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Abstract: To obtain the lightweight, high strength, and high damping capacity porous NiTi alloys, the microwave 
sintering coupled with the Mg space holder technique was employed to prepare the porous NiTi alloys. The 
microstructure, mechanical properties, phase transformation behavior, superelasticity, and damping capacity of the 
porous NiTi alloys were investigated. The results show that the porous NiTi alloys are mainly composed of the B2 NiTi 
phase with a few B19' NiTi phase as the sintering temperature is lower than or equal to 900 °C. With increasing the 
sintering temperature, the porosities of the porous NiTi alloys gradually decrease and the compressive strength increases 
first, reaching the maximum value at 900 °C, and then decreases. With increasing the Mg content from 1 wt.% to 
7 wt.%, the porosities of the porous NiTi alloys increase from 37.8% to 47.1%, while the compressive strength 
decreases from 2058 to 1146 MPa. Compared with the NH4HCO3 space holder, the phase transformation behavior of 
the porous NiTi alloys prepared with Mg space holder changes, and all of the compressive strength, superelasticity, 
shape memory effect and damping capacity are greatly improved. 
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1 Introduction 
 

Nickel−titanium shape memory alloys (NiTi 
SMAs) have been widely used in aerospace, 
petrochemical, marine engineering, biological 
application, construction and other fields due to 
their unique shape memory effect and super- 
elasticity as well as high corrosion resistance, 
excellent biocompatibility and superior damping 
capacity [1−3]. Recently, porous NiTi alloys have 
been attracting more attention because the 
introduction of pore structure into the alloys can 
reduce the density and elastic modulus of the alloys, 

which is very beneficial for mass reduction in 
aerospace [4] and for avoiding the stress shielding 
effect in orthopedics [5]. The powder metallurgy 
coupled with the space holder technique has been 
considered as one of the most effective methods to 
fabricate the porous metallic materials with tailored 
porosities and pore geometries [6]. 

Many powder metallurgy methods have been 
employed to fabricate the porous NiTi alloys by far, 
including conventional sintering (CS) under the 
vacuum or the atmosphere protection [7,8], self- 
propagating high-temperature synthesis (SHS) [9], 
hot isostatic pressing (HIP) [10], spark plasma 
sintering (SPS) [11] and microwave sintering  
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(MWS) [2,12,13]. Unfortunately, the undesired 
secondary phases (Ni3Ti and Ti2Ni) were detected 
in almost all of the sintering methods using the 
elemental powders to prepare the porous NiTi 
alloys due to the insufficient diffusion during 
sintering [14,15]. On the other hand, a large  
number of space holder materials have been also 
employed, such as ammonium hydrogen carbonate  
(NH4HCO3) [7,11,12], urea (CO(NH2)2) [16], 
sodium chloride (NaCl) [17] or sodium fluoride 
(NaF) [18], magnesium powder (Mg) [14,19,20] 
and other organic particles [21,22]. However, the 
soluble inorganic salts (NaCl or NH4HCO3) as the 
space holder materials always need additional steps 
of processing, such as dissolution for NaCl and 
precalculation for NH4HCO3. In addition, premature 
decomposition or volatilization of space holder 
particles leads to the formation of a large number of 
macropores, which greatly increases the diffusion 
path of Ni and Ti atoms and leads to the increase of 
the secondary phases [23]. Among the space holder 
materials, the Mg powders have many advantages. 
Firstly, no separate removal step is required for Mg 
powders to form pores through their evaporation 
during the sintering process. Secondly, Mg vapor 
can provide a reducing atmosphere to prevent 
oxidation of titanium [14]. Thirdly, even the partial 
residue of Mg does not affect the properties of 
titanium alloy, and is even beneficial to its 
biocompatibility [24]. 

Recently, the porous NiTi alloy has been 
prepared using the Mg space holder with the 
pre-alloyed NiTi powders to prevent the formation 
of the undesired secondary phases [14,19,20]. 
Except for the above-mentioned effects, other 
functions of Mg for in-situ synthesis of porous NiTi 
alloy using elemental powders have been neglected. 
In this work, the porous NiTi alloys were prepared 
by microwave sintering using elemental Ni and Ti 
powders as the raw materials coupled with the Mg 
powders as the space holder particles. At the same 
time, the effects of sintering temperatures and Mg 
contents on the porosities, pore size distributions, 
densities, phase compositions and compression 
properties of porous NiTi alloy were investigated. 
The phase transformation behavior, superelasticity 
and shape memory effect and damping capacity of 
the porous NiTi alloys were also evaluated. 
Moreover, in structural characterization and 
performance tests, two other porous NiTi samples 

prepared without using the space holder and using 
NH4HCO3 space holder were as the control 
samples. 
 
