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Abstract 

To enhance the mechanical strength of NiTi, 0.5 vol% CNT/NiTi composite was fabricated 
by high-energy ball milling followed by spark plasma sintering. NiTi and 1 vol% TiC/NiTi 
composites were also fabricated using the same process for comparison. Unreacted CNTs 
were observed in the CNT/NiTi composites, although some CNTs had reacted with Ti to 
form a TiC phase. Thermal hysteresis increased with the addition of CNTs due to increased 
frictional resistance to interfacial motion between CNT and NiTi matrix, and relaxation of 
the elastic strain energy in the NiTi matrix. The addition of CNTs, however, had little 
influence on the shape memory effect of NiTi. The elastic modulus, yield strength and 
ultimate tensile strength of the 0.5 vol% CNT/NiTi composite were greater than that of the 
NiTi. This improvement was attributed to the effective load transfer to the unreacted CNTs. 
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1. Introduction 

Shape memory alloys (SMAs) have unique properties, including shape memory and superelasticity 

due to a phase transformation between the martensite and austenite phases. When compared with Cu- 

and Fe-based SMAs, NiTi SMAs are highly corrosion resistant and boast a superior shape memory 

effect. NiTi SMAs that are subjected to strain of up to 8% can be returned back to its original shape by 

heating [1]. Consequently, NiTi SMAs can be used in tribological, pipe coupling, and seismic 

applications. However, the low mechanical strength and elastic modulus of NiTi SMAs are major 

obstacles to broadening their applications. 

In this paper, we describe the preparation of CNT-reinforced NiTi matrix composites through a 

powder metallurgical process using CNTs, and Ni and Ti elemental powders. Spark plasma sintering 

(SPS), which requires a very short time to sinter metal and ceramic powders, was applied to 

consolidate the CNT/NiTi composite powder. The effect of the CNTs on the mechanical properties of 

the composites was investigated. TiC/NiTi composites were also fabricated using the same process in 

order to directly compare their mechanical properties with those of the CNT/NiTi composites. 

2. Experimental 

Nickel powder (Kojundo, ca. 2–3-μm particle diameter), titanium powder (Kojundo, particle 

diameter less than 38 μm), CNT powder (Hanwha Nanotech, diameter 10–20 nm and length 

10–20 μm), and titanium carbide powder (H.C. Starck, particle diameter less than 5 μm) were used as 

the starting materials. The microstructures of the raw materials are shown in Fig. 1.  

http://www.sciencedirect.com/science/article/pii/S092583881401946X#b0005
http://www.sciencedirect.com/science/article/pii/S092583881401946X#f0005
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Fig. 1. SEM images of raw materials (a) Ni powder, (b) Ti powder, (c) CNT powder and (d) TiC 

powder. 

3. Results and discussion 

Fig. 2 shows the microstructure of the as-milled NiTi powder, the 0.5 vol% CNT/NiTi and 1.0 vol% 

TiC/NiTi composite powders. The Ni and Ti powders were repeatedly bonded and broken during the 

high-energy ball-milling process. The Ni and Ti powders were mechanically alloyed due to the high 

impact energy of the balls, resulting in large particles with diameters greater than 50 μm, as shown in 

the inset images of Fig. 2. As indicated in Fig. 2(b), the CNTs were homogeneously dispersed in the 

0.5 vol% CNT/NiTi composite powder. CNTs that were agglomerated by van der Waals forces were 

disentangled by the high impact energy of the balls during the milling process. Fig. 2(c) shows the 

morphology of the 1.0 vol% TiC/NiTi composite powder. It was assumed that the TiC particles were 

uniformly dispersed in the 1.0 vol% TiC/NiTi composite, although discrete TiC particles were not 

observed since they were embedded in the mechanically alloyed Ni and Ti powders. 

       
Fig. 2. SEM micrographs of as-milled (a) NiTi powder, (b) 0.5 vol% CNT/NiTi composite powder 

and (c) 1.0 vol% TiC/NiTi composite powder with insets of low magnification micrographs. 

Fig. 3 shows the microstructure and the EDS spectra of the NiTi, and the 0.5 vol% CNT/NiTi and 

1.0 vol% TiC/NiTi composites. EDS was used to determine the elemental composition of the different 

regions in the sample. The SEM micrographs in Fig. 3 show a dark phase (black circle) that 

corresponds to the NiTi matrix phase, and a lighter phase (red circle) that corresponds to Ti2Ni, which 

exists mainly at the grain boundary[2].  

