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Abstract

The design of engineered bone substitutes takes biocompatibility and mechanical properties into
account as prerequisite requirements. Titanium (Ti) and hydroxyapatite (HA), with chemical
formula of Ca, (PO,),(OH),, show good mechanical properties and biocompatibility and are known
as biomaterials. To combine metal (Ti) and ceramic (HA) as a composite material with mechanical
properties comparable to those of natural bones do need strategy. In this study, powder metallurgy
process was employed to produce Ti-HA bone scaffolds, with nominal HA powder contents in the
range of 0-100 vol.%. It was found that processing and materials parameters, including compaction
pressure, sintering atmosphere and additives, controlled the composite microstructures and
mechanical properties. The results showed that the Young's modulus were in range of 0.68-1.29
GPa, compressive strengths of 19-59 MPa, and bending strength of 7-34 MPa. The values of
Young's modulus, compressive strengths and bending strength increased with decreasing the
amount of HA. In vitro biocompatibility testing results showed that the new bone tissue formed on

the surface of the Ti-HA composites was much less than that on surface of the pure Ti and HA.

Keywords: Powder metallurgy/ Biocompatibility/ Bone Scaffolds/ Porous structure/ Titanium/

Hydroxyapatite
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Fabrication of Porous Titanium Bone Scaffolds

Pongporn Moonchaleanporn'*, Nuchthana Poolthong', Ruangdaj Tongsri’
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King Mongkut'’s University of Technology Thonburi, Thailand
’Powder Metallurgy Research and Development Unit (PM_RDU), National Metal and
Materials Technology Center (MTEC), Thailand
*E-mail: pongporn369@gmail.com

Titanium-base materials are currently considered as the most promising metallic materials for
medical implant and structural applications because of their excellent mechanical properties,
corrosion resistance, and biocompatibility. Although the titanium-base materials have implant
fixation problem, such as the effect of stress shield caused by different Young's modulus and
mismatch between the biomaterials and bones, strength and Young's modulus of the materials can
be adjusted by tailoring of porosity to match with the strength and Young's modulus of nature
bones. In this study, titanium foams were fabricated by using a powder metallurgical process. A
space-holder agent, ammonium bicarbonate (NH,HCOs3), was used for titanium foam fabrication.
Morphological features and mechanical properties of the products were fully investigated. The
results showed that the plateau stresses were in range of 2-14 MPa, Young's modulus values of
0.02-0.2 GPa, and compressive strengths of 2-9 MPa. The values of plateau stresses, compressive
strengths and Young's modulus of the Ti-60vol%NH,HCO; were higher than those of the Ti-
70vol%NH,4HCO;. In general, the plateau stresses were higher than compressive strengths. Both of
plateau stresses and compressive strengths decreased with increasing porosity. The strength of the
titanium foam was mainly affected by the density.

Keywords: Titanium foam, bone scaffold, space-holder agent, cold isostatic pressing

Introduction

Since the latter part the 20™ century, implant
has been used in pathologies of joints. The
adaptability of an implant depends on the
properties of its surface state, on interaction with
tissues and biological fluids, on the implant
design, and, of course, on the operative
technique [1]. Use of a wide range of powders
was started late in the 20™ century in implant
production from alloy powders, such as Co-Cr-
Mo-Fe, to titanium powders [1].

Although the great progress has been
achieved in medical substitution materials, the
fixation of implants remains a problem. Due to
the effect of stress shield caused by different
Young’s modulus, the mismatch between the
biomaterials and the host bone has been
identified as the major reason for implant
loosening [2]. Fortunately, a newly developed
method of powder metallurgy using a space
holder technique can adjust the properties
through the adjustments of the porosity to match
the strength and the young’s modulus of the

natural bone.