2 Experimental 
 
2.1 Raw materials 

Commercially available pure dehydrated 
titanium (Ti) powders and carbonyl nickel (Ni) 
powders with the nominal mole ratios of 49.2% to 
50.8% were used as the raw materials, in which the 
Ti powders had the particle size ≤45 μm and the 
purity ≥99.5%, and the Ni powders had the particle 
size ≤2 μm and the purity ≥99.7%. Mg powders  
and ammonium hydrogen carbonate (NH4HCO3) 
powders were chosen as the space holder materials, 
and both the Mg powders and NH4HCO3 powders 
had the particle size ≤150 μm. All of the Ti, Ni and 
Mg powders were purchased from Beijing 
Xingrongyuan Technology Co., Ltd, China, and the 
NH4HCO3 powders were purchased from Tianjin 
Hengxing Chemical Reagent Co., Ltd., China. 
 
2.2 Preparation of porous NiTi alloys 

The Ti−50.8at.%Ni mixed powders with the 
different Mg powder contents (1, 3, 5 and 7 wt.%, 
the sintered samples noted as NiTi−xMg) were 
blended in a planetary ball mill (QM−3SP4, 
Nanjing University Instrument Plant, China) at a 
speed of 250 r/min for 3 h. To prevent the oxidation 
of powders and maintain the sizes and shapes of the 
space holder agent, no balls were added in the 
process of ball milling. The blended Ni−Ti−Mg 
powders were cold-pressed into green compacts 
(d11.5 mm  8 mm and 50 mm  6 mm  6 mm) 
under a uniaxial pressure of 775 MPa for 1 min. 
Then, the green compacts were put into a 2.45 GHz, 
5 kW microwave sintering furnace (NJZ4-3, 
Nanjing Jiequan Co., Ltd., China), and the 
schematic diagram of the process for preparing 
porous NiTi alloys and the microwave sintering 
setup is shown in Fig. 1. The green compact 
samples were sintered by microwave heating at a 
rate of 15 C/min to 800, 850, 900 and 950 C for 
15 min, respectively, and cooled in furnace down to 
room temperature. For comparison, the Ni−Ti 
compact without adding space holder material (the 
sintered sample noted as NiTi−0Mg) and Ni−Ti− 
10wt.%NH4HCO3 compact (the sintered sample 
noted as NiTi−10N) were prepared and sintered 
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Fig. 1 Schematic diagram of process for preparing porous NiTi alloys 

 

under the same process at 900 °C for 15 min. 
During the sintering process, the microwave 
sintering furnace was filled with flowing high 
purity argon gas (purity 99.999%) to prevent the 
oxidation of the sintered samples. 
 

2.3 Microstructural characterization 
The pore structure of the porous NiTi alloys 

was characterized by optical microscopy (DM1500, 
Shenzhen Hipower Optoelectronics Co., Ltd., 
China). The phase composition of the porous NiTi 
alloys was identified by X-ray diffraction (XRD, 
Bruker D8 FOCUS, Germany). The actual porosity 
(P) of the porous NiTi alloys was investigated by 
the Archimedes’ principle according to ASTM  
B962—08, in which the theoretical density of the 
NiTi alloys was 6.45 g/cm3. The pore size 
distributions of the porous NiTi alloys were 
analyzed by the software of Image-Pro Plus  
version 6.0. 
 
2.4 DSC test 

The phase transformation behavior of the 
porous NiTi alloys was analyzed using a Perkin− 
Elmer Diamond differential scanning calorimeter 
(DSC) with a heating/cooling rate of 20 °C/min. 
The mass of the test samples was 10−20 mg, and 
the test temperature range was from −80 to 80 °C. 
 
2.5 Compressive test 

For a compressive test, the samples were cut 
into the cylindrical with a diameter of 3 mm and a 
length of 6 mm according to the ASTM E9—09 
(L/D=2.0). Uniaxial compression tests were 
conducted at room temperature with a cross-head 
velocity of 0.2 mm/min on an electronic universal 
testing machine (WDW—50, Jinan Shijin Group 
Co., Ltd., China) to obtain the compressive strength 
and elastic modulus of the porous NiTi alloys. The 
superelasticity of the porous NiTi alloys was tested 

on an Instron 3365 testing machine with a constant 
rate of 0.5%/min under the pre-strains of 3%, 5%, 
8% and 10%, respectively. 
 
