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Macroporous pure titanium (Ti) foams with porosity of 30–70% and pore size of 125–800mm were
fabricated by using spark plasma sintering (SPS) and NaCl dissolution methods. A mixture of Ti and
sodium chloride (NaCl) powders were spark plasma sintered in a temperature range from 550 to 800 8C
and the NaCl phase was then dissolved in water. High purity Ti foams were obtained at the SPS
temperature of 700 8C for holding time of 8 min under pressure of 50 MPa. The resulting Ti foams
consist of pure a-Ti phase with interconnected macropores in square cross sections. The plateau stress
and Young’s modulus agree with the Gibson–Ashby models, and coarsely follow of linear decline with
the increase of the pore sizes, and exponential decay with the increase of the porosity. The macroporous
Ti foams with plateau stress 27.2–94.2 MPa and Young’s modulus 6.2–36.1 GPa may have a potential
to be used as bone implants.
Porous materials with interconnected porosity have wide-

spread applications in many fields of engineering.[1] Bulk

porous metallic materials (honeycomb, foam, and hollow

spheres) are known for their interesting combinations of the

advantages of a metal (strong, hard, tough, electrically, and

thermally conductive, etc.) with the functional properties of

porous structures (lightweight with adjustable properties by

selecting the density.[2] Because of this, porous metals are

interesting for a number of engineering applications such

as structural panels, energy absorption devices, acoustic

damping panels, compact heat exchangers, and biomedical

implants etc.[3] Porous titanium (Ti) and its alloy were widely

used in the biomedical field due to their outstanding

mechanical properties, low density, chemical resistance,

and biocompatibility. As a kind of long-term load-bearing

implant, the porous structures of Ti and its alloy could lead to

a reliable anchoring of host tissue into the porous structure,

and allow mechanical interlocking between bone and

implant.[4] The ingrowths of bone into the porous structure

could ensure a good transfer ofmechanical forces. Therefore, a
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porous structure is preferable for the Ti and its alloys using as

bone scaffolds.

However, porous Ti and its alloys are difficult to be

produced from the liquid state, due to the high melting

point, the high reactivity at high temperature above 1000 8C
and the contamination susceptibility. Thus, fabrication

processes for porous Ti has to date focused on the powder

metallurgy (PM) route and avoided the liquid route.[5] Many

techniques have been applied to produce porous Ti and its

alloy implants in recent years.[6–10] Nevertheless, there are still

problems to be solved in the field of porous Ti for biomedical

applications[11]: the difficulty to create controlled porosity and

pore sizes, the insufficient knowledge of porous structure–

property relationships, the requirements of new sintering

techniques with rapid energy transfer, and less energy

consumption and so on.

Spark plasma sintering (SPS) as one of the field assisted

sintering techniques, is a relative new sintering technique for

PM and ceramics. SPS is a high efficient and energy saving

powder consolidation and sintering technology capable of

processing conductive and non-conductive materials.[12]

However, most of SPS researches were performed on dense

materials; fewer studies were on porous materials.[13] The SPS

studies on porous Ti alloys were mainly using low

temperature and low pressure to decrease the relative density

of samples.[14–19] The samples exhibited pore sizes of some

tens of micrometers and a porosity in the range of 20–45%. As

bone foams, high porosity (>50%) and macropore size

(>200mm) are essential requirements for the bone growth

and the osteoconduction.[20,21] Macroporous nanostructured

tricalcium phosphate scaffolds have been successfully
rlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com 863
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prepared by using SPS with a special die design.[21] Never-

theless, macroporous Ti foams by SPS were scarcely reported.

The spacer method was developed to fabricate porous

metals and ceramics since 1960s. The method can control the

pore characteristics by adjusting of the mixing ratio and the

particle size of spacer.[22] The sodium chloride (NaCl) has

been used as spacer material for aluminum[23] and Ti

alloys[24,25] due to its relative high melting point (801 8C),
its low cost, and the easy dissolution in water, the less

corrosive attack of metals and the low toxicity. The

combination of the SPS technique with the NaCl dissolution

were tried in aluminum metals at SPS temperature of

570 8C,[26,27] and the processed porous aluminum demon-

strated high sound absorption property.[28] In fact, Ti has a

much higher melting point (1660.0 8C) than aluminum

(660.3 8C). Therefore, it is a great challenge to fabricate Ti

foams by using the SPS and NaCl dissolution methods.

