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Abstract A clean powder metallurgy route was devel-

oped here to produce Ti foams, using a fugitive polymeric

filler, polypropylene carbonate (PPC), to create porosities

in a metal-polymer compact at the pre-processing stage.

The as-produced foams were studied by scanning electron

microscopy (SEM), LECO combustion analyses and X-ray

diffraction (XRD). Compression tests were performed to

assess their mechanical properties. The results show that

titanium foams with open pores can be successfully pro-

duced by the method. The compressive strength and

modulus of the foams decrease with an increasing level of

porosity and can be tailored to those of the human bones.

After alkali treatment and soaking in a simulated body fluid

(SBF) for 3 days, a thin apatite layer was formed along the

Ti foam surfaces, which provides favourable bioactive

conditions for bone bonding and growth.

1 Introduction

Biomaterials for tissue engineering must be highly bio-

compatible so as to avoid prolonged inflammatory

response, immunogenicity or cytotoxicity. An ideal bone

scaffold material must also display a wide range of prop-

erties and characteristics in order to augment de novo bone

formation. The structure must be highly porous with

interconnected pores in the size range of 50–500 lm [1, 2],

which provides sufficient space for cell ingrowth, attach-

ment and proliferation to form newly generated bone

tissues, and also for the transport of body fluids with

essential nutrients to the site [3–6].

Various materials have been developed for tissue engi-

neering of bone or cartilage, including ceramics (e.g.,

hydroxyapatite (HA), and tricalcium phosphate (TCP)),

bioglass, and polymers (e.g., poly(L-lactide) (PLLA),

polyglycolic acid (PGA), collagen and chitin) [2, 7–11].

These porous bioactive ceramic and polymeric scaffolds

promote bone or tissue growth into the open pores, thereby

allowing a rapid return of the repaired body part to the

physiologically acceptable state of function. However, the

porous ceramic and polymeric scaffold materials show

poor mechanical properties. The porous ceramics are usu-

ally very brittle and prone to fracture upon sudden impact,

particularly during the healing stage. Porous polymers are

often of much lower strength than human bones. Therefore,

it is desirable to develop scaffold implant materials with

both reliable mechanical properties and porous structures,

similar or superior to natural bones.

Metallic materials have been widely applied in ortho-

paedics for a long time, especially for high load-bearing

applications, such as dental, maxillofacial, spinal, femur

and knee joints, and bone plate and screws. Ti and its alloys

are of particular interest because of their relative low

density, high strength-to-elastic modulus ratio, outstanding

corrosion resistance and good biocompatibility [12–14].

However, due to its high melting point (1,670�C), and high

chemical affinity with atmospheric gases (oxygen and

nitrogen) and most mould materials, it is difficult to
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synthesise titanium foams by a solidification process.

Powder metallurgy techniques provide desirable pathways

of synthesising porous Ti structures under relatively low

temperatures with low reactivity [6, 15–22]. In addition,

implant surfaces play a key role in biocompatibility.

Recently, there has been an increasing interest in using

simple chemical and biomineralisation methods to treat and

bioactivate Ti surfaces at a relative low temperature [23–

29], especially for samples with a complex shape or porous

structure.

Here, a clean powder metallurgy route was developed

using polypropylene carbonate (PPC) granules as fugitive

fillers in a Ti powder compact to produce titanium foams.

The foam morphology and structures were studied by

scanning electron microscopy (SEM). LECO combustion

analyses and X-ray diffraction (XRD) were conducted to

determine the level of impurities and whether there is any

new crystalline phase formed after the burn-out and sin-

tering. Their mechanical strength and modulus were

determined by compression tests. After alkali and water

treatment, the samples were soaked in a simulated body

fluid (SBF) to induce bone-like apatites on the surfaces.

The results were analysed for potential applications in bone

scaffolding.

2 Experiment procedure

Pure titanium (Ti, particle size: B45 lm, purity: [99.0%,

STREM) powder was used as a model starting material.

Polypropylene carbonate ([–CH(CH3)CH2OCO2–]n, PPC,

Mw = 50,000, Aldrich) was selected as a filler, because it

can fully decompose into monomers at a relatively low

temperature (\250�C) under vacuum. The as-received Ti

powder is irregular and the PPC is rod-like (Fig. 1).

