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Abstract The effects of heat treatments on the phase

transformation behavior of Ti49Ni49.5Fe1V0.5 and Ti48Ni48.5

Fe1V2.5 alloys were investigated. The results indicate that the

alloys subjected to different heat treatments have B2 struc-

ture at room temperature. All the specimens exhibit a two-

stage B2 ? R ? B190 martensitic transformation on cool-

ing, but a B190 ? B2 one-stage reverse martensitic trans-

formation on heating except aged A1 alloy, which undergoes

an abnormal two-stage transformation upon heating. The

phase transformation temperatures are affected by heat

treatments and V content, which can be attributed to the

variation of the second-phase particles content in the matrix.

Keywords Heat treatments; Phase transformation

behavior; Ti–Ni–Fe–V alloy; Second-phase particles

1 Introduction

We have known shape memory alloys (SMAs), since they

were found by the Naval Ordinance Laboratory [1]. Among

them, TiNi alloys and their ternary or quaternary alloys

have become one of the most important SMAs because of

their superior shape memory effect (SME) [2], superelas-

ticity (SE), and mechanical properties [3]. As for the

Ti–Ni-based alloys, their SME and SE originate from

martensitic and their reverse transformations, which are

induced from either thermal or stress. Actually, it was well

established that phase transformation behavior can be tai-

lored by many factors, such as Ni content, heat-treatment

[4, 5], thermo-mechanical treatment [6], and the addition of

alloying elements [3]. For example, the addition of the

third element Fe can obviously decrease the phase trans-

formation temperatures [7], and the proper addition of V

can control the transformation temperatures of Ti–Ni-based

alloys due to the solid–solution strengthening and second-

phase particles (Ti,V)2Ni [8]. With V atoms entry into the

crystal lattice of the matrix, the transformation tempera-

tures decrease due to solid solution strengthening. It is said

that the phase transformation involves a large number of

shear, no matter what kind of strengthening mechanism can

prevent the shear, will reduce the transformation temper-

atures [9–11]. However, when more V element is added,

the transformation temperatures will rise up, which is

attributed to the formation of second-phase particles within

the austenitic structures [8].

As is well known, the aging treatments of the alloys can

usually affect the transformation behavior of Ti–Ni-based

alloys by the formation or growth of the second-phase

particles. Some researchers proposed a series of transfor-

mation behavior theories of Ni-rich TiNi alloys subjected

to different aging treatments [12, 13]. Of course, other heat

treatments that can result in the forming or dissolving of

the second-phase particles will also affect the transforma-

tion behavior, such as solution-treated treatment.

Though the transformation behavior of TiNiFe and TiNiV

ternary shape memory alloys has been intensively investi-

gated, there are few relative researches on the quaternary

shape memory alloy TiNiFeV. In this article, the quaternary

Ti49Ni49.5Fe1V0.5 (A1) and Ti48Ni48.5Fe1V2.5 (A2) SMAs

are employed to investigate their transformation behavior

during the heat treatments of solution or aging.
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2 Experimental

The Ti49Ni49.5Fe1V0.5 (A1) and Ti48Ni48.5Fe1V2.5 (A2)

alloys were prepared in an arc-melting furnace. Tita-

nium(99.90 wt%), nickel(99.97 wt%), iron(99.30 wt%),

and vanadium(99.70 wt%), a total of about 156 g, were

melted and remelted five times in an argon atmosphere to

ensure their homogeneity. The buttons were hot-rolled at

850 �C to a 1.2 mm thick plate, after being homogenized at

1000 �C for 24 h and water quenched. Specimens for the

X-ray diffraction (XRD) and differential scanning calo-

rimeter (DSC) were carefully cut from this plate with a

wire-electrode cutting machine. All the heat-treated spec-

imens were sealed and evacuated in quartz tubes and then

solution-treated at 850 �C for 0.5 h and 1000 �C for 0.5 h,

respectively. The 850 �C, 0.5 h solution-treated specimens

were then aged for 2 h at 300 and 500 �C separately. All

the specimens before measurement were slightly mechan-

ically polished to remove the surface oxide coating. The

XRD was conducted on a RigakU D/max 2200pc diffrac-

tometer using Cu Ka radiation at room temperature with a

scanning rate of 6 (�)�min-1. The transformation temper-

atures were measured by a TA company instrument DSC

Q2000 with a heating and cooling rate of 10 �C�min-1.

