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Abstract In this article, the influence of Co addition on

phase transformation behavior and mechanical properties of

TiNiFe shape memory alloy was investigated extensively.

Differential scanning calorimetry (DSC) measurements

shows that martensitic start transformation temperatures

(Ms) decrease drastically with increasing Co content, while

the R phase transformation start temperatures (Rs) vary

slightly. Nevertheless, the substitution of Ni with Co does not

exert substantial influence on the two-stage transformation

behavior of the TiNiFe alloy. The results from stress–strain

curves indicate that higher critical stress for stress-induced

martensitic transformation (rSIM) has been obtained because

of Co addition. In such cases, the Ti50Ni48Fe1Co1.0 alloy

maintains a good shape memory effect, and a maximum

recoverable strain of 7.5 % can be obtained.
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1 Introduction

As is well known, NiTi-based alloys have been considered

to be the most attractive candidate material for functional

engineering applications because of their excellent shape

memory effect [1–6]. In particular, TiNiFe [7–10] attracted

more and more attention owing to high recovery strain, low

martensite transformation temperature, low density, and

extraordinary corrosion resistance. For engineering mate-

rials, the critical stress for stress-induced martensitic

transformation (rSIM) is a significant parameter. When

loading stress exceeds rSIM of raw materials, stress-

induced martensitic transformation occurs, leading to

loosening and failure of sections. Therefore, it is important

to enhance the rSIM of shape memory alloys.

The investigation that Co addition can increase the yield

strength and decrease the martensitic start temperature (Ms)

of NiTi alloys has been reported [11–14]. Sui et al. [11]

reported that the addition of Co to TiNiNb alloy led to

increase the yield strength and decrease the Ms, because of

suppressing the formation of Ti2Ni. Jing et al. [12] also

found that the addition of Co to TiNi alloy generated evi-

dent decrement of Ms. However, few previous literatures

stated the effect of Co addition to TiNiFe alloy. This article

explored the influence of Co addition on phase transfor-

mation behavior and mechanical properties of TiNiFe

shape memory alloy. As proposed in this article, obvious

decrement of Ms and prominent increment of rSIM were

obtained via Co addition.

2 Experimental

Four ingots of quaternary alloys with the nominal com-

position of Ti50Ni49-xFe1Cox (x = 0, 0.5, 1.0, and 1.5)

were prepared by induction melting of a mixture of 99.9 %

pure Ti, 99.9 % pure Ni, 99.9 % pure Fe, and 99.7 % Co in

a high-frequency vacuum furnace. Ingots were remelted

four times and then were homogenized in evacuated quartz

tubes at 850 �C for 24 h. Then, ingots were hot rolled into

plates with a thickness of 1.2 mm. Specimens for mea-

surements were spark cut from the plates. All the samples

were solution treated at 850 �C in evacuated quartz tubes

for 1 h, followed by quenching into water.

The phase transformation temperatures were determined

by a Q2000 differential scanning calorimetry (DSC). The
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temperatures ranged from -90 to 100 �C, with a heating/

cooling rate of 10 �C�min-1. Phase identification was

performed on a Rigaku D/max-rB X-ray diffractometer

(XRD) with Cu Ka radiation with scan speed of

6 (�)�min-1. Mechanical properties were detected on an

MTS model 880 with a strain rate of 5.6 9 10-4 at room

temperature (25 �C). Shape memory effect was also per-

formed on the same device at -196 �C, and then, pre-

strained samples were heated to 100 �C to measure the

recovery strain.

3 Results and discussion

Figure 1a shows the DSC curves of the Ti50Ni49-xFe1Cox

(x = 0, 0.5, 1.0, 1.5) alloys. It can be seen that all of the

DSC curves exhibite two exothermic peaks and one

endothermic peak. Obviously, the exothermic peaks can be

attributed to B2 ? R and R ? B190 transformations, and

the endothermic peak to B190 ? B2. In addition, Co

addition remarkably decreases Rs, Ms, and austenitic start

temperature (As), although the addition of Co does not

change the transformation sequence. The effect of Co

content on phase transformation temperatures (Ms and Rs)

is shown in Fig. 1b. One can see that Ms drops drastically

with increasing Co content, whereas Rs decreases slightly.

