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Abstract

We report the existence of strain glass in Ti50Ni50�xFex, beyond a critical Fe doping level x > xc(5 < xc < 6). The strain glass state is
confirmed by the appearance of a frequency-dependent anomaly in the AC mechanical modulus/loss at a freezing temperature T0 and by
the breaking of ergodicity shown in a zero-field-cooling/field-cooling experiment. Based on the experimental results, a phase diagram is
established in which both the normal martensitic transformations (for x < xc) and the strain glass transition (for x > xc) are indicated.
The new phase diagram allows for explanations of two long-standing puzzles in Ti50Ni50�xFex and Ti–Ni alloys: (i) the origin of nano-
domains present prior to the martensitic transformation (for x < xc) and (ii) the negative temperature dependence of electrical resistivity
in abnormal non-transforming compositions (for x > xc).
� 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Strain glass is a new form of glass state found very
recently in ferroelastic Ti–Ni systems [1,2]. It is a frozen
state of local lattice strains. Unlike a normal martensitic
crystal (long-range strain ordered state, i.e. strain-crystal
state), a strain glass on the one hand exhibits no breaking
of the parent phase symmetry at all temperatures (as
observed by X-ray diffractometry), behaving like a common
non-transforming system, but on the other hand exhibits
important glass transition features such as dynamic freezing
measured by dynamic modulus analysis (DMA) experi-
ments [1], and breaking down of ergodicity measured by
zero-field-cooling/field-cooling (ZFC/FC) experiments [2],
which are signatures of a typical freezing process, are paral-

lel to those found in spin glasses [3,4] of ferromagnetic sys-
tems and relaxors [5–7] of ferroelectric systems. Strain glass
in Ti–Ni has been found to exhibit a number of interesting
novel properties, including shape memory effect and super-
elasticity [8,9]. This indicates that strain glass may have a
potential for promising applications.

Strain glass in Ti–Ni shows a number of features similar
to the “precursory phenomena” prior to a martensitic
transformation, such as the appearance of nano-domains,
modulus softening, abnormal negative temperature depen-
dent of electrical resistivity and the appearance of diffuse
scatterings near 1/3 h1 1 0i [10–15]. Long before the
experimental discovery of strain glass, several early theo-
retical models [12,16,17] have made an important
prediction that a “spin-glass-like” state may exist in mar-
tensitic systems, but they considered the pre-martensitic
tweed as corresponding to such a state. Nevertheless,
recent experiment [18] has shown that the pre-martensitic
state is yet to be a glass phase, and there is a clear difference
between strain glass and pre-martensitic tweed. A strain

1359-6454/$36.00 � 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

doi:10.1016/j.actamat.2010.07.040

* Corresponding author at: Ferroic Physics Group, National Institute
for Materials Science, Tsukuba, 305-0047, Ibaraki, Japan. Tel.: +81 298
59 2731; fax: +81 298 59 2701.

E-mail address: Ren.Xiaobing@nims.go.jp (X. Ren).

www.elsevier.com/locate/actamat

Available online at www.sciencedirect.com

Acta Materialia 58 (2010) 6206–6215



Author's personal copy

glass transition undergoes a freezing process, which
manifests itself by the appearance of a frequency-depen-
dent internal friction peak in the AC mechanical suscepti-
bility measurement (i.e. DMA) [1] and a zero-field-
cooling peak in DC strain measurement [2]. These signa-
tures are caused by the freezing of randomly distributed
nano-scale strain domains. By contrast, the precursory
state prior to a martensitic transformation does not show
these “freezing” characteristics, as evidenced by the
absence of the above-mentioned anomalies in AC and
DC mechanical measurements [18]. Distinguishing clearly
the strain glass state from the pre-martensitic state may
help solve two long-standing puzzles associated with the
pre-martensitic state and abnormal non-transforming com-
positions of Ti–Ni and Ti–Ni–Fe systems [13–15,19–22];
one is the origin of nano-domains prior to the normal mar-
tensitic transformation and the other is the abnormal “neg-
ative temperature dependence” of the electrical resistivity
in the abnormal non-transforming alloys.

