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ABSTRACT 

 

Titanium alloys (Ti6Al4V) and hydroxyapatite (HA) are widely used as implant 

materials. Ti6Al4V has good mechanical properties and corrosion resistance, whereas HA 

has excellent biocompatibility but its mechanical properties are weak. The combination 

of properties between Ti6Al4V and HA is expected to produce a superior material for 

bio-implants. The aim of this work is to analyse the fabricating porous Ti6Al4V/HA 

composite through powder compaction with the application of two types of space holders. 

Sodium chloride (NaCl) and polymethyl methacrylate (PMMA) were selected as the 

space holder agents. Space holders were removed by solvent debinding (NaCl) and 

thermal debinding (PMMA). Sintering was performed in a furnace at 1200 °C for 1.5 h. 

The Archimedes method was carried out to obtain the porosity of the sintered body. 

Samples where NaCl was used exhibited higher porosity than the samples where for 

PMMA was used. The high porosity achieved among the successfully sintered samples 

was 43.9%. Interconnected porous was clearly observed on the sintered composites with 

a successfully generated size range of 2 μm to 25 μm.  

 

Keywords: titanium-hydroxyapatite foam; space holder method, powder metallurgy. 

 

INTRODUCTION 

 

Porous structure is one of the requirements that must be met in an implant. Implants must 

have the biocompatibility properties of the body. Beside that, the mechanical properties 

of the implant must be in accordance with the bone mechanical properties such as the 

Young’s modulus and hardness [1]. Today, implants not only have to approach the 

mechanical properties of bone, but also should be able to facilitate the growth of cells 

during healing [2]. Porous structures on the implant are expected to facilitate the blood 

flow that supplies nutrients to the cell tissues. In addition, the existence of a porous 

structure is able to reduce the Young’s modulus of metal implants so as to approach the 

Young’s modulus of bones [3, 4]. The classic issue in the fabrication of Ti6Al4V  / HA 

composites through Powder Metallurgy method is the two substances having different 

properties in terms of physical and chemical properties. Titanium at high temperatures 

tends to be oxidised and will react with other substances [5], while HA will become 

unstable at high temperatures so that it can decompose into other phases. The presence of 

titanium ion during the sintering process will speed up the HA decomposition process and 

will affect the physical and mechanical properties. Furthermore, the difference in thermal 

coefficients between the two materials will induce cracking during the sintering process 
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[6]. This is often the case in composites that use more than one type of substance with 

different heat coefficients. In addition to the composition problems above, the difference 

in shapes and sizes of the two substances will also affect the arrangement of the powder 

and the physical and mechanical properties of the composites [7].   

The selection of suitable implant materials is a critical step in designing medical 

implants. Many biomaterials such as Co-Cr alloy, stainless steel, and titanium alloy are 

available. Titanium alloy is one of the potential candidates usually chosen by researchers 

because it is characterised by excellent corrosion resistance, bioinertness, and high 

strength-to-weight ratio [8-11]. Another important property of titanium alloy is that it has 

a lower Young’s modulus than other biomaterials (110 GPa)[12]. The bone has a Young’s 

modulus of 10 GPa to 30 GPa and a hardness that ranges from 0.2 GPa to 0.7 GPa [13, 

14]. In the category of ceramics, hydroxyapatite (HA) is a considerably favourable option 

because it has a chemical structure similar to that of the human bones [15]. HA more 

significantly promotes cell growth than does titanium alloy. Nevertheless, HA has poor 

mechanical properties. A well-known issue in designing metal implants is that metal has 

a higher Young’s modulus than bone, resulting in non-uniform stress transfer between 

bones and implant materials. The Young’s modulus of materials proportionally decreases 

with increasing porosity [16]. The other advantage of porous structures, especially 

interconnected types, is that they facilitate blood circulation, which carries nutrient to 

cells [17-19]. Composite is a combination of one or more materials in which the 

combination of the material will produce the desired physical and mechanical properties 

[20-26]. The combination of titanium alloy, HA, and porous structures is expected to 

solve several weaknesses in medical implant applications [27]. Various studies have been 

conducted to combine titanium and HA. Zhuravleva et al. [28] proposed a method for 

combining Ti40Nb and HA by compaction and HA coating. The porous structure of 

Ti40Nb was prepared by the compaction method with NaCl or Mg as the space holder. 

