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Abstract: Porous Ti-Mg composites were successfully fabricated through powder metallurgy processing with ammonium hydrogen 
carbonate (NH4HCO3) as a space-holder. The effects of NH4HCO3 on properties of porous composites were comprehensively 
investigated. The pore characteristics and compressive properties of the specimens were characterized by X-ray diffractometry (XRD) 
and scanning electron microscopy (SEM). The results show that the porosity of the porous composites can be tailored effectively by 
changing the amount of NH4HCO3 added, and the use of NH4HCO3 has no influence on the microstructure and phase constituents of 
the Ti-10%Mg porous composites. The open porosity and compressive strength as well as compressive elastic modulus vary with the 
adding amount and particle size of NH4HCO3. When the mass fraction of NH4HCO3 added is 25%, elastic modulus and compressive 
strength of composites with porosity of around 50% are found to be similar to those of human bone. 
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1 Introduction 
 

It is well known that Ti and Ti alloys are nowadays 
the most attractive metallic biomaterials due to their 
excellent mechanical properties, wonderful 
biocompatibility, and good corrosion resistance[1]. 
However, one of the major problems concerning metallic 
implants in orthopedic surgery is the mismatch of elastic 
moduli between the bone (0.1–30 GPa) and metallic 
implants (110 GPa for Ti). Bone is insufficiently loaded 
due to the mismatch, as called ‘stress-shielding’[2]. 
Recently, these materials with porous structure have 
attracted increasing interest because they can provide not 
only a favorable environment for bone ingrowths, but 
also matching mechanical properties (particularly, elastic 
modulus and stiffness) to the surrounding bone, which 
would be expected to reduce the extent of 
‘stress-shielding’[3−4]. 

A number of approaches to the fabrication of porous 
Ti and Ti alloys have been reported, such as loose 
powder sintering, slurry foaming[5], hollow sphere 
sintering[6], reactive sintering[7] and gas entrapped 
techniques[8]. However, most of the above-mentioned 
methods either provide a limited porosity or controlled 

porosity. Powder metallurgy technique using space- 
holder materials comes into action with its advantages 
like adjustable porosity amount, pore shape, and pore 
size distribution[9−13]. 

For porous Ti and Ti alloys, due to the ability to 
decompose completely at relatively low temperature to 
avoid the reaction with the host powders, ammonium 
hydrogen carbonate (NH4HCO3) is considered a great 
space-holder material. Many researches have been 
reported on the effects of space holder amount to the 
property of ammonium hydrogen carbonate (NH4HCO3) 
as the space-holder material by powder metallurgy 
technique, such as porous titanium, porous Ti-18Nb-4Sn 
alloys, porous Ti-16Nb-4Sn alloys, porous TiNbZr alloys 
and porous NiTi shape memory alloys. However, to the 
best knowledge of the authors, there is less systematic 
study on the effects of space-holder material particle 
size. 

In the present study, porous Ti-10Mg (mass fraction, 
%) composites with varying porosity are fabricated by 
powder metallurgy route, using ammonium hydrogen 
carbonate (NH4HCO3) as space-holder material. The 
effects of amount and particle size space of holder on the 
porosity, pore size, phase constitution and compressive 
strength of the porous Ti-10Mg composites were  
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systematically investigated. 
 
2 Experimental 
 
2.1 Ball milling of Ti and Mg powders 

Titanium/magnesium powder mixtures (10% Mg in 
mass fraction, balance Ti) were mixed together using 
n-hexane as a process control agent. Milling was 
performed at room temperature in a planetary ball mill 
(QM−3SP4) with steel containers and steel balls with a 
rotational speed of 300 r/min for 10 h. The mass ratio of 
the ball to powder was 10:1. To prevent the powders 
from oxidation during processing, the ball-milling vials 
were vacuumized and then filled with 99.99% pure argon 
gas. 
 