It has been proposed that strain glass can be achieved by
doping sufficient point defects into a ferroelastic system so
as to prevent the long-range strain ordering (i.e. martensitic
transformation) [23]. The first strain glass was reported in a
water-quenched Ni-rich Ti50�xNi50+x binary system [1],
which can be viewed as self-doping of excess Ni into a
defect-free Ti50Ni50. Doping excess Ni over a critical value
(x > 1) suppresses the B2–B190 martensitic transformation
[1,24,25] and the system undergoes a freezing transition
into a randomly distributed R-like nano-domains (which
is nano-sized R strain domains) [2,26]. Therefore, the bin-
ary Ti50�xNi50+x system is characterized by a strain glass
(short-range strain order with R-phase structure) whose
structure is different from the corresponding martensite
(long-range strain order with B190 structure).

Since strain glass is relatively a new phenomenon, it is of
fundamental interest to know if it could be found in other
ferroelastic systems and, in particular, if the relation
between the local strain order and long-range strain order
is always different or could be the same. In this paper, we
report a new and simpler strain glass system, Ti50Ni50�xFex,
where the strain glass state has the same strain order as that
of the martensitic phase (i.e. both are R-phase). We found
that the addition of Fe suppresses the B2–R martensitic
transformation [24] and leads to a strain glass transition
with R-like nano-domains. Thus both the long-range and
short-range strain orders in Ti50Ni50�xFex have the same
R-phase structure. This finding suggests that Ti50Ni50�xFex

could serve as a prototypical system for strain glass
study.

The systematic study on the transformation behavior of
Ti50Ni50�xFex with different Fe content (2 6 x 6 10) pre-
sented in this paper has allowed for the establishment of
a phase diagram of the system incorporating martensite,
strain glass, and precursory nano-domains state prior to
martensitic or strain glass transformations. The phase dia-
gram demonstrates clearly the relationship among the well-
observed precursory nano-domains state, the martensitic

state and the strain glass state. It was also found that the
long-standing puzzle – “negative temperature dependence”

of electrical resistivity in the pre-martensitic state and in
the abnormal non-transforming compositions of Ti–Ni
and Ti–Ni–Fe systems [13–15,21,22] – can be easily under-
stood by the existence of the static R nano-domains.

2. Experimental

Samples of Ti50Ni50�xFex alloys with x = 2, 3, 4, 5, 6,
6.5, 7, 8 and 10 were prepared by induction melting of high
purity metals (>99.9%). All the ingots were heat treated at
1273 K for 24 h in evacuated quartz tubes to eliminate com-
positional non-uniformities. The samples were then cut into
suitable shapes for different experiments (3 � 3 � 1 mm3 for
differential scanning calorimetry (DSC), long bars for
electrical resistivity, 2 � 2 � 60 mm3 for DMA, and 6 � 6
� 2 mm3 for X-ray diffraction (XRD)). The samples were
finally solution-treated at 1273 K for 1 h followed by
water-quench. All the samples were etched with
HF:HNO3:H2O 1:4:5 (in volume) solution to remove oxi-
dized surface layers.

The XRD experiments were done by using Shimadzu
XRD7000 with a cooling holder to detect possible struc-
tural changes with temperature. The DSC experiments
were carried out on TA Q200 with a cooling and heating
rate of 10 K min�1 between 323 and 123 K. The “four
probe method” with a constant current 100 mA was used
to measure the electrical resistivity. The dynamical
mechanical properties were obtained by TA Q800 DMA
using the single cantilever mode with amplitude of 15 lm
(AC field frequency from 0.2 to 20 Hz). The temperature
was chosen from 323 to 133 K with step cooling mode.
The ZFC/FC (zero-field-cooling/field-cooling) experiments
were done by using TA Q800 DMA with tensile mode at a
small stress �30 MPa. The experimental details of ZFC/
FC measurement can be found in Ref. [2]. The ZFC is
not completely stress-free (as a small preset stress is need
to keep the sample straight), but this does not affect the
detection of non-ergodicity. The diffuse scattering caused
by nano-domains was observed by transmission electron
microscopy (TEM) using a JEM-2000EX microscope with
a liquid nitrogen cooling holder.