2.6 Damping capacity test 

The internal friction value of the porous 
samples was measured by a dynamic mechanical 
analyzer (DMA, Q800) in single-cantilever mode at 
a strain amplitude of 1.1×10−4 (amplitude of 10 μm) 
and a frequency of 0.1 Hz, ranging from −50 to 
120 °C with constant heating and cooling rates of 
5 °C/min. The dimension of the sample is cut into 
35 mm × 4 mm × 0.8 mm. 
 
3 Results and discussion 
 
3.1 Effect of sintering temperatures on micro- 

structure and mechanical properties of 
porous NiTi alloys 
The optical micrographs of the porous NiTi 

alloys prepared with 3 wt.% Mg at different 
sintering temperatures are shown in Fig. 2, and the 
pore size distribution, density and porosity are 
shown in Fig. 3. A large number of pores with 
varied sizes are randomly distributed over the 
surface of porous NiTi alloys. It can be seen from 
Fig. 3(a) that with increasing the sintering 
temperature, the number of small pores (<20 μm) 
gradually increases first, reaching the maximum 
value at 900 °C, and then decreases sharply. While 
the number of medium pores (20−100 μm) 
gradually decreases, and there is little difference in 
the number of large pores (>100 μm). At the same 
time, the densities of the porous NiTi alloys 
gradually increase and the porosities decrease with 
increasing the sintering temperatures, as seen in 
Fig. 3(b). When the sintering temperature is lower 
than 900 °C, lots of pores are derived from      
the interparticle pores due to the incomplete 
sintering [13,25], resulting in irregular pores and  
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Fig. 2 Optical micrographs of porous NiTi alloys prepared with 3 wt.% Mg at different sintering temperatures:       

(a) 800 °C; (b) 850 °C; (c) 900 °C; (d) 950 °C 

 

 
Fig. 3 Pore size distribution (a), density and porosity (b) of porous NiTi alloy prepared with 3 wt.% Mg at different 

sintering temperatures 

 

good connectivity. As the sintering temperature is 
up to 950 °C, the partial melting occurs during the 
sintering process, leading to the sharp decrease of 
the small pores and the increase of the 
inhomogeneous large pores [26], as seen in 
Fig. 2(d). Therefore, the sintering temperature of 
900 °C is appropriate to allow the porous NiTi alloy 
to be fully sintered without oversintering. 

In the initial stage of sintering, the sintering 
necks are only formed at the points of the contact 
between the particles [27]. As the sintering 

temperature increases, the atoms of the particles are 
thermally activated and the mass diffusion occurs, 
which promotes the growth of sintered necks to 
reduce the interparticle pores (medium pores), 
resulting in the porosities of the porous alloys 
decrease. However, excessive-high sintering 
temperature may lead to the partial melting of the 
compact, and the small pores are substantially 
eliminated (Fig. 3(a)). As a consequence, the 
shrinkage and densification of the sintered samples 
are further enhanced, leading to a decrease of the 
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porosities and the increase of the densities. 
Figure 4 shows the XRD patterns of the porous 

NiTi−3Mg alloys prepared by the microwave 
sintering with 3 wt.% Mg at the different sintering 
temperatures. The porous NiTi−3Mg alloys are 
mainly composed of B2 NiTi phase with a few B19' 
NiTi phase when the sintering temperature is lower 
than 950 °C, while two weak diffraction peaks 
assigned to the undesired secondary Ni3Ti phase at 
2θ=46.4° and 2θ=43.4° are detected when the 
sintering temperature is up to 950 °C, indicating 
that the porous NiTi−3Mg alloy prepared at 950 °C 
is also composed of a few Ni3Ti phases except B2 
and B19' NiTi phases. 
 

 

Fig. 4 XRD patterns of porous NiTi alloy prepared with 

3 wt.% Mg at different sintering temperatures 

 
According to Ti−Ni binary phase diagram [15], 

all of the NiTi, Ni3Ti and Ti2Ni are the equilibrium 
intermetallic phases in the near-equiatomic NiTi 
alloys, in which the Ni3Ti is the most stable and the 
NiTi is the least stable based on the Gibbs free 
energy calculation [15]. Therefore, it is very 
difficult to obtain a single NiTi phase by the 
traditional solid-state sintering method. XU      
et al [12] and TANG et al [13] reported that the 
porous NiTi alloys prepared by microwave sintering 
also contained the undesired secondary phases. 
However, BISWAS [28] obtained the single-phase 
porous NiTi alloy using the high-temperature 
synthesis (SHS) method accompanied by the post- 
reaction heat treatment (a very low heating rate   
of 1 °C/min up to 1150 °C for 1 h). BERTHEVILE 
[29] prepared the single-phase porous NiTi alloy 
using a vapor phase Ca reduction process under 
conventional sintering at 1000 °C for 2 h. Recently, 
ZAKI and ABDULLAH [30] also have obtained the 

