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of high strength and ductility, good corrosion resistance 
and biocompatibility [1–3]. But it is not an ideal implant 
candidate because there is a critical issue regarding the 
biomechanical incompatibility, i.e., a much higher stiffness 
(60 ~ 80 GPa) compared with that (≤ 27 GPa) of bone tissue.

The elastic modulus mismatch between the implant and 
the surrounding bone tissue may cause osteoporosis and 
bone resorption [1–6]. To resolve this problem, a foaming 
strategy enlightened by the porous architecture of cancel-
lous bone has been proposed to reduce elastic modulus by 
introducing porous structure into solid metallic prosthesis [4, 
5]. The new strategy spurs the research and development of 
porous metallic prosthesis candidates with appropriate elas-
tic modulus, adequate strength, good corrosion resistance 
and excellent compatibility [7–12]. Porous Ti–Cu, Ti–Nb, 
Ti–Mo alloys have been fabricated by methods of powder 
sintering, gelcasting, microwave sintering and selective 
laser sintering [7–12]. Mechanical properties depend on the 
porosity of porous titanium alloys [7–9]. The in vivo implan-
tation experiments of sintered porous Ti–Nb–Zr alloys indi-
cated that they exhibited good biocompatibility with respect 
to osteoinductive property [10].

As a particular type of biomedical titanium alloy, NiTi 
shape memory alloy (SMA) is featured by shape memory 
effect (SME) and superelasticity (SE) although the effect 
of released nickel ion on the allergy reaction is still con-
troversial. SME and SE are associated with thermoelastic 
and stress-induced martensitic transformation, respectively. 
SME is a plastic strain given at a temperature below the 
start temperature of reverse martensitic transformation (As) 
and recovers by heating to a temperature above the finish 
temperature of reverse martensitic transformation (Af). SE 
occurs at a temperature above Af, causing a stress-induced 
martensitic transformation upon loading and by the subse-
quent reverse transformation upon unloading [13, 14].
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1  Introduction

It is recognized that titanium alloy has been extensively used 
in the field of hard tissue implantology owing to the merits 
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Furthermore, porous NiTi SMA has attracted consider-
able attention due to the porous structure. Some reports have 
focused on the fabrication, microstructure, mechanical prop-
erties, corrosion behavior and in vitro/vivo biocompatibility 
evaluations of porous NiTi SMA [15–29]. Among various 
manufacturing routes, the widely utilized self-propagating 
high-temperature synthesis (SHS) or combustion synthe-
sis possesses distinct advantages over powder metallurgy, 
space holder sintering, microwave sintering and selective 
laser sintering, including low capital investment, simplicity, 
good maneuverability, wide porosity range, saving time, etc. 
[16–25]. The in vitro and in vivo investigation revealed that 
porous NiTi SMA had better osteoconductivity and oste-
ointegration than the bulk one [17, 18]. Available studies 
indicate that elastic modulus, strength and corrosion resist-
ance deteriorate or degrade dramatically with the increase 
in porosity of porous NiTi SMA [19–22]. It is hard for metal 
foam with high porosity to sustain appropriate elastic modu-
lus and adequate strength to match those of bone tissues. It 
could be ascribed to increasing pore stress concentration and 
decreasing actual load bearing section area.

As a biomedical polymer, polymethyl methacrylate 
(PMMA)-based composites can be used for prosthesis appli-
cations because of good biocompatibility [30–35]. Proper 
elastic modulus and strength of PMMA are close to those of 
bones. A strategy was proposed to incorporate PMMA into 
porous titanium with uniform structure and lower porosity 
sintered from spherical titanium powders [35].

In this literature, a strategy is proposed to incorporate 
PMMA into porous NiTi SMA in order to ameliorate the 
mechanical property of the metallic scaffold. The new NiTi/
PMMA biocomposite integrates PMMA into metal foam by 
in situ polymerization. One motivation of this literature is to 
fabricate NiTi/PMMA composite by polymerization of the 
mixtures of monomer and initiator in porous NiTi SMA pre-
pared by SHS. The other is to investigate the microstructure 
and mechanical properties of porous NiTi SMA and NiTi/
PMMA composite.