2.2 Fabrication of porous Ti-10Mg samples 

The ball-milled powders were thoroughly mixed 
with ammonium hydrogen carbonate (NH4HCO3) as 
space-holder agent. Five kinds of samples were designed 
using different amounts of NH4HCO3, as listed in Table 
1. Four kinds of samples were designed with different 
particle sizes of NH4HCO3, as listed in Table 2. Those 
mixtures of ball-milled powders and NH4HCO3 were 
cold pressed into green compacts in a double ended steel 
die at 550 MPa using a hydraulic press and the green 
compacts were heat treated in two steps. The first step 
was carried out at 80 °C for 4 h to burn out the 
space-holder material, and then the compacts were 
heated up to 110 °C for 2 h to remove residual moisture 
in the vacuum furnace. In the second step, the compacts 
were heated up to 630 °C, held for 2 h with argon to 
prevent atmosphere in a tubular furnace and cooled down 
to room temperature. The sintered samples were washed 
 
Table 1 Five kinds of samples with different amounts of 
NH4HCO3 

Sample 
No. 

w(Ti)/% w(Mg)/% w(NH4HCO3)/% 
d(NH4HCO3)/

μm 
A 90 10 0 50−600 
B 90 10 10 50−600 
C 90 10 20 50−600 
D 90 10 25 50−600 
E 90 10 30 50−600 

 
Table 2 Four kinds of samples with different particle sizes of 
NH4HCO3 

Sample 
No. 

w(Ti)/% w(Mg)/% w(NH4HCO3)/% 
d(NH4HCO3)/

μm 

D1 90 10 25 106−180 
D2 90 10 25 180−335 
D3 90 10 25 335−425 
D4 90 10 25 425−600 

with ethanol in an ultrasonic cleaner, and then dried in an 
oven at 75 °C. 
 
2.3 Characterization of prepared porous Ti-10Mg 

samples 
The porosity and open porosity were determined by 

Archimedes’s method for porous Ti-10Mg composites 
with the theoretical density of 3.89 g/cm3. The phase 
constituents of the fabricated porous samples were 
determined by XRD analysis with Cu Kα radiation at 40 
kV within a range of diffraction angles from 10° to 80° 
at a scanning speed of 2(°)/min. The microstructure 
characteristics of the samples were characterized with 
scanning electron microscope. 
 
2.4 Mechanical properties evaluation of porous 

Ti-10Mg samples 
Mechanical properties of porous Ti-10Mg samples 

were studied by the compression test on a SANS 
compression testing machine at room temperature using 
the cylindrical shaped samples with the dimensions of  
10 mm×10 mm. Those samples were compressed at a 
strain rate of 0.5 mm/min. Average compressive strength 
and modulus values were calculated from three 
specimens. 
 
3 Results and discussion 
 
3.1 Phase constituents of porous Ti-10Mg composites 

XRD patterns of the sintered porous Ti-10Mg 
composites are shown in Fig.1. In order to investigate the 
influence of NH4HCO3 on the phase constituents of 
Ti-10Mg composites, samples without NH4HCO3 
(sample A) and with 30% NH4HCO3 (sample E) were 
prepared. In both samples A and E, the main phases are 
Ti and Mg. The XRD pattern of porous sample E is 
similar to that of sample A, indicating that the addition of 
NH4HCO3 has little effect on the constituents. 
 

 

Fig.1 XRD patterns of porous samples without NH4HCO3 (a) 
and with 30% NH4HCO3 (b) 
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3.2 Total porosity and open porosity 
The porosity and open porosity of the sintered 

porous composites prepared from different amounts of 
NH4HCO3 are shown in Fig.2. The open porosity is 
expressed as a percentage of the interconnected pore 
space in total porosity. As can be seen, the porosity and 
open porosity tend to increase from 13.8% and 5.4% to 
54.8% and 63.0%, respectively, with increasing the 
amount of NH4HCO3. The formation of pores in the 
sintered composites can mainly be attributed to the 
vacancies resulting from the decomposition of NH4HCO3 
and original pores in the green compacts. The porosity of 
the sample with 25% NH4HCO3 was around 50% 
(volume fraction), which is promising for biomedical 
applications since the optimal porosity of implant 
materials for ingrowths of new-bone tissues is in the 
range of 20%−50%[14]. 
 