single NiTi phase in a solid-state reducing 
environment of CaH2 at 930 °C for 3 h. Both the 
additions of Ca and CaH2 indicate that the decrease 
of oxygen partial pressure inhibits the formation of 
secondary phases and the reducing atmosphere is 
very favorable for the formation of the single NiTi. 
In this study, the addition of Mg powders plays a 
key role in the formation of the single-phase porous 
NiTi alloy. Firstly, the melting point of Mg is only 
650 °C, while the sintering temperature of the 
porous NiTi alloy is up to 900 °C. During the 
sintering process, Mg changes into the liquid phase 
first and then volatilizes slowly. The addition of Mg 
plays the role of sintering assistant, which is 
extremely beneficial to promoting the 
rearrangement and mass transfer of Ti and Ni 
particles, thus accelerating the elemental diffusion 
and alloying process, and the formation of the 
single NiTi phase finally. Secondly, the strong 
oxygen affinity of Mg provides a reduction 
environment for the sintering of Ni−Ti compact, 
similar to the above-mentioned CaH2, which can be 
beneficial to obtaining the single NiTi phase. 
Moreover, the microwave field can greatly 
accelerate the atomic diffusion and efficiently 
impede the formation of secondary phases [31,32]. 

The typical compressive stress−strain curves 
of the porous NiTi alloy prepared with 3 wt.% Mg 
at different sintering temperatures are shown in 
Fig. 5, and the compressive strength and elastic 
modulus of the porous NiTi−3Mg alloys extracted 
from the stress−strain curves are shown in Fig. 6. 
The compressive stress−strain curves of the porous 
NiTi−3Mg alloys are quite different from the other 
porous alloys in Refs. [12,14,33], in which no 
obvious linear elastic deformation region can be 
detected as well as the stress plateau. Moreover, the 
porous NiTi−3Mg alloys exhibit an excellent 
compression plasticity, confirmed by the high 
maximum strains, higher than 40%, even up to 60% 
for the 900 °C sintered samples. It can be seen from 
the stress−strain curves that with increasing the 
sintering temperatures, the ultimate stress of the 
porous NiTi−3Mg alloys increases first, reaching a 
maximum value at 900 °C, and then decreases, 
indicating that the compressive strength also 
increases first, reaching a maximum value of 
1881 MPa at 900 °C, and then decreases, as seen in 
Fig. 6. When the sintering temperature is lower than 
900 °C, there are many interparticle pores in the 
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Fig. 5 Typical compressive stress−strain curves of porous 

NiTi alloy prepared with 3 wt.% Mg at different sintering 

temperatures 

 

 
Fig. 6 Compressive strength and elastic modulus of 

porous NiTi alloy prepared with 3 wt.% Mg at different 

sintering temperatures 

 
porous NiTi−3Mg alloys due to incomplete 
sintering, which are not conducive to the support of 
porous NiTi−3Mg alloy framework, leading to a 
relatively low compressive strength. While as the 
sintering temperature is up to 950 °C, the 
compressive strength decreases due to the stress 
concentration caused by the partial large pores and 
the formation of the secondary Ni3Ti phase [34]. In 
addition, the sintering temperatures have little effect 
on the elastic modulus of the porous NiTi−3Mg 
alloys, which ranges from 1.5 to 2.5 GPa, keeping a 
low level. As a consequence, considering the factors 
of pore structure, phase composition and 
compressive strength, the sintering temperature of 
porous NiTi alloy prepared by microwave sintering 
with Mg space holder is optimized at 900 °C. 

3.2 Effect of Mg content on microstructure and 
mechanical properties of porous NiTi alloys 
Figure 7 shows the optical micrographs of the 

