
Acta Materialia 52 (2004) 4351–4362

www.actamat-journals.com
Origin of abnormal multi-stage martensitic transformation
behavior in aged Ni-rich Ti–Ni shape memory alloys

Genlian Fan a,b, Wei Chen a,c, Sen Yang a,d, Jinhua Zhu b, Xiaobing Ren a,b,e,*,
Kazuhiro Otsuka e

a Multi-disciplinary Materials Research Center, Xi’an Jiaotong University, Xi’an 710049, China
b State Key Laboratory for Mechanical Behaviour of Materials, Xi’an Jiaotong University, Xi’an 710049, China

c State Key Laboratory of Electrical Insulation for Power Equipment, Xi’an Jiaotong University, Xi’an 710049, China
d Department of Physics, Xi’an Jiaotong University, Xi’an 710049, China

e Materials Physics Group, National Institute for Materials Science, 1-2-1 Sengen, Tsukuba 305-0047, Ibaraki, Japan

Received 7 April 2004; received in revised form 31 May 2004; accepted 2 June 2004

Available online 24 June 2004
Abstract

After aging Ni-rich Ti–Ni alloys exhibit finely dispersed Ti3Ni4 particles embedded in B2 matrix. Under such condition the B2

matrix normally undergoes two-stage martensitic transformation B2-R-B190. However, there is also evidence of three-stage

transformation. The origin of such abnormal three-stage transformation remains controversial. In the present study, we made a

comparative study between single crystals and corresponding polycrystals and found that all single crystals exhibit normal two-stage

transformation, being independent of Ni content. By comparison, polycrystals with low Ni content (50.6Ni) show three-stage

transformation, but those with high Ni content (51.5Ni) again exhibit normal two-stage transformation. These new findings are

consistent with a simple scenario that different transformation behaviors are a result of competition between preferential grain-

boundary precipitation of Ti3Ni4 particles and a tendency for homogeneous precipitation when supersaturation of Ni is large. This

is a natural consequence of the nucleation kinetics of supersaturated solid solutions in polycrystalline state. The above scenario not

only explains the abnormal three-stage transformation but also the normal two-stage transformation.

� 2004 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Martensitic transformation in Ti–Ni shape memory

alloys has attracted much attention in past decades since
it is the origin of the unique shape memory effect and

superelasticity [1,2]. Usually a one-stage transformation

B2-B190 occurs in solution-treated Ni-rich Ti–Ni alloys

and a two-stage transformation B2-R-B190 occurs after
additional aging treatment, which creates finely dis-

persed Ti3Ni4 precipitates in B2 matrix [2]. The change

from one-stage transformation to two-stage transfor-

mation can be understood by considering that R-phase
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is another potential martensite candidate and the rela-

tive preference of the R-phase over B190 martensite in

the presence of fine particles. This is because Ti3Ni4
particles produce a strong resistance to the formation of
B190, which is associated with a large lattice deforma-

tion; but they have much less resistance to the formation

of R-phase, which is associated with a significantly

smaller lattice deformation [3]. Therefore, the presence

of Ti3Ni4 particles favors the formation of R-phase and

it requires further cooling to form B190 martensite. As a

consequence, martensitic transformation occurs in two

steps: B2-R-B190.
However, surprisingly a three-stage martensitic

transformation in aged Ni-rich Ti–Ni alloys was re-

ported from time to time in the literature [4–17]. No new

kind of martensite was detected by diffraction studies
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mail to: Ren.Xiaobing@nims.go.jp


4352 G. Fan et al. / Acta Materialia 52 (2004) 4351–4362
[10,11]. It is unclear why two kinds of transformations

(B2-R-B190) can result in three DSC peaks.

This abnormal transformation behavior has attracted

much interest in recently years. Several explanations

have been given based on different experimental obser-
vations.

(1) Bataillard et al. [8,11] suggested that three-stage

transformation stems from an inhomogeneous stress

distribution in the B2 matrix around Ti3Ni4 particles.

Such stress inhomogeneity arises from the coherency

between the precipitates and B2 matrix. They proposed

that in such a stress-inhomogeneous system R-phase

transformation occurs in one step but R-B190 transfor-
mation occurs in two steps, corresponding to the high

stress region (near precipitate) and low stress region

(away from precipitate), respectively. Apparently, this

mechanism is based on small-scale stress inhomogeneity

around Ti3Ni4 particles and thus it follows that three-

stage transformation should also occur even in single

crystal of Ti–Ni.

(2) Khalil-Allafi et al. [12] performed a systematic
investigation of the evolution of transformation behav-

ior with aging temperature and time by means of DSC

measurement. They proposed that three-stage transfor-

mation is due to the composition inhomogeneity in

matrix B2 phase between Ti3Ni4 particles. Such com-

position inhomogeneity is a result of the kinetics of

precipitation process out of a supersaturated solid so-

lution. They suggested that the Ti–Ni system with
composition inhomogeneity between Ti3Ni4 particles

would create one B2-R transformation and two R-B190

transformation, the latter corresponding to the trans-

formation at low Ni region (near Ti3Ni4) and high Ni

region (away from Ti3Ni4), respectively. Apparently,

this mechanism is also based on small-scale (chemical)

inhomogeneity between Ti3Ni4 particles; it suggests

three-stage transformation should also occur in Ti–Ni
single crystals.