 

Fig.2 Effects of NH4HCO3 amount on porosity and open 
porosity of samples 
 

The particle size of NH4HCO3 has little effect on 
the porosity of samples. However, the open porosity 
increases linearly from 58.0% to 71.0% with increasing 
the particle size of NH4HCO3. An open porous structure 
allows bone tissue in-growth of the implant in the body 
and thus provides the desired degree of firm fixation[7]. 

The results of the above mentioned indicate that the 
porosity depends mainly on NH4HCO3 additive amount, 
while open porosity depends on not only the added 
NH4HCO3 amount but also the particle size of NH4HCO3. 
Therefore, the porosity of Ti-10Mg composites can be 
controlled by adjusting the initial NH4HCO3 content, and 
the open porosity can be controlled by adjusting the 
initial NH4HCO3 content and the particle size. The open 
pores are favorable to bone tissue ingrowth and body 
fluid transportation[15−16]. 
 
3.3 Microstructure characterization 

Porous Ti-10Mg composites with porosities in the 
range of 13.8%−54.8% were successfully fabricated by 

adding different amounts of NH4HCO3. The structures of 
porous composites are different with the change in the 
percentage of space holder, as shown in Fig.3. Only 
micropores can be seen in the sample without NH4HCO3 
(Fig.3(a)). It can be seen that in these porous Ti-Mg 
composites with NH4HCO3 as space-holder, there are 
two types of pores, micropores and macropores 
(Figs.3(b), (c), (d)). These micropores may be attributed 
to the trapped residuals of NH4HCO3 decomposition, the 
nonmetallic impurities existing in the raw powders, the 
insufficient sintering and the volume shrinkages occurred 
during the process of sintering; while the macropores are 
obtained by the decomposition of NH4HCO3 particles. It 
can also be seen that the number and size of pores 
increase with increasing the amount of NH4HCO3. Most 
of the macropores are in 100−400 μm, in which the 
optimal pore size has been found[17]. And with 
increasing the amount of NH4HCO3, those pores exhibit 
a feature of basically homogeneous distribution with less 
sharp corners, which contributes to decrease the stress 
concentration. Moreover, the porous sample is 
characterized by pore interconnectivity, which is an 
important criterion for porous implant to deliver nutrition 
and transport body fluid. 

The structures of porous composites with NH4HCO3 
of different particle sizes are presented in Fig.4. As can 
be seen, the pore sizes are almost in 200−400 μm for the 
four kinds of samples, which indicates that the particle 
size of NH4HCO3 has little influence on the pore size of 
titanium alloy. This special phenomenon may be 
attributed to the cohesive nature of NH4HCO3, which 
makes it prone to agglomeration, so that in the process of 
mixing, NH4HCO3 agglomerates. From the above 
mentioned results, we can say that the pore size mainly 
depends on the content of NH4HCO3 but not on the 
particle size of NH4HCO3. 
 
3.4 Mechanical properties 

The compressive stress — strain curves of the 
prepared porous Ti-10Mg composites with different 
amounts of NH4HCO3 are shown in Fig.5. No significant 
deformation of the stress plateau is found in the 
compressive stress — strain curves. When the 
compressive stress reaches the maximum, brittle failure 
does not occur immediately, but deformation continues 
under low stress caused by the porous structure. The 
higher porosity leads to a larger strain under low stress. 

The elastic modulus was determined from the initial 
linear slope of the stress—strain curve. The ultimate 
compressive strength defined as the maximum stress in 
the curve is listed in Table 3. The increase of NH4HCO3 
content leads to a decrease of the compressive strength 
and elastic modulus from 582.9 MPa and 7.12 GPa to 
27.2 MPa and 1.58 GPa, respectively. The compressive 
strength and the elastic modulus values of the porous 
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Fig.3 SEM images of porous composites with different amounts of NH4HCO3: (a) Sample A; (b) Sample B; (c) Sample C;        
(d) Sample D 
 

 
Fig.4 SEM images of porous composites with NH4HCO3 of different particle sizes: (a) Sample D1; (b) Sample D2; (c) Sample D3; 
(d) Sample D4 
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Fig.5 Compressive stress—strain curves of porous Ti-10Mg 
composites with different amounts of NH4HCO3 
 
Table 3 Compressive strength and elastic modulus of porous 
Ti-10Mg composites 

Sample 
No. 

