In the present study, Ti-6Al-4Fe alloy was developed as a cost effective option to replace the
traditiopal  Tt-6A1-4V alloy in the manufacture of surgical implants because of its larger
biocompatibility (free vanadium). This alloy was prepared using the ball milling technique. Novel Ti-
6Al-4Fe alloy foams with porosity of approximately 70% were fabricated by a space-holder and
powder metallurgical process. ltregular NaCl powders with particle size ranging from 100 to 600 pm
were used as a space holder material. The NaCl in the green compact was removed in hot distifled
water at 70°C for times ranging from'1 to 5 h. The sintering process was performed in a vacuum
furnace at 1250°C for 2 h. The Ti-6Al-4Fe alloy foams displayed an interconnected porous structure
resembling bone. The compressive stress and the Young's modulus of the Ti-6Al-4Fe foam were
38.5£4 MPa and 10.432 GPa, respectively. Both the porous structure and the mechanical properties of
the Ti-6Al-4Fe foam were very close to those of natural bone.
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1. Introduction

Human joints are prone to degenerative and
inflammatory diseases that result in pain and
stiffness of joints [1]. Approximately 90% of
the population over the age of 40 suffers from
some degree of degenerative joint disease [2].
When naturals joints cannot function optimally,
they can be replaced by artificial biomateriais.
The ideal recipe for a biomaterial to be used for
implant application is excellent
biocompatibility with no adverse tissue
reactions, excellent corrosion resistance in the
body fluid, high mechanical strength and
fatigue resistance, low modulus, fow density,
and good wear resistance [3]. Research in this
area has received increasing attention, Different
artificial implant biomaterials, such as metals,
polymeric materials and ceramics are being
explored to replace diseased bones. However,
the traditional implant biomaterials are suffer
from problems of adverse reaction, insufficient
mechanical properties and lack of ability to
induce bone tissue regeneration, shortening the
lifetime of the implant biomaterials [4, 3]. Thus,
there is an increasing demand to develop new
biomaterials in bone tissue engineering, capable
of overcoming all or some of these problems.
Therefore, development of new alloys is
continuously trialed for the following purposes;
[) to remove toxic elements, 2) to decrease the
Young's modulus to avoid “stress shield” in
bone fixation, 3) to improve tissue and blood
compatibility and 4) to miniaturize medical
devices.

Pure titanium and some of its alloys, e.g. Ti-
6Al-4V, and Ti-29Nb-13Ta—4.6Zr [6, 7] have
already found a wide range of applications in
implant  biomaterials  under  load-bearing
conditions. Ti-6Al-4V alloy demonstrates
higher strength and lower elastic modulus than
that of pure titanium. The alloy is being used as
implant  material in  high stress-bearing
situations, such as hip and knee prostheses, as
well as trauma fixation devices for the last two
decades. However, since a long time the use of
the alloy has been questioned because of black
debris containing high levels of titanium,
vanadium and aluminum that are found in
surrounding tissue under conditions of high

wear, such as in knee and hip implants [8].
While no toxic effects have been linked to this
black debris, safety concerns about the
vanadium and aluminum have been raised in
literature [9]. Piazza et al. [8] reported that
aluminum is poorly absorbed within the
gastrointestinal tract. Very little amount gets
into the blood stream, and hence it appears
nontoxic. Yu et al. [10] reported that vanadium
can alter the kinetics of the enzyme activity
associated with cells of the inflammatory
response. Vanadium contained in this alloy has
been associated with potential cytotoxic effects
and adverse tissue reactions [8].

The titanium-based alloy with aluminum and
iron appears to be more suitable for implant
applications. 1t is thus presumable that, Ti-Al-
Fe alloy has a high biomedical potential due to
its unique  property combinations  of
biocompatibility, bioactivity and mechanical
properties, The Ti-5Al-2.5Fe alloy possesses
similar corrosion resistance and mechanical
properties to those of the Ti~6AI14V alloy [T1].
More importantly, the iron-containing alloy has
no apparent toxicily. The surgical implant
alloys are wsed for a long time (20 years).
Therefore, the hydrolysis of different
compounds of the passive film is possible. The
toxicity of dissolved metal ions may cause pain
and restrict action in the tissues adjoining the
tmplants. In order to avoid such situation, the
wear and corrosion resistance of bioimplants
needs to be high. Therefore it is crucial to
develop new Ti based alloy parts with high
strength.