For nanostructures, Niespodziana et al. [29] successfully produced microporous TI/HA 

with a mechanical alloying method. The infiltration method has also successfully 

produced Ti/HA composite with a porosity range of 24% to 34% [30]. The main objective 

of this work is to analyse fabricating porous Ti6Al4V/HA composite with the application 

of space holder materials (i.e., Sodium chloride (NaCl) and polymethyl methacrylate 

(PMMA)) through the powder compaction method.  

 

METHODS AND MATERIALS 

   

Experimental Setup 

Titanium powder (Ti6Al4V), with a density and melting point of 4.43 g/cm3 and 1604 

°C, respectively, was obtained from Vistec Technology Malaysia (Figure 1(a)). HA 

powder with a density of 3.132 g/cm3 (Figure 1(b)) was supplied by Sigma Aldrich. NaCl 

and PMMA were selected as the space holders in this study. NaCl with a density and 

melting point of 2.165 g/cm3 and 801 °C, respectively, was supplied by Sigma Aldrich. 

NaCl was chosen as a space holder because it is easily dissolved in water, inexpensive, 

and nontoxic [31]. PMMA is easy to decompose and evaporates at low temperatures. 

PMMA with a density and melting point of 1.18 g/cm3, 160 °C, respectively, was supplied 

by Alfa Ceaser. Tables 1 and 2 show the powder and space holder composition. Ti6Al4V 

and HA powder were combined using a ball milling machine (Pulversetta 6) at a milling 

speed of 200 rpm for 3 h. 
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(a) 

 

 
(b) 

Figure 1. Scanning electron microscopy results for Ti6Al4V (a) and HA (b). 

 

Table 1. Mixing ratio for titanium and HA powder. 

 

Mixture Ti6Al4V (%wt) HA (%wt) 

I 70 30 

II 30 70 

 

Table 2. Mixing ratio for Ti6Al4V/HA powder and space holder. 

 

Sample 
Ti6Al4V/HA (%wt) 

Powder 
Space Holder (%wt) 

A 80 %wt Mixture I 20 %wt PMMA 

B 80 %wt Mixture II 20 %wt PMMA 

C 80 %wt Mixture II 20 %wt NaCl 

 

The powder mixture of each sample was compacted in a mold with a pressure of 

200 MPa for 10 min. Debinding was carried out to remove the space holder in a green 
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body. PMMA was removed by thermal debinding under an argon flow for 1.5 h at a 

heating rate of 5 °C/min. NaCl was soaked in distilled water for 3 h. The sintering 

temperature was set at 1200 °C for 1.5 h and the heating rate was 10 °C/min; the sintered 

sample was analysed. Hardness (MITAKA HVS10) and density tests were carried out in 

accordance with the Archimedes principle. The morphology of the surface was studied 

by scanning electron microscopy (SEM) and electron dispersive X-ray spectroscopy 

(EDX) was performed to determine the presence of elements in the sample using Hitachi 

S-3400N. Meanwhile, XRD test was performed using the Bruker D8 Advance XRD. 

 

RESULTS AND DISCUSSION 

 

Debinding 

Table 3 shows the weight reduction of each sample after debinding. On sample C for 

which NaCl was used as the space holder, a significant weight reduction was observed. 

Removing the space holder by solvent debinding promoted erosion on the powder, 

thereby reducing the sample weight. This result was confirmed by the density and 

porosity tests (Table 4). Sample C had low density and high porosity. The thermal 

debinding results also exhibited a potential problem in debinding temperature, which 

affected the mechanical strength of the green component [32-35].  

 

Table 3. Results of debinding. 

 

Sample 

Code 
Space holder 

Before debinding, 

(gram) 

After debinding, 

(gram) 

A 20%wt PMMA 3.00 2.87 

B 20%wt PMMA 2.80 2.67 

C 20%wt NaCl 2.70 2.14 

 

Density and Porosity  

Table 4 shows the density and porosity sample, Ti6Al4V/HA, after sintering. Sample A 

with PMMA as the space holder had the highest density, affecting the main composition 

of titanium in the mixture. The porosity of sample A supported the findings of Torres et 

al. (2011). The porosity of titanium alloy (i.e., 45%) is similar to the Young’s modulus of 

human bones [31]. The Young’s modulus of Ti/HA composite ranges from 24% to 34% 

[30]. The weight reduction of samples B and C was attributed to the large decomposition 

of HA, which was a dominant constituent in the mixture. Comparing samples B and C, 

which were similar in powder composition but different in space holder and debinding 

method, sample C had a higher porosity value (43.85%), indicating a micro and macro 

porous structure.  