The objective of this study is to develop macroporous Ti

foams with controlled architectures using the SPS in

combination with the NaCl dissolution methods. The major

parameters involved in the preparation process were studied.

The microstructures of the prepared foams were analyzed by

using 3D X-ray microcomputed tomography (micro-CT) and

scanning electron microscopy (SEM) techniques. The relation-

ship between the mechanical properties and the porous

architectures were analyzed and discussed.

Experimental

Raw materials

The precursor Ti powders were prepared by hydride–

dehydride method with 99.5% purities in 325 meshes (Alfa

Aesar, Germany). The space holder material consisted NaCl

crystalline powders with 99.0% purity (Alfa Aesar) sieved in

the range of 100–1000mm.

Pore forming method

The Ti powders and NaCl powders were homogenously

mixed in different weight ratios in a blender with paraffinwax

as a binder. The mixtures were loaded into graphite die with

graphite paper between the punches and die to sinter

disc-shaped pellets (20mm diameter, thickness 6–7mm).

The SPS experiments were performed using a Model

HPD-25/1 FCT SPS system (FCT systeme GmbH, Rauenstein,

Germany) at temperatures of 550–800 8C lasting for various

time. During the experiments, the temperature is measured by

a central pyrometer with a focus point at the bottom of the

central borehole of the graphite set-up, 2.88mm from the

bottom of the upper punch and 5.125mm from the center of a

4.25mm thick sample inside the die[29]. The temperature of the

die is measured by a second two-color pyrometer, focused on

the outer die wall surface at the same height as the center of

the compact. The applied direct current for SPS was about

1000–2000A (voltage< 5V)with a pulse duration of 12ms and

an interval of 2ms. The SPS experiments were conducted in

vacuum (<6 Pa) under an uniaxial pressure of 30–50MPa. The
864 http://www.aem-journal.com � 2010 WILEY-VCH Verlag GmbH & C
heating rate was maintained at 100 8C min�1. The SPSed

samples were then suspended in circulating hot water (80 8C)
to dissolve the NaCl space holder for 12 h. The leached Ti

forms were cleaned in an ultrasonic water bath for 15min,

rinsed with ethanol and furnace dried at 120 8C for 10 h.

Microstructures analysis

X-ray diffraction (XRD, Bruker D8, Germany) was used to

characterize the phase composition of the powders and

sintered foams with Cu Ka radiation (0.154178 nm). The pore

structure of the Ti foam was examined by using X-ray

micro-CT (GE, USA). The specimens were mounted on a

rotary stage and scanned in their entirety, being rotated by

3608 in 1400 equiangular steps (4 pics per 18). The detector size
is 2284 pixel in x and y and 2304 pixel in z direction. The voxel

size of the images is 10.2mm in all three axes. The

macroporous structures and the microstructures of the

obtained Ti foams were analyzed by using a SEM(Zeiss

Supra 25, Germany) equipped with EDX. The contents of

oxygen and carbon in the Ti foamswere evaluated by inert gas

fusion techniques using a LECO TCH-600 analyzer.

Properties measurements

The porosities and densities of the sintered porous Ti

samples were determined by the Archimedes principal

method, i.e. the porosity was calculated from the dry weight

of the specimen in ambient air, the wet weight of the

specimen in ambient air after boiling water impregnation,

and the wet weight of the specimen under water after

boiling water impregnation. The mechanical behavior of the

porous Ti foams was investigated by uniaxial compression

experiments at room temperature. The plateau stress

measurements were carried out on a universal testing

machine Zwick Roell Z050, equipped with a 50 kN load

cell at 0.5mmmin�1. The strain was measured with a strain

gauge. The Young’s modulus was calculated by dividing the

plateau stress by the plateau strain.

Results and Discussions

Pore Forming Process

Figure 1 shows the SEMmicrographs of the starting Ti and

NaCl powders. The Ti powders have irregular morphologies

and size distribution of 10–30mm (Fig. 1a). These NaCl

powders have cuboid shapes with round angles and size

distribution of 150–300mm, which is according to the sieved

size of 100–50mesh [Fig. 1(b)].