3 Results and discussion

Figure 1 shows the XRD patterns of A1 and A2 alloys after

different heat treatments. All the specimens consist of

dominant B2 parent phase and minor (Ti,V)2Ni, irrespec-

tive of slight fluctuation volume fraction. The diffraction

peak of the second-phase particles is around 40� [14, 15].

No monoclinic structure B190 phase is found in Fig. 1,

indicating that the martensitic transformation temperature

is below room temperature. This mainly results from the

addition of V and Fe elements [7, 8]. In the solution-treated

state, the diffraction peak of the second-phase particles

disappears when treated at 1000 �C for 0.5 h (Fig. 1a(3)).

This is due to the dissolving of (Ti,V)2Ni phase as the V

atoms can diffuse quite well in the matrix at relatively high

temperatures (for example, 1000 �C). With respect to

aging, aging at 500 �C (Fig. 1a(5)) can result in more

second-phase particles than aging at a relatively low tem-

perature 300 �C (Fig. 1a(4)). This is consistent with the

aging theory very well [16]. The XRD patterns of A2 alloy

were subjected to the same series of heat treatments as A1,

which are similar to those shown in Fig. 1a.

Figure 2 shows the DSC curves of different heat treat-

ments specimens during cooling (Fig. 2a, c), and heating

(Fig. 2b, d) processes of A1 and A2 alloys. It is obvious that

the transformation behavior is a two-stage B2 ? R ? B190

transformation on cooling, but a B190 ? B2 one-stage

transformation on heating except aged A1, which is quite

similar to the behavior of TiNi binary and TiNiFe ternary

alloys [1]. For the aged A1 (curves (4), (5) in Fig. 2b), the

reverse martensitic transformation occurs in a two-stage

manner upon heating. We can consider this manner as two

kinds of M ? A transformation, which represent the

reverse martensitic transformation of the grain boundary

region (left peak) and the grain interior region (right peak),

respectively [17–19]. The phase transformation tempera-

tures can be determined by the peak temperatures from the

DSC curves to ensure accuracy [20]. In this paper, the letters

Mp, Rp, and Ap represent the phase transformation temper-

atures of R ? B190, B2 ? R, and B190 ? B2, respec-

tively. As for the two-stage transformation during heat

processes (Fig. 2b), we use the right peak as their reverse

transformation temperatures Ap. The phase transformation

temperatures are presented in Table 1. From Table 1, we

Fig. 1 XRD patterns of the specimens after different heat treatments: a A1 and b A2 alloys. For each figure: (1) rolling, (2) solution-treated at

850 �C for 0.5 h, (3) solution-treated at 1000 �C for 0.5 h, (4) solution-treated at 850 �C, 0.5 h, and aged at 300 �C for 2 h, and (5) solution-

treated at 850 �C, 0.5 h, and aged at 500 �C for 2 h
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can draw the conclusion that the transformation tempera-

tures can be changed a little with different heat treatments.

Comparing (1), (2), and (3) three kinds of treatments of

A2 alloy (Table 1), the phase transformation temperatures

will increase a little after solution treatments. However,

with the increase of solution-treated temperatures, the

phase transformation temperatures decrease slightly, as

shown in (2) and (3) treatments (A2). The decrease of

(Ti,V)2Ni content within the matrix and solid–solution

strengthening effect are the two main reasons for the var-

iation of phase transformation temperatures. The decrease

of (Ti,V)2Ni phase leads to the increase of V content and

the decrease of Ni content in matrix. Both of these varia-

tions can improve the transformation temperatures slightly

[8, 21]. When solution treated at a relatively high tem-

perature, such as 1000 �C, more V diffuse into the matrix;

therefore, solid–solution strengthening may take a primary

role in determining the phase transformation temperatures.

