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ABSTRACT 

Ti-rich Ti51.9Ni48.0Si0.1 ribbon investigated in this study 

shows coexistence of Ti-rich Ti2Ni and Ni-rich Ti3Ni4 

precipitates, which causes the two-stage precipitation 

phenomenon during nanoindentation hardness test. 

Reversible shape memory reaches 4.84 % for the 5 hr-aged 

ribbon, which corresponds to the 1st stage hardening 

caused by the precipitation process of Ti2Ni. 
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INTRODUCTION 

Ti-rich (50.1~50.4 at. %Ti) TiNi shape memory 

ribbons with a slight amount of Si content (0.1~0.2 at. %) 

have been reported to make the matrix Ni-rich due to 

extensive precipitation of Ti2Ni phase stabilized by Si  

[Chen, 2013, Chen, 2014]. As a consequence, Ti-rich 

Ti2Ni and Ni-rich Ti3Ni4 precipitates coexist to improve 

the hardness and shape memory characteristics of these 

ribbons. However, the properties of TiNi binary shape 

memory ribbons with still higher Ti content remain unclear. 

In the present study, a Ti-rich Ti51.9Ni48.0Si0.1 ribbon was 

investigated to understand their martensitic transformation 

behaviors, phase constitution, nanoindentation hardness, 

microstructure, and the shape memory effect. 

 

3.1 TRANSFORMATION 

BEHAVIORS OF AGED RIBBONS 

 
Ti-rich Ti51.9Ni48.0Si0.1 ribbon was aged at 500 oC 

from 1 to 400 hr, and their transformation behaviors are 

shown in Fig. 1. Three transformation peaks can be 

identified on cooling and heating curves. With increasing 

aging time, the peak transformation temperature decreases 

continuously when the aging time is less than 100 hr. After 

that, the transformation temperature increases when the 

aging time is longer than 100 hr; at the same time, the first 

two transformation peaks start to merge into one. This 

phenomenon implies there must be changes in the 

microstructure, such as the formation of precipitates, 

during the aging treatment. Additionally, the Af 

temperature is higher than 60 oC, indicating that the ribbon 

is rich in Ti. 

XRD DIFFRACTION SPECTRA 

XRD spectra of as-spun and 168 hr-aged 

Ti51.9Ni48.0Si0.1 ribbons collected from the free surface are 

shown in Fig. 2. It can be seen that diffraction peaks from 

Ti2Ni can be identified at the as-spun condition,  

 

 

 

Figure 1 DSC (a) cooling and (b) heating curves of 

Ti51.9Ni48.0Si0.1 ribbon 

 

Figure 2 XRD spectra of as-spun and 168 hr-aged 

collected from the free surface of the Ti51.9Ni48.0Si0.1 ribbon. 

indicating that large quantities of Ti2Ni exist. Additionally, 

if the ribbon is aged for 168 hr, diffraction peak from Ni-

rich Ti3Ni4 can be identified at about 62.5 o, indicating the 

precipitation of Ni-rich Ti3Ni4 during the aging treatment. 

It is noted that the diffraction spectra collected from the 

free surface are mainly B19’ phase (Fig. 2), however, 

diffractions from contact surface primarily showing B2 

(not shown here). This feature indicates that the 

transformation temperature is slightly lower for the contact 

surface, which results in the multi-step transformation 

behavior of the ribbon shown in Fig. 1. 

NANOINDENTATION HARDNESS 

Figure 3 shows the hardness evolution of 

Ti51.9Ni48.0Si0.1 ribbon. The hardness drops during the 

aging treatment until the aging time reaches 5 hr. With still 

increasing aging treatment, the hardness drops again and 

then meets a second peak at 54 hr. When aging time is 

longer than 54 hr, the hardness of Ti51.9Ni48.0Si0.1 ribbon  



 

Figure 3 Nanoindentation hardness of aged Ti51.9Ni48.0Si0.1 

ribbon. 

decreases continuously. This result implies that there is a 

two-stage precipitation hardening effect in the 

Ti51.9Ni48.0Si0.1 ribbon. 

