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ABSTRACT

We report unique two-step strain glass transition toward different local strain states in NiTi, i.e. R and
B19’ strain glasses. This unique transition is evidenced by dynamic mechanical analysis and in-situ
HR-TEM. A comprehensive phase diagram is established to illustrate diverse transition pathways and
corresponding tunable superelastic properties. This pathway exploits the integrated transition of dif-
ferent phases, lowering the transition energy barrier, yielding superelasticity with large recoverable
strain (6%), ultralow modulus (24 GPa) and robust cyclic and wide-temperature stability. Our inves-
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tigation provides fresh insights into continuous transition pathways among different strain glass
states to achieve exceptional properties in shape memory alloys.
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Glass-to-glass transitions offer insights into the ener-
getic dynamics of short-range ordered states [1-3]. Ini-
tially observed in colloidal systems, these transitions
arise from the interplay between anisotropic short-range
interactions and rotational/translational degrees of free-
dom [4-7]. Recent studies extend this phenomenon to
metallic and ferroic glasses [8,9]. In a multi-principle
element metallic glass system, annealing-induced tran-
sitions occur from high- to low-energy configurations
before crystallization, driven by high-entropy effects
[8]. Similarly, in ferroic glasses, glass-to-glass transi-
tion has been observed in a relaxor ferroelectric sys-
tem, where computer simulations demonstrate transi-
tions between different local polarization states within a
percolating electric-dipole network [9]. Ferroic glasses,
featuring short-range ferroic order parameters (polariza-
tion, magnetization, and strain) within crystalline atomic
structures, constitute a distinct glass family [10-12].
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Despite the presence of multiple long-range ordered fer-
roic phases (ferroelectric, ferromagnetic and martensite)
and complex multi-step ferroic transformations [13-15],
glass-to-glass transitions in ferroic glasses remain pri-
marily observed in relaxors, lacking direct experimental
validation in other ferroic systems. The absence of obser-
vations in other ferroic systems and the lack of experi-
mental evidence challenge its general applicability in the
broad context of ferroic glasses.

The emerging ferroic glassy state in shape mem-
ory alloys (SMAs), termed strain glass, undergoes a
freezing process characterized by frustrated short-range
strain order with random martensitic nanodomains, as
evidenced by viscoelasticity measurements in dynamic
mechanical analysis and microstructural characteriza-
tion [12,16]. Despite the identification of numerous
strain glass systems [17-19], transitions between differ-
ent strain glass states in SMAs remain poorly explored.
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Little is known about potential transition pathways and
the nature of glass-to-glass transitions within the realm
of strain glass states in SMAs. Thermomechanical treat-
ments, such as cold-working and/or annealing, induce
multi-step martensitic transformations (MTs) in NiTi
SMAs, notably promoting the intermediate R phase fol-
lowed by the B19’ phase martensite [20-23]. Previ-
ous investigations have predominantly focused on fully
developed R-phase martensite, primarily indicated by
measurements of transformation latent heat [23-25].
However, due to a lack of proper methods to inves-
tigate non-autocatalytic and non-avalanche-like transi-
tions without a heat-flow latent heat signal, the contin-
uous transition behavior has not been fully understood
in cold worked and low-temperature annealed NiTi SMA
without conventional MTs. Prior works on cold-rolled
NiTi alloy have revealed a B19’ strain glass transition
in the absence of B19’ MT under sufficient deforma-
tion [26,27]. It is conceivable that, in partially annealed
NiTi subjected to a significant amount of deformation but
prior to the introduction of R and B19" MTs, a two-step
strain glass transition path exists among different strain
glass states.

In this work, we report a novel two-step strain glass
transition (TSGT) (B2 parent phase — R strain glass —
B19’ strain glass) in NiTi. The existence of the TSGT is
confirmed by (i) the absence of latent heat peak in differ-
ential scanning calorimetry (DSC), (ii) the preservation
of an average parent phase structure by in-situ cooling
X-Ray diffraction (XRD), and (iii) the emergence of a
second frequency-dependent modulus dip in viscoelastic
measurement via dynamic mechanical analysis (DMA).
This TSGT demonstrates cyclic-stable superelasticity,
showcasing large recoverable strain and ultralow modu-
lus compared to various superelastic materials. Further-
more, the microstructure evolution during the TSGT
process, characterized by the continuous appearance of
R-like and B19’-like nanodomains, is directly observed
using high-resolution transmission electron microscopy
(HR-TEM).

