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Abstract: Sodium chloride (NaCl) was added as a space holder in synthesis of porous titanium by using metal injection 
molding(MIM) method. The microstructure and mechanical properties of porous titanium were analyzed by mercury porosimeter, 
scanning electron microscope(SEM) and compression tester. The results show that the content of NaCl influences the porosity of 
porous titanium significantly. Porous titanium powders with porosity in the range of 42.4%−71.6% and pore size up to 300 μm were 
fabricated. The mechanical test shows that with increasing NaCl content, the compressive strength decreases from 316.6 to 17.5 MPa 
and the elastic modulus decreases from 3.03 to 0.28 GPa. 
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1 Introduction 
 

Titanium(Ti) and its alloys are widely used for 
manufacturing orthopedic and dental devices under load 
bearing applications[1]. However, their long term 
clinical performances may be compromised by the 
different mechanical properties exhibited by titanium 
compared with bone, creating a stress shielding effect at 
the bone/implant interface[2−3]. Porous titanium 
presents diminished mechanical properties compared 
with the solid material, and porous titanium implant 
helps to reduce the stiffness mismatch between implant 
and bone tissue, thus reducing ‘stress shielding’ and 
achieving stable long-term fixation[4]. A porous implant 
material with adequate pore structure and appropriate 
mechanical properties has been sought as the ideal bone 
substitute. Open-cellular pores are necessary for bone 
ingrowth, and extensive body fluid transport through the 
porous scaffold matrix is possible, which can trigger 
bone growth if substantial pore interconnectivity is 
established[5−7]. Although increased porosity and pore 
size are obviously preferential for new bone growth in Ti 
implant[8−9], it should be kept in mind that another 
consequence of the porosity and pore size increase is the 

reduction of the implant mechanical properties. Thus 
depending on the intended application, a balance 
between mechanical properties and biological 
performance should be found. 

So, there is a demand for fabrication methods for 
bulk porous Ti of which the porosity, pore size and 
distribution, and mechanical properties can be controlled 
for biomedical applications[6]. A number of approaches 
to fabricate three-dimensionally porous titanium have 
been reported, including partial sintering of powders[10] 
or wires[11], and sintering of powders around a 
temporary space-holding phase[9,12]. Those methods 
could produce porous materials with high porosity and 
well interconnected structure, but porosity and pore size 
of materials are difficult to be controlled. So, porous 
materials need post-machining processes that could be 
detrimental to the integrity of the pore structure. Metal 
injection molding(MIM) could be an attractive process 
for overcoming this problem. It combines the technique 
of polymer injection molding with the advantages of PM. 
The possibility of near-net-shape production combined 
with a high potential for automation makes the MIM 
process suitable for the industrial production of porous 
Ti. The MIM process starts with the mixing of metal 
powder with one or more polymers to produce a feed-  

                       
Foundation item: Project(30770576) supported by the National Natural Science Foundation of China; Project (2007AA03Z114) supported by Hi-tech 

Research and Development Program of China 
Corresponding author: LI Yi-min; Tel: +86-731-88830693; E-mail: liyimin33@yahoo.com.cn 
DOI: 10.1016/S1003-6326(08)60424-0 



CHEN Liang-jian, et al/Trans. Nonferrous Met. Soc. China 19(2009) 1174−1179 

 

1175

stock, followed by molding of the homogenized 
feedstock into shape parts, removal of polymer and final 
sintering. 

The aim of this work is to develop processes 
controlling the porosity and the pore structure for 
ensuring the desired homogeneity of the product. MIM 
was used to produce porous titanium. The effect of the 
content of space holder on the pore structure, i.e., 
porosity and pore size, was investigated. The influence 
of pore structure on compressive strength and elastic 
modulus was addressed and discussed. 
 
2 Experimental 
 
2.1 Materials 

Hydrogenation-dehydrogenation titanium(HDH Ti) 
powder with a particle size ＜77 μm, and sodium 
chloride (NaCl) powder with a particle size ＜290 μm 
were used in this study. Morphologies of the powders are 
both irregular in shape, as shown in Fig.1. In order to 
evaluate the effect of different content of NaCl on 
porosity and pore size, five different feedstocks with 
different volume fractions of NaCl, 30%, 40%, 50%, 
60% and 70% were prepared. A multi-component binder 
system was selected for this work. The binder consisted 
of a mixture of high density polyethylene(HDPE), 
paraffin wax(PW), polyethylene glycol(PEG) and stearic 
acid(SA). Mixing of binders and powders was conducted 
 

 

Fig.1 Morphologies of initial powders: (a) NaCl powders;    
(b) Titanium powders 

in a XSM1/20-80 rubber mixer with a pair of roller rotor 
blades at 150 ℃  for 1 h. All the feedstocks were 
extruded twice to get homogeneous mixtures. After 
compounding, feedstocks were properly granulated. 
 