3. Results

3.1. Effect of Fe doping on transformation behavior of

Ti50Ni50�xFex system: crossover from normal martensitic

transformation to “abnormal non-transforming state”

Now we show that Fe doping causes a crossover at a
critical doping level (5 < xc < 6) from a normal martensitic
transformation (R or B190) to an abnormal non-transform-
ing behavior.

Fig. 1a–c shows the XRD spectra of Ti50Ni50�xFex

alloys with x = 2, 4, and 6, respectively. An analysis of
the XRD results suggests that Ti50Ni48Fe2 undergoes
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B2–R–B190 two-step martensitic transformations (Fig. 1a)
while Ti50Ni46Fe4 undergoes a B2–R one-step martensitic
transformation without subsequent transforming into
B190 martensite (Fig. 1b). In contrast, the XRD spectra
of Ti50Ni44Fe6 show no phase transformation (e.g. the B2
peak remains unchanged) within the temperature range
considered (from 298 K down to 93 K). Nevertheless, the
B2 peak becomes broader with decreasing temperature,
as shown in Fig. 1d. This anomalous peak broadening
seems to suggest that some subtle changes exist in this
seemingly non-transforming alloy.

Fig. 2 shows the variation of DSC cooling curves with
Fe doping level (x = 2–10). It can be seen that at low dop-
ing level (x = 2–5) the martensitic transformation(s) are
accompanied by large and sharp exothermic peaks in the
DSC curves. With the increase of Fe content, the exother-
mic peak shifts to the low temperature side, suggesting that
the martensitic transformation temperature lowers drasti-
cally with increasing doping level. The two peaks for
x = 2 correspond to B2–R and R–B190 two-stage martens-
itic transformation, whereas the single peak for x = 3–5
corresponds to the B2–R one-stage martensitic transforma-
tion. The most interesting result from Fig. 2, which has also
been reported in Refs. [14,15], is that the DSC peak
becomes smaller and broader with increasing Fe doping
level and for x P 6, the DSC peak virtually vanishes. It
is replaced by a very broad and weak hump, which is less
sensitive to further Fe doping. Clearly, the broad and weak
DSC hump is quite different from that of a normal mar-

tensitic transformation. Note that the composition range
with no DSC peaks (i.e. x = 6–10) coincide with the non-
transforming compositions revealed in the XRD analysis
above.

The variation of the electrical resistivity curves with Fe
doping level (x = 2–10) is shown in Fig. 3. All the results
are normalized by the electrical resistivity at 293 K. Similar
to what was found in the DSC measurement, increasing Fe
doping level results in interesting changes in the transfor-
mation behavior. At low Fe doping level x = 2–5, there
exists a sharp change (with a hysteresis between heating
and cooling) in resistivity accompanying the martensitic

Fig. 1. XRD profiles of Ti50Ni48Fe2 (a) Ti50Ni46Fe4 (b), and Ti50Ni44Fe6 (c) at different temperatures. AU stands for arbitrary units. The temperature
dependence of the full width at half maximum (FWHM) of Ti50Ni44Fe6 (1 1 0B2) peaks is shown in (d).

Fig. 2. DSC curves of Ti50Ni50�xFex alloys with different Fe content
(x = 2–10) upon cooling. Rs and Ms represent R-phase transformation
start temperature and B190 phase transformation start temperature,
respectively.
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transformation B2–R or R–B190. This is expected for a
martensitic transformation. With further increasing Fe
doping level, the resistivity change at the martensitic trans-
formation temperatures (Rs and Ms) becomes weaker and
weaker. For x P 6, there is no signature for martensitic
transformation (first order transformation) any more, as
no hysteresis exists in any temperature range. However,
there exists an anomalous increase in resistivity below a
certain temperature for these heavily doped compositions.
Such anomalous increase in resistivity is known as the
“negative temperature dependence” of resistivity [13,22].
We note that the anomalous behavior of resistivity in the
heavily doped compositions (x P 6) coincides with the
anomaly in DSC curves of the same compositions; this is
another feature of the abnormal non-transforming
compositions.