TEM OBSERVATIONS 

Figure 4 (a) and (b) show the TEM images of as-

spun and 5 hr-aged Ti51.9Ni48.0Si0.1 ribbon, respectively. 

Ti2Ni particles with size about 20 nm can be observed 

embedded in the TiNi matrix. After aging the ribbon at 

500 oC for 5 hr, the density of Ti2Ni increases rapidly and 

their size grow to about 50 nm, as can be seen in Fig. 4 (b). 

Additionally, some lenticular-shaped precipitates can be 

observed in Fig. 4 (b), EDX analysis shows that it is a Ni-

rich Ti3Ni4 phase. This feature is consistent with XRD 

result that Ti2Ni and Ti3Ni4 will coexist in the ribbon after 

aging treatment. 

 

 

Figure 4 TEM images of (a) as-spun and (b) 5 hr-aged 

Ti51.9Ni48.0Si0.1 ribbon. 

SHAPE MEMORY EFFECT 

Figure 5 (a)-(c) show the strain-temperature 

curves of the as-spun, 3 hr-aged, and 54 h-aged ribbons 

under various tensile stresses, respectively. It can be seen 

that all these ribbons show well-defined shape memory 

characteristics. It is noted from Fig. 5 (a)-(c) that the as-

spun one exhibits a smaller hysteresis, which is due to the 

less amount of precipitates in the as-spun condition and 

thus results in less friction during martensitic 

transformation. Figure 5 (d) and (e) show the reversible 

and irreversible strains of these three ribbons. The 

maximum reversible strain can reach 4.84 % at the 5 hr-

aged condition. As can be seen from Fig. 5 (d) and (e), the 

reversible strain of the as-spun ribbon is slightly lower 

than the 5 hr-aged one, and the irreversible strain of both 

as-spun and 5 hr-aged ribbons are nearly the same. These 

results meaning that the annealing effect on the ribbon 

during the early-aging stage eliminates the defects, which 

couples with the strengthening effect of the first-stage 

precipitation process by nanoscale Ti2Ni, the recoverable 

strain can be improved. The 24 hr-aged ribbon shows 

similar reversible strain with the 5 hr-aged one, but with 

significantly larger irreversible strain (about 1.5 % at a 

applied load of 159 MPa), as can be observed from Fig. 5 

(e). This phenomenon is consistent with the 

nanoindentation hardness result that the 24 hr-aged ribbon 

exhibits a lower hardness, which leads to more plastic 

deformation. The 54 hr-aged ribbon, which is 

corresponding to the 2nd stage precipitation process, shows 

the smallest irreversible strain, as can be seen from Fig. 5 

(e) due to the hardening effect. However, the long aging 

time results in higher volume fraction of Ti2Ni and Ti3Ni4 

precipitates, which cannot attribute to the transformation 

strain and thus leads to a decrease in reversible strain. 

Nevertheless, the reversible strain of the 54 hr-aged ribbon 

is still comparable with the as-spun one and is more 

resistance to plastic deformation after the aging treatment. 

 

Figure 5 Shape memory effects of the (a) as-spun, (b) 3 hr-

aged, and (c) 54 h-aged Ti51.9Ni48.0Si0.1 ribbons under 

various tensile stresses. (d) The reversible strain and (e) 

the irreversible strain of the ribbons as a function of 

tensile stress. 

CONCLUSION 

This study shows that Ti51.9Ni48.0Si0.1 ribbon can still 

exhibit coexistence of Ti-rich Ti2Ni and Ni-rich Ti3Ni4, 

and thus results in two-stage hardening phenomenon. The 

precipitation process of Ti2Ni results in the best SME 

property after aged for 5 hr. Increasing aging time beyond 

5 hr will result in increasing in plastic deformation (24 hr) 

or decreasing in reversible strain (54 hr). 
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