(3) Khalil-Allafi et al. [13] and Dlouhy et al. [14]

studied microstructures of Ni-rich Ti–Ni alloys after

aging treatment and found that precipitation of small

lenticular Ti3Ni4 precipitates occurs preferentially at

grain boundaries. The major part of the grain interior is

free of precipitates. They suggested from their in situ

TEM observation that the first DSC peak corresponds
to the formation of R-phase at grain boundary regions

containing precipitates and the second DSC peak cor-

responds to the formation of B190 in the same regions,

the third distinct peak corresponds to B2-B190 trans-

formation in precipitate-free grain interior regions. This

mechanism points out the importance of large-scale in-

homogeneity in precipitation between grain boundary

and interior. Nevertheless, it follows from this scenario
that after cooling to the end of second transformation

the grain interior will still be in B2 state. But recent

neutron diffraction study (which monitors bulk behav-
ior) and TEM study [15] of the same sample yielded

contradicting results: B2 is almost absent at such

temperature and grain interior is B190 rather than B2

(Ref. [15] seems to have neglected the small second

transformation peak on cooling).
Adding to above controversies, there is even a well-

observed fact that is hard to explain by any proposed

mechanism. That is, all the above explanations imply

that three-stage transformation is always the case, as the

inhomogeneity (due to stress distribution, composition

inhomogeneity and grain boundary effect) required by

the above mechanisms is always present. But as a matter

of fact, the majority of the reported DSC curves show
normal two-stage transformation (B2-R-B190), rather

than the three-stage transformation. Therefore, there is

a need to explain why three-stage transformation occurs

only under certain condition and why not under other

conditions. Furthermore, it was recently found that the

appearance of three-stage transformation depends on

heat treatment atmosphere [16]. Normal two-stage ra-

ther than three-stage transformation occurs when the
specimens are protected from oxidation by Ti and Zr

getter during solution-treatment. This result is also dif-

ficult to explain by existing mechanisms.

Therefore, despite the recent progress the under-

standing to the curious three-stage transformation in

Ti–Ni alloys is still in an early stage and there is no

theory that can explain all existing data, in particular

about why in some cases two-stage transformation oc-
curs while in other cases three-stage transformation

occurs. It seems that the additional transformation does

arise from certain inhomogeneity, as proposed by pre-

vious mechanisms [8,11–14]; but it is unclear what kind

of inhomogeneity is responsible and why under certain

conditions (composition or heat-treatment atmosphere)

such inhomogeneity does not play a role and yield a

normal two-stage transformation behavior. In order to
give a unified explanation to both the abnormal three-

stage transformation and the normal two-stage trans-

formation in Ni-rich Ti–Ni alloys, in the present study

we carefully designed our experiment and chose suitable

samples. Firstly, we used single crystals of Ti–Ni alloys,

for which the influence of grain boundary can be ex-

cluded. If local inhomogeneity (either in stress or com-

position) around Ti3Ni4 precipitates is responsible for
the abnormal three-stage transformation behavior, one

can expect a three-stage transformation in these single

crystal samples after aging. This is a critical test to

mechanisms 1 and 2. Secondly, in order to understand

the effect of grain boundary on the transformation be-

havior, we changed our single crystals into polycrystals

by cold working and followed by recrystallization

treatment at high temperature. We name such poly-
crystalline samples ‘‘artificial polycrystals’’ hereafter.

This ensures a strict comparability of the results between

single and polycrystals, as the chemical composition can
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be kept exactly the same. Thirdly we prepared two sets

of Ti–Ni single/artificial-polycrystal samples with dif-

ferent composition (50.6Ni and 51.5Ni), in order to in-

vestigate the effect of Ni content. As will be seen in the

following, such a systematic investigation yields a simple
and unified explanation to both three-stage transfor-

mation behavior and normal two-stage transformation

behavior, as well as the composition dependence of the

behavior.
2. Experimental

Two kinds of Ni-rich single crystals, Ti–50.6at.%Ni

and Ti–51.5at.%Ni, were used in the present investiga-

tion. Ni content of the samples were estimated from

their transformation temperatures and complemented

by electron probe micro-analysis.

The single crystals were spark-cut into small pieces

(about 3� 3� 1 mm3). The samples were mechanically

polished and chemically etched in order to remove the
affected surface layer, and then sealed into quartz tubes

filled with low-pressure argon to avoid oxidization

during heat treatment. All the sealed samples were so-

lution-treated at 1273 K for 1 h and water quenched to

obtain supersaturated homogeneous solid solution, and

then aged at 673, 723 and 773 K for different aging time

from 1 to 150 h. After the above heat treatment the

samples were again chemically etched to remove the
surface layer that might be slightly oxidized during heat

treatment. The etching agent consisted of hydrofluoric

acid, nitric acid and water in the proportion of 10:40:50

in volume.