Figure 2 shows the schematic illustration of the pore

forming process by using the SPS and NaCl dissolution

methods. The Ti and NaCl powders were sieved to the

required particle size, firstly [Fig. 2(a)]. Then, the Ti and

NaCl powders with different weight ratios were mixed

thoroughly [Fig. 2(b)]. Additionally, the Ti/NaCl mixtures

were subjected to SPS at various parameters [Fig. 2(c)].

The spark plasma sintered samples were suspended in

circulating hot water (80 8C) for as long as 12 h [Fig. 2(d)].
o. KGaA, Weinheim ADVANCED ENGINEERING MATERIALS 2010, 12, No. 9
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Fig. 1. SEM micrographs of the starting Ti (a) and NaCl (b) powders.
After cleaning and drying, the porous Ti foams were

obtained finally [Fig. 2(e)].

The influence of the weight ratio and particle size of NaCl

on the porosity and pore size of Ti foams with corresponding

SPS parameters is shown in Table 1. The pore sizes of the

sintered foams weremeasured from the SEM images. It shows

mean pore sizes about 125mm in the foams with a NaCl

spacing material in the range of 88–149mm, mean pore size

about 250mm with NaCl of 224–297mm, 400mm with NaCl of

388–500mm sizes, 800mm with NaCl of 784–1000mm sizes.

After porosity characterization by the Archimedes method, it

is noticed that more NaCl particles were needed to obtain the

same porosity in the large pore sized foams. To achieve a

porosity of 55% in the 125mm foams, the weight ratio of Ti/

NaCl is about 1:1.28. However, the weight ratio of Ti/NaCl is

about 1:1.75 in the 800mm foams for the same porosity. It

might be due to the decreased specific surface area in the large

sized NaCl particles as spacer materials.

The Ti/NaCl mixtures (Ti/NaCl¼ 1:1.32) were spark

plasma sintered at temperatures of 550–800 8C under a

pressure of 30–50MPa. The exact SPS parameters are shown
Fig. 2. Schematic illustration of the pore forming process by using the SPS and NaCl diss
sieving of the Ti and NaCl powders (a), mixing of the Ti and NaCl powders (b), processin
SPS (c), dissolution of the NaCl in water (d), obtaining of the Ti foams (e).
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in Table 1. The SPSed samples at 750 and 800 8C were failed

because of the melting of NaCl particulates resulting in an

explanation of the mixture and breakage of the graphite die.

The parameters were adjusted, and the Ti foams were

prepared by the SPS at conditions of 730 8C for 8min under

30MPa. However, the XRD result in Figure 3 shows that there

are some rutile TiO2 phases (PDF#21-1276) and few TiCl2
phase (PDF#10-0315) in the 730 8C sintered foams. The

presences of TiO2 and TiCl2 are due to the reaction of the

Ti with oxygen and dissociated Cl� in NaCl. It is likely that

the temperature at the necks of the Ti particles exceeds 730 8C
due to the high local contact resistance. Hence NaCl is able

to melt causing contamination of the sample. High purity Ti

foams were prepared at 700 8C for 8min under 50MPa. The

starting Ti powders are in the a-Ti phase with hexagonal

structure. The Ti foams remain in the a-Ti phase structure

without any impurities when the SPS process temperatures

are below 700 8C. There is usually some temperature

difference between the mold surface and the actual tempera-

ture in the SPS sample. The temperature measurement design

in the FCT SPS system allowed a very accurate temperature
olution:
g by the

ag GmbH &
control since the temperature difference between the

center of the sample and the controlling pyrometer

was always below 5 8C.[30] The radial temperature

gradient in the electrical conductive samples is about

79 8C around.[29] The Ti powders are electrical

conductive materials. The sintering temperature of

700 8C plus the temperature difference 5 8C and

temperature gradient 79 8C was still lower than the

melting point of NaCl (801 8C). Thus, high purity Ti

foams can be prepared at the SPS temperature of

700 8C.