For example, decreasing rate of Ms (i.e., from 18 to

-23 �C) is twice that of Rs (i.e., from 35 to 15 �C). In such

cases, the transformation hysteresis (Af-Ms) [15] is obvi-

ously widened, which increases from 33 to 74 �C. The

present results are consistent with those of a previously

reported study [12].

Figure 2 shows the XRD patterns of Ti50Ni49-xFe1Cox

alloys. It reveals that R phase and B2 parent phase coexist

in the alloys when Co addition is less than 1.5 %, implying

that the Rs values of alloys are all slightly higher than room

temperature. With the increase of Co content, the intensity

of R-phase peaks becomes weaker and weaker. Eventually,

the peaks of R phase disappear when the addition of Co

content reaches 1.5 at%. Combining the DSC curves in

Fig. 1, the weakening of R-phase peaks can be ascribed to

the decrease of Rs caused by Co addition.

Figure 3 shows the stress–strain curves of Ti50Ni49-x

Fe1Cox alloys. It is demonstrated that the critical stresses

for stress-induced B190 martensitic transformation (rSIM)

increase with the increase of Co content from 0, 0.5 %, to 1 %.

As described in Fig. 1, the Ms decreases with increasing Co

content. As a result, the DT (T-T0; T and T0 representing

deforming temperature and Ms, respectively) increases with

the increasing Co content, generating an increase of driving

force corresponding to stress-induced martensitic transfor-

mation. This can be responsible for the enhancement in critical

stresses. In addition, no stress-induced martensitic transfor-

mation is observed in Ti50Ni47.5Fe1Co1.5 alloy, in which the

Ms is decreased to -23 �C, which is much lower than the

deformation temperature, because of the excess Co addition.

In such a case, the yielding is associated with permanent

plastic deformation.

Fig. 1 Phase transformation behaviors of Ti50NI49-xFe1Cox alloys: a DSC curves, and b Rs and Ms as functions of Co content

Fig. 2 XRD patterns of Ti50Ni49-xFe1Cox alloys
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As shown in Fig. 3, Ti50Ni49-xFe1Cox alloy performs

high critical stresses because of alloying appropriate Co

content, which might be a potential candidate for advanced

SMA. Thus, it is necessary to further investigate the shape

memory effect of Ti50Ni49-xFe1Cox alloys.

Figure 4 shows the shape memory test results of

Ti50Ni49-xFe1Cox (x = 0, 1.0) alloys. It is demonstrated

that the recovery strain increases with increasing prestrain

level, and the maximum complete recovery strain value of

7.5 % is obtained in TiNiFeCo alloy, compared with 7.8 %

in TiNiFe alloy. Moreover, the recovery ratio is quite high

up to about 85 % even if the prestrain is 12 %. Deforma-

tion exceeding 7.5 % leads to permanent plastic deforma-

tion, and only partial recovery can be obtained. In such a

case, TiNiFeCo alloy maintains excellent shape memory

effect, exhibiting high recovery ratio.

4 Conclusion

Addition of Co quaternary element drastically reduces Ms.

However, the Rs temperatures decrease slightly. The

decreasing rate of Ms temperature (i.e., from 18 to -23 �C) is

approximately twice that of Rs (i.e., from 35 to 15 �C).

Doping Co quaternary element to Ti50Ni49Fe1 alloy can

improve the rSIM of the TiNiFe alloy. Stress-induced mar-

tensitic transformation vanishes when Co content reaches

1.5 %. Doping Co quaternary element slightly deteriorates

the shape memory effect. Nonetheless, Ti50Ni48Fe1Co1.0

alloy maintains good recovery ratio and recovery strain,

obtaining the maximum recovery strain of 7.5 %.
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Fig. 3 Stress–strain curves of Ti50Ni49-xFe1Cox alloys

Fig. 4 Recovery ratio of TiNiFe and TiNiFeCo alloys under various

prestrain
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