 

Table 4. Density and porosity test on sintered component of porous Ti6Al4V/HA 

composite. 

 

Sample Density (g/cm3) Porosity (%) 

A 3.343 15.15 

B 2.639 23.06 

C 1.926 43.85 
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Microstructure Analysis 

Sample A (70 wt% Ti6Al4V : 30 wt% HA: PMMA) 

Figure 2 shows the analysis of pore morphology and structure properties of sample A. 

Binding occurred between Ti6Al4V  and HA after sintering. The SEM results showed 

that pore size ranged from 5 µm to 25 µm in the interconnected structure. The 

morphology pore and structure results via this method were in line with the findings 

reported by some authors [36-38]. The osteoblast size at the entrance of the interconnected 

structure is 20 µm, as indicated by the in vitro and in vivo experiments [39]. The types of 

pore formation were determined by the combination of PMMA removal and 

morphological examination of titanium particles.  

 

 
 

Figure 2. SEM photographs of porous Ti6Al4V/HA Composite. 

 

 
 

Figure 3. SEM images of porous Ti6Al4V/HA Composite. 

 

Sample B (30 wt% Ti6Al4V : 70 wt% HA: PMMA) 

Figure 3 shows that the pore morphology structure which comprised 30 wt% Ti: 70 wt% 

HA with PMMA as the space holder. SEM observations revealed  that microporous finds 

were of a size of around 2 μm. Microporous formation occurred due to the higher 

percentage weight of the HA powder and had a finer particle size than the Ti powder. 

Moreover, the type of pores can be characterised as open pores.   
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Sample C (30 wt% Ti6Al4V : 70 wt% HA: NaCl) 

Figure 4 shows a pore structure composed of 30 wt% Ti and 70 wt% HA with NaCl as 

the space holder. The pore types in Figure 4 can be categorised into two types. Small 

pores resulted from the space holder and large pores were caused by erosion when NaCl 

was removed by solvent debinding. The porous formation formed was interconnected 

porous, necessary when used as implantable material as it can facilitate cell growth. 

Interconnected porous facilitates blood circulation that carries nutrients for cell growth. 

 

 
 

Figure 4. SEM images of porous Ti6Al4V/HA Composite. 

 

Energy-dispersive X-ray spectroscopy 

For sample A, oxygen content was highest at 38.5 wt%. HA and PMMA powder were 

affected by the addition of oxygen elements. The sintering process was conducted in 

standard atmospheric conditions. Figure 5 shows that the percentage of oxygen in the 

sintered body was high. 

 

 
 

Figure 5. EDX graph for sample A (70 wt% Ti6Al4V : 30 wt% HA: PMMA). 
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According to the EDX graphs for sample B (Figure 6), calcium (Ca) had the 

highest weight percentage (36.52%) when the ratio of HA powder to Ti was high. The 

oxygen percentage shown in the result was less than that of sample A (10.46%). The EDX 

graph shows that PMMA had a carbon (C) composition close to 0%. Therefore, the space 

holder was successfully removed during debinding and sintering. The oxygen level in 

sample B was lower than that in sample A, indicating that the oxidation level of sample 

B was lower than sample A. The presence of Ti in the compound influenced the oxidation 

level where titanium started oxidising at a low temperature of 450°С compared to HA 

which started to decompose at above the temperature of 850°С [40]. It is clear that the 

oxidation level of sample A was higher than sample B due to the high proportion of Ti in 

the sample. 

 

 
 

Figure 6. EDX graph for sample B (30 wt% Ti6Al4V : 70 wt% HA: PMMA). 

 

The samples were analysed before and after sintering to compare the elemental 

composition. Figure 7 and Table 5 show that sodium (Na) and chloride (Cl) remained in 

the samples before sintering and after debinding. By contrast, Na and Cl were removed 

after sintering. The oxygen percentage also increased from 36.55% to 38.6%. 

 

Table 5. EDX analysis results for sample C (before and after sintering) 

 

 Before sintering After Sintering 

Element Weight % K Ratio Weight % K Ratio 

O   36.55 0.0683 38.6 0.0739 

Na  0.69 0.003 - - 

Al  0.55 0.004 0.23 0.0016 

P   18.98 0.1651 19.55 0.17 

Cl  0.85 0.0074 - - 

Ca  34.37 0.3178 36.15 0.3316 

Ti  8.01 0.0634 4.17 0.0328 

V  - - 1.3 0.0101 
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(a) 

 

 
(b) 

Figure 7. Comparison of EDX graphs for sample C (a) before sintering and (b) after 

sintering. 

