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Abstract Multiple-step martensitic transformations of an

aged Ni51Ti49 single crystal using calorimetric method

were investigated. Results show that for short aging times

(10–45 min) multiple-step martensitic transformations on

cooling occur in two steps. Applying intermediate aging

times (1.25–4 h) results in three steps and long aging times

(more than 8 h) lead to two-step martensitic transforma-

tions again. This behavior has not been recognized in NiTi

single crystals in literatures. It can be related to the het-

erogeneity of composition and stress fields around Ni4Ti3
precipitates.

Introduction

NiTi-shape memory alloys have superior-shape memory

effect and super elastic behavior because of the thermo-

elastic and the reversible martensitic transformation [1–3].

The high-temperature phase austenite with the B2 struc-

ture, on cooling, transforms to low-temperature phase

martensite with the B190 structure. During heating reverse

transformation of martensite to austenite occurs. Aging of

the Ni supersaturated NiTi alloy produces Ni4Ti3 precipi-

tates in the microstructure, in the presence of which the

material shows two consecutive martensitic phase transi-

tions, from the austenite high-temperature phase via the

intermediate trigonal the R-phase to the monoclinic B190

martensite [1–4]. The formation of the R-phase can occur

in the presence of (i) stress fields surrounding coherent

Ni4Ti3 precipitates, (ii) microstructural and chemical het-

erogeneity, (iii) stress fields around dislocations induced by

cold working. Only in ternary alloys such as NiTiFe, Ni-

TiAl, or NiTiCo the R-phase is known to occur spontane-

ously [1–7].

Nishida et al. [2] related the multiple-step martensitic

transformation to the heat treatment atmosphere. Presented

theories about the multiple-step martensitic transformation

can be categorized in three groups:

(1) Both the R-phase and the B190-phase nucleate around

the Ni4Ti3 precipitates and then grow into the parent

phase. The R-phase grows smoothly and continu-

ously, but the B190-phase nucleates in a sudden burst

and grows rapidly to its significant size, therefore it

requires a high undercooling. Bataillard et al. [6]

presented the theory based on coherent stress fields

around the Ni4Ti3 particles. Presence of the stress

fields were confirmed using the transmission electron

microscopy (TEM) [8, 9]. The measured characteris-

tic temperatures of the martensitic transformation

near Ni4Ti3 particles were higher than in the regions

far from the particles. Gall et al. [7] reported that

coherent stress fields around the Ni4Ti3 particles

assist the formation of specific variants of martensite

phase. Bataillard et al. supposed that the first peak on

cooling relates to the B2 ? R transformation; the R-

phase nucleates at particle/matrix interfaces and

grows toward the matrix. The second peak implies

to the transformation of R ? B190. This transforma-

tion occurs only in regions near Ni4Ti3 precipitates

which are affected by coherent stress fields. The third

peak relates to the R ? B190 transformation and

occurs in the regions that are free of coherent stress

fields [10–14].
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(2) Khalil-Allafi et al. [15] related the multiple-step

martensitic transformation to the combination of two

main parameters: (i) Ni-depletion of the matrix due to

the formation and growth of Ni4Ti3 particles. This

phenomenon was confirmed by Yang et al. using a

combination of analytical TEM techniques [11]. (ii)

The difference in nucleation barriers between the R-

phase (about 1% shear strain) and the B190-phase

(about 10%). Khalil-Allafi et al. [16] also proposed an

explanation using the TEM results which show

heterogeneous nucleation of Ni4Ti3 particles on grain

boundaries. They reported that the first peak in DSC

curves on cooling relates to the formation of the R-

phase in the regions with Ni4Ti3 precipitates. The

second peak is due to the formation of the B190-phase

in the regions containing precipitates and the third

peak relates to the transformation of the B2 to the

B190-phase in the grain interior which are free from

the Ni4Ti3 precipitates [12–17].

(3) Fan et al. [12] suggested a theory based on the

explanations of Bataillard et al. and Khalil-Allafi

et al. This theory was proposed by small-scale heter-

ogeneities due to the formation of closely spaced

Ni4Ti3 precipitates in the matrix. They performed two

series of aging experiments at 773 K using NiTi single

crystals with the 50.6 and 51.5 at.% Ni. The aging time

was chosen in the range of 1–150 h, they only found

two-step martensitic transformations in their experi-

ments. They produced polycrystals by cold working

followed by the recrystallization process on NiTi single

crystals. They observed three-step martensitic trans-

formations in polycrystals and concluded that the

precipitation along grain boundaries plays an important

role in multiple-step martensitic transformations. The

sequence of martensitic transformations in NiTi poly-

crystals according to their theory is the same sequence

which was reported by Khalil-Allafi et al. and Dlouhy

et al. previously [16, 17].