porous NiTi alloys sintered at 900 °C with different 
Mg contents, and the pore size distribution, density 
and porosity are shown in Fig. 8. It can be seen 
from Fig. 7 and Fig. 8(a) that there are only a large 
number of smaller pores (<50 μm) distributed over 
the surface of the porous NiTi−0Mg sample, and 
the number of larger pores (>50 μm) gradually 
increases with increasing the Mg content.   
Among the pores, the large pores (>50 μm) are 
mainly attributed to the residual pores of Mg 
volatilization [14]. The small pores (<20 μm) are 
commonly derived from the sintering necks and the 
Kirkendall pores [12,14,15]. Compared with the 
porous NiTi−xMg alloy, the number of the small 
pores distributed over the surface of the porous 
NiTi−10N drastically decreases and the average 
size of the large pores (>100 μm) is up to 165 μm, 
even larger than the size of NH4HCO3 particles. The 
large pores on porous NiTi−10N sample are derived 
from the decomposition of NH4HCO3 particles, and 
pore sizes are always dependent on the geometrical 
heredity of NH4HCO3 particles [12,23,35]. Some of 
pores connect (see Fig. 7(f)), resulting in the 
average size of pores is higher than that of the 
NH4HCO3 particles [12]. The average size 
(approximately 120 μm) of the large pores 
(>100 μm) on the porous NiTi−xMg samples 
smaller than the Mg particle size may be attributed 
to the shrinkage of the samples during the sintering 
process. 

The porosities of the porous NiTi−xMg alloys 
linearly increase with increasing the Mg content, 
while the density accordingly decreases, as seen in 
Fig. 8(b). The porosity of the porous NiTi−0Mg 
alloy is only 21.5%, while the porosity fleetly 
increases to 37.8% for the porous NiTi−1Mg alloy, 
and linearly increases to 47.1% for the porous 
NiTi−7Mg alloy. However, with further increasing 
the Mg content, the NiTi compacts are difficult   
to alloy. On the other hand, the density decreases 
from 5.06 g/cm3 for NiTi−0Mg alloy to 3.41 g/cm3 
for the porous NiTi−7Mg alloy. This result is 
greatly consistent with the optical micrographs of 
the porous NiTi alloys. The higher the Mg  
contents are, the more residual large pores    
obtain, which inevitably leads to the increase of 
porosities and the decrease of densities. Moreover, 
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Fig. 7 Optical micrographs of porous NiTi alloys sintered at 900 °C with different Mg contents: (a) 0 Mg; (b) 1 Mg;    

(c) 3 Mg; (d) 5 Mg; (e) 7 Mg; (f) 10N 

 

 

Fig. 8 Pore size distribution (a), density and porosity (b) of porous NiTi alloy sintered at 900 °C with different Mg 

contents 
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the porosity of the porous NiTi−10N alloy is 42.9%, 
similar to the porosity of 43.7% for the porous 
NiTi−5Mg alloy. The number of the larger pores 
(>50 μm) on the porous NiTi−10N alloy is much 
more than that on the porous NiTi−5Mg alloy, while 
the smaller pores (<50 μm) of the former is much 
less than the latter, indicating that the smaller pores 
play an important role in increasing the porosities 
of the porous NiTi alloy. 

Figure 9 shows the effect of Mg content on the 
XRD patterns of the porous NiTi−xMg alloys, with 
the NiTi−0Mg and NiTi−10N as controls. All of the 
porous NiTi−xMg alloys are mainly composed of 
B2 NiTi phase with a few B19' NiTi phase and the 
Mg content has little effect on the diffraction peaks. 
On the contrary, both the NiTi−0Mg and NiTi−10N 
alloys consist of the undesired secondary Ni3Ti  
and Ti2Ni phases except B2 and B19' NiTi   
phases, which is consistent with most of the 
references [9,11−13,23]. Our previous study [12] 
found that the increase of space holder agent 
(NH4HCO3) contents would promote the formation 
of the secondary phases. Fortunately, increasing the 
magnesium content does not affect the phase 
composition of the porous NiTi alloys, although it 
increases the porosity during the microwave 
sintering process. This result further confirms that 
the addition of Mg powders plays a key role in the 
formation of the single-phase porous NiTi alloy. 

The typical compressive stress−strain curves 
of the NiTi−xMg and NiTi−10N alloys prepared at 

900 °C are shown in Fig. 10, and the compressive 
strength and elastic modulus extracted from the 
stress−strain curves are shown in Table 1. All of the  
 

 
Fig. 9 XRD patterns of porous NiTi−xMg and NiTi−10N 
alloys prepared at 900 °C 
 

 
Fig. 10 Typical compressive stress−strain curves of 
porous NiTi−xMg and NiTi−10N alloys prepared at 
900 °C 

 
Table 1 Comparison of phase composition and mechanical properties of porous NiTi alloy prepared under different 

methods in this study and references   

Preparation method Space holder agent Porosity/% Phase composition σ/MPa E/GPa Ref. 

