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Precipitation kinetics of Ti3Ni4 in polycrystalline Ni-rich TiNi alloys and its
relation to abnormal multi-stage transformation behavior
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Abstract12

Normally, martensitic transformation occurs in two stages (B2-R-B19′) in aged Ni-rich TiNi alloys. But a three-stage martensitic transformation
was also reported. The origin of this abnormal transformation behavior has remained controversial, and in particular it is difficult to understand why
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 Pn some cases the three-stage transformation occurs while in other cases normal two-stage transformation appears. Very recently by considering
he kinetics features of Ti3Ni4 precipitation in polycrystalline Ni-rich TiNi, we propose a general mechanism, which is able to explain not only
bnormal three-stage transformation but also normal two-stage transformation. In the present study, we made further experimental effort to critically
erify the proposed mechanism by studying the transformation behavior of low Ni-rich polycrystals and intermediate Ni-rich polycrystals. We
ave found that low Ni-rich polycrystals exhibit three-stage transformation and the number of transformation peaks is independent of aging time;
ntermediate Ni-rich samples exhibit three-stage transformation after short time aging and two-stage transformation after longer time aging; but all
he high Ni-rich samples show two-stage transformation, being independent of aging time. These results are consistent with our mechanism that
ifferent transformation behaviors are a result of competition between preferential grain boundary precipitation of Ti3Ni4 particles and a tendency
or homogeneous precipitation when supersaturation of Ni is large.

2006 Published by Elsevier B.V.
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. Introduction

Martensitic transformation occurs in two stages from cubic
2 to trigonal R and then from R to monoclinic B19′ in aged
i-rich Ti–Ni alloys, in which Ti3Ni4 precipitates are finely dis-
ersed [1,2]. However, a three-stage martensitic transformation
as been reported by several authors [4–18]. No new kind of
artensite was detected by diffraction studies [10,11]. Why two

inds of transformations (B2-R-B19′) can result in three dif-
erential scanning calorimetry (DSC) peaks, has attracted much
nterest in recent years. The additional transformation has been
ttributed to certain kind of inhomogeneity [8,11–14]: local
nhomogeneity around Ti3Ni4 precipitates (stress or composi-
ion) or large-scale inhomogeneity between grain boundary and

∗ Corresponding author. Tel.: +81 29 859 2708; fax: +81 29 859 2701.
E-mail address: fangl@mailst.xjtu.edu.cn (G. Fan).

grain interior. But it is unclear what kind of inhomogeneity is
responsible and why under some conditions (at high Ni content)
such inhomogeneity does not play a role and yield a normal
two-stage transformation.

Very recently, in order to find out the origin of this abnor-
mal transformation behavior, we investigated the transformation
behavior in Ti–50.6 at.% Ni and Ti–51.5 at.% Ni (hereafter
abbreviated as Ti–50.6Ni, Ti–51.5Ni) single crystals and their
corresponding “artificial polycrystals”, which were made from
single crystals into polycrystals by cold working and followed
by recrystallization. We found the following key results [18]:

(1) All aged single crystals exhibited B2-R-B19′two-stage
transformation, independent of Ni content of the alloy.
This suggests that local stress or composition inhomo-
geneity around Ti3Ni4 is not responsible for the abnor-
mal three-stage transformation because such inhomogeneity
also exists in single crystals.

921-5093/$ – see front matter © 2006 Published by Elsevier B.V.
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(2) Aged “artificial polycrystals” with low Ni content (50.6Ni)30