2.2 Injection molding 

Injection step was carried out in an injection 
molding machine (BOY50T2). Cylindrical samples were 
produced (d 12 mm×8 mm). The injection molding 
parameters were optimized. Mold temperature was 30 
℃ , injection temperature was 155 ℃ , and injection 
pressure was 100 MPa. 
 
2.3 Debinding and sintering 

The organic part of compact was removed through 
solvent and thermal debinding. The space holder of 
compact was removed by water dissolving. Firstly, the 
solvent debinding was performed by immersion of 
compacts in methylene dichloride at 37 ℃ for 2.5 h. 
Then, the space holder was removed in a water bath. 
Finally, thermal debinding was performed in argon 
atmosphere at 720 ℃ in a tubular furnace. Binders and 
space holder should be removed clearly, which could be 
determined by mass loss measurement, avoiding 
pollution of sintering furnace. The compacts were 
sintered at 1 150 ℃ for 2 h under a vacuum of 1.33×
10−3 Pa. Two heating rates were used: a slower heating 
rate 4 K/min to 525 ℃ followed by a faster heating rate 
of 10 K/min to the final sintering temperature. 
 
2.4 Testing methods 

The density, open porosity, and general porosity 
were determined by Archmede’s method with the 
theoretical density of 4.5 g/cm3 for titanium. Pore size 
and the distribution of the interpore connections were 
measured from the penetration of Hg vapor in an 
Autopore II 9220 evacuated porosimeter. The 
microstructures of the samples were observed using a 
JSM−6360 LV scanning electron microscope(SEM). 
Compression tests were carried out on the specimens 
with a size of d12 mm×8 mm at room temperature 
according to ASTM 451 standard. Five samples of each 
material were tested under a compression load in a 
CMT−7205 screw driven universal testing machine at a 
strain rate of 10−3 s−1. The tests were performed at 37 ℃. 
 
3 Results and discussion 
 
3.1 Dimensional shrinkage 

For investigating the shrinkage quality, sample 
dimensions before and after sintering were measured. 
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Table 1 shows the amount of shrinkage in two 
dimensions. As can be seen that shrinkage is almost the 
same in two dimensions, indicating that the feedstock 
homogeneity is relatively good. Samples with 70% NaCl 
content were not presented in Table 1, for the samples 
collapsed and deformed during debinding. 
 
3.2 Porosity and pore size distribution 

The general porosity and open-pore ratio of the 
sintered porous alloys prepared from different feedstocks 
are also shown in Table 1. The open-pore ratio is defined 
as the ratio of the open porosity to the general porosity. 
As can be seen, the general porosity and open-pore ratio 
tend to increase with increasing addition amount of NaCl 
as space holder. 

Fig.2 shows the results of mercury porosimeter 
analysis. The graph illustrates the diameters of the 
inter-pore connections. The vertical axis represents the 
number of inter-pore connections at each diameter. 
Therefore, the area under the curve means the total 
number of the connections. In samples 1 and 2, more 
than 90% of the inter-pore connections are smaller than 
50 μm in diameter. However, 45% of the inter-pore 
connections are larger than 50 μm in sample 3 and 70% 
in sample 4. It is observed that the inter-pore connection 
size of sample depends greatly on the content of NaCl. 
With increasing NaCl content, vacancies caused by NaCl 
removing increase, and these vacancies are unable to be 
compensated by sintering, resulting in an increase in the 
number of macro-pore. And the micropores are mainly 

 
Table 1 Physical properties of MIM sintered samples 

Dimensional shrinkage/% Sample 
No. 

NaCl content/% 
Axial Radial 

General porosity/% 
Open pore 

ratio/% 

1 30 11.7 11.6 42.4±2.1 97.9 

2 40 12.0 11.8 52.1±2.2 98.7 

3 50 12.9 12.3 62.0±1.8 99.6 

4 60 13.1 12.8 71.6±1.2 99.6 

 

 
Fig.2 Pore size distributions for porous titanium: (a) Sample 1; (b) Sample 2; (c) Sample 3; (d) Sample 4 
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caused by binders removal and the insufficient sintering 
of titanium powder. The results indicate that adding 
appropriate amount of NaCl in feedstocks can effectively 
control the pore size and porosity of final products. 
 