Michutta and Dlouhy et al. [18] using in situ cooling

TEM reported that the R-phase nucleates at all precipitate/

matrix interfaces and then the R-phase grows continuously

toward the matrix. But, the B190 martensite does not

nucleate at all precipitate/matrix interfaces. They observed

a sudden growth of the B190-phase from a precipitate/

matrix interface in these alloys. This difference between

the nucleation and the growth of the R-phase and the B190-
phase is due to the small nucleation barrier of the R-phase;

on the other hand, in an aged specimen under a stress,

containing the small inter-particle spacing, the formation of

the B190-phase is much more difficult and requires a sig-

nificant undercooling. The B190-phase propagates in small

sudden jumps (step size of the order of 1 lm) through the

free spaces between the precipitates [19, 20].

In polycrystals, the nucleation barrier at grain bound-

aries or on small defects, in comparison with the interior of

grain, is small. In low super saturations, the nucleation rate

in grain boundaries is considerable higher than the interior

of grains; however, in high super saturation, there is no

noticeable difference between the nucleation rate in grain

boundaries and the interior of grains [12, 13]. Therefore, if

the Ni content becomes low (50.6%), the nucleation rate at

the grain boundary will be higher than the interior of the

grain; thus, Ni4Ti3 particles precipitate along the grain

boundaries and interior of the grains will be free of pre-

cipitates. When the Ni content increases to 51.5 at.%,

differences between the nucleation rate in grain boundaries

and the interior of grains decrease; therefore, the nucleation

and the formation of Ni4Ti3 precipitates occur simulta-

neously. It leads to a homogenous distribution of Ni4Ti3
precipitates. Therefore, the martensitic transformation

during cooling occurs in two steps [12, 13]. In NiTi

polycrystals with low Ni content, Ni4Ti3 particles precipi-

tate on grain boundaries and the interior of grains will be

free of precipitates; therefore, two-step martensitic trans-

formation B2-R-B190 occurs at grain boundaries and a

single-step martensitic transformation B2 ? B190 occurs

in the regions free of precipitates.

In this study, the multiple-step martensitic transforma-

tion in the NiTi single crystal alloy with Ni content of

51 at.% using the DSC method was investigated.

Materials and methods

A NiTi single crystal with the nominal composition of

51 at.% Ni was used. The specimen after solution anneal-

ing treatment at 850 �C for 30 min and water quenching

was subjected to the aging treatment at 400 �C for various

times. Aging treatments were performed by a muffle fur-

nace without protective atmosphere. The samples were

quenched into the water tank after each aging treatment. In

order to determine the characteristic temperatures, DSC

experiments were performed using type 2920 CE DSC

from TA instruments.

The detail of experimental procedure was as following:

the specimen was aged at 400 �C for 10 min and the DSC

experiment was performed. Then the same specimen was

aged again at 400 �C for various times, up to 50 h. The

DSC experiment after each aging treatment was done. The

DSC specimen (77 mg) was heated up to 120 �C, where it

was held for 3 min. Then the DSC measurement was

started by cooling the specimen down to -120 �C with a

cooling rate of 10 �C min-1. At -120 �C the specimen
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was held for 3 min and then was heated up to 120 �C with

a heating rate of 10 �C min-1.

TEM was performed using a Philips CM20 analytical

microscope operating at 200 kV in combination with a

heating/cooling holder which allowed to adjust precise

specimen temperatures and to observe the growth of

transformed regions. TEM specimens were carefully

mechanically ground to a thickness of 120 lm before disks

of 3-mm diameter were stamped out and then electro pol-

ished using a double jet thinning technique (Tenupol;

Struers A8 electrolyte at 20 V and intermediate flow rate).

Results and discussion

Figure 1 shows the DSC curve of the single crystal spec-

imen subjected to the solution treatment at 850 �C for

30 min and water quenching. After the solution treatment

during cooling and heating cycles, single-step B2 ? B190

and B190 ? B2 transformations occurred, respectively.

The characteristic temperatures were:

Ms ¼ �57 �C; Mf ¼ �90 �C; As ¼ �55 �C and

Af ¼ �18 �C

Figure 2 presents DSC results of the aged single crystal

specimen at 400 �C for 10, 20, 30, and 45 min. DSC results

in Fig. 2 show two-step martensitic transformations during

cooling and heating cycles. It is well known that in aging of

nickel-rich NiTi alloys, due to formation of fine and

coherent Ni4Ti3 precipitates within the B2 microstructure,

the formation of the R-phase will be favored during the

cooling. It is shown that the tendency of the R-phase for-

mation increases in the presence of precipitates [14–16].

Therefore, during cooling in the first step B2 transforms to

R-phase and with further cooling the R-phase transforms to

B190. In the heating cycle, the reverse transformation

occurs from B190 to B2 via intermediate R-phase.