MWS − 21.5 NiTi, Ni3Ti, Ti2Ni 1898±127 6.8±0.08 This work

MWS Mg 37.8 NiTi (B2, B19') 2058±113 2.8±0.03 This work

MWS Mg 40.2 NiTi (B2, B19') 1881±38 2.5±0.1 This work

MWS Mg 43.7 NiTi (B2, B19') 1481±60 1.7±0.2 This work

MWS Mg 47.1 NiTi (B2, B19') 1146±43 1.4±0.01 This work

MWS NH4HCO3 42.9 NiTi, Ni3Ti, Ti2Ni 212±13 3.6±0.1 This work

CS Mg 39 NiTi, MgO 394±18 12.5±1.2 [14] 

CS − 24.6 NiTi, Ni3Ti, Ti2Ni, Ni 680 11 [36] 

SHS − 52.8 NiTi, Ni4Ti3, Ti2Ni 500 5.82 [37] 

SHS − 31.8 NiTi, Ni4Ti3, Ti2Ni 344±16 0.8-1.3 [38] 

SPS − 18 NiTi, Ni3Ti, Ti2Ni 1183 18.1 [11] 

SPS NH4HCO3 39 NiTi, Ni3Ti, Ti2Ni 260 12.5 [11] 

E is elastic modulus; σ is compressive strength 
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maximum compressive strains of the porous NiTi− 
xMg alloys are higher than 60% and the maximum 
strain of the NiTi−0Mg also reaches approximately 
45%, while that of the NiTi−10N sample is only 
approximately 16%. The maximum stress of the 
NiTi−xMg alloys gradually decreases with 
increasing the Mg content, indicating that the 
compressive strength of the NiTi−xMg alloys also 
decreases with increasing the Mg content, as seen in 
Table 1. The compressive strength of the porous 
NiTi−1Mg sample ((2058±113) MPa) is higher than 
that of the porous NiTi−0Mg sample 
((1898±127) MPa), although the porosity of the 
former (37.8%) is much higher than that of the 
latter (21.5%). For comparison, under the same 
porosity level (~43%), the compressive strength of 
porous NiTi−5Mg sample ((1481±60) MPa) is 
much higher than that of porous NiTi−10N sample 
((212±13) MPa). At the same time, the compressive 
strengths of the porous NiTi−xMg samples are 
much higher than those of other porous NiTi 
samples involved in the references [11,14,36−38], 
as shown in Table 1. Especially, the compressive 
strength of the porous NiTi−xMg samples is higher 
than that of the dense Ti−6Al−4V ELI alloy 
(~1200 MPa) [33]. In addition, the elastic moduli of 
the porous NiTi−xMg sample are ranged from 1.4 
to 2.8 GPa, much lower than those of other porous 
NiTi samples, indicating that the porous NiTi−xMg 
samples possess ultrahigh strength to modulus  
ratio and are very suitable for the orthopedic 
applications [39,40]. 

The high compressive strength of the porous 
NiTi−xMg alloy with the porosities ranging from 
37.8% to 40.2% is mainly attributed to the 

following factors: (1) the single NiTi phase without 
Ti2Ni and Ni3Ti secondary phases can greatly 
improve the strength of porous NiTi alloy [34];   
(2) the Mg powders as space holder material also 
play a sintering assistant role to remarkably reduce 
the sintering temperature of the porous NiTi alloy 
and realize the sufficient sintering; (3) the porous 
NiTi alloy is prepared by microwave sintering at a 
low sintering temperature for a short holding time 
(900 °C for 15 min), which can effectively inhibit 
the grain growth and realize the fine-grain 
strengthening [31,32]. 

 
3.3 Phase transformation behavior of porous 

NiTi alloys 
Figure 11 shows the DSC curves of the porous 

NiTi−0Mg, NiTi−5Mg and NiTi−10N alloys, and 
the phase transformation peak values extracted from 
the DSC curves are listed in Table 2. Two 
exothermic peaks can be observed from the DCS 
curves of the NiTi−0Mg and NiTi−10N samples 
during the cooling process, indicating the two-step 
phase transformation of B2 phase to R phase and R 
phase to B19′ phase might occur. While only one 
exothermic peak at 6.1 °C can be detected from the 
DSC curve of the NiTi−5Mg sample, in which one- 
step phase transformation of B2 phase to B19′  
phase should occur. Moreover, the Mp value of the 
NiTi−5Mg sample is a little lower than those of the 
NiTi−0Mg and NiTi−10N samples, which 
illustrates that the Mg space holder slightly reduces 
the martensitic transformation temperature of the 
porous NiTi alloys. During the heating process, 
two-step phase transformation of B19′ phase to    
R phase and R phase to B2 phase occurs at the  

 

 