All the above results converge to one important phe-
nomenon: Fe doping significantly changes the transforma-
tion behavior of Ti50Ni50�xFex and there exists a crossover
from a normal martensitic transformation (B2–R) to an
abnormal non-transforming state when Fe doping exceeds
a critical concentration xc (5 < xc < 6)). The change of
transformation behavior with Fe doping has been studied
previously [14,15,19,20,27] and the appearance of a strange
state (with a negative temperature dependence of resistiv-
ity) at high Fe doping level has also been reported
[14,15,21,22]. Our results above are in agreement with these
previous studies [14,15,22]. However, the nature and the
origin of the crossover and the abnormal non-transforming
state have remained unclear. In the following we shall show
evidence that the non-transforming state actually corre-
sponds to a strain glass state.

3.2. Evidence for strain glass in Ti50Ni50�xFex when x P 6

A dynamic mechanical analyzer (DMA) was employed to
detect strain glass transition in Ti50Ni50�xFex. Fig. 4 shows
the DMA results of Ti50Ni50�xFex alloys having different x

values. The DSC curves are also shown in the figures for

comparison. Fig. 4a–c shows the DMA results obtained
for alloys of low Fe compositions, i.e. x = 2, 4, and 5. The
B2–R martensitic transformation starting temperature
(dashed line) determined by the DSC curves is consistent
with the starting temperature of the storage modulus dip
and the starting temperature of the internal friction peak.
For x = 2, the internal friction peak at low temperature
(�220 K) corresponds to the R–B190 transformation. The
martensitic transformation of these transforming composi-
tions (x 6 5) is characterized by a frequency-independent
DMA dip and a large frequency-independent internal fric-
tion peak (i.e. no peak shifting when the frequency varies).
The x = 2 sample seems to be an exception but it has been
confirmed that the apparent frequency dependence of the
internal friction and modulus is caused by hydrogen interac-
tion with martensite (R) twin boundaries [28,29].

At high Fe doping levels (x = 6, 6.5 and 7; i.e. the abnor-
mal non-transforming compositions), the DMA results
show a different behavior from that of the transforming
compositions. Fig. 4d and e shows the DMA results of
x = 6 and 6.5, respectively, with the corresponding DSC
curve shown at the bottom of each figure. The storage
modulus and internal friction of these two abnormal non-
transforming compositions show clear frequency depen-
dence at the DSC hump temperature. At higher doping
level of x = 7 (Fig. 4f), the frequency-dependent feature
of the internal friction peak remains the same but the peak
itself becomes too low to be accurately measured. The stor-
age modulus shows frequency dependence but without
showing a dip.

The peak temperature Tg of the internal friction in x = 6
and 6.5 exhibits a frequency dependence following the
Vogel–Fulcher relation:

x ¼ x0 � exp½�Ea=KBðT g � T 0Þ�

where T0 is the ideal glass transition temperature, as shown
in Fig. 4g and h). Such a behavior is characteristic of a
strain glass transition [1,3] and cannot be explained by
other types of transitions such as second order transitions
or incommensurate–commensurate transitions. Therefore,
doping Fe exceeding a critical concentration results in a
crossover from a martensitic transformation into a strain
glass transition. Such a result is similar to the case of
Ti50�xNi50+x [1] binary and Ti50Pd50�xCrx [9] ternary
systems.

To further confirm that the system undergoes a strain
glass transition when x P 6, a zero-field-cooling/field cool-
ing (ZFC/FC) experiment was carried out for the alloy
with x = 6.5. The results are shown in Fig. 5. With the
decrease in temperature, the gap between the ZFC and
FC curves increases gradually, indicating a continuous
breaking of the ergodicity of the system – another impor-
tant property of a glass transition [2,26]. The ZFC peak
position in Fig. 5 corresponds to the peak freezing temper-
ature Tf. It is noted that similar ZFC/FC curves have been
found not only in Ti–Ni binary strain glass [2], but also in

Fig. 3. Normalized (at 293 K) electrical resistivity curves (for both cooling
and heating) of Ti50Ni50�xFex at different Fe content (x = 2–10). Rs and
Ms represent R-phase transformation start temperature and B190 trans-
formation start temperature, respectively. The arrows in x = 6, x = 6.5
and x = 7 indicate the inflection point (TI) of the electrical resistivity
curves obtained for alloys of “non-transforming” compositions.
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various other kinds of ferroic glasses like relaxor [30] and
cluster spin glass [31].