2 � Experimental Details

2.1 � SHS of Porous NiTi SMA

Commercially pure elemental Ti and Ni powders were 
blended according to the equiatomic ratio (Ni50Ti50) for 
24 h and formed into green compacts (Φ25mm × 50 mm). 
The compacts placed in a furnace under the protection of 
flow argon were preheated to 673 K and ignited at end by 
electrified tungsten coil. Shining brightly, the combustion 
wave would propagate along the axis to the other end in a 
short time. The cooled porous NiTi SMA compacts were 
cut into samples with size of Φ8mm × 10 mm and washed 

using acetone and distilled water in ultrasonic cleaner in 
turn five times.

2.2 � Polymerization of PMMA from Monomer 
and Initiator

The monomer MMA solution was mixed with the initiator 
2,2’-azobisisobutyronitrile (AIBN) according to the weight 
ratio 100:1. In order to optimize the polymerization tempera-
ture, the mixed solutions poured into glass tube with inner 
diameter of 10 mm were polymerized in air at 309, 319 and 
335 K for 24 h, respectively.

2.3 � Fabrication of NiTi/PMMA Composite

A set of cleaned and dried porous samples were soaked in 
the above-mentioned solutions and then polymerized at 
319 K in air for 24 h. For comparative purpose, another 
set of samples immersed in the mixed solutions at ambient 
temperature were evacuated to pressure of 0.08 MPa for 1 h 
before polymerization.

2.4 � Characterization

Phase compositions of porous NiTi SMA were determined 
using X-ray diffraction (XRD, Rigaku Ultima IV diffrac-
tometer). Microstructure observations were performed on 
scanning electron microscope (SEM, Hitachi S-3400 N), 
equipped with energy dispersion spectrum (EDS). Molecule 
structure of PMMA was measured on Fourier transforma-
tion infrared spectroscopy (FTIR, Nocolet iS50). Compres-
sive properties were investigated using compression experi-
ments on samples with dimensions of Φ10mm × 12 mm at 
strain rate of 10−3S−1. Porosity measurement method was 
described elsewhere [7].

3 � Results and Discussion

3.1 � Porous NiTi SMA

Figure 1 shows the XRD patterns of porous NiTi SMA 
prepared by SHS. It consists of intermetallic phases like 
TiNi (B2), Ti2Ni and TiNi3, with B2 being the major phase. 
Momentary synthesis and cooling in water would retain the 
parent phase B2 and retard formation of martensite B19’. 
According to the Ni–Ti binary phase diagram, it is impossi-
ble to obtain NiTi SMA entirely without other intermetallics 
because the Gibbs free energy of Ti2Ni and TiNi3 is lower 
than that of NiTi phase.

As illustrated in Fig. 2a, the pore morphology of porous 
NiTi SMA with porosity of 64% fabricated by SHS exhibits 



947Trans Indian Inst Met (2023) 76(4):945–950	

1 3

homogeneous, permeable and 3D-interconnected porous 
architecture with mean pore size 236 μm.

3.2 � Preparations of PMMA and NiTi/PMMA 
Composite

The mixed solution intended to polymerization at lower tem-
perature 309 K is still in liquid state within 24 h. The PMMA 
sample polymerized at 319 K exhibits transparent and pore-
free appearance, as presented in Fig. 3a, while the sample 
polymerized at higher temperature 335 K is characterized 
by explosive polymerization, as illustrated in Fig. 3b. These 
comparative experiments indicate that the proper polymeri-
zation temperature of PMMA from MMA and AIBN with 
weight ratio 100:1 is 319 K.

Figure 3(c and d) presents the photographs of NiTi/
PMMA composite developed by different procedures. As 
shown in Fig. 3c, the sample has solidified completely with-
out any air bubble when the porous NiTi alloy soaked in the 

Fig. 1   XRD patterns of porous NiTi SMA

Fig. 2   SEM photographs for 
pore morphology of a porous 
NiTi SMA with porosity 64%; 
b NiTi/PMMA composite; EDS 
results for distributions of tita-
nium c, nickel d, carbon e and 
oxygen f on the surface of NiTi/
PMMA composite
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above mixed solutions was evacuated and in situ polym-
erized in air at 319 K for 24 h. As presented in Fig. 3d, 
some air bubbles exist in the solidified sample when the 
porous alloy was immersed in the above solution and directly 
polymerized. The comparative investigations reveal that the 
evacuation is a prerequisite procedure before polymerization 
to eliminate the air existing in the pores of metallic foam.