Fig. 11 DSC curves of porous NiTi−0Mg, NiTi−5Mg and NiTi−10N alloys 
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Table 2 Phase transformation peak values of porous NiTi 

alloys 

Sample 
Cooling process  Heating process 

Rp/°C Mp/°C  Rp/°C Ap/°C 

NiTi−0Mg 43.1 14.4  − 45.1 

NiTi−5Mg − 6.1  12.8 44.1 

NiTi−10N 43.7 11.4  11.6 51.8 
Rp, Mp and Ap represent the peak values of R phase transformation, 
martensitic transformation and austenitic transformation, 
respectively 

 

NiTi−5Mg and NiTi−10N samples, while the 
one-step phase transformation of B19′ phase to B2 
phase should occur at the NiTi−0Mg sample. At the 
same time, the Ap value of the NiTi−5Mg sample is 
a little lower than those of the NiTi−0Mg and 
NiTi−10N samples once again. Combined with the 
results of the cooling process and heating process, 
the Mg space holder changes the phase 
transformation behavior of porous NiTi alloys and 
slightly reduces the phase transformation 
temperatures. 
 
3.4 Superelasticity of porous NiTi alloys 

In order to investigate the superelasticity of the 
porous NiTi alloys under different sintering 
conditions, the loading−unloading curves of the 
porous NiTi−0Mg, NiTi−5Mg and NiTi−10N alloys 
under the pre-strains of 3%, 5%, 8% and 10% are 
shown in Fig. 12, and the results extracted from the 
curves are listed in the Table 3. With increasing the 
pre-strain (εpre), all of the maximum stresses (σmax) 
of porous NiTi alloys gradually increase, and the 
σmax value of the porous NiTi−0Mg sample is much 
higher than those of the porous NiTi−5Mg and 
NiTi−10N samples at the same pre-strain. These 
results are exactly consistent with Fig. 10. At the 
same time, all of the superelastic recovery strains 
(εSE) of the porous NiTi alloys gradually increase, 
while the superelastic recovery ratio (εSE/εpre) 
gradually decreases with increasing the pre-strain. 
Moreover, the εSE/εpre of the porous NiTi−5Mg 
sample is higher than that of the porous NiTi−10N 
sample at the same pre-strain but lower than that of 
the NiTi−0Mg sample. After unloading the 10% 
pre-strain, all of the porous samples were heated to 
100 °C. Due to the shape memory effect, the shape 
memory recovery strain (εSM) of the porous 
NiTi−0Mg sample reaches 1.95%, about 50% of the 
residual strain (3.90%). The εSM is up to 3.30% for  

 

 

Fig. 12 Loading−unloading curves of porous NiTi−0Mg 

(a), NiTi−5Mg (b), and NiTi−10N (c) alloys under 

pre-strains of 3%, 5%, 8%, and 10% 

 
the porous NiTi−5Mg sample, about 60% of the 
residual strain (5.50%), and it decreases to 2.76% 
for the porous NiTi−10N sample, about 44% of the 
residual strain (6.25%). Therefore, the shape 
memory recovery ratio of the porous NiTi−5Mg 
sample (60%) is higher than those of the porous 
NiTi−0Mg (50%) and NiTi−10N (44%) samples. 
According to the above-mentioned results, it can be 
seen that the porous NiTi alloys prepared with Mg 
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space holder have better superelasticity and shape 
memory effect than that of the porous NiTi sample 
prepared with NH4HCO3 space holder under the 
same porosity of ~43%. 
 