A differential scanning calorimeter (DSC) of type

822e from METTLER TOLEDO was used to measure

the phase transformation temperature. DSC samples

have a mass between 10 and 50 mg. Heating and cooling
rate were 10 K/min.

In order to make a reliable comparison between the

behavior of single crystals and polycrystals, we made

‘‘polycrystals’’ out of the single crystals of the same

composition by the following method. Firstly, the above

single crystal samples were heavily cold-compressed

(about 50%) to introduce high density of dislocations.

The deformed samples were then sealed in quartz tubes
and recrystallized at 1273 K for 1 h (except the sample

for Fig. 3(c); that sample was solution-treated for 6 h to

make the grain size more homogeneous). The recrys-

tallization treatment changes the deformed samples into

polycrystals with a grain size of about 50 lm. These

‘‘artificial polycrystals’’ were heat-treated in the same

way as done for single crystals in the sealed quartz tube,

and the aging conditions were also the same as those for
single crystals.

Samples for transmission electron microscopy were

mechanically polished down to about 0.15 mm and fi-
nally electropolished using a twin-jet apparatus at 250

K. The electrolytic solution consists of 5 vol% HClO4

and 95 vol% CH3CH2OH. TEM observation with JEM-

200CX and 2010 was performed at room temperature

(about 298 K).
3. Experimental results

3.1. DSC results of single crystals

In this section, we report the DSC curves for single

crystals. The DSC curves of Ti–50.6Ni and Ti–51.5Ni
are shown in Figs. 1 and 2, respectively. After solution

treatment (1273 K, 1 h) followed by quenching into

water, the 50.6Ni single crystal (Fig. 1(a)) undergoes

one stage B2-B190 transformation with a hysteresis of

40 K. For 51.5Ni single crystal (Fig. 2(a)) the DSC

curves show no distinct peak because the transforma-

tion temperature is out of the DSC measurement

window.
Now it is interesting to see the DSC results of Ti–Ni

single crystals after aging treatment, as such data can be

a crucial test to three-peak mechanisms based on small-

scale stress or composition inhomogeneity around

Ti3Ni4 particles. For 50.6Ni single crystals that were

solution-treated and aged at 723 K for different time,

DSC curves show two distinct exothermic peaks on

cooling disregard of aging time. On heating there are
two endothermic peaks when aged for short time (1 h)

and one peak when aged for longer time. Partial DSC

cycle runs were performed to identify the nature of these

peaks. We found that the two peaks during cooling

correspond to B2-R transformation and then R-B190

transformation, respectively. The two peaks on heating

for 1 h aged sample (Fig. 1(b)) correspond to B190-R
and R-B2 transformation, respectively; the one peak on
heating for longer-time aged samples (Figs. 1(c)–(f))

corresponds to direct B190-B2 transformation. The

above is a normal transformation behavior for aged

Ti–Ni alloys.

For aged 51.5Ni single crystal sample, DSC result is

the same as the Ti–50.6Ni case (two peaks on cooling),

except that for short-time (1 h) aged sample only one

peak appears on both cooling and heating (Fig. 2(b)).
From the small hysteresis in Fig. 2(b) we can conclude

that this peak corresponds to B2-R transformation. The

absence of R-B190 transformation under such condition

can be understood by considering that high Ni content

of the sample results in high density of tiny precipitates

in the B2 matrix; these fine precipitates are more effec-

tive in suppressing R-B190 transformation than the B2-R

transformation [3]. As the result, within our DSC tem-
perature window there is only B2-R transformation.

Except for being aged for short-time (1 h) Ti–51.5Ni

sample show one-step B190-B2 transformation on



Fig. 1. DSC curves for Ti–50.6Ni single crystals: (a) solution-treated at 1273 K for 1 h followed by water quenching, (b–f) aged at 723 K for 1, 10, 24,

73, 150 h, respectively, after solution-treated at 1273 K for 1 h.

Fig. 2. DSC curves for Ti–51.5Ni single crystals: (a) solution-treated at 1273 K for 1 h followed by water quenching, (b–f) aged at 723 K for 1, 10, 24,

48, 72 h after solution-treated at 1273 K for 1 h.

4354 G. Fan et al. / Acta Materialia 52 (2004) 4351–4362



Fig. 3. DSC curves for Ti–50.6Ni artificial polycrystals: (a) solution-treated at 1273 K for 1 h followed by water quenching, (b–f) aged at 723 K for 1,

11, 24, 73, 150 h after solution-treated at 1273 K for 1 h.
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heating (see heating curve of Figs. 2(c)–(f)), proved by

partial-cycle DSC measurement.

DSC results of single crystal samples aged at other

temperatures (from 573 to 773 K) are essentially the
same as the above, i.e., there exist only two peaks on

cooling (except that one pair of peaks on both cooling

and heating is found for 51.5Ni sample when aged for

short time. They correspond to B2-R and its reverse

transformation).