The PPC rods were firstly chilled in liquid nitrogen and

then pulverised by a Glen Creston centrifugal mill with a

sieve of 1 mm aperture. The Ti powder and filler particles

were then mixed in a SPEX ball mill for 10 min with PPC

volume fractions of 0, 10, 30, 50 and 60%. The mixed

powders were subsequently cold compressed into a cylin-

drical green compact of 10.5 mm in diameter under 100

and 400 MPa, respectively.

The compacted samples were then heated at 10�C/min

from room temperature to 150�C, then 1�C/min to 220�C,

and finally held at 220�C for 1 h to remove the fugitive

filler from the compacts. The preform was then warmed up

at 5�C/min to 1,000�C and sintered in a vacuum furnace

under 1 9 10-4 torr (1.3 9 10-3 Pa) for a designated

period of time (2.5, 5 or 10 h) before being furnace cooled

to ambient temperature. Scanning electron microscopy was

used to characterise the cell morphology of the sintered

foams. To assess possible contamination involved from the

processing, LECO combustion techniques were used to

analyse the impurities in the sintered samples. Compres-

sion tests were performed on the specimens with a constant

cross-head velocity of 1 mm/min.

Selected porous Ti samples were sliced into plates of

1 mm thickness and ultrasonically cleaned in acetone,

ethanol and pure water for 15 min each to remove possible

impurities introduced during sectioning, and then

immersed in a 5 M NaOH aqueous solution at 60�C for

24 h. After the alkali treatment, the samples were then

immersed in deionised water at 60�C for 24 h. All the

treated Ti samples were soaked in a 1.5 m-SBF at 36.5�C

up to 3 days for biomimetic apatite coating. The 1.5 m-

SBF was prepared by dissolving NaCl, NaHCO3, Na2CO3,

KCl, K2HPO4 � 3H2O, MgCl2 � 6H2O, 0.2 M NaOH,

HEPES, CaCl2 and Na2SO4 in deionised water and buf-

fered to PH 7.4 at 36.5�C by 1.0 M NaOH, and the ion

concentrations were 1.5 times the standard m-SBF (Na+

142.0, K+ 5.0, Mg2+ 1.5, Ca2+ 2.5, Cl- 103.0, HCO3
-

10.0, HPO4
2- 1.0, and SO4

2- 0.5 mM-1) [30]. The sam-

ples were then carefully washed with pure water, and dried

in an oven at 40�C for 24 h.

Fig. 1 SEM images of as-received materials: (a) Ti and (b) PPC
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Surface morphology of the Ti samples was examined by

field emission scanning electron microscopy (FE-SEM,

JEOL JSM 6300F). The surfaces of the samples were

analysed by energy dispersive X-ray spectroscopy (EDX,

INCA X-stream Module), and X-ray diffractometry (XRD,

Simens D-5000). The XRD was performed at 2h angles

from 20 to 60� at a scanning speed of 0.6�/min.

3 Results and discussion

After being chilled by liquid nitrogen and then milled in a

centrifugal device with a 1 mm aperture sieve, PPC rods

were mainly pulverised into particles of 100–600 lm

(Fig. 2a). Moreover, the milled PPC fillers were well dis-

tributed among Ti starting particles after 10-min mixing in

a SPEX shaker mill, where the Ti particles were evenly

coated on the surfaces of PPC (Fig. 2b). Therefore, the

process is effective in producing Ti powder coated filler,

ideal for generating porous structures with well-distributed

pores and uniform cell walls after burn-out and sintering.

The burn-out conditions were selected according to previ-

ously optimised parameters in the laboratory [31].

The effect of sintering time on the geometry variations

of the Ti-50PPC samples are shown in Fig. 3. Figure 3a

depicts the relationship between the sintering time and the

relative density (apparent density/theoretical density) of the

Ti-50PPC samples, where the relative density increases

with sintering time in both cases. Moreover, the difference

between the relative densities also indicates that the cold

compaction pressure affect the density. The 400 MPa curve

shows a steeper slope than the 100 MPa curve, and the gap

between the two curves becomes greater with increasing

sintering time. The higher cold compaction load produced

denser green compacts or closer powder-powder contacts,

and therefore speeds up the sintering process via diffusion.