exhibited a three-stage transformation; but those with high31

Ni content (51.5Ni) again exhibited the normal two-stage32

transformation. These results implied that the introduced33

grain boundaries are responsible for three-stage transfor-34

mation, but it is not a sufficient condition, Ni content is also35

an important factor.36

Based on the different transformation behavior in low Ni37

content and high Ni content “artificial polycrystals”, we pro-38

posed a simple model that describes different transformation39

behaviors as a result of competition between preferential grain40

boundary precipitation of Ti3Ni4 particles and the tendency41

for homogeneous precipitation when supersaturation of Ni is42

large: Basically the abnormal three-stage transformation is due43

to preferential precipitation of Ti3Ni4 particles at grain bound-44

ary, which generates large-scale heterogeneity in microstructure45

and chemical composition between grain boundary and inte-46

rior. Grain boundary portion undergoes B2-R-B19′ two-stage47

transformation, while the grain interior, being essentially free of48

precipitates, undergoes a direct B2-B19′ transformation. Thus,49

there are in total three transformation stages. On the contrary,50

when Ni content is high, the large supersaturation of Ni in51

quenched Ti–Ni alloy provides a large driving force for the pre-52

cipitation of Ti3Ni4 particles during aging and this makes the53

formation of precipitates less sensitive to grain boundaries and54

results in a relatively homogeneous precipitation of particles. 55

As the consequence, normal two-stage transformation occurs 56

for high Ni polycrystals, being the same as in single crystals. 57

This model explains not only abnormal three-stage transforma- 58

tion but also normal two-stage transformation. 59

However, in the previous work we only investigated low Ni 60

and high Ni polycrystals, without having a look at the inter- 61

mediate Ni case. Furthermore, the reported aging time depen- 62

dence of the number of transformation peaks has not been 63

clearly clarified yet. Since only precipitation kinetics is con- 64

sidered in our model, we expect that transformation behavior 65

in Ti–Ni samples of different Ni content can also be under- 66

stood by this model. From the precipitation kinetics view, we 67

can even predict that the number of DSC peaks in intermedi- 68

ate Ni-rich polycrystals should exhibit an aging time depen- 69

dence. In order to further verify our model on this point, in the 70

present work we studied the transformation behavior of aged 71

intermediate Ni-rich polycrystals by a DSC. Low Ni-rich poly- 72

crystals and high Ni-rich polycrystals were also studied for a 73

comparison. 74

2. Experimental 75

Three kinds of Ni-rich polycrystals, Ti–50.4Ni, Ti–51Ni and 76

Ti–51.2Ni, were used in the present study. Ni content of the 77
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ig. 1. DSC curves for Ti–50.4 at.% Ni polycrystals. Aged at 400 ◦C for 1, 18, 24, 82
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h, respectively, after solution treating at 1000 ◦C for 1 h and water quenching.
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samples was estimated from phase transformation temperature78

of solution treated samples.79

The polycrystalline samples were cut from 1 mm wires or hot-80

rolled plates and were sealed into quartz tubes filled with argon81

(about 5 × 102 Pa) to avoid oxidization during heat treatment.82

All the sealed samples were solution treated at 1273 K for 1 h83

and followed by water quenching and then aged between 40084

and 500 ◦C for different time. The other details about sample85

preparation and DSC measurement were given elsewhere [18].86

Arrows were added to the DSC curves to indicate the cooling87

and heating process.88

3. Results and discussion89

The DSC results of the aged Ni-rich Ti–Ni polycrystalline90

samples are shown in Figs. 1–3. Three peaks have been detected91

on the cooling curve for the 50.4Ni polycrystals samples92

after aging at 400 ◦C. For the 1 h aged sample, compared93

to the second peak, the first and third peaks on the cool-94

ing curve are too small to be seen clearly. Three peaks can95

still be found even after very long time aging (82 h). This96

result is consistent with the previous 50.6Ni “artificial poly-97

crystal” samples, which exhibit three peaks even after aging for98

150 h [18].99

For the 51Ni polycrystals, three peaks have been found for 100

the samples after aging at 450 ◦C for short time, 1 and 5 h (see 101

Fig. 2). But only two peaks can be seen after longer time aging 102

(11 and 72 h). These results clearly show that the number of 103

peaks of intermediate Ni-rich polycrystals exhibits an aging time 104

dependence as expected. 105

All the DSC curves of 51.2Ni samples after aging at 500 ◦C 106

show two peaks on cooling, which are the same as the normal 107

two-stage transformation in high Ni case (51.5Ni) in the previous 108

paper [18]. This suggests that 51.2 at.% Ni is high enough for 109

obtaining relatively homogeneous precipitation distribution over 110

the whole grain. 111

From the above DSC results, we can see that transforma- 112

tion behavior in low Ni ploycrystals and high Ni polycrys- 113

tals shows aging time independence: all the 50.4Ni polycrys- 114

tals exhibited three-stage transformation while all the 51.2Ni 115

polycrystals exhibited two-stage transformation; but it clearly 116

shows aging time dependence in intermediate Ni polycrystals. 117

We have answered the question why different Ni-content poly- 118

crystals can result in three-stage transformation and two-stage 119

transformation in the previous work [18] by considering the 120

precipitation kinetics. Now let us go further to see the reason 121

why intermediate Ni polycrystals show a change in the number 122

of peaks with aging time but low Ni and high Ni polycrys- 123
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ig. 2. DSC curves for Ti–51 at.% Ni polycrystals. Aged at 450 ◦C for 1, 5, 11, 73 h,
MSA 20288 1–5

respectively, after solution treating at 1000 ◦C for 1 h and water quenching.
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Fig. 3. DSC curves for Ti–51.2 at.% Ni polycrystals. Aged at 500 ◦C for 1, 12, 24, 72 h, respectively, after solution treating at 1000 ◦C for 1 h and water quenching.