Therefore, single crystals always exhibit normal two-

stage (occasionally one-stage) transformation behavior,

which was well documented in the literature for poly-
crystals. The abnormal three-stage transformation be-

havior was not found in single crystals of either low Ni

(50.6Ni) or high Ni (51.5Ni) content. This important

result has the implication that the abnormal three-stage

behavior is not due to the small-scale stress- or com-

position-inhomogeneity around Ti3Ni4 particles, as such

inhomogeneity would apparently exist even in these

single crystals. The three-stage transformation behavior
thus must be due to inhomogeneity over larger scale.

This possibility will be explored in the following

sections.

3.2. DSC results of artificial polycrystals

We now report the DSC curves for artificial poly-

crystals, which may have inhomogeneity over larger
scale (i.e., between grain boundary and interior). As the

artificial polycrystals have exactly the same composition

as the corresponding single crystals as described above,

a strict comparison between the two cases becomes
possible.

Figs. 3(a)–(f) show the DSC curves of 50.6Ni artificial

polycrystals. The DSC curve for solution-treated artifi-

cial polycrystal sample has no difference from that of

single crystal sample (Fig. 3(a)). However, after aging at

723 K, DSC curve shows three peaks on cooling. With

further increasing aging time, the third peak (low tem-

perature peak) gradually shifts towards the second peak
and finally merges into the second peak after long time

aging. On heating artificial polycrystals show three

peaks after short time aging (1 h), two after intermediate

time aging (11, 24 h), and only one after long time aging.

For the high-Ni artificial polycrystal of 51.5Ni (Figs.

4(b)–(f)), DSC curves are the same as the corresponding

single crystal results shown in Figs. 2(b)–(f) (except that

the peaks appear broader in the polycrystal case). On
cooling there is one peak for short-time aged sample and

two peaks for longer-time aged samples. On heating

only one-stage transformation was found for all the

samples. As discussed in the previous section, this is a

normal behavior: The first peak on cooling corresponds

to B2-R transformation and the second peak corre-

sponds to R-B190 transformation. The single peak on

heating corresponds to B190-B2 direct transformation



Fig. 4. DSC curves for Ti–51.5Ni artificial polycrystals: (a) solution-treated at 1273 K for 1 h followed by water quenching, (b–f) aged at 723 K for 1,

10, 24, 48, 96 h after solution-treated at 1273 K for 1 h.
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(except for 1 h aged sample, which shows R-B2 one step

transformation). Therefore, contrasting the 50.6Ni case

three-stage martensitic transformation was never de-

tected in all 51.5Ni polycrystal samples.

Therefore, the above results show that three-stage

behavior is indeed related to the existence of grain

boundary, as pointed out by Khalil-Allafi et al. [13] and

Dlouhy et al. [14]; but grain boundary is not a sufficient
condition for this behavior. Ni-content is another im-

portant factor, which has not been noticed so far. Three-

stage behavior occurs only when Ni content is not high

and in the presence of grain boundary. This new finding

imposes new constraint for the possible mechanism.

3.3. Microstructure of aged artificial polycrystals by

TEM observation

In order to understand the difference in transforma-

tion behavior between low Ni and high Ni artificial

polycrystals, the microstructure of artificial polycrystals

of different Ni content was characterized using TEM

technique. The microstructures of a 50.6Ni artificial

polycrystal sample aged at 723 K for 1 h is shown in

Fig. 5(a). The key feature is that Ti3Ni4 particles form
preferentially around grain boundary and much less in

grain interior.

Fig. 5(b) shows the micrograph of a 51.5Ni artificial

polycrystal sample aged at 723 K for 1 h. It can be
clearly seen that a large number of small Ti3Ni4 particles

were evenly distributed across the sample and do not

show preference at the grain boundary. This is in sharp

contrast to the Ti–50.6Ni case shown in Fig. 5(a).

Therefore, it becomes clear that grain boundary plays

a key role in causing the inhomogeneous distribution of

Ti3Ni4 precipitates; this is consistent with previous ob-

servations [13,14]. However, the new finding here is that
the role of grain boundary is composition dependent,

being ineffective when Ni content is high (e.g., 51.5Ni).

This corresponds well to the contrasting transformation

behavior of Ti–50.6Ni (Fig. 3) and Ti–51.5Ni (Fig. 4)

artificial polycrystals.

3.4. Identifying the nature of three transformation stages

of Ti–50.6Ni polycrystals by using partial DSC cycle runs

Now let us identify the nature of the three transfor-

mation peaks on cooling (Figs. 3(b)–(f)) of aged Ti–

50.6Ni polycrystals. We have tried to directly observe

the transformation across a grain by in situ TEM

technique, but without success. The reason is that the

thin film samples for TEM showed different transfor-

mation behavior from their bulk counterparts. In some
cases, no transformation is observed although DSC data

(of the bulk sample) clearly indicate transformation(s)

occurs. Therefore, we abandoned using in situ TEM to

identify the transformation nature, except for using it to



Fig. 5. TEMmicrographs of artificial polycrystal samples after aging at

723 K for 1 h: (a) Ti–50.6Ni artificial polycrystal, (b) Ti–51.5Ni

artificial polycrystal.