Metal foams have formed a new class of
materials. Compared with bulk metals, these
exceptionally lightweight materials possess a
unique combination of properties such as impact
energy absorption capacity, air and water
permeability, unusual acoustic properties, low
thermal conductivity, good electrical insulating
properties, high stiffness, and a very low density
[3-4]. In the present study, the porous Ti was
fabricated by powder metallurgy technique using
space holder materials. The morphological
features and mechanical properties
described.

were

Experimental

Starting materials and powder processing

The raw materials used were titanium
powders (purity > 99.7%) and ammonium
bicarbonate particles (purity > 99.0%). The
starting powders with different Ti/NH,HCO;
mixing ratios were first blended by a planetary
ball mill at a speed of 100 rpm for 1 hr. The
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powder-to-ball ratio was 1:2 by weight. The
milled powders were pressed into green
compacts in a cylindrical stainless steel mold
with a diameter 10 mm using a uniaxial
hydraulic press at cold compaction pressures of
20, 30, 40 and 50 MPa. The green compacts
were also produced by using a cold isostatic
pressing (CIP) unit at the same pressures unit.
The green compacts were heated to burn out the
spacer particles in a furnace under a continuous
flow of 99.999% pure argon at atmospheric
pressure and under vacuum. The heat-treatment
process consisted of two steps which are heating
to 200 °C for 5 hr and to 1300 °C for 2 hr, as
shown in Figure 1.

1500
1200
900
600

Temp. (°C)

300

0

0 2 4 6 8 10 12
Time (hr)

Figure 1 Heat treatment curve

Characterization

Scanning electron microscopy (SEM) was
used to characterize the sintered titanium foam
samples. Pore size distributions were measured
by mercury porosimetry analysis performed on
the Quantachrome poremaster instruments.
Mechanical properties of porous Ti were studied
by the compression test performed on the Instron
4502 compression testing machine. Samples
were compressed at a strain rate of 107 s

Results and Discussion

Structural features

The scanning electron micrograph of the
porous titanium is shown in Figure 2. It can be
seen that there are two types of pores in the
sample, marked as type 1 and type 2. Type 1|
pore is a kind of interpenetrating macro-pores
generated by decomposition of bicarbonate
particles. This pore type is specifically

International Conference on Materials Processing Technology 2013
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fabricated for its appropriateness for ingrowths
of new-bone tissues and the transport of the
body fluids. Simultaneously, type 2, micro-pores
obtained by partially sintering of titanium
powders on the pore walls. The size of them is
about several micrometers and can be observed
in the micrograph.

Figure 2 Scanning electron micrograph of
the porous Ti foam.

Figure 3 shows the pore size distribution by
volume of titanium foam sample. The biggest
population of pores has a size of 108 um.

0.8

-dV/dlog(d) (cc/g)
o S
I o

e
¥}

0 1 1 1 1 1 1
154 22 11.7 1.52

Diameter (pm)

Figure 3 Pore size distribution by volume of
porous titanium

Mechanical properties

The mechanical properties of porous titanium
foams were studied using the compression test.
The samples showed typical compressive stress-
strain curves of metallic foams. The curves
consisted of (1) an elastic deformation stage at

~231~
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the beginning of deformation (2) a long plateau
stage with a nearly constant flow stress while the
strain increases and (3) in this stage the pores are
compressed and distorted; and a densification
stage where the flow stress rapidly increases.
Figure 4 shows the stress-strain curves of
titanium foams fabricated by cold compaction
and CIP. Experimental results showed that
plateau stresses of titanium foams depended on
compaction pressures. The plateau stresses were
found to decrease with the increasing of
compaction pressures. The plateau stresses of
titanium foam samples fabricated by CIP were
smoother but with smaller stress values
compared to the samples fabricated by cold
compaction. The plateau stresses were in range
of 2-14 MPa. The stresses decreased with
increasing  space-holder  agent  amount.
Simultaneously, the Young’s modulus, which
was determined from a slope of a linear portion
of each curve, also decreased with increasing
space-holder agent amount. The minimum and
maximum values of Young's modulus and
compressive strength were 0.02-0.2 GPa and 2-9
MPa, respectively.
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Figure 4 Compression test results of titanium
foams with different Ti/NH,HCO; ratios and

compaction methods (a) 30/70 non CIP (b)