A commercial Tis9,Nisg g (at. %) shape memory alloy
underwent solution treatment at 1273 K for 24 h in evac-
uated quartz tubes, followed by water quenching to
ensure compositional uniformity. Cold rolling was then
performed with 40% thickness reduction, followed by
annealing at various temperatures (ranging from 473 to
873 K) for 2 h, denoted as CR, and A473x ~ Ag73k sam-
ples in this work. Specimens were then cut by electric
discharge machining to different shapes for further analy-
sis. DSC measurements were conducted using a TA Q200
with a cooling and heating rate of 10 K min™! to mea-
sure the heat flow curve and transformation latent heat.
Viscoelasticity was evaluated by measuring the storage
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modulus using a TA Q800 DMA employing a step-
cooling method with a single cantilever holder, covering
a frequency range from 0.2 to 20 Hz. Electrical resis-
tivity measurements were performed using four-point
method with a constant current of 100 mA under a cool-
ing and heating rate of 2K min~!. XRD analysis was
conducted using a Bruker D8 Advance XRD instrument
with Cu Ko radiation source to analyze the average phase
structure during transition upon cooling. For mechanical
testing, samples underwent tensile tests using an Instron
5969 universal test machine under a loading-unloading
strain rate of 107> s™!. A video extensometer with a
gauge length of 10 mm recorded the superelastic strain.
Wide-temperature mechanical property testing was con-
ducted in a chamber cooled by liquid nitrogen. The
samples were tensile cycled under controlled maximum
stress to test the cyclic stability of superelasticity. Foils
for TEM observations were prepared using twin jet elec-
tropolishing with electrolyte consisting of 20% H,SO4
and 80% CH3OH (vol.%) at 253K. A ThermoFisher
Talos-F20 scanning/transmission electron microscope
(S/TEM) operating at 200 kV with a field-emission gun
equipped with a Gatan cooling holder was used for in-
situ cooling selected-area diffraction (SAD) patterns and
HR-TEM imaging. DigitalMicrograph software (version
3.43.3213.0) was used for fast Fourier transformation
(FFT) and inverse fast Fourier transformation (IFFT)
processing.

The DSC heat flow curves are illustrated in Figure 1(a)
during cooling within the temperature range of
375-125K, revealing distinct transition behaviors among
samples subjected to different cold-rolling and/or anneal-
ing conditions. The well-annealed Ag73x sample exhibits
conventional one-step B2-B19’ MT. Meanwhile, the
A773x ~ Asy3k samples display two-step MTs, evidenced
by the presence of two exothermic peaks during cool-
ing, indicating B2—R—B19’ MTs [21,23,28-30]. As the
annealing temperature decreases, both latent-heat peaks
associated with R and B19" MTs progressively weaken.
Remarkably, the Agy3x sample shows no discernible
exothermic peaks during cooling, resembling the behav-
ior of the CR sample previously identified as display-
ing strain glass transition [26,27]. Detailed heat flow
curves of the A473x sample upon cooling and heating
are depicted in Figure 1(b), where both exothermic and
endothermic peaks are absent. In-situ cooling XRD pro-
files of the A473x sample are obtained from temperatures
ranging from 373 to 123 K, as shown in Figure 1(c). The
normalized XRD profiles, focused on the (110)p; diffrac-
tion peak, indicate the absence of R or B19” diffraction
peaks, suggesting an average B2 parent phase structure
during cooling. The (110)p, peak weakens and broadens
during in-situ cooling, indicating a gradual reduction in
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Figure 1. DSC and in-situ cooling XRD analysis. (a) DSC heat flow curves upon cooling of the CR and A3k ~ Ag73k samples. (b) Cooling
and heating heat flow loop of the A473k sample. (c) In-situ cooling XRD profiles of the As73x sample.

the volume fraction of the B2 parent phase and refine-
ment in the microstructure. Thus, the A473x annealed
sample is evident to be free of MT, maintaining an average
structure of B2 parent phase upon cooling, as confirmed
by DSC and XRD.