The above experiments have shown clearly that the
abnormal non-transforming compositions (i.e. x P 6)
actually correspond to strain glasses. Different from the
Ni-rich Ti–Ni strain glasses where the nano-domains have
an R-like structure [1] that is different from the correspond-
ing martensite (B190), the Ti50Ni50�xFex (x P 6) strain
glasses have the same structure (R) as the corresponding
martensite (R), as shown by the TEM diffraction patterns

and diffuse scattering presented in Fig. 6. For the martens-
itic alloy with x = 4, Fig. 6a–c shows that the alloy trans-
formed from B2 (without diffuse 1/3 spots) (Fig. 6a) to
an R-martensite characterized by sharp and commensurate
1/3 spots (Fig. 6c) (typical for R-martensite), via a pre-mar-
tensitic state characterized by the appearance of diffuse
incommensurate 1/3 spots (Fig. 6b). On the other hand,
for the strain glass composition x = 6, the diffraction pat-
tern reveals interesting but subtle changes, as shown in
Fig. 6d. At room temperature (T� T0), the alloy has a

Fig. 4. DMA measurement of storage modulus (E) and internal friction (tan d) of Ti50Ni50�xFex alloys at different x. The frequency is varied from 0.2 Hz
to 20 Hz. For a comparison, the DSC results are also shown in the figures. (a) Ti50Ni48Fe2, (b) Ti50Ni46Fe4, (c) Ti50Ni45Fe5, (d) Ti50Ni44Fe6, (e)
Ti50Ni43.5Fe6.5 and (f) Ti50Ni43Fe7. (g) and (h) describe the Vogel–Fulcher fitting for alloy Ti50Ni44Fe6 and Ti50Ni43.5Fe6.5, respectively.

6210 D. Wang et al. / Acta Materialia 58 (2010) 6206–6215
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B2 structure with no diffuse superlattice spots in the diffrac-
tion pattern (same as that shown in Fig. 6a). When the tem-
perature is lowered, incommensurate 1/3 spots gradually
appear and increase in their intensity [1,15]. These incom-
mensurate 1/3 spots persist even down to T� T0

(Fig. 6d). From the similarity of the incommensurate 1/3
spots of the pre-martensitic state and the strain glass state
to the 1/3 spots of the normal R-martensite, it can be
assumed that the structure in the nano-domains of the
pre-martensitic and strain glass states is the same as or sim-
ilar to the structure of the R-martensite.

The incommensuration in the pre-martenstic state and
the strain glass state is likely to be caused by the small size
of R domains mixed with the remaining B2 matrix. Under
such a situation, the electron diffraction could show an

averaging effect, making the positions of the superlattice
spots no longer commensurate. Clearly, this interpretation
of the incommensuration in the pre-martensitic state and in
the strain glass state differs from previous hypothesis of an
“incommensurate-to-commensurate transition” or a cer-
tain second order transition [15]. These hypotheses are
inconsistent with the glass transition features shown in
the DMA and ZFC/FC experiments.

Fig. 7 shows the cooling and heating curves obtained in
the DSC, electrical resistivity [14,15] and DMA measure-
ments carried out around the glass transition temperature
for the alloy with x = 6.5. From the results one can see that
there is no hysteresis associated with the strain glass transi-
tion, which is different from the martensitic transformation
in Ti50Ni50�xFex system that shows a clear hysteresis. It is
noted that there is a difference between the dip temperature
in the resistivity vs. temperature curve (Fig. 7c) and that in
the storage modulus vs. temperature curve (Fig. 7d). Elec-
trical resistivity dip describes the temperature at which the
resistivity caused by the increase of R nano-domain volume
fraction compensates the decrease of resistivity caused by
temperature decrease. On the other hand, storage modulus
dip describes the temperature at which the system is essen-
tially frozen. Clearly these two dips have very different
physical origins, which therefore naturally do not coincide.