30/70 CIP (c) 40/60 non CIP (d) 40/60 CIP

Figure 5 show the densities of green and
sintered titanium foams fabricated by CIP. It can
be seen that green densities and sintered
densities increase with the increasing of
compaction pressures. On the other hand green
densities and sintered densities decrease with the
increasing space-holder agent content.
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Figure S Density of the green and sintered
titanium foams with CIP
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Figure 6 and Figure 7 present the SEM image
of the titanium foam samples, which were
successfully fabricated by different compaction
pressures of 20 and 50 MPa and by different
compaction methods (cold compaction and CIP).
In the sintered foam specimens fabricated by 50
MPa CIP, crack lines were observed and marked
with an arrow (Figure 6(d) and Figure 7(c)). The
crack lines are believed to be due to green cracks
originated by sudden residual stress release after
compaction. Normally, the green cracks cannot
be repaired by sintering. Thus the cracks appear
in the sintered specimens.

Figure 6 SEM images of porous titanium with
the ratio of 40:60 (Ti/NH,HCOs) (a) 20 MPa
non CIP (b) 50 MPa non CIP (¢) 20 MPa CIP (d)
50 MPa CIP (the right hand column is a closer
view of pore walls consisting of partially
sintered powders.)

International Conference on Materials Processing Technology 2013
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Figure 7 SEM images of porous titanium
with the ratio 30/70 (Ti/NH,HCO;) (a) 50 MPa
non CIP (b) 20 MPa CIP (c) 50 MPa CIP

Table 1 The mechanical properties of the
Ti/NH,;HCO; composites

Compaction pressures [MPa] CIP

" Mechanical
Composite %
properties
20 30 40 50
plateau stress 35 35 34 24
(MPa) : ‘
5 Young's
30:70 modulus (GPa) 0.067 0.028 | 0.046 | 0.036
compressive
strength (MPa) 3 2 3 2
plateau stress
(MPa) 10-14 8-12 7-9 6-9
Young's
40:60 modulus (GPa) 0.202 0.090 | 0.102 | 0.130
compressive
strength (MPa) 7 § 4 g
Compaction pressures [MPa]
N "
Composite lecham.cal Non CIP
properties 20 30 40 | s0
plateau stress
-5 -5 £
(MPa) 6-11 3 2 2-3
Young's
30:70 0.074 0.021 0.029 | 0.026
modulus (GPa)
compressive
6 3 2 2
strength (MPa)
plateau stress
(MPa) 6-10 10-12 9-11 7-10
Young's
40:60 0.134 0.204 0.064 | 0.044
modulus (GPa)
compressive
6 8 9 7
strength (MPa)
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Conclusions

The titanium foams were successfully
manufactured by using a powder metallurgical
process. With the ammonium bicarbonate (60-70
Vol. %) as space-holder agent, the biggest
population of pores in titanium foams has a size
of 108 um. The compaction pressures showed
significant influence on the morphology and the
mechanical property of the sintered samples.
The plateau stress, Young's modulus and
compressive strengths were found to decrease
with increasing space-holder agent content.
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The design of engineered bone substimites takes biocompatibility and mechanical
compatibility into account as prerequisite requirements. Titanium (Ti) and hydroxyapatite
{HA), with chemical formula of Caw{PO4)(OH), show good biocompatibility and are
known as biomaterials. To combine metal powder {Ti) and ceramic powder {HA) as a
composite material with mechanical properties comparable to those of namral bones do
need strategy. In this work, powder metallurgy process was employed to produce Ti-HA
compaosites, with nominal HA powder contents in the range of 0-100 vol %. Mixmres of Ti
and HA powders were pressed in a ripid die. Sintering was performed in vacuum
atmosphere. The as-sintered specimens were tested on biocompatibility in a simulated
body fluid (SBF). It was found that processing and materials parameters, including
compaction pressure, control the composite microstroctures and mechanical properties.
Laboratory bone tissue culturing showed that a bone tissue could grow on the artificial
bones (sintered Ti-HA composites).
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