Fig. 6. Partial DSC cycles for Ti–50.6Ni artificial polycrystal sample

after aging at 723 K for 1 h. The original full DSC curve of this sample

has been shown in Fig. 3(b).
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identify the distribution of Ti3Ni4 particles as shown in

Fig. 5.

Therefore, we have to use a technique that can

identify the nature of transformation in ‘‘bulk state’’.

The technique we used is a ‘‘partial DSC cycle tech-

nique’’, which has been already used in the literature to

identify the nature of multi-stage martensitic transfor-
mation [17]. The partial DSC cycle technique involves

controlled cooling and heating to predefined tempera-

tures, during which only selected transformation(s) is

allowed to occur without triggering other transforma-

tions. By comparing with full DSC cycle data, one can

determine the correspondence of heating and cooling

peaks and the characteristics of each transformation

such as hysteresis. From such information one can
deduce the nature of each transformation.

Figs. 6 and 7 show the partial DSC cycle results of

50.6Ni artificial polycrystals aged at 723 K for 1 and 10

h, respectively. The full DSC cycles of both samples

show three peaks during cooling, but there is a difference

in the heating curve. The short-time (1 h) aged sample

shows three peaks on heating (Fig. 6(a)) and longer-time

(10 h) aged sample shows only two peaks on heating
(Fig. 7(a)).
For 1 h aged 50.6Ni polycrystal sample, partial cycle

Fig. 6(b) suggests that the cooling peak-1 corresponds to

its reverse transformation peak-5. As this pair of peaks

has only a narrow hysteresis of 2 K, we can deduce that

it must be a B2-R transformation and its reverse

transformation. From the microstructure of this sample

shown in Fig. 5(a), which shows a segregation of Ti3Ni4
particles around grain boundaries, we can identify that
peak-1 and peak-5 correspond, respectively, to the R-

phase transformation and its reverse transformation of

the grain boundary regions, as R-phase transformation

occurs only in the presence of Ti3Ni4 particles. The

partial cycle shown in Fig. 6(c) shows that with further

cooling to trigger peak-2, the reverse transformation will



Fig. 7. Partial DSC cycles for Ti–50.6Ni artificial polycrystal sample

after aging at 723 K for 10 h. The original full DSC curve of this

sample has been shown in Fig. 3(c).
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trigger peak-6, while both peak-1 and peak-5 are not

affected. This clearly suggests that peak-2 and peak-6 is

a pair of transformation, but occurs at different loca-

tions from grain boundaries. Then such transformation

must be the transformation of the grain interior, where

Ti3Ni4 particles are essentially free. From the large
transformation hysteresis between peak-2 and peak-6,

we can conclude that it must be a B2-B190 transforma-

tion (and its reverse transformation) of this region.

Partial cycle of Fig. 6(d) shows that when heating up

from the lowest temperature to trigger only peak-4, the

cooling transformation shows only peak-3 with peak-2

missing. Peak-2 appears only after heating to higher

temperature to trigger peak-6, as shown in Fig. 6(f). This
clearly indicates that peak-3 and peak-4 is a pair of
transformation, which occurs in a different location

from that responsible for peak-6. Apparently, peak-3

must be the R-B190 transformation and peak-4 is its

reverse transformation at the grain boundary region.

This conclusion is also consistent with the wide hyster-
esis between peak-3 and peak-4.

Therefore, the whole transformation process of short-

time aged Ti–50.6Ni artificial polycrystal sample can be

summarized as the following:

1. During cooling:

Peak-1: B2-R transformation of grain boundary re-

gion, where there is a high density of Ti3Ni4 particles.

Peak-2: B2-B190 transformation of the grain interior
region, where Ti3Ni4 particles are essentially free.

Peak-3: R-B190 transformation of the grain boundary

region.

2. During heating:

Peak-4: B190-R transformation of the grain boundary

region.

Peak-5: R-B2 transformation of the grain boundary

region.
Peak-6: B190-B2 transformation of the grain interior

region.

For longer-time (10 h) aged Ti–50.6Ni sample, the

partial cycles (Figs. 7(b)–(f)) indicate that peak-1 and

peak-3 correspond to peak-4, and peak-2 corresponds to

peak-5. By the same reasoning we can conclude the se-

quence of the transformation as the following:

1. During cooling:
Peak-1: B2-R transformation of grain boundary re-

gion.

Peak-10: R-B2 reverse transformation of grain bound-

ary region.

Peak-2: B2-B190 transformation of the grain interior

region, where Ti3Ni4 particles are essentially absent.

Peak-3: R-B190 transformation of the grain boundary

region.
2. During heating:

Peak-4: B190-B2 transformation of the grain bound-

ary region.