In this study, a new biocompatible alloy Ti-6Al-
4Fe was prepared by ball milling process. High
porous Ti-6Al-4Fe samples were fabricated via
a space-holder and powder metallurgical
process. The space holder method allows a
direct near net-shape fabrication of foamed
implant components having an elastic modulus
comparable to that of natural bone and with a
relatively homogeneous pore structure and a
high level of porosity. The characteristics of the
Ti-6Al-4Fe alloy powder and porous parts were
characterized and evaluated using x-ray
diffraction pattern (XRD) and scanning electron
microscopy (SEM)., The mechanical properties
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of porous parts were examined by compressive
testing.

2. Experimental Procedures

Starting materials were pure elemental powders
of titanium, aluminum and iron with reagent
purity (99.8 %). The particie size is less than 40
um for titanium powder 35 pm for aluminium
-powder and 0.5 um for iron. The Ti, Al, and Fe
powders were weighed to yield the
predetermined stoichiometric composition of
Ti-6Al-4Fe and mixed together thoroughly. All
powders were milled in a tumbling ball mill,
The batl-to-powder weight ratio was controlled
at 20:1 and powder to alcohol weight ratio of
about 2:1 and 25 g of powders were loaded for
each run. The elemental powder mixtures were
sealed into a polyethylene bottle using zirconia
ball at a horizontal rotation velocity of 250 rpm
for 48 h. The milling conditions were the same
for all batches. After milling, the slurries were
dried at 70°C in a vacuum drying oven for 24 h.
The process of fabrication porous Ti-6al-d4Fe
alloy parts consisted of six main steps as
preparing starting metal powders, ball milling,
mixing the alloy powder with space-holding
particles, compacting, water leaching, and
sintering as shown in Figure 1. At first,
elemental titanium powder, aluminium powder
and iron powder were milled into Ti-6Al-4Fe
alloy powder.

The particle size of NaCl ranged from 100 to
600 um, which was carefully sieved to ensure
that the finishing Ti-6Al|-4Fe parts exhibiting a
porous structure with this pore size distribution.
The weight ratios of the Ti-6Al-4Fe powder to
the amount of space holder (NaCl) were
calculated to obtain defined theoretical
porosities of 70% in the sintered compact
specimens.

The actual density of compact green specimens
before removing the space holder was
determined from the weight and size of the
compacted specimens while the theoretical
density (pn) is estimated using the following
equation:

Vv
pfh=pNaC.* XV opacr + Pp xVy (N

(VNaCf +VTI )

where pyoc; and Vyoor are the density and
volume of the NaCl respectively, and pr; and
Yy are the density and the volume of Ti-6Al-
4Fe powder. From this equation, it can be seen
that the theoretical density of the mixture (green
specimen) depends on the percentage of space
holder and Ti-6Al-4V powder percentage into
the specimen i.e. porosity. The estimated
theoretical density of specimen with porosity
70% is equal to 2.8655 g/em’.

The Ti-6Al-4Fe powders were mixed
thoroughly with carbamide particles in a rolling
container for an hour. To prevent the powder
from segregation a small amount of ethanol was
sprinkled during titanium powder/ carbamide
particles blending. The titanium powder
particles adhered to the surface of the space
holder. AN the specimens used in the present
investigation were fabricated by cold
compaction using a controlled operated uniaxial
press. The mixture was uniaxially pressed at
390MPa into cylindrical compacts with
diameter d=12 mm. The height of the
cylindrical specimens after pressing was
approximately 15 mm. The mixing of any
additional tubricant is not necessary. This is of
special importance for the manufacturing of Ti-
4Al-6V parts, where |ubricant could be an
additional source of impurities in the final
product,