 
Fig. 3. Microstructural and EDS elemental analyses of the various regions of the (a) NiTi, and the (b) 

0.5 vol% CNT/NiTi and (c) 1.0 vol% TiC/NiTi composites.  

Red circles for lighter phase and black circles for dark phase. (For interpretation of the references to 

colour in this figure legend, the reader is referred to the web version of this article.) XRD patterns of 

the NiTi, and the 0.5 vol% CNT/NiTi and 1.0 vol% TiC/NiTi composites are shown in Fig. 4.  

http://www.sciencedirect.com/science/article/pii/S092583881401946X#f0010
http://www.sciencedirect.com/science/article/pii/S092583881401946X#f0010
http://www.sciencedirect.com/science/article/pii/S092583881401946X#f0010
http://www.sciencedirect.com/science/article/pii/S092583881401946X#f0010
http://www.sciencedirect.com/science/article/pii/S092583881401946X#f0015
http://www.sciencedirect.com/science/article/pii/S092583881401946X#f0015
http://www.sciencedirect.com/science/article/pii/S092583881401946X#b0080
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Fig. 4. XRD patterns of the NiTi, the CNT/NiTi and TiC/NiTi composites. 

     
Fig. 5. SEM micrograph showing unreacted CNT on etched surface of the 0.5 vol% CNT/NiTi 

composite. 

The formation of TiC by the reaction of CNTs or carbon black with Ti has been reported in previous 

studies [3-5]. However, some CNTs remained unreacted, with a cylindrical morphology and an 

approximate 20-nm diameter, and can be seen on the etched surface of the 0.5 vol% CNT/NiTi 

composite in Fig. 5. 

Fig. 6 shows DSC curves of the NiTi, the 0.5 vol% CNT/NiTi and 1.0 vol% TiC/NiTi composites. 

Phase transformations occurred in the NiTi and in the composites during both cooling and heating, 

which demonstrates that all of the samples had shape memory. In Fig. 6, only one phase transformation 

peak could be observed in all of the DSC curves of the samples during cooling and heating, 

corresponding to B2 → B19′ and B19′ → B2, respectively. The phase transformation temperatures 

and thermal hysteresis of the NiTi and the composites are listed in Table 2. Note that thermal hysteresis 

is defined as the difference between the austenitic finish temperature (Af) and the martensitic start 

temperature (Ms)[6]. With the addition of CNTs into the NiTi, the phase transformation temperatures 

decreased due to the reaction between the CNTs and Ti.  This  result agrees with those of previous 

studies[6-8], which have shown that phase transformation temperatures decrease as the Ni/Ti ratio 

increases. Thermal hysteresis in the 0.5 vol% CNT/NiTi composite was greater than that in the NiTi. 

Likewise, the addition of 1.0 vol% TiC to the NiTi matrix increased the thermal hysteresis. It is 

generally thought that the addition of hard reinforcements to a NiTi matrix enlarges thermal hysteresis 

due to increased frictional resistance to interfacial motion between B19′ and B2 in the NiTi matrix. In 

addition, lattice mismatch between the reinforcements and the NiTi matrix relaxes the elastic strain 

energy, which is the driving force for the reverse phase transformation (B19′ → B2)[9]. Thus, the 

thermal hysteresis measurements indicated that the phase transformation of the 0.5 vol% CNT/NiTi 

composite was less affected by the CNT reinforcements than that of the 1.0 vol% TiC/NiTi composite. 

 

http://www.sciencedirect.com/science/article/pii/S092583881401946X#f0030
http://www.sciencedirect.com/science/article/pii/S092583881401946X#f0030
http://www.sciencedirect.com/science/article/pii/S092583881401946X#t0010
http://www.sciencedirect.com/science/article/pii/S092583881401946X#b0110
http://www.sciencedirect.com/science/article/pii/S092583881401946X#b0120
http://www.sciencedirect.com/science/article/pii/S092583881401946X#b0125
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Fig. 6. DSC curves of the (a) NiTi, (b) 0.5 vol% CNT/NiTi and (c) 1.0 vol% TiC/NiTi composites 

Shape recovery tests were performed by sequentially loading and unloading the NiTi, and the 0.5 vol% 

CNT/NiTi and 1.0 vol% TiC/NiTi composites during tensile tests under Mf, followed by heating to 

above Af. The results of these shape memory tests are presented in Fig. 7 When 0.5 vol% CNT was 

added to the NiTi matrix, the shape memory effect was less degraded than when 1.0 vol% TiC was 

added. This shows that the 0.5 vol% CNT had a weaker effect on reverse phase transformations from 