4. Discussion

4.1. Relations among various experimental signatures of a

strain glass transition

The key result of the present work is the finding of a
strain glass transition above a critical Fe doping level
(x P 6). A strain glass transition shows two seemingly dif-
ferent facets if seen from different kinds of experimental
measurements. On the one hand, the system appears non-
transforming if seen from the invariance of the average
structure (see XRD result of Fig. 1), the negligible heat dis-
sipation (see DSC result of Fig. 2), and the absence of
transformation hysteresis (see resistivity measurement in
Fig. 3) [14,15]. On the other hand, it shows pronounced
glass transition signatures and can be easily identified by
DMA and ZFC/FC experiments (Figs. 4 and 5). Then an
interesting question arises: what are the relationships
among these “transforming” and “non-transforming”

signatures?
Fig. 8 compares the DMA, electrical resistivity and

ZFC/FC results obtained for Ti50Ni43.5Fe6.5 during its
strain glass transition. Fitting the frequency-dependent
peak temperatures by the empirical Vogel–Fulcher law
yields an ideal freezing temperature (i.e. the freezing tem-
perature at 0 Hz) T0 � 150 K. It is found that T0 corre-
sponds well to the inflection point, TI, of the resistivity
vs. temperature (R–T) curve, which is about 154 K. This
ideal freezing temperature T0 is also consistent with the
peak temperature Tf measured in the ZFC curve. There-
fore, the freezing temperature is reflected in different kinds

Fig. 5. ZFC/FC curves obtained for alloy Ti50Ni43.5Fe6.5. The applied
stress is about 30 MPa. The ZFC–FH peak position (indicated by the
arrow) corresponds to the freezing temperature Tf.

Fig. 6. TEM diffraction patterns of Ti50Ni46Fe4 and Ti50Ni44Fe6 alloys at
different temperatures. (a)–(c) are, respectively, diffraction patterns of
Ti50Ni46Fe4 obtained at room temperature (T� Rs), T � Rs, and T < Rs.
(d) is the diffraction pattern of Ti50Ni44Fe6 below the strain glass
transition temperature T0.
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of experimental measurements (T0 = TI = Tf). In the cur-
rent paper, T0 is used to represent the strain glass transition
temperature.

Besides the ideal freezing temperature T0, there exists
another important temperature in a strain glass system,
Tnd (“nd” stands for static “nano-domains”), at which
the ergodicity starts to break. Note that Tnd is well above
T0. This temperature corresponds to the Burns temperature
of relaxor ferroelectrics [32,33]. It is the temperature at
which internal friction starts to increase (Fig. 8a) and the
temperature at which the ZFC and FC curves start to devi-
ate from each other (Fig. 8c). It is found that this ergodic-
ity-breaking start temperature Tnd coincides with the
temperature TIN at which the electrical resistivity starts
to deviate from linearity (Fig. 8b).

The microscopic process of a strain glass transition dur-
ing cooling from T > Tnd to T0 < T < Tnd to T < T0 are
illustrated in Fig. 8d. At high temperatures T > Tnd, there
exist no static ferroelastic nano-domains despite the exis-
tence of randomly distributed local strains caused by point
defects (indicated by the arrows). When the temperature is
lowered to T < Tnd, some static nano-ferroelastic domains
(local strain induced nano-domains) appear and the system
starts to lose ergodicity. When the temperature is further
decreased to T < T0, the nano-domains are fully developed
and are completely frozen. Then the ergodicity of the sys-
tem is completely broken and the system becomes a strain
glass.

The microscopic picture of the strain glass described
above explains why a strain glass appears as “non-trans-
forming” if measured with XRD and DSC. As the strain
glass transition involves the formation and freezing of

nano-sized ferroelastic domains, such a process does not
cause a XRD peak splitting. This is why XRD does not
show any obvious signature of a phase transition
(Fig. 1c). Nevertheless, the growth of nano-domains causes
a broadening of the XRD peak, as shown in Fig. 1d. On
the other hand, the gradual evolution of the nano-domains
extends over a wide temperature range (>100 K) and there
is no abrupt change in entropy at any temperature; this
leads to a negligible thermal effect in the DSC curve
(Fig. 2).