3.3 Mechanical properties 

Fig.3 shows the nominal stress—nominal strain 
curves of porous titanium with different addition of  
NaCl. As can be seen, the addition of NaCl has complex 
influence on the deformation behavior of porous titanium. 
These curves from different feedstocks show the same 
trend, i.e. a linear elastic deformation stage at the 
beginning of deformation, a long plateau stage with a 
nearly constant flow stress to large strain, and a 
densification stage where the flow stress rapidly 
increases. Open-cell porous materials are deformed 
primarily by cell-wall bending. Elastic modulus is the 
initial slope of the stress — strain curve. The long 
horizontal plateau in the stress—strain curve means that 
the material is strained at constant stress and that the 
strain produced is no longer recoverable. This plastic 
failure mechanism is of great interest since these 
materials can be used as energy absorbers, which can 
effectively buffer external stress and play an 
impact-resistance effect. This is important for 
bear-loading materials in biomedical application. 
 

 

Fig.3 Nominal stress — nomonal strain curves of porous 
titanium samples fabricated by MIM with different NaCl 
content in feedstocks 
 

The results of the mechanical properties are shown 
in Table 2. Special notice should be put on the elastic 
modulus because it plays a very important role in the 
design of biomaterials for bone substitution. If a bone 
replacement material is too stiff, it can stress-shield the 
surrounding living tissue. This means that the implant 
takes most of the load and the surrounding tissues sustain 

loads well below their physiological level. There is 
clinical evidence that stress shielding is associated to 
resorption of the bone tissue adjacent to the implant, 
which leads to implant loosening and eventually to the 
subsequent implant failure. In this study, it can be 
observed that the values for four kinds of porous titanium 
samples are very similar to those of cancellous bone[13], 
especially those of the samples 3 and 4. The elastic 
modulus of the MIM processed porous Ti structures is in 
the range 0.28−3.03 GPa, which is comparable to natural 
bone. The low modulus of the porous titanium would 
prevent stress shielding and the bone ingrowth from the 
surrounding tissue would produce a good matching with 
the mechanical properties of the bone that the system is 
intended to be replaced[14]. The compressive strength of 
porous titanium depends on its porosity, and the strength 
increases from 17.5 to 316.6 MPa as the sample porosity 
decreases from 71.6% to 42.4%. The strength of the 
porous titanium with the highest porosity of 71.6% is 
approximately 17.5 MPa, which is presumably strong 
enough to resist handling during implantation and in vivo 
loading. 
 
Table 2 Mechanical properties of MIM porous titanium 

Materials 
General 

porosity/%
Compressive 
strength/MPa 

Elastic 
modulus/GPa

Sample 1 42.4±2.1 316.6±11.4 3.03±2.10 

Sample 2 52.1±2.2 157.1±15.7 1.50±1.80 

Sample 3 62.0±1.8 63.2±12.8 0.95±0.60 

Sample 4 71.6±1.2 17.5±3.8 0.28±0.20 

Cancellous 
bone[14] 

− 25.0±8.1 1.08±0.86 

 
3.4 Microstructure characteristics 

Porosity and pore size of porous implants both play 
a critical role in bone ingrowth. Some studies have 
reported that a pore size of 100−150 µm is generally 
considered acceptable for cell size migration and 
transport, and higher porosity and larger pore size result 
in greater bone ingrowth[8,15−16]. In vivo, an 
interconnection size of over 20 µm permits cell 
penetration and chondroid tissue formation inside 
macropores, and an interconnection size of over 50 µm 
can assure mineralized bone formation[7]. In this study, 
the microstructures of four kinds of porous titanium 
samples are shown in Fig.4. It can be seen that there are 
two types of pores in the samples. One is a kind of 
interpenetrating macro-pores with the size in a range of 
50−300 μm, which is formed by spacer-holder removal. 
Macropores in sample 1 and 2 are mostly isolated 
(Figs.4(a) and (b)), those in sample 3 are partly 
interconnected (Fig.4(c)), and those in sample 4 are well  
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interconnected (Fig.4(d)). Simultaneously, other kinds of 
pores, much finer with a size of several micrometers, can 
be observed in Fig.4(e). The cell walls of the porous 
titanium are rough and honeycomb-like. The 
interconnected pore structure and rough wall-surface of 
macro-pores are appropriate for the in-growth of the 
new-bone tissues and the transport of the body fluids 
[17]. Samples 3 and 4 exhibit an open and interconnected 
porous structure. The result of mercury porosimeter 
analysis reveals that most of the interpore connections 
range from 50 to 300 µm, and the elastic modulus and 
compressive strength for both titanium foams are very 
similar to those of cancellous bone. These results suggest 
that the samples 3 and 4 with adequate pore structure and 
appropriate mechanical properties would be used as the 
ideal bone substitute. 
 
4 Conclusions 
 

1) Porous titanium with different porosities can be 

fabricated by MIM with NaCl powder as space holder, 
and the porosity can be controlled by NaCl content 
adjustment. 

2) In porous titanium with porosity of 62.0% and 
71.6%, respectively, the macropores are well 
interconnected, and the mechanical properties are similar 
to those of cancellous bone. 

3) MIM is a promising method to produce porous 
titanium for biomedical application. 
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