Peak-5: B190-B2 transformation of the grain interior

region.
4. Discussions

4.1. A unified explanation for both three-stage transfor-

mation and two-stage transformation in Ti–Ni polycrystals

Our results in the preceding sections have demon-

strated two key points, which will be the basis for un-

derstanding both three-peak behavior and two-peak

behavior of Ti–Ni alloys.
Firstly, the non-existence of three-stage transforma-

tion behavior in aged Ti–Ni single crystals clearly dem-

onstrates that small-scale stress or composition



Fig. 8. Schematic illustration for the relation between nucleation rate

and supersaturation degree in grain interior region and grain boundary

region. Supersaturation degree DX is defined by the solute (Ni) con-

centration beyond its solubility limit in B2 Ti–Ni phase at given aging

temperature. The nucleation rate at grain boundary and at grain in-

terior is indicated by IGB and IGI, respectively.
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inhomogeneity around Ti3Ni4 particles is not responsible

for the three-stage behavior, as such kind of inhomoge-

neity definitely exists in single crystals. This excludes those

mechanisms based on small-scale inhomogeneity around

precipitates, and suggests that three-stage transformation
behavior should be due to inhomogeneity over larger

scale, possibly associated with grain boundary effect.

Secondly, polycrystal sample of low-Ni (50.6Ni)

shows three-peak behavior whereas high-Ni sample

(51.5Ni) demonstrates normal two-peak behavior. Our

TEM results (Fig. 5) and the corresponding DSC results

(Figs. 3 and 4) clearly showed such difference depends

on if there is inhomogeneous distribution of Ti3Ni4 over
large scale (i.e., between grain boundary and interior).

The above points indicate that the presence of grain

boundary is a necessary condition for three-peak be-

havior, but it is not a sufficient condition. The trans-

formation behavior is dependent on how Ti3Ni4
particles are distributed between grain boundary and

grain interior. Then the central question here is: ‘‘what

determines a homogeneous or heterogeneous distribu-
tion of Ti3Ni4 precipitates in polycrystals?’’ The answer

to this question will naturally explain the origin of the

three-stage transformation.

In the following we shall show that the contrasting

behaviors of 50.6Ni and 51.5Ni polycrystal samples are

actually determined by a single governing principle, that

is, kinetics of precipitation in polycrystalline supersatu-

rated solid solutions. Before considering the effect of
grain boundary, we first consider the case of homoge-

neous nucleation. In Ni-rich (supersaturated) Ti–Ni al-

loys, Ti3Ni4 precipitates in B2 matrix during aging, and

Ni content of matrix decreases until reaching equilib-

rium Ni content [18]. According to the theory of phase

transformation kinetics [19], nucleation rate I (the

number of stable nuclei formed in the assembly in unit

time) can be written as

I / expð�DGc=kT Þ; ð1Þ

where DGc is the critical free energy to form a nucleus
(i.e., nucleation barrier); k is the Boltzmann constant; T

is transformation temperature. This equation shows that

nucleation rate is determined by nucleation barrier DGc.

The nucleation barrier DGc for coherent nuclei is

given by [20]

DGc ¼ 16pr3=½3ðDGv þ eÞ2�; ð2Þ

where DGv is the chemical free energy change associated

with the precipitation reaction, e is the strain energy per

unit volume associated with the formation of a nucleus,

r is the interfacial energy associated with the formation

of the new interface. Here it should be noted that DGv is

the driving force for the formation of new phase and

thus must be negative to enable the precipitation to
happen. This requires that the solid solution must be

supersaturated, i.e, solute concentration must be beyond
its solubility limit in the solid solution (this situation is

produced by rapid cooling of more concentrated solid

solution from higher temperature, as being the case for

our quenched Ti–Ni alloys). The larger the degree of

supersaturation (i.e., the excess solute concentration
beyond solubility limit) the more negative is the driving

force DGv for precipitation. According to Eq. (2), at

small supersaturation or small driving force DGv the

nucleation barrier DGc will reach infinite; thus from Eq.

(1) we know that nucleation rate is virtually zero. At

very large supersaturation or large driving force DGv,

the nucleation barrier DGc is almost zero and thus the

nucleation rate will reach a high plateau following Eq.
(1). Therefore, the typical form of nucleation rate as a

function of supersaturation or driving force will be a

step-like curve as schematically shown in Fig. 8 (Fig. 8

uses supersaturation DX as horizontal axis to provide

easier link to the composition of alloys). It is charac-

terized by an almost zero nucleation rate at small su-

persaturation/driving-force and rapid increase with

increasing supersaturation until reaching a constant
level at large supersaturation.