It was observed that with increase of the aging time up

to 45 min at 400 �C all transformation temperatures

increase. It can be explained by considering that with

formation of nickel-rich precipitates, nickel concentration

within the matrix decreases and low nickel concentration

leads to the high transformation temperatures [4, 17].

In DSC curves of the specimen aged at 400 �C for 1.25–

4 h (Fig. 3), in the cooling cycle, the martensitic trans-

formation occurs in three steps. This can be explained in

the NiTi polycrystals according to the microstructural

heterogeneity in microscopic or macroscopic level. The

main reasons for multiple-step martensitic transformations

can be categorized as following: (i) The gradient of nickel

concentration in the vicinity of Ni4Ti3 precipitates [15–17],

(ii) stress fields around Ni4Ti3 precipitates [6], and (iii)

internal stress fields associated with heterogeneous

Fig. 1 DSC chart of Ni51Ti49 single crystal after solution annealing

at 850 �C for 30 min and water quenching

Fig. 2 DSC charts of Ni51Ti49 single crystal after aging at 400 �C for

10, 20, 30, and 45 min

Fig. 3 DSC charts of Ni51Ti49 single crystal after aging at 400 �C for

1.25, 2, and 4 h
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dislocation arrangements [20]. However, from macroscopic

point of view, the heterogeneous precipitation of particles

close to the grain boundaries might cause three-step

transformations [15–17]. In the heating cycle, the reverse

transformation for the aging time of 1.25 and 2 h, occurs in

two steps. With increasing the aging time to 4 h, the

reverse transformation occurs in a single step and it seems

the B190 martensite phase directly transforms to B2 aus-

tenite phase without formation of the R-phase.

For investigation of the three-step martensitic transfor-

mation which observed in the DSC measurement for the

sample, aged at 400 �C for 2 h, in situ TEM cooling

experiments were performed. Figure 4 shows the TEM

bright-field images and electron diffraction patterns, which

taken at different temperatures. According to the DSC

measurement (Fig. 3b), at 55 �C, no transformation occurs

and the sample is still in the austenitic state. The TEM

micrograph confirms that at 55 �C, B2 is the stable matrix

phase and Ni4Ti3 particles are present in the matrix

(Fig. 4a, a0). At 42 �C, at the beginning of the first DSC

peak on cooling, the matrix has started to transform into the

R-phase at the Ni4Ti3 particles/matrix interface, as indi-

cated by the appearance of weak extra spots at 1/3 h1 1 0i
in the electron diffraction pattern (Fig. 4b0).

In the end of the second DSC peak on cooling (at

-15 �C), further growth of the R-phase near the Ni4Ti3
precipitates can be observed. Besides, the spots at 1/3 h1 1

0i in the electron diffraction pattern have been strengthen

(Fig. 4c0). With further cooling (at -45 �C) the R-phase

starts to transform into the B190 phase (third peak).

Therefore, by the third DSC peak on cooling, most of the

R-phase has transformed into B190 phase. In the corre-

sponding diffraction pattern of this TEM micrograph, 1/2

h1 1 0i-type martensite reflections appear and the 1/3 h1 1

0i-type reflections of the R-phase disappeared (Fig. 4d0).
Figure 5 shows DSC curves for the NiTi single crystal

specimen after aging at 400 �C for 8 and 50 h. The DSC

results indicate that with increasing aging time (8 and

50 h), the martensitic transformation in the cooling cycle

occurs again in two steps and in the heating cycle occurs in

Fig. 4 a–d Bright-field TEM images and a0–d0 corresponding diffraction patterns, taken in the [1 1 1] zone-direction of the B2- phase during

cooling at a, a0 55 �C; b, b0 42 �C; c, c0 -15 �C; and d, d0 -45 �C

Fig. 5 DSC charts of Ni51Ti49 single crystal after aging at 400 �C for

8 and 50 h
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one step. However, in the NiTi single crystal multiple-step

martensitic transformations show 2-3-2 behavior with

aging time at a constant aging temperature which reported

in literatures for polycrystals [4, 15–17].

The variation of characteristic temperatures (MS, RS,

and AS) as a function of aging time at 400 �C for the NiTi

single crystal have been shown in Fig. 6. It can be seen the

MS and AS temperatures shift continuously to high tem-

peratures with increasing aging time, but the temperature

of the peak of the R-phase (RS) reaches a constant value

after 45 min of the aging time. It seems that the R-phase

nucleates at the interface between B2 matrix and Ni4Ti3
precipitates, where the Ni content of the B2 matrix adjacent

to the precipitate is constant with aging time.

The variation of transformation temperatures and

sequence of martensitic transformations can be explained

by formation of fine, coherent, and metastable Ni4Ti3
precipitates during aging treatment of Ni-rich NiTi alloys.