Table 3 Results of loading−unloading curves of porous 

NiTi−0Mg, NiTi−5Mg and NiTi−10N alloys  

Sample εpre/% σmax/MPa εSE/% εSE/εpre εSM/%

NiTi−0Mg 

3 176.4 2.19 73% − 

5 280.2 3.36 67% − 

8 459.6 5.10 64% − 

10 577.4 6.10 61% 1.95

NiTi−5Mg 

3 76.7 1.90 63% − 

5 111.6 2.92 58% − 

8 164.2 4.03 50% − 

10 196.2 4.50 45% 3.30

NiTi−10N 

3 88.9 1.78 59% − 

5 133.1 2.66 53% − 

8 179.6 3.56 45% − 

10 184.8 3.75 37% 2.76

 
3.5 Damping capacity of porous NiTi alloys 

Figure 13 shows the internal friction (IF) 
versus temperature curves of the porous NiTi−0Mg, 
NiTi−5Mg and NiTi−10N alloys. Apparently, 
during the cooling process, the internal friction- 
temperature curves of NiTi−0Mg and NiTi−10N 
almost coincide, and they simultaneously reach the 
maximum value at −15.8 °C, correspondingly the IF 
value of 0.093. The maximum value of internal 
friction of the porous NiTi−5Mg alloy appears at 
−21.3 °C, correspondingly the IF value of 0.145. 
The maximum values of internal friction during the 
cooling process are mainly attributed to the 
martensitic phase transformation (see Fig. 11). 
Moreover, there is a small peak at 32 °C in the 
internal friction−temperature curves of NiTi−0Mg 
and NiTi−10N due to the existence of R phase 
transformation. ZHANG and ZHANG [41] reported 
that the internal friction of dense NiTi alloy under 
the same experimental conditions was 0.100. Both 
the internal friction values of the porous NiTi−0Mg 
and NiTi−10N are a little lower than that of the 
dense NiTi alloy, while the NiTi−5Mg is 1.45 times 
higher than that of dense NiTi alloy, indicating that 
the porous NiTi alloy prepared with Mg space 
holder not only improves the mechanical properties  

 

 

Fig. 13 Internal friction versus temperature curves of 

porous NiTi−0Mg, NiTi−5Mg and NiTi−10N alloys 

 
and superelasticity, but also greatly enhances the 
damping capacity of the porous NiTi alloy. On the 
other hand, during the heating process, the 
maximum values of internal friction of the porous 
NiTi−5Mg, NiTi−0Mg and NiTi−10N alloys appear 
at 41.3, 76.5 and 51.9 °C, caused by the austenitic 
transformation, correspondingly the IF values of 
0.113, 0.072 and 0.065, respectively, in which the 
IF value of the NiTi−5Mg is much higher than 
those of porous NiTi−0Mg and NiTi−10N alloys. 
Similarly, there are some small peaks in the internal 
friction−temperature curves due to the existence of 
R phase transformation during the heating process. 
GUO and KATO [42] prepared the submicron- 
porous NiTi alloy by a top-down process with the 
IF value of 0.07, 40% higher than that fabricated by 
conventional powder sintering in Ref. [4], in which 
the authors considered that the fine pore structure 
increased the interface areas between the NiTi and 
pores and resulted in the higher IF value. Therefore, 
the high damping capacity of the porous NiTi−5Mg 
alloy in this work might be attributed to the single 
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NiTi phase and the unique pore structure increasing 
the interface areas between the NiTi and pores. 
However, the relationship between microstructure 
and damping capacity in the porous NiTi alloy 
should be studied systematically in the future. 
 
4 Conclusions 
 

(1) Porous NiTi shape memory alloys 
possessing the features of lightweight, high strength 
and high damping capacity were successfully 
prepared by microwave sintering using elemental Ti 
and Ni powders with Mg space holder. 

(2) Except for a very small amount of Ni3Ti 
phase in the samples sintered at 950 °C, all the 
porous NiTi alloys are composed of B2 NiTi phase 
with a few B19' NiTi phase, and the Ni3Ti and Ti2Ni 
secondary phases are eliminated. 

(3) The Mg content has little effect on the 
phase composition of the porous NiTi alloys, but 
the Mg space holder changes the phase 
transformation behavior of the porous NiTi alloys. 
At the same time, the porosities of the porous NiTi 
alloys increase and the compressive strength 
decreases with increasing the Mg content. 

(4) Compared with the porous NiTi alloy 
prepared with the NH4HCO3 space holder under the 
same porosity level, the porous NiTi alloy prepared 
with Mg space holder has much higher compressive 
strength, better superelasticity and shape memory 
effect and higher damping capacity. 
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摘  要：为了获得轻质、高强和高阻尼的多孔 NiTi 合金，采用微波烧结协同镁造孔技术制备多孔 NiTi 合金。考

察多孔 NiTi 合金的显微组织、力学性能、相变行为、超弹性和阻尼性能。结果表明：当烧结温度低于或等于 900 °C

时，多孔 NiTi 合金主要由 B2 NiTi 相和少量 B19' NiTi 相组成。随着烧结温度的升高，多孔 NiTi 合金的孔隙率逐

渐降低，而压缩强度先增加后下降，在 900 °C 时获得最大值。随着造孔剂 Mg 的含量从 1%增加到 7% (质量分数)，

多孔 NiTi 合金的孔隙率从 37.8% 增加到 47.1%，而压缩强度从 2058 MPa 降低至 1146 MPa。与碳酸氢铵造孔多

孔 NiTi 合金相比，镁造孔多孔 NiTi 合金的相变行为发生变化，而压缩强度、超弹性、形状记忆效应和阻尼性能

均获得极大的提高。 

关键词：多孔 NiTi 合金；微波烧结；Mg 造孔；超弹性；阻尼性能 
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