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Biomedical porous NiTi shape memory alloy (SMA) with different porosity was fabricated by two approaches of powder 

sintering and combustion synthesis, respectively. It is characterized by biomimetic porous structure. The elastic modulus in 

compression of the porous NiTi SMA was measured. Furthermore, the effective elastic modulus of porous NiTi SMA was 

calculated using viogt upper limit and homogenization theory, respectively. The predicted data agreed basically with the 

variation trend of the experimental data. 
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1. Introduction 

 

Among the common biomedical metallic materials, 

titanium alloys are widely used in orthopedics fields 

because of excellent biocompatibility and good 

mechanical properties [1]. But the “stress shielding” effect 

which results from the significant difference of the elastic 

modulus between the implanted metal and bone should not 

be neglected. The metallic implant with much higher 

elastic modulus will carry most of loading. Consequently, 

the intact bone may cause osteoporosis, bone resorption or 

even loosening of the implant [2].  

There are two common effective approaches to reduce 

the elastic modulus of biomedical metallic implant. One is 

to develop new near  type titanium alloy with low elastic 

modulus like Ti-15Mo alloy, Ti-12Mo-6Zr-2Fe alloy, etc. 

[1]. The other is to fabricate integral porous structure 

metals like porous titanium, porous NiTi shape memory 

alloy (SMA) and so on [3-15].  

Porous NiTi SMA has drawn much attention due to 

the unique porous structure and superelasticity, 

appropriate mechanical property. The porous structure 

allows ingrowth of bone tissue and transportation of 

nutrition. The proper elastic modulus matches that of 

cancellous bone.  

Recently, some experimental research efforts were 

devoted to fabricate porous NiTi SMA with desirable 

architecture and microstructure by different methods like 

combustion synthesis, or self-propagating 

high-temperature synthesis (SHS), powder sintering, 

capsule-free hot isostatic pressing, etc. [6-10]. 

Furthermore, some investigations focused on mechanical 

property, corrosion resistance and surface modification 

with hydroxyapatite coating of porous NiTi SMA [11, 12]. 

In vitro evaluation showed its good biocompatibility [13]. 

In vivo study indicated its excellent osteointegration and 

bone ingrowth of NiTi foam [14]. Intervertebral fusion 

device is one of the successful applications of porous NiTi 

SMA [15].  

Additionally, some theoretical studies of porous NiTi 

SMA involved in numerical simulation of inelastic, 

superelastic-plastic or pseudoelastoplastic behavior 

[16-18]. Micromechanical averaging techniques were used 

to establish the effective elastic and inelastic behavior 

based on information about the mechanical response of the 

individual phases and shape and volume fraction of the 

inhomogeneities [16].  A new constitutive model for 

porous shape memory alloys based on the 

Gurson–Tvergaard–Needleman formulation was proposed 

to investigate the effect of micro-voids on the 

superelastic-plastic behavior of shape memory alloy [17]. 

A phenomenological two-phase constitutive model was 

proposed for pseudoelastoplastic behavior of porous shape 

memory alloy [18]. 

Microstructure-based stress for porous ceramics was 

analyzed by homogenization method with digital 

image-based modeling [19]. An analytical homogenization 

method was developed to estimate the effective 

mechanical properties of fluid-filled porous media [20]. 

In this paper, porous Ni-50Ti (at.%) SMA was 

prepared from powder sintering and combustion synthesis, 

respectively. Pore morphology and elastic modulus in 

compression were investigated by using scanning electron 

microscopy (SEM) and compression test, respectively. 

Effective elastic modulus of porous NiTi SMA was 

predicted using Viogt upper limit and homogenization 

theory, respectively. 
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2. Experiment details 

 

2.1 Powder sintering process of porous NiTi SMA  

 

Ni and TiH2 powders were blended according to the 

nominal composition of Ni-50Ti (at.%), then NH4HCO3 

powders as space-holder were blended with the mixed 

metal powders and cold pressed into green compacts. 

Under vacuum condition, the compacts placed in furnace 

were heated to 473K for 1h to decompose NH4HCO3 

powders, and then heated to 1053K for 1h to 

dehydrogenate TiH2 powders. At last, the compacts were 

heated to 1323K and sintered for 4 h and then cooled. 

 

 

2.2 Combustion synthesis process of porous NiTi  

   SMA  

 

Ni and Ti powders were mixed according to 

equiatomic ratio and made into green compact and then 

placed into combustion chamber. Under protection of pure 

argon, the compact preheated at 673K was ignited at one 

end by external heating source. Then the combustion wave 

would propagate instantaneously and cooled, porous NiTi 

SMA could be synthesized.   