Microstructures

The 3D reconstruction by topographical methods

is the most realistic way to get space information
Co. KGaA, Weinheim http://www.aem-journal.com 865
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Table 1. The influence of the weight ratio and particle size of NaCl on the porosity and pore size of the Ti foams with corresponding SPS parameters.

Ti powder NaCl powder Weight ratio
(Ti: NaCl)

Porosity Pore size SPS parameters
(Temperature, dwell time)

10–30mm 88–149mm (170–100mesh) 1:1.28 �55% �125mm 700 8C, 8min

10–30mm 149–297mm (100–50mesh) 1:0.72 �30% �250mm 700 8C, 8min

1:0.93 �45% �250mm 700 8C, 8min

1:1.32 �55% �250mm 550 8C, 8min

600 8C, 8min

650 8C, 8min

700 8C, 8min

730 8C, 8min

750 8C, 5min

800 8C, 3min

1:1.64 �70% �250mm 700 8C, 8min

10–30mm 354–500mm (45–35mesh) 1:1.46 �55% �400mm 700 8C, 8min

10–30mm 707–1000mm (25–18mesh) 1:1.75 �55% �800mm 700 8C, 8min
about the internal structure of the foams in a non-destructive

way. The micro-CT 3D reconstructions of the spark plasma

sintered Ti foamswith 55% porosity and 250mmpore size are

shown in Figure 4. The 3D cropped isometric view of cross

sections in the Ti foam shows the uniform pore distribution

and interconnected 3D porous structures with a high

porosity [Fig. 4(a)]. The micro-CT 2D top view and side

views show that the macropore shapes are in square cross

sections, uniform distribution of pore sizes and high

interconnectivity [Fig. 4(b–d)]. The 3D surface, cell wall

thickness, connectivity were examined by the micro-CT in

a non-destructive way. The 3D cropped internal surface

exhibits highly porous structures and interconnectivity

with pore size of 243� 50mm and cell wall average thickness

20.4mm.

The SEM micrographs of the Ti foams with the same

porosity of 55% but different pore sizes of 125, 250, 400,

and 800mm is shown Figure 5. All the foams from 125 to

800mm exhibit highly interconnected porous structures
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and uniform pore distribution. It is found that the pores

have irregular quadrate cross sections. They are similar to

those of the initial NaCl particles of cuboid shapes in

Figure 1(b).

Figure 6 shows the SEM micrographs of the porous

Ti foams with the same pore size of 250mm but different

porosity of 30, 45, 55 and 70%. The thickness of the

pore walls in the 30% porosity foams is about 100mm,

decreasing to 50mm in 45% porosity foams, and to 20mm

in 55%, finally ending at 10mm in 70% porosity foams.

The interconnectivity was also enhanced with the

increase in porosity. The 30 and 45% porosity foams

show poor interconnectivity because of the lower porosity

[Fig. 6(a and b)]. But the 55 and 70% higher porosity

samples showed good interconnectivity [Fig. 6(c and d)].

The macropores are in square cross sections in all the

Ti foams with different porosities.

Figure 7 shows the SEM microstructures of the

polished cross-section, pore edge, and pore wall of the

Ti foams, and EDX analysis on the pore matrix. Few

micropores ranged 1–2mm were detected in the SEM

micrograph of the polished cross-section of the Ti foam

[Fig. 7(a)]. It is indicated that the Ti foams have been

densified after SPS at 700 8C for 8min under 50MPa.

When polishing porous metals, the pores have to be

filled with resin. This prevents release of particles,

which cause the rough finish seen in the Figure 7(a).

Furthermore it prevents the smaller pores from being

filled with debris. The typical pore edge and wall of

the Ti foams are shown in Figure 7(b and c). The grain

sizes of the Ti foams still range about 10–30mm without

rapid grain growth due to the rapid sintering of SPS.