Fig. 2 DSC curves of specimens after different heat treatments: a A1 and b A2 alloys. For each figure: (1) rolling, (2) solution-treated at

850 �C, 0.5 h, (3) solution-treated at 1000 �C for 0.5 h, (4) solution-treated at 850 �C, 0.5 h, and aged at 300 �C for 2 h, and (5) solution-treated

at 850 �C for 0.5 h, and aged at 500 �C for 2 h

Table 1 Phase transformation temperatures after different heat

treatments

Alloys Heat treatment Transformation temperature/�C

Mp Rp Ap

A1 (1) -60.00 -15.14 -16.14

(2) -56.13 -5.93 -1.46

(3) -60.57 -32.91 -24.69

(4) -54.39 -6.80 -2.27

(5) -60.60 -2.21 2.59

A2 (1) -58.69 -13.07 -9.72

(2) -39.28 -2.88 0.26

(3) -44.83 -6.17 1.78

(4) -37.99 -4.24 0.51

(5) -31.90 -0.54 6.48

(1) rolling, (2) solution-treated at 850 �C, 0.5 h, (3) solution-treated at

1000 �C for 0.5 h, (4) solution-treated at850 �C, 0.5 h, and aged at 300 �C
for 2 h, (5) solution-treated at 850 �C for 0.5 h, and aged at 500 �C for 2 h
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Thus, both the Rp and Mp after 1000 �C treated (Table 1,

A2, (2)) are higher than the 850 �C treated one (Table 1,

A2, (3)). However, the one solution-treated at 850 �C has a

relatively high Ap. It is mainly because of the elastic energy

storing in the martensite, which can be a great driving force

for the B190 ? B2 transformation. Comparing (2), (4) and

(5) three kinds of treatments of A2 alloy (Table 1), we can

draw a conclusion that after aging, the phase transforma-

tion temperatures will increase slightly, and with the

increasing of aging temperatures, the transformation tem-

peratures will also increase. This may be due to the for-

mation and growth of (Ti,V)2Ni phase particles, which can

change the constituent of the matrix and decrease the Ni/Ti

ratio. After solution-treated or aged process, the transfor-

mation temperatures will increase a little as compared with

the hot-rolled one. The rolled matrix has a relatively high

coherent stress field and a lot of defects, which can act as

effective obstacles against the transformation, leading to

the decrease in transformation temperatures [22].

The variation of the phase transformation temperatures

within different heat treatments for A1 (Table 1) can also

be related to the changing of (Ti,V)2Ni content within the

matrix and solid-solution strengthening effects. The vari-

ation trends of A1 are similar to A2 (except (3) treatment)

and are omitted here. For A1 alloy, the specimen after

1000 �C, 0.5 h solution treatment (A1, (3)) has the lowest

transformation temperatures. It is mainly attributed to the

fact that the 0.5 V (at%) can diffuse into the matrix quite

well within high solution-treated temperatures, thus the

solid–solution strengthening effect can prevent the phase

transformation.

Comparing the transformation temperatures of the hot-

rolled A1 and A2 alloys (Fig. 3), the former has lower

temperatures. The transformation temperatures will drop

down a little due to the solid–solution strengthening, when

the V atoms have proper content (for example 0.5 %).

However, more V atoms (for example 2.5 %) addition into

the matrix will form some (Ti,V)2Ni phase particles, which

leads to the increase of transformation temperatures [8].

This explains why hot-rolled A2 alloy possesses a higher

transformation temperature.

4 Conclusion

The Ti49Ni49.5Fe1V0.5 and Ti48Ni48.5Fe1V2.5 alloys sub-

jected to different heat treatments compose of dominant B2

phase and a trace of second phase at room temperature. All

the specimens undergo a two-stage B2 ? R ? B190 mar-

tensitic transformation on cooling, but a B190 ? B2 one-

stage reverse martensitic transformation on heating, except

aged A1 alloy. The aged A1 specimens undergo a two-stage

reverse martensitic transformation upon heating. This two-

stage represents the reverse martensitic transformation of

the grain boundary region and the grain interior region,

respectively. With the increase of solution-treated temper-

atures from 850 to 1000 �C, the phase transformation tem-

peratures decrease slightly. However, when the aging

temperatures increase from 300 to 500 �C, they increase a

little. The hot-rolled A1 has lower transformation tempera-

tures than hot-rolled A2 alloy for their difference in V

content. All these phenomena can be attributed to the vari-

ation of the second phase content in the matrix, which can be

affected by solution, aging, and alloying.
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