Now we consider the effect of grain boundary. In the

case of polycrystals, at grain boundary (or similar de-

fect) nucleation barrier is much reduced compared with

that at grain interior. It was shown that nucleation

barrier could become a fraction of that for homoge-

neous nucleation [19]. For a qualitative evaluation of the

effect of grain boundary, let us assume there is a half
reduction of the nucleation barrier, DGGB

c ¼ ðDGcÞ=2;
then one can easily conclude from Eq. (1) that the nu-

cleation rate curve for grain boundary (IGB) will be

shifted to left side compared with that for grain interior

(IGI), where homogeneous nucleation occurs. Fig. 8

shows that at low supersaturation grain boundary



Fig. 9. A unified model for explaining the microstructure evolution at

low Ni supersaturation (a and b) and high Ni supersaturation (c and

d). It also explains both three-stage and two-stage transformation

behavior of supersaturated Ti–Ni solid solution. In the figure, Cinitial

and Caged curves represent the Ni profile of initial (as-quenched) state

and that after aging, respectively. GB denotes grain boundary.
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nucleation rate is significantly larger than that of grain

interior; but at high supersaturation there is not a large

difference. As will be seen below, this is an important

feature and explains what we observed experimentally.

Fig. 8 answers the question about what determines
whether there should be a preferential precipitation at

grain boundary or an essentially homogeneous precipi-

tation. When Ni content is low (50.6Ni), the nucleation

rate is very small and thus precipitation of Ti3Ni4 is very

sensitive to the presence of grain boundary. In this case,

nucleation rate at grain boundary is much larger than at

grain interior, as shown in Fig. 8. As a result, precipi-

tation mainly occurs at grain boundary and grain inte-
rior is essentially precipitate-free. When Ni content is

high (51.5Ni), the difference in nucleation rate between

grain boundary and interior is small; thus precipitation

occurs homogeneously without being affected by grain

boundary, as shown in Fig. 8. As a result, high super-

saturation or high Ni content favors a homogeneous

distribution of precipitates.

Therefore, there are two competing factors, which
control the resultant distribution of precipitates in Ni-

rich Ti–Ni alloys. The first factor is the presence of grain

boundary or similar defects, which favors a preferred

precipitation along grain boundaries. The second factor,

which has an opposite effect, is the degree of supersatu-

ration ofNi (orNi content). The competition between the

two factors determines whether there will be a heteroge-

neous or a homogeneous distribution of precipitates.
After understanding what determines whether there

will be a heterogeneous or homogeneous distribution of

Ti3Ni4, now it is very easy to understand the different

transformation behaviors of low Ni and high Ni Ti–Ni

polycrystals. This is shown in Fig. 9. For low-Ni samples,

the low supersaturation leads to a preferential precipita-

tion along grain boundary (Figs. 9(a) and (b)) where

leaving grain interior essentially precipitate-free, as dis-
cussed above. So grain boundary portion undergoes B2-

R-B190 two-stage transformation while the grain interior,

being free of precipitates, undergoes a direct B2-B190

transformation and this gives rise to totally three-stage

transformation. For high Ni content alloys, as the su-

persatuation is high there is no much difference in nu-

cleation rate between grain boundary and grain interior;

thus an essentially homogeneous distribution of precipi-
tates is obtained across the whole sample, without being

affected by grain boundaries. So the whole sample un-

dergoes normal two-stage transformation. Therefore,

both abnormal three-peak behavior and normal two-

peak behavior can find a unified and natural explanation

by the theory of precipitation kinetics.

4.2. The evolution of DSC peaks with aging time

Our model (Fig. 9) can also explain the evolution of

DSC peak positions with aging time. When the low Ni
polycrystal is aged for short time (1 h), only a small

amount of Ti3Ni4 particles of small size precipitate at

grain boundary; the grain interior region is essentially
free of Ti3Ni4 particles (Fig. 9(a)) and thus grain interior

has the same composition as the solution-treated state.

As a consequence the grain interior undergoes one-stage

transformation B2GI !B190GI and its transformation

temperature should be the same as that of solution-

treated sample. Fig. 3 shows this is really the case; in this

figure the second peak on cooling (which corresponds to

the B2GI !B190GI transformation) for 723 K for 1 h
aged sample (Fig. 3(b)) is found to be in the same po-

sition as the cooling peak of the solution-treated sample

(Fig. 3(a)). At grain boundary region, precipitation

causes a decrease in Ni concentration in the B2 matrix

and this favors an increase in R-B190 transformation;

however, the presence of small Ti3Ni4 particles produces

a strong resistance to large lattice deformations associ-

ated with the formation of B190. Therefore, the trans-
formation temperature for RGB !B190GB is even lower

than that of B2GI !B190GI.
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As aging time increases, Ti3Ni4 particles grow larger

by consuming other small Ti3Ni4 particles and absorb

Ni from the supersaturated particle-free grain interior

region. So both Ni concentrations (Caged) in grain

boundary region and particle-free grain interior region
decrease with aging time (in Fig. 9(b)). At the same time

precipitates also grow and the spacing becomes larger.