There are some micropores smaller than 10mm on the

pore walls. The micropores could allow body fluid

circulation whereas the macropores may provide a

scaffold for bone–cell colonization. The surfaces of the

pore walls of the macropores of the porous Ti are

relatively rough. The EDX analysis shows that the

matrix of the pore wall contains only Ti elements
o. KGaA, Weinheim ADVANCED ENGINEERING MATERIALS 2010, 12, No. 9
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Fig. 4. Micro-CT 3D reconstructions of the Ti foam (250mm of pore size, 55% of porosity) exhibiting the isometric view of cross sections with a sample navigation (top-right corner)
(a), 2D top view (b), left side view (c), and right side view (d).
without O element [Fig. 7(d)]. The chemical analysis

by inert gas fusion technique shows that the final

C contents in these SPSed Ti foams are 0.08� 0.02 wt%,

and O contents are 0.29� 0.04 wt%. It is between the

Grade 2 (C: 0.10 wt%, O: 0.25 wt%) and Grade 3

(C: 0.10 wt%, O: 0.35 wt%) Ti. They are accordingly to

the XRD results in Figure 3 that high purity Ti foams were

prepared by SPS at 700 8C.

Mechanical Properties

Figure 8 shows the effect of pore size and porosity on

the plateau stress and Young’s modulus of the porous

Ti foams. The measured plateau stress and Young’s

modulus of the Ti foams were compared with the

theoretical values that calculated form Gibson–Ashby

model. According to the Gibson–Ashby model, the relation-

ship between the relative plateau stress and relative density

is given by[31]:

s

s0
¼ C

r

r0

� �3=2

(1)

where s is the plateau stress of the foams, s0 the yield stress

of the dense material; C the constant 0.3 from the data of

cellular metals and polymers, r is the density of the foams, r0
is the density of the dense material. The density of the pure Ti
ADVANCED ENGINEERING MATERIALS 2010, 12, No. 9 � 2010 WILEY-VCH Verl
is 4.5 g cm�3 with yield stress of 692MPa.[31,32] The density of

the Ti foam with 55% porosity and 250mm pore size is

1.69 g cm�3. Substituting these values in Equation (1), the

theoretical value was calculated to be 47.78MPa, which is

comparable to the measured plateau stress 45.1� 3.0MPa.

According to the Gibson–Ashby model, the relationship

between the relative Young’s modules and relative density is

given by[31]:

E

E0
¼ A

r

r0

� �2

(2)

where E is the Young’s modulus of the foams, E0 the Young’s

modulus of the dense materials, A the constant of one

including data of metals, rigid polymers, elasomers, and

glasses. The Young’s modulus of the pure Ti is 105GPa

according to the Equation (2).[31,32] The measured Young’s

modulus of the above Ti foams with 55% porosity is

13.46� 1.4GPa. Substituting the values into Equation (2),

it is calculated that the theoretical value is 14.81GPa

which is also comparable to the measured one. All the Ti

foams prepared by the SPS were measured and calculated.

As seen from the Figure 8, it can be deduced that all

the experimental data agrees with the Gibson–Ashby model

(1) and (2) in the present study. The relationship between

the pore sizes and the mechanical properties of the
ag GmbH & Co. KGaA, Weinheim http://www.aem-journal.com 867
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Fig. 5. SEM micrographs of the Ti foam surfaces with the same porosity of 55% but different pore sizes of 125 (a), 250 (b), 400 (c), and 800mm (d).
Ti foams is shown in Figure 8(a and b). The plateau

stress decreased from 49.7� 3.8 to 27.2� 3.0MPa with

the pore size increase [Fig. 8(a)]. The Young’s modulus

reduced from 18.3� 2.0 to 8.9� 1.5 GPa with the pore size

increase [Fig. 8(b)]. It coarsely obeys a linear decay with

the pore size increase. The effect of the porosity on

the mechanical properties of the Ti foams is shown in

Figure 8(c and d). The plateau stress decreased from

94.2� 5.9 to 28.8� 3.3MPa, and the Young’s modulus

decreased from 36.1� 3.5 to 6.2� 1.8 GPa with porosity

increase. It generally obeys the rule of exponential decline

with the porosity increase.

