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Abstract: Ti matrix syntactic foam has potential in the orthopaedic application because of its good biocompatibility, corrosion
resistance and varied elastic modulus. Ti matrix syntactic foams embedded with thick-wall ceramic microspheres (CMs) were
prepared using a powder metallurgy method. The structure, compressive behaviour and elastic modulus of Ti matrix syntactic foam
embedded with thick-wall CMs were analyzed and compared with those embedded with thin-wall CMs. Results show that the
compressive strength of Ti matrix syntactic foam increases with the increase of the volume fraction of CMs clearly. However, the
strength increase would not increase the elastic moduli obviously which are still similar with those of human bone.
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1 Introduction

Ti has been widely used in orthopaedic and dental
applications because of its good biocompatibility and
corrosion resistance. Despite the great advantages of Ti
obtained, fixation of Ti implanting to the bone remains a
problem. The implant loosening has the highest
probability to cause the implant failure with the implant
period increasing [1—6]. Researches indicated that this
loosening was caused by the stress shielding effect,
which was a result of the elastic modulus mismatch
between implants and human bone. This effect can cause
a removal of normal stress from the bone, and promote
bone resorption around the implants, thus the bone
becomes less dense and weaker [7,8]. Implant material
with comparable elastic modulus with human bone can
decrease the stress shielding effect [9—11]. Efforts were
carried out to develop implant material with porous
structure which can decrease the elastic modulus of
material [1,12—14]. The controllable elastic modulus and
excellent biocompatibility of porous Ti has a huge
potential to be applied as implants.

The research of porous Ti had already achieved
great success. Manufacturing processes, such as
space-holder, replication, bubble generation, freeze

casting, rapid prototyping and conversion of porous
ceramic precursor to metallic Ti foam, were carried out
to manufacture porous Ti [10]. Porous Ti has a
comparable elastic modulus with human bone [15].
However, the compressive strength of porous Ti is not
sufficient for the human cortical bone [16]. To expand
the application of porous Ti, the strength of porous Ti
needs to be improved.

A novel material, Ti matrix syntactic foam was
manufactured, and the properties were reported in the
previous studies [17—19]. Previous studies showed that
the strength of ceramic microspheres (CMs) can affect
the elastic modulus of Ti matrix syntactic foam
obviously. Thin-wall CMs have a low compressive
strength and thus part of the CMs was crushed during the
compaction procedure. These crushed CMs can result in
a undesirable elastic modulus of Ti matrix syntactic foam.
In this work, the thick-wall CMs were selected to embed
into the Ti matrix instead of the thin-wall CMs. The
compressive behaviour was studied and the elastic
modulus was examined. The influence of CM to the
compressive behaviour of titanium was analyzed and the
mechanism between the compressive strength and CM
was established. The results were compared with Ti
matrix syntactic foam fabricated with thin-wall CMs.
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2 Experimental

The raw materials used to manufacture Ti matrix
syntactic foam samples were 99.4% (mass fraction) pure
Ti powder and thick-wall CM powder supplied by 3M
China Ltd. Figure 1 shows the morphologies of Ti
powders and CM powders. The Ti powder particles have
an irregular shape with a nominal average particle size of
30 um. The CMs have sphere shape. Two particle size
ranges of CMs, large one (>25 pm) and small one (<25
um) were used, as shown in Fig. 1(b). The composition
was detected as albite, Na(AlSi;Og), using XRD.

Fig. 1 Morphologies of raw materials: (a) Ti powder; (b) CM
powder

The manufacturing process had already been
discussed in Ref. [19]. The Ti powder and CMs were
first blended uniformly into a series of mixtures with
volume ratio of Ti to CM of 6:4 (specimen S60) and 7:3
(specimen S70), respectively. 450 MPa compaction
pressure was selected to achieve the green compact. The
compacted preforms were sintered at 1200 °C for 2h in a
vacuum condition with a vacuum of 1x10™* Pa and then
furnace cooled to room temperature. The as-fabricated Ti
matrix syntactic foam samples had a cylindrical shape
with a diameter of 30 mm and a height of 25 mm.

The Ti matrix syntactic foam samples were first cut
into cylinder specimens with a diameter of 8 mm and a
height of 12 mm using a popular wire cut electrical
discharge machine (WEDM). Static compression tests
were conducted on a universal testing machine

(Zwick/Roell Z020) with a cross-head speed of 0.5
mm/min. For each set of samples produced under the
same conditions, five specimens were prepared and
tested.

During each compression test, a series of unloading
and reloading routines were carried out at the stresses of
30, 60, 90 and 120 MPa to determine the elastic modulus
values. The gradients of the unloading curves of each
sample were corrected using stiffness of testing machine.
The results were averaged to give the elastic modulus of
the sample.