Porosity/% 
Compressive 
strength/MPa 

Elastic 
modulus/GPa 

A 13.8 582.9 7.12 
B 30.8 139.9 4.01 
C 45.1 51.3 2.73 
D 50.1 44.0 1.78 
E 54.8 27.2 1.58 

D1 50.1 46.7 1.92 
D2 50.4 44.1 1.59 
D3 50.5 38.3 1.44 
D4 50.55 33.7 1.26 

 
samples with NH4HCO3 decrease from 46.7 MPa and 
1.92 GPa to 33.7 MPa and 1.26 GPa with increasing 
NH4HCO3 particle size. This may be attributed to the 
increase of the open porosity with increasing NH4HCO3 
particle size. The deformation mainly occurs through 
holes in the samples with open pore, while the 
deformation of the samples with closed pore mainly 
depends on the pore walls. So, the strength and elastic 
modulus of samples decrease with increasing open 
porosity at the same porosity. In this study, it can be 
observed that the values for the porous samples with 
NH4HCO3 amount of 25%−30% meet those of 
cancellous bone (compressive strength: 5−10 MPa; 
modulus: 0.05−0.1 GPa)[19], and elastic modulus in the 
range of 1.26−1.92 GPa is comparable to natural bone 
(0.1−30 GPa). The low modulus of the porous titanium 
would prevent stress from shielding and the bone 
in-growth from the surrounding tissue would produce a 
good matching with the mechanical properties of the 
bone, the system to be replaced. The compressive 
strength of porous sample is higher than that of 
cancellous bone, which can meet the mechanical 
requirements of cancellous bone. 

 
4 Conclusions 

 
1) The porous Ti-10Mg composites with the 

porosity in the range of 13.8%−54.8% and macropore 
size in the range of 100−400 μm were successfully 
fabricated by powder sintering route from Ti and Mg 
powders with space holder of NH4HCO3 powder to 
regulate the pore feature and mechanical property. The 
effects of amount and particle size of space holder on the 
porosity, pore size, phase constitution and compressive 
strength of porous Ti-10Mg composites were 
systematically investigated. 

2) The phase constituents of the sintered porous 
Ti-10Mg composites are insensitive to the amount of 
added NH4HCO3. 

3) The porosity and open porosity tend to increase 
with increasing amount of added NH4HCO3, while only 
the open porosity increases with increasing the particle 
size of NH4HCO3. 

4) The compressive strength and elastic modulus of 
the porous samples decrease significantly with increasing 
the amount and particle size of NH4HCO3. 

5) The porosity of 30.8%−54.8% and macropore 
size of 100−400 μm for the sintered porous Ti-10Mg 
composites meet the need of cancellous bone. The 
compressive strength (27.2−139.9 MPa) and elastic 
modulus (1.26−4.01 GPa) for the sintered porous 
Ti-10Mg composites are close to those of human bone. 
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添加 NH4HCO3对多孔 Ti-10%Mg 复合材料的 
孔隙特征和压缩性能的影响 
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摘  要：添加碳酸氢铵粉末，采用冶金法制备多孔钛-镁复合材料，并对多孔复合材料的性能进行综合考察。采用

X 射线衍射(XRD)和扫描电子显微镜(SEM)对孔隙特性和压缩性能进行表征。结果表明，通过调节碳酸氢铵的加

入量可以控制该多孔材料的孔隙率；碳酸氢铵对多孔 Ti-10%Mg 的微观结构和相组成没有影响；多孔材料的开孔

率和抗压强度随着碳酸氢铵的添加量和粒径的变化而变化。当碳酸氢铵添加量为 25%(质量分数)时，得到孔隙率

约 50%的多孔材料的抗压强度与抗压模量与人骨的相似。 

关键词：Ti-Mg 复合材料；碳酸氢铵；粉末冶金；孔隙率；压缩 
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