To delve deeper into the transition behavior, electri-
cal resistivity curves of samples under different anneal-
ing conditions are measured upon cooling and heating.
Figure 2(a) illustrates the temperature dependence of
relative electrical resistivity normalized by the value at
373 K. During cooling, the electrical resistivity typically
increases during the B2— R transition while decreasing
during the B2—B19" and R—B19’ transitions [31,32].
In the Agysx sample, the sudden drop represents a
B2—B19" MT, consistent with DSC findings. For the
A773x, A¢73k> Asysk samples, R-phase MT is detected
with an abrupt increase in electrical resistivity upon
cooling, indicated by the R-phase start (Rs) tempera-
ture in Figure 2(a). A subsequent sharp decrease signi-
fies the B2—R—B19’ two-step MTs, resulting in signifi-
cant thermal hysteresis between the cooling and heating
resistivity curves of these samples [21,23,33]. In the CR
sample, R-phase transition is suppressed. As a result,
the electrical resistivity curve shows a gradual decrease
upon further cooling, indicating one-step B19’ strain
glass transition [26,27]. In the A4y3x sample, the nega-
tive temperature coefficient of resistivity related to the

R-like transition is enhanced compared to the CR sam-
ple, accompanied by an increased maximum in relative
resistivity, while the slim hysteresis behavior remains sig-
nificantly different from that of the R and B19’ MTs in
As73x ~ Agysx samples. These resistivity measurements
suggest a B2—R—B19’ two-step continuous transition
in the A473x sample.

To analyze the observed continuous transition behav-
ior in the A473x sample, viscoelasticity measurement is
conducted by DMA. Figure 2(b) presents storage modu-
lus curves at different driving frequencies during cooling,
revealing two distinct frequency-dependent dips corre-
sponding to the two-step transition behavior in resistivity
measurements. Both modulus dips shift to higher tem-
peratures logarithmically with increasing frequency. The
non-Arrhenius frequency dependence of the strain glass
transition temperature (Tg) in both dips is then fitted
using the empirical Vogel-Fulcher relation [34,35],

___ Eq
o= wy x e KBTz=To)

(1)

where o is the frequency in DMA measurement, @y is
a constant, E, is the activation energy, kg is the Boltz-
mann constant, T, is the measured strain glass transi-
tion temperature obtained by the dipping temperature of
storage modulus, Ty is the ideal strain glass transition
temperature at 0 Hz. The best fits in Figure 2(c,d) give
T(1)319’ = 245K, and Tg = 294K, which are consistent
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Figure 2. Resistivity and DMA measurements of the A473x sample. (a) Resistivity measurements. T4 refer to onset temperatures the
R-like precursor. (b) DMA analysis of the 473 Kannealed sample. (c—d) Fitting of the Vogel-Fulcher relation for two frequency-dependent

dips.

with the resistivity curves in Figure 2(a), providing evi-
dence for a two-step strain glass transition. The obtained
strain glass transition temperatures of the current TSGT
are elevated in comparison with the point-defect-induced
strain glass systems in TiNi and TiNb SMAs [12,36],
which can be attributed to the fact that the alloy composi-
tion corresponds to lower stability (i.e. higher transition
temperature) of the martensitic phases [31], similar to the
dislocation-induced strain glass systems [26,27,30]. The
thorough examination of transition behaviors through
DSC, electrical resistivity, and DMA provides conclu-
sive evidences for the presence of a B2—R—B19’ TSGT
pathway in NiTi SMA.

The phase diagram illustrating all the stain states and
transition pathways among them in the cold-rolled and
annealed TiNisog alloy is hereby provided in relation
to the annealing temperature, as shown in Figure 3(a).
The characteristic temperatures of MTs and strain glass
transitions are summarized from DSC, DMA, and resis-
tivity measurements. It should be noted that the region
below the Ty temperature, as measured by resistivity,
represents the precursory region of R strain glass [37].
To compare the superelastic properties among different
MT and strain glass transition pathways demonstrated
in this newly established phase diagram, stress—strain
curves are measured under cyclic tensile test for 100
cycles. Figure 3(b-e) shows the stress—strain loops, with
the first cycle in black and the last in red. The Ag73k

and As73k samples with B2— B19’ or B2—R—B19’ MTs
exhibit typical stress-induced MT (SIMT) behavior char-
acterized by a stress plateau and a large stress—strain loop
hysteresis. Severe functional fatigue is observed, as evi-
denced by the rapid degradation of recoverable strain
and superelastic behavior. It should be noted that due to
the relatively high Rs temperature in the As73x sample
above room temperature, the superelasticity detected in
Figure 3(c) is generated by stress-induced R—B19" MT.
In contrast, the CR and A473x samples with B2—B19
or B2-5R—B19 strain glass transitions display slim
superelastic stress—strain loops from the beginning, and
no significant degradation is observed after the subse-
quent cycles. The CR sample with B2— B19’ strain glass
exhibits quasi-linear superelasticity, while the A473x sam-
ple with B2—»R—B19" TSGT demonstrates non-linear
superelasticity with obvious modulus softening. In this
way, tunable superelastic functional properties from con-
ventional plateau-like behavior to quasi-linear behavior
can be fully understood and harnessed via the established
phase diagram and corresponding transition pathways in
the cold rolled and annealed NiTi alloy.