tals do not show a change in the number of peaks with aging124

time.125

We know that Ti3Ni4 particles form in the B2 matrix dur-126

ing aging in order to lower Ni content of matrix and to reach127

equilibrium Ni content for Ni-rich (supersaturated) Ti–Ni alloys128

[19]. According to the theory of phase transformation kinet-129

ics [20,21], nucleation rate is determined by nucleation barrier.130

This requires that the solid solution must be supersaturated to131

provide enough driving force to overcome the nucleation bar-132

rier. The larger the degree of supersaturation the more driving133

force is provided for precipitation. In the case of polycrystals,134

nucleation barrier at grain boundary (or similar defect) is much135

reduced compared with that in grain interior [20]. So nucleation136

rate at grain boundary is larger than that at grain interior, in137

particular at low supersaturation [18]. But for high supersatura-138

tion case, compared with the larger driving force from the high139

degree of supersaturation, the influence of grain boundary is not140

important [21]. Thus, the nucleation rate at grain boundary does141

not differ much from the grain interior. As a result, high super-142

saturation or high Ni content favors a homogeneous distribution143

of precipitates.144

When Ni content is low (50.4Ni), the nucleation rate is so145

small that precipitation of Ti3Ni4 is nearly impossible with-146

out the help of grain boundary or similar defect. As a result,147

precipitation only occurs at grain boundary, leaving the grain 148

interior essentially precipitate-free. With increasing aging time, 149

the excess Ni in grain interior diffuses to grain boundary region 150

where it is consumed by the growth of precipitates. The dis- 151

tribution of precipitates does not change after long time aging. 152

Thus, the number of DSC peaks in low Ni polycrystals shows 153

aging time independence. Grain boundary portion undergoes 154

B2-R-B19′ two-stage transformation while the grain interior, 155

being free of precipitates, undergoes a direct B2-B19′ transfor- 156

mation and this gives rise to totally three-stage transformation. 157

When Ni content is high (51.2Ni), the difference in nucleation 158

rate between grain boundary and interior is small [18]; thus, 159

precipitation occurs homogeneously without being affected by 160

grain boundary. So the whole sample undergoes normal two- 161

stage transformation, and naturally the number of DSC peaks 162

shows aging time independence. These two are just the same as 163

what we have already discussed in the previous work [18]. 164

For the intermediate Ni samples (51Ni), nucleation rate is 165

moderate and the difference in the rate of nucleation between 166

grain boundary and grain interior is not large but not negligi- 167

ble, especially at the early stage of aging. The precipitation of 168

Ti3Ni4 occurs both at grain boundary and grain interior, but the 169

grain boundary region has a higher density of Ti3Ni4 particles 170

than grain interior. At the same time, due to the precipitation of 171
MSA 20288 1–5
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Ti3Ni4, Ni content in the B2 matrix at grain boundary is lower172

than that in grain interior. Moreover, the formation temperature173

of B19′ is much more sensitive to Ni content and precipitates174

than the formation of R, especially when the precipitates size is175

not very large [22]. So the formation temperature of R in these176

two regions does not show much difference and R phase trans-177

formation occurs in a relatively broad temperature range rather178

than two separate steps (This can be seen from Fig. 2). But the179

formation of B19′, which is very sensitive to Ni content, occurs180

in separate temperature range in these two regions, thus result181

in two R-B19′ peaks on DSC curve (one at grain boundary and182

one in the grain interior). So as shown in Fig. 2, totally three183

peaks can be seen on the DSC curves after short time aging.184

With increasing aging time, in the grain interior Ti3Ni4 parti-185

cles grow larger by further absorbing the excess Ni from B2186

matrix; at grain boundary, Ti3Ni4 particles grow larger mainly187

by absorbing other nearby particles. Finally, this makes the Ni188

content and the density of Ti3Ni4 particles in these two regions189

almost the same and only two-stage transformation occurs after190

longer time aging.191

Therefore, not only three-stage transformation in the low Ni192

polycrystals and two-stage transformation in high Ni polycrys-193

tals can be explained by the theory of precipitation kinetics, but194

also the aging time dependence of the number of peaks in the195

intermediate Ni polycrystals.196
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interior region, respectively. With increasing aging time, 219

the distribution of precipitates becomes relatively homo- 220

geneous when all the excess Ni in the B2 matrix was 221

consumed by the growth of Ti3Ni4 particles. Thus, only 222

normal two-stage transformation occurs after long time 223

aging. 224
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