The density was calculated by divided the mass
of the compact by its volume, which was
calculated from physical dimensions. The NaCl
in the green compact was removed in hot
distilled water at 70°C for times ranging from |
to 5 h, Specimens were removed from the water
bath at regular intervals, dried in air at 70 °C for
5 h and weighted in order to determine the
amount of NaCl removed. A vacuum fumace
was used for the sintering. The sintering process
was performed at 1250°C for 2 h.
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Figure 1. Schematic itlustration of the fabrication process for porous Ti-6Al-4Fe

X-ray diffraction patterns and scanning electron
microscopy (SEM) were used to characlerize
the Ti-6Al-4Fe alloy porous samples. A
compression test was carried out on the Ti-6Al-
4Fe porous sample at room temperature with an
initial strain rate of 0.5 mm/s to examine the
mechanical properties.

3. Results and discussion

The effect of leaching time on the water
leaching behavior of NaCl at 70°C is shown in
Figure 2. As verified in the figure, the NaCl
removal rate decreased with leaching time,
representing that the initial removal rate was
higher since the water was in direct contact with
the NaCl. The removal rate decreased as
leaching time increased due to the increased
length of porous channels through which the
NaCl must pass through to diffuse out. it should
be pointed out that 100% removal is obtained
within 4 h. A homogenous macropore
distribution was attained throughout the green
compact during the water leaching stage. The
pore shape replicated the initial shape of the
NaCl powder particles that were used to
produce the green compact. In addition, the
NaCl was completely removed by this process
without distortion or slumping of the compacts.
After NaCl removal, the strength of the green
compacts was sufficient for handling.

The X-ray diffraction patterns for the ball
milled powders, and after heat sintering at 1250
°C for 2 h are shown in Figure 3. 1t can be
found that the mixture of powder after milting
consists mainly of aTi, Al;Fe, and, oAl which
proves that the Al;Fe can be in situ synthesized
by ball milling (see Figure 3a). After sintering
c-Ti and T1iFe are detected, however, small
amount of the B-Ti phase is detected in XRD
pattern (Figure 3b). In addition, the absent of
any phase of Na or Cl means that the NaCl was
removed entirely after dissolution in hot water.
The apparent density is calculated as the weight
of a sample over the volume. The porosity is
one minus the relative density. Microstructures
of samples with different porosity and pore size
are characterized by SEM and shown in Figure
4. Figure 5 is the EDS spectra of Figure 4. It is
seen that there are only three kinds of peaks
which correspond to titanium, aluminum, and
iron respective!y. Based on the EDS spectra and
XRD we can identify that there is no remaining
for NaCl in final part.

H z 3 ! 5
Leaching time (k)
Figure 2. The effect of leaching time on the

water leaching behavior of NaCl at 70°C
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Figure 3. XRD patterns of Ti-6Al-dFe after a)
ball milling, and b} sintering at 1250°C for 2h.
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Figure 6 shows the SEM of the Ti-GAl-d4Fe
[oam sample will porosily 70%.
Microslruclural observations revealed thal e
Ti-6Al-4Fe loamn sample exhibited a bimodal
porous  sleucture, i€,  macropores  and
micropores. The macropores of the Ti-6Al-4Fe
alloy foam werc interconnected throughout the
whole sample and their sizes lay between 100-
600 pm. The pore size for the macropores was
specifically tailored for the ingrowth of the new
bone tissues. In addition, the Ti-6Al-dFe foam
displaved another type of pores. i.e. micropores
(see FFigure 6 b). The micropores had a size ol
only several microns. Such kind ol bimodal
porous struclure is cxpected W permil (he
ingrowih ol new  bone  tissucs  and
vascularization,

Chemical compositions ol the particles were
analyzed by EPMA. as listed in Table 1. This
tible present the chemical compositions of 1wo
puints which indicated in Figure 6 a, und b.
The composition for Poinl | is close to the
matrix Ti-6Al-4Fe. The Point | is considered to
be the real compesition of the alloy because the
delected area is large. On the other hand. the
chemical composition of Point 2. which close Lo
the boundary of the particles shows a high
concentration ol Al and Fe. This means that the
line particles ol Al and T'c were covered the
particles of Ti.