The strength, recoverable strain and modulus before
and after cycles of different samples are summarized and
plotted in Figure 4(a—c) to facilitate a direct comparison
of the superelastic properties among different transition
pathways. Increased strength, serving as the stimulus
stress of superelasticity, and decreased initial superelastic
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Figure 3. Phase diagram involving various transition pathways and corresponding tunable superelastic properties.

recoverable strain in Figure 4(a,b) indicate a reduction of
overall transformability under lower annealing temper-
ature with strengthened structural confinement to sup-
press conventional MT while inducing strain glass tran-
sition. Meanwhile, the structural confinement enhances
the cyclic stability in strain glass transition compared to
MTs, as shown in the reduction in recoverable strain after
cycle training between the initial and stabilized values in
Figure 4(b). Notably, the A473x sample exhibits the high-
est cyclic stable superelastic recoverable strain (~ 6%)
among all transition pathways. To compare the elastic
modulus of various non-linear superelastic behaviors in
different samples, an apparent modulus is used here by
measuring the slope of the initial stress—strain curve, as
defined and illustrated in Figure 3(b-d). Non-monotonic
modulus in relation to annealing condition is detected, as
shown in Figure 4(c) with value of 24 GPa in A473x sam-
ple after cyclic stabilization. Surprisingly, the lowest mod-
ulus (18 GPa) is measured in in As73k sample, attributed
to the unique stress-induced R—B19” MT completely
different from other pathways initiated from B2 parent
phase. The superelastic properties at room temperature
are then evaluated in comparison with various supere-
lastic materials, as shown in Figure 4(d) with an Ashby
map of recoverable strain and modulus [24,38-48]. It is
evident that among different superelastic materials, the
samples in this work exhibit cyclic stable superelastic-
ity with superior large recoverable strain and ultra-low
modulus.

In order to directly observe the microstructure evolu-
tion during the TSGT in the A473x sample, in-situ cooling

TEM SAD patterns and HR-TEM images are obtained
below the strain glass transition temperatures of R and
B19 strain glass, respectively. At 290K, as shown in
Figure 5(a), the SAD pattern in [111]p; zone axis reveals
weak additional diffraction spots near the 1/3 locations of
B2 signals (1/3 spots), suggesting the presence of R-like
phase. The HR-TEM image in Figure 5(b) captures the
lattice image of R-like nanodomains, with correspond-
ing FFT reflections near 1/3 locations. A random spatial
distribution of the R-like nanodomain is shown by the
IFFT in Figure 5(c) by selectively choosing the corre-
sponding reflections near 1/3 locations. Upon cooling to
240K, weak spots near the 1/2 positions appear in the
SAD pattern (the 1/2 spots), suggesting the presence of
B19'-like structure. The HR-TEM image in Figure 5(e)
captures the lattice structure of both the B19’-like and
R-like nanodomains. By selectively choosing the corre-
sponding reflections near 1/3 and 1/2 locations, an IFFT
image is obtained to illustrate the spatial distribution of
both R-like and B19'-like nanodomains in Figure 5(f).
Different from the long-range strain-ordered multi-twin
martensite, both R-like and B19'-like nanodomains fol-
lowing this TSGT pathway remain only local strain order
with a random spatial distribution. The in-situ cooling
observations provide direct evidence of the continuous
transition process of R and B19’ strain glasses during the
TSGT pathway.

Corresponding to the microstructural evolution, the
temperature dependence of superelasticity in A473x sam-
ple is investigated through tensile tests from 329 to 119 K.
The results in Figure 5(g) exhibit wide-temperature stable
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superelastic behavior. The recoverable strain, hysteresis
and Young’s modulus are then evaluated as function of
testing temperature, as shown in Figure 5(h—j). Upon
cooling, slight decreases in recoverability and hysteresis
are observed with stabilized values below the strain glass
transition temperature, while the Young’s modulus first
decreases due to the softening by appeared R and B19’
martensitic nanodomains and then increases under the
following frozen process. The higher glass transition tem-
perature produces abundant austinite/martensite inter-
faces together with the nanodomain structure dur-
ing strain glass transition close to room temperature,
which generates modulus softening behavior and con-
tributes to the ultralow modulus measured in room-
temperature tensile tests [49]. The recoverability shows
a plateau above T(I} (294 K), with about 6% stable recov-
erable strain. The hysteresis exhibits a rapid decrease
upon cooling to a stable value of approximately 5
J-cm ™3 below T(l)319/ (246 K) down to 119 K. The Young’s
modulus shows nonmonotonic tendency, with lowest
value near T(])319,. As demonstrated in previous works
[26,27,36,50,51], the strain glass exhibits a confined con-
tinuous growth of martensitic nanodomains upon cool-
ing or loading. Below the glass transition temperature,
random nanodomains of different variants of marten-
site may transform to preferred variants by the external
stress upon loading, which then restore the initial state