Fig. 8 shows that the resistivity measurement, which is a
simple technique, can be utilized to determine the impor-
tant glass transition temperatures Tnd (TIN) and T0 (TI).
We shall later use this simple method to determine the
phase diagram of the Ti50Ni50�xFex system.

4.2. Phase diagram of Ti50Ni50�xFex ferroelastic system

With the systematic measurements shown from Figs. 1
to 8, we are able to provide a new phase diagram for the
Ti50Ni50�xFex ferroelastic system, as shown in Fig. 9. Com-
pared with an early version of the phase diagram [27], the
new phase diagram shows the following important features
that have not been shown before:

(1) There exists a hitherto unknown state, strain glass,
when x P 6.

(2) There exists a crossover from martensitic (including
R) transformation to strain glass transition when Fe
doping level exceeds 5 (x P 6). A more detailed mea-
surement has found that the crossover occurs at
x � 5.5 [34].

Fig. 7. Hysteresis properties of strain glass transition in Ti50Ni43.5Fe6.5. (a) Heat flow curves; (b) electrical resistivity measurements; (c) internal friction
with frequency 1 Hz; and (d) storage modulus with frequency 1 Hz.
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(3) In Fe-doped Ti–Ni alloys, quasi-static nano-domains
start to appear at a temperature (Tnd) well above Rs

(for x < 5) or T0 (for x P 6). Tnd corresponds to
the start of ergodicity-breaking and to the commonly
known “pre-martensitic state” or “precursory nano-
domains state”.

In the strain glasses (x P 6), the freezing process of
R-like nano-domains occurs between Tnd and T0. The ran-
domly distributed point defects play two important roles in
the transition process: (a) they lower the thermodynamic
stability of both nano-domains and long-range ordered
structures (martensite) of the R-phase, which can be seen
from the dependence of the phase transition temperatures

on defect concentration (Rs or Ms vs. x); (b) they promote
the freezing of the R-phase nano-domains once they form
(i.e. convert dynamic domains into static ones), which
can be seen from the Tnd vs. x curve on the phase diagram.
It should be noted that Tnd is the temperature at which
quasi-static R-like nano-domains start to appear (or the
onset of ergodicity-breaking), which is different from Ms

(or Rs). The latter represents thermodynamic stability of
martensite (long-range order). Increasing point defect con-
centration x lowers the thermodynamic stability of mar-
tensite and hence lowers Ms (or Rs). However, the onset
of quasi-static nano-domains is dependent on both thermo-
dynamic stability of martensite (R) and the local stress/
strain field caused by point defects (i.e. the local field
effect). At high defect concentrations, the local field effect
becomes dominant and Tnd increases with defect
concentration.

It should be noted that the nano-domains of the strain
glass have an R-like structure, which is the same as the cor-
responding R-martensite in the neighboring regime of the
phase diagram. Therefore, the short-range strain order of
this system is the same as the long-range strain order
(R-martensite). This situation is different from the case of
Ni-rich Ti–Ni, where the system has an R-like short-range
strain order but a B190 martensite. Similar situation has
been found in relaxor ferroelectrics [35,36], where the
long-range order can be either the same as or different from
the short-range order. Whether the short-range strain order
in strain glass is the same as the long-range strain order in
martensite depends on how the point defects alter the
transformation path. It is obvious that Fe-doped Ti–Ni
system prefers both short-range and long-range order R,
while excess N-doped Ti–Ni system prefers short-range
order R and long-range order B190. The same short-range
and long-range strain order makes Ti50Ni50�xFex system

Fig. 8. Correlation among different characteristics of a strain glass
transition. (a) Internal friction results with frequency 0.2–4 Hz; (b)
electrical resistivity measurements; (c) ZFC/FC curves. The correspon-
dence of inflection point position TI in the electrical resistivity curve, the
ideal strain glass transition temperature T0 determined from the DMA
measurements and the frozen temperature Tf identified by the ZFC/FC
curves is indicated by the dashed line on the left. T0 was obtained through
fitting the experimental data to the Vogel–Fulcher law (see the inset in (a)).
Another dashed line indicates the correspondence of the inflection point at
high temperature (TIN � 270 K) of the resistivity curve and the ergodicity-
breaking start temperature Tnd shown in the ZFC/FC curves. (d)
Schematic microscopic illustration of strain glass freezing process. The
arrows represent the local strain states caused by point defect. The white
and black colors represent different martensitic variants.