B19′ to B2 than did the 1.0 vol% TiC. This is in agreement with the wider interval between the reverse 

transformation temperatures (Af–As) of 1.0 vol% TiC/NiTi composite than that of 0.5 vol% 

CNT/NiTi composite as shown in Fig. 6 

 

 

 
Fig. 7. Shape memory tests performed by sequential loading and unloading of the (a) NiTi, (b) 0.5 

vol% CNT/NiTi and (c) 1.0 vol% TiC/NiTi composites. 

http://www.sciencedirect.com/science/article/pii/S092583881401946X#f0030
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Fig. 8 shows stress–strain curves of the NiTi, and the 0.5 vol% CNT/NiTi and 1.0 vol% TiC/NiTi 

composites under Mf. All of the samples showed typical stress–strain curves of a shape memory alloy, 

with double yield points on the curve[10]. Typical stress–strain curves of shape memory alloys can be 

separated into four regions[11]. The martensite twins begin to reorient and is detwinned at the first yield 

point followed by elastic region of martensite of NiTi. This reorientation continues in the first plateau. 

Subsequently, fully detwinned martensite is deformed elastically up to the second yield point, with 

plastic deformation occurring in the second plateau. The yield strength, elastic modulus, and ultimate 

tensile strength of the NiTi, and the 0.5 vol% CNT/NiTi and 1.0 vol% TiC/NiTi composites, as 

determined from the stress–strain curves, are summarized in Table 3. The yield strength of the 

0.5 vol% CNT/NiTi and the 1.0 vol% TiC/NiTi composites increased by 29% and 26%, respectively, 

relative to that of the NiTi. The CNTs and TiC present in the NiTi matrix constrained the reorientation 

of martensite twins, and thus enhanced the yield strength. The addition of CNTs also raised the tensile 

strength by 11%. The tensile strength of the 1.0 vol% TiC/NiTi composite was slightly higher than that 

of the NiTi. Note that small additions of CNTs to the NiTi matrix resulted in a greater enhancement in 

the mechanical properties, including improved strength and minimally reduced elongation, than did the 

addition of TiC. This was due to the presence of unreacted CNTs in the NiTi matrix, as seen in the 

fracture surface of the CNT/NiTi composite in Fig. 9. Also, slope of second elastic region of the 

0.5 vol% CNT/NiTi composite is larger than that of NiTi in Fig. 8, which shows that effective load 

transfer from the NiTi matrix to the reinforcements occurs. This demonstrates that CNTs may be used 

as a reinforcement material with minimal impact on the intrinsic properties of a NiTi matrix. 

 
Fig. 8. Stress–strain curves of the NiTi, CNT/NiTi and TiC/NiTi composites. 

 
Fig. 9. CNTs observed at the fracture surface of the 0.5 vol% CNT/NiTi composite; (a) low 

magnification and (b) high magnification. 

4. Conclusions 

CNT/NiTi composites mixed with 0.5 vol% CNTs were prepared by high-energy ball milling 

followed by a powder metallurgical process in an effort to improve the mechanical strength of NiTi. 

For comparison, an NiTi alloy and a TiC/NiTi composite containing 1.0 vol% TiC were also prepared 

using the same fabrication process. The shape memory behavior of the 0.5 vol% CNT/NiTi composite 

was only slightly degraded relative to the NiTi while the shape memory effects was further degraded in 

the 1.0 vol% TiC/NiTi composite relative to the 0.5 vol% CNT/NiTi composite. The elastic modulus, 

yield strength and ultimate tensile strength of the 0.5 vol% CNT/NiTi composite was greater than that 

of the NiTi or the 1.0 vol% TiC/NiTi composite. Relatively small additions of CNTs had little 

influence on the shape memory effects of the NiTi while improving the mechanical strength due to the 

presence of unreacted CNTs in the NiTi matrix. 

http://www.sciencedirect.com/science/article/pii/S092583881401946X#f0040
http://www.sciencedirect.com/science/article/pii/S092583881401946X#b0130
http://www.sciencedirect.com/science/article/pii/S092583881401946X#b0135
http://www.sciencedirect.com/science/article/pii/S092583881401946X#t0015
http://www.sciencedirect.com/science/article/pii/S092583881401946X#f0045
http://www.sciencedirect.com/science/article/pii/S092583881401946X#f0040
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