3 Results and discussion

3.1 Structure and composition

Figure 2 exhibits the optical and SEM micrographs
of the surface of the Ti matrix syntactic foam samples.
The surface has a homogeneous structure with a few
amounts of black spot, as shown in Fig. 2(a). The
dimensions of these spots vary from 2 um to 200 pm.
SEM analysis shows these black spots have a fine
interface with the Ti matrix, as shown in Fig. 2(b). EDX
results indicate that these black spots contain two
elements: Si and Ti, as shown in Fig. 3. Figure 4 shows
the XRD results of the Ti matrix syntactic foam sample.
XRD results indicate that the samples manufactured by
this process contain two phases: Ti and titanium silicide
(Si5Tis). It is reasonable to believe that the CMs has a
reaction with Ti matrix during the sintering procedure.
The reaction product is Si;Tis. Because of this reaction,
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Fig. 2 Optical (a) and SEM (b) micrographs of surface of Ti
matrix syntactic foam
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Fig. 3 EDX spectra of Si;Tis (a) and Ti matrix (b)
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Fig. 4 Typical XRD spectrum of Ti matrix syntactic foam

no obvious defect was observed on the interface between
Ti and CMs. The dimension of Si;Tis is determined by
the dimension of CMs.

3.2 Compressive behaviour

Figure 5 exhibits typical compressive behaviour of
Ti matrix syntactic foam with Ti powder of 60% and
70% (volume fraction). Ti matrix syntactic foam
exhibited obvious brittle performance during the
compression test. This is because the embedded CMs
result in the development of shear fracture during the

compression. The embedded CMs have a high

compressive strength and increase the compressive
strength of Ti matrix syntactic foam. As a consequence,
the increase of the volume fraction of embedded CMs
can increase the compressive strength of Ti matrix
syntactic foam significantly. Moreover, compared with
the Ti matrix syntactic foam fabricated with thin-wall
CMs, these Ti matrix syntactic foams fabricated with
thick-wall CMs have a better ability of strength control.
Figure 6 shows the typical unloading and reloading
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Fig. S Compressive behaviour of Ti matrix syntactic foam with

Ti powder volume fraction of 60% and 70%
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stress—strain curves of Ti matrix syntactic foam with Ti
of 60% (volume fraction) and 70%. Generally, the
unloading and reloading curves develop following the
initial loading curve approximately. The stress—strain
curve of S60 has a lower plastic deformation than S70
when the unloading curve reach the zero stress point.
This is because S60 has a higher CM volume fraction
than S70, therefore, the elastic deformation occupied the
main position of the S60 deformation during the
compression. This phenomenon also indicates that the
deformation of Ti matrix syntactic foam can be divided
into two parts before the failure: pure elastic deformation
of CMs and the elastic and plastic deformation of Ti
matrix. The increase of the volume fraction of CM can
increase the elastic deformation ability of Ti matrix
syntactic foam.

3.3 Compressive properties and elastic modulus

Table 1 lists the elastic modulus and compressive
properties of Ti matrix syntactic foam. The results were
corrected using the stiffness of Zwick testing machine.
The properties of Ti matrix syntactic foam fabricated
with thin-wall CMs are listed, too. Due to the higher
compressive strength of thick-wall CMs, the green
density of the compact is higher than the one fabricated
with thin-wall CMs. As a consequence, the compressive
strength of Ti matrix syntactic foam fabricated with
thick-wall CMs is much higher than that fabricated with
thin-wall CMs, and it is comparable to the human bone.
Moreover, this increase didn’t cause a significant
increase of the elastic modulus. The results show that the
elastic modulus of the Ti matrix syntactic foam
fabricated with thick-wall CMs (~6 GPa) is slightly
higher than that fabricated with thin wall CMs (~3 GPa),
but still close to the human bone.

Table 1 Porosity, elastic modulus and compressive properties
of Ti matrix syntactic foam

Elastic 0.2% proof Compressive

Type ACt}lal moduli/ strength/  strength/
POrosity™ "Gy MPa MPa
Thick wall  12.8-28.2 6.2-6.6 60.1-65.7 140-155
Thin wall 68.1 3.3 2.3-35 223
Human bone - 3-30 [20] — 88—-163 [21]

4 Conclusions

1) Ti matrix syntactic foam embedded with CMs
(thick wall and thin wall) was fabricated using a powder
metallurgy process.

2) The actual porosity of the Ti matrix syntactic
foam fabricated with thick wall was less than those
fabricated with thin-wall CMs. Moreover, as a result of

the high compressive strength of the thick wall CMs, the
increase of the volume fraction of thick-wall CMs can
increase the compressive strength of Ti matrix syntactic
foam obviously.

3) There was an reaction of the interface between
the Ti matrix and CMs during the sintering procedure.
This reaction product, Ti silicide, which has strong
compressive strength, can decrease the defects at the
interface between Ti matrix and CMs, and increase the
compressive strength of Ti matrix syntactic foam, too.

4) The elastic modulus of Ti matrix syntactic foam
embedded with thick-wall CMs was slightly higher than
that fabricated with thin-wall CMs, but still close to the
human bone.
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