Formation of Ni4Ti3 precipitates has two basic effects on

the microstructure:

(i) The change of Ni concentration around metastable

Ni4Ti3 precipitates. Ni-depletion of the matrix with

increasing aging time leads to increase of transforma-

tion temperatures.

(ii) Existence of coherency stress fields around Ni4Ti3
Precipitates. Stress fields around precipitates have

more effect on the B190 martensitic transformation

because of higher transformation strains of B190

formation (10%). It is clear that with increasing aging

time Ni4Ti3 precipitates grow, the space between

precipitates increases, they lose their coherency and

this affect the transformation temperatures and the

sequence of martensitic transformations.

As can be seen from Fig. 6, MS temperature decreases in

the specimen subjected to aging time of 8 h. This is due to

change of sequence of transformations from three to two

steps. This means that the second and third peak of mar-

tensitic transformations during cooling changes to a single

peak.

Our results show that unlike findings of Fan et al., three-

step martensitic transformations can occur in Ni-rich NiTi

single crystals at intermediate aging times. Fan et al. did

not observe three-step martensitic transformations in NiTi

single crystals. It seems that they had not chosen proper

intermediate aging times in their experiments. The critical

range of intermediate aging time to obtain multiple-step

martensitic transformations depends on two parameters; (i)

the aging temperature and (ii) the Ni content of NiTi alloys

[13–15]. With increasing the Ni content of NiTi alloy, the

essential aging time to enhance multiple-step martensitic

transformation decreases.

Michutta et al. observed the multiple-step martensitic

transformations in the single crystal of NiTi specimen

subjected to stress-assisted aging. According to the TEM

observation of Michutta et al. and Dlouhy et al., when the

distance of particles exceeds from a critical value

(200 nm), the martensitic transformation during cooling

occurs in three steps [19, 20].

Therefore, it can be concluded that multiple-step mar-

tensitic transformations can occur in aged Ni-rich NiTi

single crystals with a homogeneous distribution of the

Ni4Ti3 particles in the absence of large-scale microstruc-

tural heterogeneities. Findings of Fan et al. that small-scale

microstructural heterogeneities cannot lead to multiple-step

martensitic transformations are in contrary to results of

Dlouhy et al. [12] and results of this study. The heteroge-

neous precipitation of Ni4Ti3 particles along grain bound-

aries represents large-scale microstructural heterogeneities

and is responsible for the multiple-step martensitic trans-

formation in NiTi polycrystals. In the NiTi single crystals,

other types of microstructural heterogeneities have been

identified such as differences in the chemical composition

between dendrite and inter-dendrite regions. Therefore,

there is a general agreement on the fact that heterogeneities

in the microstructure of NiTi alloys cause multiple-step

martensitic transformations [5, 12, 13, 16–21]. In NiTi

single crystals, increasing aging time results in the growth

of Ni4Ti3 precipitates and the space between precipitates

increases. Up to critical value of Ni4Ti3 precipitates size,

martensitic transformations during cooling occurs in two

steps. When the size of Ni4Ti3 precipitates reaches the

critical value, three-step martensitic transformations occur.

Further growth of precipitates for high aging time results in

two-step martensitic transformations again. This is may be

due to the formation of incoherent Ni4Ti3 precipitates for

high aging times.

Conclusions

We investigated the influence of aging time at 400 �C on

the features of martensitic transformations of the Ni51Ti49

Fig. 6 Variations of characteristic temperatures versus aging time for

Ni51Ti49 single crystal
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single crystal as measured using DSC. There is an

evolution of DSC curve features with the aging time. For

short aging times between 10 and 45 min at 400 �C, two

DSC peaks were obtained during cooling from the aus-

tenite phase. For intermediate aging times (1.25–4 h),

three-step martensitic transformation occurs and for high

aging times (8 and 50 h) during cooling martensitic

transformations occurs in two steps again. This means that

multiple-step martensitic transformations in the single

crystal NiTi alloys show 2-3-2 behavior with aging time.

This behavior is similar to martensitic transformations

in polycrystals during cooling as reported previously

[4, 14–16]. The explanation for variation of transformation

temperatures and sequence of martensitic transformations

is given by formation of fine, homogenous, coherent, and

metastable Ni4Ti3 precipitates during aging treatment of

Ni-rich NiTi alloys.

Increasing aging time leads to increase of MS and AS

temperatures due to Ni-depletion of matrix. However, RS

reaches a constant value after 45 min of aging time. It can

be related to the nucleation of the R-phase at the interface

between B2 matrix and Ni4Ti3 precipitates, where the Ni

content of the B2 matrix adjacent to the precipitate is

constant for different aging times.
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