Fig. 9. Phase diagram of Ti50Ni50�xFex ferroelastic system (color online).
The blue circles show the phase transformation temperatures from DSC
results, the red triangles describe the glass transition temperature T0

obtained through fitting the DMA results and the black squares are the
phase transformation temperatures determined from the electrical resis-
tivity curves. Rs and Ms are the normal R-phase and B190 phase
martensitic transformation temperatures, Tnd is the start of ergodicity-
breaking temperature, and T0 is the strain glass transition temperature.
(For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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an ideal or prototypical system for establishing strain glass
theories.

With this new phase diagram, all the previous puzzles
about the Ti–Ni–Fe system, such as the abnormal non-
transforming compositions, the negative temperature
dependence of electrical resistivity, and the nature of the
pre-martensitic nano-domains, can be easily understood.

4.3. Origin of negative temperature dependence of electrical

resistivity

A negative temperature dependence (NTD) of electrical
resistivity is characteristic of insulators rather than metals.
However, Ti–Ni–Fe and Ni-rich Ti–Ni systems exhibit
NTD in martensitic alloys prior to the martensitic transfor-
mation and in the abnormal non-transforming alloys [13–
15,21,22] (now proven to be strain glasses). Such abnormal
behavior has been studied through the first principle simu-
lation in the frame of electronic structure recently [21,22].
Now with the relationship between the resistivity and the
microscopic picture of the strain glass established in this
study (Fig. 8d), we could offer a simple phenomenological
explanation for the NTD of the alloys with x P 6.

The understanding of NTD can be derived from the fol-
lowing three important facts: (1) ferroelastic nano-domains
start to appear at Tnd and gradually increase in size and
volume fraction with decreasing temperature, as shown in
Fig. 8d; (2) the nano-domains have R-phase structure, as
suggested by the 1/3 superlattice diffraction spots (Fig. 6);
(3) the R structure has a higher specific electrical resistivity
than that of the B2 parent phase, as can be seen from
Fig. 3. At T > Tnd, the system exhibits a normal metallic
behavior, i.e. having a positive temperature dependence
of resistivity. Below Tnd, nano-sized R-domains with
higher specific resistivity start to form and increase gradu-
ally in volume fraction. This leads to an opposite effect
from the normal phonon scattering effect in metals, as
shown in Fig. 8b. With further decrease in temperature,
the volume fraction of the R-like nano-domains further
increases and their positive contribution to the resistivity
eventually exceeds the phonon scattering effect. As a result,
the resistivity increases with decreasing temperature when
the temperature is well below Tnd, as shown in Fig. 8b.

A similar NTD phenomenon has been reported for Ni-
rich Ti–Ni and Ti–Ni–Fe martensitic systems prior to their
martensitic transformation temperatures [13–15] (also
observed in the current study for Ti50Ni46Fe4). The physi-
cal origin is the same as the one discussed above for strain
glasses. For example, nano-sized R domains appear well
above the martensitic transformation temperature in these
systems (e.g. Tnd�Ms (or Rs)) [16] and the NTD is caused
by gradual increase in volume fraction of the R-like nano-
domains prior to the martensitic transformation.

It should be noted that different views on the nature of
these effects exist [21,22], which consider that such resistiv-
ity anomaly is caused by nesting effect of Fermi surface.
But our strain glass scenario seems to provide a consistent

explanation for all the properties observed, including ther-
mal, mechanical, and electrical properties.

5. Summary

Strain glass transitions were discovered in Fe-doped ter-
nary Ti50Ni50�xFex alloys when x exceeds a critical value
xc (5 < xc < 6). With the discovery of strain glass transition
in this well-studied system, all previous puzzles associated
with these abnormal non-transforming alloys (x > xc) can
now be explained, such as the broad hump in DSC curves,
abnormal negative temperature dependence (NTD) of elec-
trical resistivity. A complete temperature–composition
phase diagram was established, which includes pre-martens-
itic state, martensite and strain glass.
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