The plateau stress and Young’s modulus coarsely obey

linear declines with the pore size increase and exponential

decay with the porosity increase. Liu[33] found that the

plateau stress of the porous hydroxylapatite ceramics

decreases linearly with increasing macropore size for a

given total porosity. In this study, we found the plateau

stress and Young’s modulus coarsely obey linear declines
868 http://www.aem-journal.com � 2010 WILEY-VCH Verlag GmbH & C
with the pore size increase [Fig. 8(a and b)]. Rice RW[34]

has proposed a function on the relationship of porosity

with strength of porous solids,

s ¼ s0 exp �cpð Þ (3)

where s0 is zero-porosity strength, s the strength at pore

volume fraction p, and the constant c is related directly to the

pore characteristics such as pore shape and size. In this study,

we used the same Ti powder and NaCl spacer material;

therefore, s0 and c can be considered as constant. According

to the above function, the strength (s) should decrease

exponentially as the pore volume fraction (p) increases. Our

results in Figure 8(c and d) are well in accordance with the

above function.

It is reported that powder sintered pure Ti foams with

porosity of 55–75% showed plateau stress and Young’s

modulus are in the range of 10–35MPa and 3–6.4GPa.[35]

Plateau stresses of 30–65MPa and Young’s modulus of

1.2–2.8GPa were reported for commercial Ti foams
o. KGaA, Weinheim ADVANCED ENGINEERING MATERIALS 2010, 12, No. 9
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Fig. 6. SEM micrographs of the Ti foam surfaces with the same pore size of 250mm but different porosities of 30% (a), 45% (b), 55% (c), and 70% (d).
with 70–80% porosity produced by a solid sacrificial

template.[36] Ti foams prepared by slip casting of particle

stabilized emulsions showed yielding strengths of 141� 5.7

and 121� 5.4MPa for samples with a porosity of 56.1 and

65.2%.[37] In this study, the 250 mm pore sized Ti foams with

55% porosity shows plateau stress of 45.1� 3.0MPa and

Young’s modulus of 13.46� 1.4GPa. The same pore sized

Ti foams with 70% porosity exhibit plateau strength of

28.8� 3.3MPa and Young’s modulus of 6.15� 1.5GPa.

The results are comparable to the reported values of the

samples that prepared by powder sintered and solid

sacrificial template foams, but lower than those of the slip

casting of particle stabilized emulsions. The Ti powders

used in this study are coarse particles in the range of

10–30mm. The sintering activity and density could be

enhanced by ball milling of the raw Ti powders. It is

believed that pure Ti foams with higher mechanical

properties can be prepared by using the ball milling, SPS,

and NaCl dissolution methods. Additionally, the phase
ADVANCED ENGINEERING MATERIALS 2010, 12, No. 9 � 2010 WILEY-VCH Verl
structure in these Ti foams is the low temperature a-Ti phase

but not the high temperature b-Ti phase because of the

lower SPS temperature of 700 8C. The b-Ti phase has a

cubic body centered crystalline structure, while the a-Ti

phase has a hexagonal crystalline structure which provides

b-alloys with an improved notched fatigue resistance and

a superior resistance to wear and abrasion.[38] The doping

of b phase stabilized elements in Ti, for example Fe, V, Ta,

Nb, Mn, Mo, Ni, Cr, Cu, etc. could decrease the phase

transformation temperature from a to b phase to below

700 8C.[39] It can be predicted that b-Ti alloy foams with

much higher mechanical properties could be produced by

using the SPS and NaCl dissolution methods.

Implants sometimeswere used to substitute bone defects in

tumor or spine surgery. Porous Ti foam with its osteocon-

ductive properties is an ideal alternative bone graft. The

porous structure with pore sizes of 200–500mmof the Ti foams

may be able to permit bone cell penetration and tissue

integration. The plateau stress of the human vertebral bone
ag GmbH & Co. KGaA, Weinheim http://www.aem-journal.com 869
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Fig. 7. SEM micrographs of the microstructure of the polished cross-section (a), pore edge (b), and pore wall (c) of the Ti foams, and EDX analysis on the pore matrix (d).
(load-bearing site) ranges from 24 to 43MPa, and femoral