These widely spaced particles then produce relatively

small resistance to the formation of B190 [18]; so the

transformation temperature of RGB !B190GB increases

rapidly with aging time. However, the formation tem-

perature of R-phase mainly depends on the Ni concen-

tration in the matrix and is less affected by particle size;
so the transformation temperature of B2GB !RGB does

not increase significantly even after prolonged aging

(Figs. 3(b)–(f)). The second peak of B2GI !B190GI

transformation also increases with aging time because of

the decreasing Ni concentration in the B2 matrix as

mentioned above. During this process the volume of the

precipitate-free grain interior also increases as a result of

the decreasing number of Ti3Ni4 particles. Thus trans-
formation heat associated with B2GI !B190GI trans-

formation increases. This is consistent with the

experimental fact in Fig. 3 that the peak-2 becomes

larger with increasing aging time. At the same time the

peaks for B2GB !RGB and RGB !B190GB become

smaller. When the aging time is further increased, Ni

concentration in the matrix reaches equilibrium. The

transformation temperature of B2GI !B190GI will no
longer change with aging time. However, Ti3Ni4 parti-

cles still grow larger by consuming other small Ti3Ni4
particles, so the temperature of RGB !B190GB trans-

formation still gradually increases with aging time and

finally reaches the temperature of B2GI !B190GI trans-

formation and the two peaks merge into one. On heating

the peaks evolve with aging time in a similar way and

finally the two peaks of B190GB !B2GB and
B190GI !B2GI become one peak after long time aging.

For high Ni-content polycrystals the Ti3Ni4 particles

are evenly distributed across the whole samples under all

aging conditions (Figs. 9(c) and (d)), without being af-

fected by grain boundary. This is the same as the case of

single crystals. Thus the whole sample undergoes two-

stage transformation on cooling after aging (one stage

after short-time aging), in the same way as the corre-
sponding single crystal.

Finally, it should be noted that the sequence of the

transformations may vary with composition and ag-

ing temperature, as these two factors strongly affect

nucleation rate.

4.3. Other factors that may cause three-stage transfor-

mation

Some other factors may also cause three-stage

transformation by promoting the preferential precipi-
tation around grain boundary. Ti is known to be apt to

be oxidized. If Ti–Ni samples are heat treated in the air

or in low vacuum atmosphere such as conventional

vacuum or Ar sealing practices), the Ti atom at grain

boundary may easily react with O2, which results in
excess Ni at the grain boundary. Higher concentration

of Ni at grain boundary makes it easier for Ni-rich

Ti3Ni4 particles to precipitate at grain boundary, thus

leading to a three-stage transformation. If the sample is

protected by Ti getter from oxidation at grain boundary,

heterogeneous precipitation of Ti3Ni4 particles at grain

boundary may be avoided and this gives rise to homo-

geneous precipitation and consequently normal two-
stage transformation. This explains the finding by

Nishida et al. [16] that transformation behavior is also

dependent on atmosphere during heat treatment.
5. Conclusions

To clarify the basic mechanism that controls the
peculiar three-stage martensitic transformations in

aged Ni-rich Ti–Ni alloys, we investigated Ti–50.6Ni and

Ti–51.5Ni single crystals and their corresponding ‘‘arti-

ficial polycrystals’’ (which were made from single crystals

of the same composition) by using DSC and TEM tech-

niques, and obtained the following conclusions.

(1) All aged single crystals exhibit normal B2-R-B190

two-stage transformation, being independent of Ni
content of the alloy. i.e. Single crystals do not exhibit

three-stage transformation, which were reported previ-

ously for polycrystals. This suggests that local stress or

composition inhomogeneity around Ti3Ni4 is not re-

sponsible for the abnormal three-stage transformation.

(2) On the contrary, aged artificial polycrystals with

low Ni content (50.6Ni) exhibit a three-stage transfor-

mation; but those with high Ni content (51.5Ni) again
exhibit a normal two-stage transformation. These results

have the important implication that the introduced grain

boundaries are responsible for three-stage transforma-

tion, but it is not a sufficient condition.

(3) To account for these phenomena in both single

crystals and polycrystals of different Ni content, we

proposed a simple model that different transformation

behaviors are a result of competition between prefer-
ential grain boundary precipitation of Ti3Ni4 particles

and a tendency for homogeneous precipitation when

supersaturation of Ni is large.

(4) Basically the abnormal three-stage transformation

is due to preferential precipitation of Ti3Ni4 particles at

grain boundary, which generates large-scale heteroge-

neity in microstructure and chemical composition be-

tween grain boundary and interior. Grain boundary
region undergoes B2-R-B190 two-stage transformation,

while the grain interior, being free of precipitates,
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undergoes a direct B2-B190 transformation; thus there

are in total three transformation stages. On the con-

trary, when Ni content is high, the large supersaturation

of Ni in quenched Ti–Ni alloy provides a large driving

force for the precipitation of Ti3Ni4 particles during
aging and this makes the formation of precipitates less

sensitive to grain boundaries and results in a relatively

homogeneous precipitation. As the consequence, normal

two-stage B2-R-B190 transformation occurs for poly-

crystalline Ti–Ni of high Ni content, being the same as

in single crystals.

(5) Our model also explains other features observed

in DSC experiments, such as the evolution of DSC peak
positions with aging time, as well as the reported de-

pendence of the transformation behavior on heat-

treatment atmosphere.
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