This is further confirmed by the relationship between the

sintering time and shrinkage of the Ti-50PPC samples

(Fig. 3b). As the samples pressed under 400 MPa are more

compact than those pressed under 100 MPa, there is less

shrinkage in the former during sintering. However, the

higher cold compact pressure leads to greater sintering

kinetics, as noted by the steeper slope in the densification

curve.

Figure 4 shows SEM images of a Ti-50PPC foam cold-

pressed under 100 MPa and sintered at 1,000�C for 5 h. ItFig. 2 SEM images of milled powder: (a) PPC and (b) Ti with PPC

Fig. 3 Geometric variation with sintering time of a Ti-50PPC porous

material, cold-compacted under 100 and 400 MPa, respectively: (a)

relative density versus sintering time and (b) shrinkage versus

sintering time
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is clear that the cells are open (Fig. 4a), and interconnected

by pores or ‘‘windows’’ of tens of microns (Fig. 4b). The

windows provide pathways for body fluid and nutrient

transportation, essential for bone regeneration and growth.

The cell walls are also porous with meso-pores of a few

microns, which are also beneficial to osteoblasts attach-

ment [32], and may enhance osteoconductivity in bone

scaffold applications.

XRD was used to check whether there is any new

crystalline phase formed after burn-out and sintering.

Figure 5 compared the X-ray diffraction patterns of the as-

received Ti powder (A); the Ti-50PPC samples sintered at

1,000�C for 2.5 h (B) and 10 h (C), respectively. Clearly,

no additional crystalline phase was found after the treat-

ments. Possible impurities of carbon and oxygen in the as-

received Ti, sintered Ti, and sintered Ti-50PPC samples

were measured by LECO combustion techniques. The

results are compared in Table 1 and suggest that some

impurities were introduced from the sintering process. The

PPC filler contributed some carbon and oxygen to the

samples.

The mechanical properties of the sintered foams were

evaluated by compression tests. Figure 6a shows the rela-

tionship between the compressive strength and the relative

density of the sintered Ti foams. The samples were all cold

compressed under 100 or 400 MPa and sintered at 1,000�C

for 2.5, 5, and 10 h, respectively. In general, the longer the

sintering time, the higher the relative density and the

greater the compressive strength of the sample. Moreover,

the samples cold-pressed under 400 MPa possess a rela-

tively high density and compressive strength. This is

because the higher cold compaction increases the contact

of particles, and hence gives faster densification kinetics

during sintering. However, as the relative density increases,

both the strength and modulus seem to increase slightly

faster for the 100 MPa compressed samples than for the

400 MPa compressed ones. The intersection point seems to

be around a foam density of 0.5. The switch-over in the

properties is likely due to enhanced particle-particle

bonding after prolonged sintering to achieve the same

density for the 100 MPa compressed sample.

The similar result can also be found in Young’s modu-

lus-relative density relationship in Fig. 6B. The Young’s

modulus and relative density are all increased with the

increase of sintering time. Overall, the 400 MPa com-

pressed sample has higher relative density and modulus

Fig. 4 SEM images of a Ti foam structure (Ti-50PPC): (a)

interconnected cells and (b) window and meso-pores in cell walls

Fig. 5 XRD patterns of different Ti samples: (a) as-received Ti

powder; (b) Ti-50PPC sintered at 1,000�C for 2.5 h; and (c) Ti-

50PPC sintered at 1,000�C for 10 h

Table 1 Carbon and oxygen contents in Ti samples by LECO

analyses

Sample Carbon content

(wt%)

Oxygen content

(wt%)

As-received Ti 0.02 0.03

Ti (1,000�C, 10 h) 0.06 0.49

Ti-50PPC (1,000�C, 10 h) 0.17 0.66

3492 J Mater Sci: Mater Med (2008) 19:3489–3495

123



performance than the sample cold-pressed at 100 MPa

when they were sintered under the same condition, whereas

100 MPa curve has a steeper slope than 400 MPa curve. At

the shorter sintering range, the sample with 400 MPa cold

compression has a higher modulus at the same relative

density condition, whereas 100 MPa sample has a more

efficient modulus/density performance at the sintering

period after the intersection.