T evaluate  the  mechanical  properties.,
compressive lest was conducted on i-0Al-d5¢
alloy foam wilth a parosity ol 70%. Figare 7
shows Lhe stress—strain curve for the Ti-0Al-4Fe
[oam sample. |t can be seen that the Ti-6Al-4Fe
foam showed the typical deformation behavior
of melallic [oams under compressive loading,
The stress—strain curve can be divided into
three regions, that is, an elastic deformaiion
region al the beginning of deformation. a
plateau region with @ nearly constant stress (0
lavge strain. angd o densilication regione where
the stress increases wapidly. The compressive
platcan stress and the Young's modutus of the
Ti-6Al-dFe Toam were 38.544 MPa and 10.422
GPa, respectively.

Al low strain level, the stress ol (he specimen
with pores parallel 10 the compressive direction
is higher (han that ol specimen with pores
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perpendicular.  However, (his lendency s
reversed wilh increasing strain. While Lhe stress
concentration occurs around the pores in the
specimen with pores perpendicular to  the
compressive  direction, there is little siress
concenlration around the poeres in the specimen
with  the cylindrical pore parallel 1o the
compressive direction. The stress concentration
is important faclor for determination on the
streng(h  of porous metals. The pores
perpendicular to the compressive direction are
easily deformed at lower stress. [t can be
cxplained that the pores in the perpendicutar
case is easily crushed during compression due
o the stress concentration around the pores.
Consequently. such unisotropy of (he slepe ol
the stress—strain curves may be attributed to the
stress concentration and the volume fraction of
pores.

In practical applications, perous scaffold design
needs (o consider both the sirength and the
Young's modulus 1o achieve a functionally
satisfying wuplant. The compressive strength of
bone ranges from 2 (o 200 MPa and the elastic
modulus ranges from 10 to 40 GPa [12]. To
avoid siress shielding, which may fead to bone
resorption and even necrosis, Lhe elastic moduli
ol bone and implants shoukl be as similar as
possible. 1 can be seen that the mechanical
propertics of lhe Ti-0Al-d4Fe [oam were very
close w those of the naturad bose. Depending
on some flactors such as the type, age. gender.
and race it should be noted that the mechanical
properties of natural bones are different. So. the
requirements of the mechanical properties lor
the implant materials change accordingly.
Further research is needed to cope wilh the
detailed requirements for each implant material
to match those of the specific bone.

Figure 6. a) macropores ol Ti-6Al-4le [vums.
and ) micropores

Table 2 EPMA analysis resulls ol particles
formed in the titanium adloy matrix

Clement | Point | Point 2
wl % at. % wt % at. %
Al 3.62 | 6.26 7.68 (2.96
i 2.08 1.74 5.66 4.62
Ti 94.30 91.99 86.66 82.42
i e

strain %
Figure 7. Stress — strain of o Ti-0A1-4T¢ ailoy
foamy wilh porosity 70% under compressive
loadhing.

3. Conclusions
T1-6Al-4Fe  foams with  macropores  and
micropores struclure were fabricated by using
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powder that was prepared by ball milling and
space holder technique. A water leaching and
sintering process was successfully developed
for manufacturing Ti-6Al-4Fe samples with a
porosity of 70%. In this process, NaCl was used
as a space holder and was completely removed
from the green samples by water leaching at
70°C without distortion of the samples. The
green samples had sufficient strength for
handling after water leaching. This process is
capable of producing net-shape Ti-6Al-4Fe
samples with controlled pore morphology, size,
distribution and porosity. The pore size of the
macropores in the foams ranged between 100-
600 um, which was tailored for new bone tissue
ingrowth. There were also micropores
distributed on the macropore-edges with a size
of several micions, which is expected to be
beneficial to vascularization. The compressive
stress and the Young's modulus of the Ti-GAl-
4Fe foam were 38.5+4 MPa and 10.4+2 GPa,
respectively. Both the porous structure and the
mechanical propcrties of the foam were very
close 1o those of natural bone. Further work will
be done to investigate the biocompatibility of
this alloy.
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