 

X-ray diffraction  

Generally, the sintered component of HA/Ti is formed in the secondary phase [41-44]. 

Figures 8 to 10 show that the samples were converted into a new phase after sintering at 

1200 oC. The amount of titanium in the mixture affected the peak intensity [45], and HA 

decomposed and transformed into a secondary-phase substance, such as tetracalcium 

phosphate and tricalcium phosphate [46]. The presence of HA in the secondary phase 

wasevident not only under atmospheric conditions, but also in vacuum conditions [41]. 

After sintering, many peaks occurred in the pattern as an indication of the new phases that 

occurred after sintering. The XRD pattern showed that on the (70 wt% Ti6Al4V : 30 wt% 

HA: PMMA), the main HA peak remained. New peaks also occurred in the samples. 

Figure 8 shows that the HA phase decomposed and transformed into tetracalcium 

phosphate (TTCP) and beta tricalcium phosphate (β-TCP). Egorov et al. showed that the 

oxidation of titanium started at around 700 oC on composite titanium and HA was 

converted into TiO2 [42]. Figure 8 also shows that the sample (70 wt% Ti6Al4V : 30 wt% 

HA: PMMA) tended to exhibit a high level of oxidation, as demonstrated by the strong 

peak of TiO2 near 20 °C to 25 °C. This strong peak occurred because of the titanium 

which was the main constituent in the mixture. Another peak that occurred in the 

specimen was CaO9Ti4, resulting from the reaction between titanium and HA at elevated 

temperatures.  
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Figure 8. XRD pattern for sample A. 
 

Figures 9 and 10 show that the main peak of HA disappeared in the XRD pattern, 

and HA was completely decomposed into β-TCP and TTCP. The main composition of 

HA (70 wt%) reduced in intensity. The TiO2 peak was an indication of reduced titanium 

oxidation. HA decomposition was a continuous process starting from low temperature 

and dehydroxylation process began at temperature 850 oC where O and Ti ions formed 

the TiO2 formation [46]. 

 

 
 

Figure 9. XRD pattern for sample B. 

 

Raw powder 70wt% Ti- 30wt% 

After sintering 

Raw powder 30wt% Ti- 70wt% 

After 

sintering 
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Figure 10. XRD pattern of sample C. 
 

 
 

Figure 11. Hardness test results of porous Ti6Al4V/HA composite. 

 

Hardness test 

Figure 11 shows that the sample with titanium as the main constituent had a high hardness 

value. Sample C had a lower hardness value (30 wt%). This result is in a good agreement 

with Table 4, where high density material resulted high hardness and vice versa. 

Maximum hardness was obtained on sample A with a composition 70 wt % Ti6Al4V. 

The hardness result revealed that the debinding method had a contribution in influencing 

Raw powder 30wt% Ti- 70wt% 

After sintering 
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the morphology and percentage of porosity. Sample C had more porosity than samples A 

and B; in this work, sample C was soaked in distilled water for 3 h to remove NaCl. 

Sample C with 43.85 % porosity attained a hardness value of 1.27 GPa, showing a 

potential application for bone implants where the average trabecular bone hardness is 

about 0.760 GPa [13]. 

 

CONCLUSIONS 

 

The experimental results showed that porous Ti6Al4V/HA composites were successfully 

fabricated using both types of space holders. Interconnected porous was clearly observed 

on the sintered composites with a size range of 2 μm to 25 μm. Porosity is expected to 

facilitate the circulation of body fluids and encourage the growth of cells. Composition 

and powder shape of Ti6Al4V and HA played an important role in determining the 

formation and roughness of the structure. Moreover,  the type of  debinding method to 

remove the space holder from the green part has contributed to determining the 

microstructure porosity and morphology. Based on hardness test, composition 70 wt% 

Ti6Al4V with PMMA as the space holder (sample A) reached maximum hardness 

number, while the minimum hardness number was obtained by 30 wt% of Ti6Al4V using 

NaCl as the space holder. Samples with Ti6Al4V powder as the major component had a 

rough surface and large pore diameters. The pores in all the samples tended to 

interconnect three dimensionally, although controlling the pore size was difficult. The 

study results also demonstrated that HA decomposed into second–phase forms, such as 

TTCP and β-TCP. Other phases, such as CaO9Ti4 and TiO2, formed through the reaction 

of HA, titanium, and air.  
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