upon unloading due to the confinement of the stress-
carrying defects, giving rise to superelasticity below T
[27,51-53]. These observed superelastic characteristics
are strongly corelated with the TSGT pathways and
related microstructural evolution in A473x sample, offer-
ing an essential microstructural foundation for optimiz-
ing the functional properties NiTi SMAs over a wide
temperature range by regulating the continuous strain
glass transition behavior.

The presence of percolating nanoscale strain networks
has been established as essential for the formation of
conventional strain glasses [54,55]. However, whether
such a strain network could stabilize distinctively differ-
ent strain glass states and allow the transition from one
to another remains unclear. Previous studies have indi-
cated that R and B19’ strain glasses could be induced by
strain network with different strength [26,55,56]. Thus,
R and B19Y’ strain glasses may appear and freeze sub-
sequently under different driving force by the partial
recovery annealing of the severe confinement induced
by cold work [26]. The R nanodomains with smaller
transformation strains will appear first, while B19’ nan-
odomains with larger transformation strains need higher
driving force upon further cooling or loading, leading
to the observed TSGT pathway. Similar to the study
of structural glasses where energy landscape sampling
techniques in atomistic simulations have been used to
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probe the activation barriers [57], atomistic simulations
have been used to extract activation energy barriers
for strain glass transitions [54,55]. In both cases, the
simulation results are consistent with the signatures in
DMA measurements. When atomic potentials become
available for characterizing the two distinct martensitic
phases within the same system, such atomistic simu-
lations would shed light on the origin of the transi-
tion mechanism between different strain glass states and
worth pursuing. Attributed to the severe confinement
required to induce strain glass [17], the overall trans-
formability of the system is often limited, resulting in
quasi-linear behavior with reduced recoverable strains

and high stimulus stresses [26,27,50]. In this work, by
introducing a transition pathway between different strain
glass states with varying local strains, the superelas-
tic recoverable strain of strain glassy SMAs is further
enhanced by incorporating the transformation strain of
different martensitic phases.

Phase transformations, including strain glass tran-
sitions, have been shown to exert a notable influence
on the modulus of NiTi SMAs and metastable £-Ti
alloys including TiNb SMAs [26,36,58,59]. Metastable
B-Ti alloys with low moduli, such as Gum metal
and Ti2448 [60,61], have been observed in previous
studies to undergo a one-step strain glass transition



[36,62], contributing to multifunctionality, including
high strength, low modulus (40-50 GPa), and Invar and
Elinvar effects. The stress-induced continuous growth
of martensitic nanodomains without encountering a
nucleation energy barrier contributes to an additional
strain response under applied stress, resulting in a sig-
nificantly lower modulus in strain glass systems com-
pared to conventional metallic materials. In this study,
as demonstrated by the R-B19’ martensitic transforma-
tion in Figure 4, the intermediate R phase can markedly
reduce the energy barrier, resulting in a low apparent
modulus, albeit with severe fatigue due to conventional
MT. Similarly, by employing an intermediate R strain
glass preceding the B19’ strain glass, this TSGT pathway
yields the ultralow modulus obtained (24 GPa) compared
to both MT and one-step strain glass transition in NiTi
and metastable £-Ti alloys, while maintaining a supe-
rior cyclic stability due to controlled strain release under
continuous transition behavior.

In conclusion, this study has demonstrated a two-step
strain glass transition (TSGT) in NiTi SMA. The transi-
tion behavior investigated by DSC, DMA and electrical
resistivity reveals a TSGT pathway of B2 — R strain glass
— B19’ strain glass. A comprehensive phase diagram
is established through detailed transition behavior mea-
surements to illustrate different strain states and various
transition pathways. Functionality underlying different
transition pathways is thoroughly examined to reveal
tunable superelasticity from plateau-like to quasi-linear
behavior. Among different transition pathways and vari-
ous superelastic materials, the sample with TSGT in this
work exhibits superior cyclic stable superelasticity with
~ 6% recoverable strain, ~ 24 GPa Young’s modulus. By
gaining a deeper understanding of different strain glass
states through the TSGT pathway, this research opens
new possibilities for exploring and harnessing the full
potential of SMAs.
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