 

 

2.3 Characterization of porous NiTi SMA  

 

The porous NiTi SMAs prepared by powder sintering 

and combustion synthesis, respectively were cut into 

specimens with dimension of 9mm15mm and cleaned 

for compression test.  

Samples of 2.5mm1mm was cut and cleaned for 

differential scanning calorimetry (DSC) test. The results 

indicate that the sintered and synthesized porous NiTi 

SMAs are in martensitic state at ambient temperature. 

 

 

3. Results and discussion 

 

Fig. 1 shows the pore morphology of porous NiTi 

SMA fabricated by powder sintering. It can be seen clearly 

that it is featured by some large open and permeable pores 

connected with walls on which some small and close pores 

located. Fig. 2 presents the pore morphology of porous 

NiTi SMA prepared from combustion synthesis. It is 

characterized by three-dimensionally interconnected 

reticular structure. The open porous structure favors 

transportation of human body fluid and nutrients, ingrowth 

of bone tissue. 

 

 
 

Fig. 1. SEM image of pore morphology for porous  

NiTi SMA prepared from powder sintering. 

 

 

 
 

Fig. 2. SEM image of pore morphology for porous  

NiTi SMA prepared by combustion synthesis. 

 

Elastic moduli of the sintered and synthesized porous 

NiTi SMAs are plotted against porosity, as shown in           

Fig. 3. 

Apparently, elastic modulus decreases significantly 

with the increase of porosity. 

Viogt upper limit for effective elastic modulus (KV) is 

a simple approach to calculate the effective elastic 

modulus of composite [20]. It can be expressed as Eq. (1) 

 iiV KCK              (1) 

where Ci and Ki are the volume fraction and elastic 

modulus of the components, respectively.  

Porous NiTi SMA can be considered to be composed 

of components of pore and NiTi SMA. The elastic moduli 

of pore and martensitic NiTi SMA are 0 and 40GPa, 

respectively. Volume fractions of the pore and NiTi 

component correspond to P (porosity) and (1-P), 

respectively. The variation of the predicted Viogt upper 

limit for effective elastic modulus with porosity of porous 

NiTi SMA can be seen in Fig. 3. 
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Fig. 3. Variation of elastic modulus with porosity of 

porous NiTi SMA. (a) experimental data of the sintered 

samples; (b) experimental data of the synthesized 

samples; (c) theoretical data calculated by 

homogenization method;  (d)  theoretical Viogt upper  

                      limit.  

 

 

 

Homogenization theory is a common method to 

calculate the effective elastic modulus of a composite with 

periodic structure [21-24]. In order to simplify the 

inhomogeneous porous structure of actual metal foam, a 

periodic porous structure model and representative base 

cell is proposed and shown in Fig. 4 [22]. The 

interconnected walls and blank space correspond to the 

solid martensitic NiTi SMAs and pores, respectively.  

 

 

Suppose that Y is the period of field functions of strain 

or stress. The mesoscopic equilibrium equation [21, 22] is  
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Where 
ij is Kronecker Delta function the discrete 

equation of Eq.(4) is  
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where K is the stiffness matrix of the unit, P is the loading 

matrix.  
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where B, D and J are the strain, stress-strain relationship 

and Jacobi matrix, respectively, t is the thickness of the 

unit.  

Considering the periodic boundary condition, the effective 

elastic modulus can be obtained based on the calculated 

generalized displacement
kl .  

The effective elastic modulus of porous NiTi SMA 

can be predicted using finite element method based on Eqs. 

(3) and (5) [23, 24]. As presented in Fig. 3, variation trend 

of the predicted effective elastic modulus is similar to that 

of experimental data of porous NiTi SMA.  

The elastic modulus range of compact and cancellous 

bones is 17~18.9 and 0.05~2 GPa, respectively [25, 26]. 

The experimental elastic modulus data of porous NiTi 

SMAs are comparable to those of cancellous bones.  

 

 

4. Conclusions 

 

The investigations have demonstrated that porous 

NiTi SMA with controlled porosity can be fabricated by 

powder sintering and combustion synthesis, respectively. 

The effective elastic moduli predicted by Viogt upper limit 

Fig. 4. Periodic porous material and representative base cell. 
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and homogenization method coincide basically with the 

variation tendency of experimental data. Matching of 

elastic moduli between the porous NiTi SMA and bone 

indicates that NiTi foam is expected to be an implant 

candidate used for replacement or repair of hard tissue. 
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