3.3 � NiTi/PMMA Composite

Figure 4 presents the FTIR spectrum in the wave number 
region between 4000 and 500 cm−1 of PMMA. The stretch-
ing vibration peaks at 2995 and 2950 cm−1 correspond to the 
methyl and methylene groups, respectively. Furthermore, the 
strong stretching vibration peak at 1730 cm−1 represents the 
carbonyl group, being a typical band of PMMA. Moreover, 
the stretching vibration peaks at 1240, 1189 and 1145 cm−1 

are associated with the ether groups. In general, the FTIR 
spectrum exhibits the typical characteristics of PMMA, 
being similar to the reported information [36].

Figure 2b shows the SEM image of the morphology 
for cross section of NiTi/PMMA composite. NiTi matri-
ces are surrounded by irregular shaped PMMA, which is 
previously occupied by pores. As illustrated in Fig. 2(c to 
f), EDS results for the distributions of titanium (Ti), nickel 
(Ni), carbon (C) and oxygen (O) on surface of NiTi/PMMA 
composite reveal that C and O-rich substances distribute 
predominately in pores whereas Ni and Ti–rich mainly in 
NiTi SMA. The EDS together with FTIR investigations con-
firm the existence of PMMA product. The permeable porous 
structure favors filling of pores with PMMA. Consequently, 
the amount of nickel ions released from NiTi SMA would be 
reduced remarkably because the alloy is mostly penetrated 
and filled by PMMA. Actually, NiTi/PMMA composite pos-
sesses biochemical compatibility because it is prepared from 
biocompatible PMMA and porous NiTi SMA at low polym-
erization temperature without other chemical reaction and 
metallurgical process.

Figure 5 depicts the nominal stress–strain curves of NiTi/
PMMA composite and porous NiTi SMA under compression 
load. During the compression process, they undergo stages 
of elastic deformation, plastic deformation and fracture.

Elastic modulus and compressive strength could be deter-
mined by the slope coefficient from the initial elastic portion 
and stress peak value, respectively. As listed in Table 1, there 
is a remarkable enhancement in compressive strength for 
NiTi/PMMA composite compared with porous NiTi SMA 
with porosity 64% because the actual load area is enhanced 
significantly by the filling of pores with the polymer. Fur-
thermore, NiTi/PMMA composite and porous NiTi SMA 
possess close elastic modulus. This phenomenon can be 
ascribed to the close stiffness between porous NiTi SMA 
with porosity 64% and PMMA. The biocomposite has higher 
strength and lower stiffness. Consequently, NiTi/PMMA 
composite has better biomechanical compatibility because 

Fig. 3   Photographs of PMMA 
samples: a optimal polymeriza-
tion and b explosive polymeri-
zation; NiTi/PMMA composite: 
c optimal sample and d sample 
with air bubbles

Fig. 4   FTIF spectrum of PMMA
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the matching of mechanical property between the compos-
ite and cancellous bone. Therefore, NiTi/PMMA composite 
is expected to be ideal hard tissue implant candidate with 
respect to biochemical and biomechanical compatibility.

It should be stated that the implantation investigations 
of NiTi/PMMA composite are needed to clarify its in vivo 
biocompatibility in the future.

4 � Conclusions

Based on the preparation, microstructure and mechanical 
properties of porous NiTi SMA and NiTi/PMMA composite, 
the following conclusions could be drawn:

(a)	 The optimal synthesis procedure of PMMA is the 
polymerization of mixture of monomer MMA solution 
and initiator AIBN with weight ratio 100:1 at 319 K in 
air within 24 h.

(b)	 NiTi/PMMA composite has been successfully fabri-
cated by soaking porous NiTi SMA in the mixed solu-
tions and evacuating to pressure 0.08 MPa for 1 h at 
ambient temperature followed by polymerization.

(c)	 Distinct enhancement in compressive strength of NiTi/
PMMA composite compared with porous NiTi SMA 
reveals that the strategy of integration of PMMA into 
porous NiTi SMA is effective to ameliorate its mechan-
ical property.

(d)	 Compressive strength and elastic modulus of NiTi/
PMMA composite match those of bone tissue.
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