Figure 7 compares the results from the compression tests

of a range of foams, with the values of typical bone struc-

tures obtained from Ref. [33]. It is clear that the

compressive strength and modulus decrease with increasing

porosity of the foams. Compared with the mechanical

properties of human bones, the graphs show that the

mechanical properties of 0–30% PPC samples are close to

the cortical bone, whereas the properties of other structures

with a higher porosity are close to the human cancellous

bone. To achieve a functionally satisfactory implant for

practical applications, porous scaffold design needs to

consider both strength and modulus. High strength and a

compatible modulus to the bone are essential for the

selection of implant materials. If the modulus of a scaffold

material is compatible to the replaced bone; it may stimu-

late bone growth and maintain a healthy bone structure

to avoid bone resorption and necrosis. The mechanical

properties of the foams can be tailored from foam struc-

tures for the design and selection of required implant

materials.

The surface structural and chemical characterisations

after bioactivation treatment are shown in the SEM images

and EDX results of the relevant Ti samples, respectively.

From the SEM images (Fig. 8), it is noted that a submi-

cron-sized porous network structure was formed after the

NaOH treatment, and the pores were apparently more open

after the water treatment. It is clear that depositions have

covered the porous structure after soaking in the 1.5 m-

SBF for 1 day and a layer of coating was formed after

immersion for 3 days in the 1.5 m-SBF. The EDX analysis

(Fig. 9) reveals that the Na concentration decreased dra-

matically after immersion in deionised water at 60�C for

24 h. Ca and P were detected in the samples soaked in

1.5 m-SBF for 1 day, and their intensity increased after

immersion for 3 days in the 1.5 m-SBF. A certain level of

crystallinity in the apatite structure may have been devel-

oped in the sample.

Submicron pore sizes and negatively charged titania

surfaces were required to assist apatite nucleation [34]. An

amorphous sodium titanate hydrogel layer was formed on

the Ti surface after the NaOH treatment. After sodium ions

were released from the sodium titanate layer by the water

Fig. 6 Ti-50PPC isothermal curves under different cold compression

and sintering conditions: (a) compressive strength versus relative

density and (b) compressive modulus versus relative density

Fig. 7 Compressive mechanical properties of human bones, dense

and porous Ti: (a) compressive strength and (b) compressive modulus
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treatment, the Ti–OH groups based upon the anatase

structure have a specific structural arrangement effective

for inducing apatite nucleation [35]. The Ti–OH groups

initially combined with calcium ions in the SBF to form

positively charged amorphous calcium titanate. This

layer attracted negatively charged phosphate ions in the

SBF to form amorphous calcium phosphate and eventu-

ally transformed into crystalline apatite [29]. The 1.5 m-

SBF has higher ion concentrations than the m-SBF,

therefore, speeding up the apatite nucleation on the sur-

faces of Ti samples. The apatite layer was formed only

within 3 days in the 1.5 m-SBF, which is far more efficient

than using the SBF [25, 35]. After implantation, living

tissues are expected to bond with the formed apatite layer

biochemically and grow into the porous structure to pro-

vide mechanical interlocking and healthy nutrient

circulation. Further in vitro tests are required to confirm

such beneficial effects, which are beyond the scope of the

present paper.

4 Conclusions

A clean powder metallurgy route was successfully devel-

oped to produce porous open-cellular Ti structures for

medical scaffold and maxillofacial applications. The cell

size and shape of the foam structures can be controlled by

the PPC filler and Ti particle sizes. The as-produced Ti

foams are characterised by interconnected pores with 10–

60% porosity and pore sizes mainly between 50 and

500 lm. The compressive strength and modulus of the

foams decrease with an increasing level of porosity and can

be tailored to those of the human bones. The surface of the

Ti foams can be readily bioactivated by simple alkali and

water treatment. The fine micron-level porous surface

structure produced from the treatments provided excellent

apatite nucleation sites in the 1.5 m-SBF. Further biologi-

cal compatibility tests may be carried out to investigate

their potentials as a new generation of implant materials for

bone tissue engineering.

Fig. 8 SEM images of Ti

surfaces: (a) as-cleaned Ti, (b)

after NaOH treatment, (c) after

NaOH + water treatment, (d) in

1.5 m-SBF 1 day, and (e) in

1.5 m-SBF 3 days
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