cancellous bone (load-bearing site) is in the range of

48–80MPa.[40] The average Young’s modulus of compact

bone of human ranges 7–30GPa.[40] The plateau stress of the

presented Ti foams in the range of 27.2–94.2MPa is

comparable to that of the cancellous bone which is enough

for biomedical applications. For biomedical applications, the

main problem of Ti and Ti alloys in clinical view is their high

Young’s modulus. Stress shielding is known to lead to bone

resumption and eventual loosening of the implant.[41] The

dense Ti generally showed much higher Young’s modulus

(70–120GPa) than that of human bone. Thus, the porous

structures were incorporated in the Ti and Ti alloys. In

this study, the porous Ti foams show lower Young’s modulus

values (6.2–36.1GPa) than that of dense ones which are

comparable to those of natural compact bone (7–30GPa). The

macroporous Ti foams with plateau stress 27.2–94.2MPa and

Young’s modulus 6.2–36.1GPa have a potential to be used as

bone implants. The low Young’s modulus of Ti foams is
870 http://www.aem-journal.com � 2010 WILEY-VCH Verlag GmbH & C
desirable to reduce the amount of stress shielding of the

bone into which the foam is implanted. Combing the good

biocompatibility of the pure Ti and the high interconnected

porous structure, the Ti foams achieved by the SPS and NaCl

dissolution methods with mechanical properties comparable

to those of human bone makes these materials to be ideal bone

implant foams.

In summary, macroporous pure Ti foams with porosities of

30–70% and pore sizes of 125–800mmwere prepared by using

SPS and NaCl dissolution methods for bone implant

applications. The Ti foams prepared by SPS at 700 8C for

8min under 50MPa showed pure a-Ti phase structure. The Ti

foams consist of interconnected macropores with square cross

sections. The plateau stress and Young’s modulus agree with

the Gibson–Ashby models, and coarsely obey linear declines

with the pore size increase and exponential decays with the

increase of porosity. The Ti foams processed by SPS and NaCl

dissolution methods showed mechanical properties within

those of human bone range.
o. KGaA, Weinheim ADVANCED ENGINEERING MATERIALS 2010, 12, No. 9
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Fig. 8. The effects of pore sizes (a, b) and porosities (c, d) on the plateau stress and Young’s modulus of the Ti foams.
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[2] E. Solórzano, M. A. Rodriguez-Perez, J. A. de Saja, Adv.

Eng. Mater. 2008, 6, 596.

[3] J. Banhart, Prog. Mater. Sci. 2001, 46, 559.

[4] J. P. Li, S. H. Li, C. A. Van Blitterswijk, K. de Groot,

J. Biomed. Mater. Res. A 2005, 73, 223.

[5] D. C. Dunand, Adv. Eng. Mater. 2004, 6, 369.

[6] E. R. Garrett, S. P. Abhay, P. A. Dimitrios, Biomaterials

2008, 27, 3625.

[7] Y. Chino, D. C. Dunand, Acta Mater. 2008, 1, 105.

[8] Y. He, Y. Jiang, N. Xu, J. Zou, B. Huang, C. T. Liu,

P. K. Liaw, Adv. Mater. 2007, 19, 2102.

[9] B. Neirinck, T. Mattheys, A. Braern, J. Fransaer, O. V. der

Biest, J. Vleugels, Adv. Eng. Mater. 2009, 8, 633.

[10] Y. B. An, N. H. Oh, Y. W. Chun, Y. H. Kim, J. S. Park,

K. O. Choi, T. G. Eom, Scr. Mater. 2005, 53, 905.
ADVANCED ENGINEERING MATERIALS 2010, 12, No. 9 � 2010 WILEY-VCH Verl
[11] R. Brindle, J. Eisenhauer, J. Rash, PM2 Industry vision and

Technology Roadmap. U.S. Department of Energy, Office of

Industrial Technologies. 2001, 9, 29.

[12] Z. A. Munir, U. Anselmi-Tamburini, J. Mater. Sci. 2006,

41, 763.

[13] S. Grasso, Y. Sakka, G. Maizza, Sci. Technol. Adv. Mater.

2009, 10, 053001.

[14] M. Kon, L. M. Hirakata, K. Asaoka, J. Biomed. Mater. Res.

B 2004, 68, 88.

[15] Y. Sakamoto, K. Asaoka, M. Kon, T. Matsubara,

K. Yoshida, Bio-Med. Mater. Eng. 2006, 2, 83.
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