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Abstract Strain glass, a short-range strain-ordered state of
martensitic/ferroelastic material, has drawn much interest
in recent years due to its novel properties unattainable in
martensitic materials. So far, typical or conventional strain
glasses have been reported to be characterized by nano-
sized martensitic domains formed from a homogeneous
parent phase matrix. This article reviews the recent pro-
gress in “non-conventional strain glass,” which is different
from the conventional strain glasses reported so far. We
first introduce a “reentrant strain glass,” where strain glass
nanodomains are formed from a martensitic phase instead
of from a parent phase. The reentrant strain glass can show
low modulus and high damping properties over a wide
temperature range. The second non-conventional strain
glass is a “spinodal strain glass” produced by a spinodal
decomposition in its early stage. This unique strain glass is
formed from a nanoscale compositionally inhomogeneous
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parent phase (by spinodal decomposition). The spinodal
strain glass demonstrates high-damping Elinvar effect over
an ultrawide temperature range. These non-conventional
strain glass alloys may have potential for novel applica-
tions as new structural-functional materials.

Keywords Strain glass - Reentrant glass transition -
Spinodal decomposition - High damping - Elinvar

Introduction

Strain glass (STG), the conjugate glassy state of marten-
sitic/ferroelastic phase, has been reported in many
martensitic/ferroelastic alloys and ceramics, including Ni-
rich Ti—Ni, TiNi-based, TiPd-based, B-Ti-based, Mg-based
and magnetic shape memory alloys, ceramics, and ferro-
electric materials [1-15]. They are characterized by the
existence of nano-sized martensitic domains over a broad
temperature range [l1-15]. The response of strain glass
under stimuli can involve only a growth process without
nucleation due to nanodomains acting as the nuclei. Due to
these nanodomains, the strain glass possesses many inter-
esting and technologically important properties of strain
glass, e.g., superelasticity with slim hysteresis, low field-
triggered large magnetostriction, Invar (negligible change
in thermal expansion with temperature changes) effect, and
Elinvar (negligible change in elastic modulus with tem-
perature changes) effect over a wide temperature range
[2-4, 16, 17].

Strain glass is formed by the atomic/nanoscale ran-
domness which disrupts the formation of normal martensite
[1-4, 18-20]. By doping defects into a martensitically
unstable alloy, the atomic/nanoscale randomness is intro-
duced, leading to the disappearance of long-range strain
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ordering; instead, the alloy undergoes a strain glass tran-
sition into nano-sized martensitic domains embedded in the
homogeneous parent phase matrix, with long-range strain
disordering but short-range strain ordering [1-4]. As a
consequence, the average structure of strain glass usually
shows the structure of the parent phase, which is usually
cubic, e.g., B2 structure for Ni-rich Ti—Ni and TiNi-based
strain glass alloys [1-4]. Contrasting with the above-men-
tioned typical or “conventional” strain glass, two “non-
conventional” strain glasses have been reported recently
[21, 22] and interesting properties have been revealed. In
the following, we shall briefly review these new findings
and will make an outlook for the potential of these non-
conventional strain glasses as novel types of functional/
structural materials.

Reentrant Strain Glass

Contrast with the conventional strain glass which is formed
from a high-temperature strain-disordered state (parent
phase) into a low-temperature strain glass state (charac-
terized by nano-sized martensite domains), a special type
of strain glass (called reentrant strain glass) has been found
to exist, which is characterized by the formation of nano-
sized martensitic domains (with symmetry A) from a
macroscopic martensite of a different structure (with
symmetry B). This unusual type of strain glass is named
“reentrant strain glass” (RSTG) [21], because it seems that
a long-range strain-ordered system (normal martensite)
reenters into a frozen disordered glassy state. The reentrant
strain glass transition is physically parallel to reentrant spin
glass transition and reentrant relaxor transition in ferro-
magnetic and ferroelectric systems [23, 24]. In the fol-
lowing, we shall show the macroscopic and microscopic
features of reentrant strain glass and their unique proper-
ties, as well as the origin of this non-conventional strain
glass.

Macroscopic Characterization of Reentrant Strain
Glass Transition

As shown in Fig. 1, Ti5oNizyCu;e shape memory alloy
undergoes the RSTG transition from the B19 martensite to
the reentrant strain glass below B2-B19 martensitic
transformation. Upon cooling, TisoNiz4Cu¢ firstly trans-
forms from B2 parent phase into B19 martensite at Tg;o.

~ 330 K, characterized by a structural change from cubic
to orthorhombic (Fig. 1a), a sharp peak in heat flow curve
(Fig. 1b), thermal hysteresis of electrical resistivity
(Fig. 1c), and a large drop of modulus and a sharp peak of
internal friction (tan J) (Fig. 1d).

The reentrant strain glass transition occurs at T,
~ 220 K, supported by five macroscopic evidences.
(I) The XRD results in Fig. la indicate that the average
structure does not change from 293 to 133 K. (I) No
exothermal peak exits in the DSC cooling curve of Fig. 1b
but a turning point shows up at T,, as shown in the
derivative of heat flow curve (inset of Fig. 1b). (III)
Electrical resistivity curves show a slope change at T}, but
no thermal hysteresis (Fig. 1c). (IV) During the cooling
process, the modulus starts to increase at T,, and in the
same time the internal friction shows a peak at T,
(Fig. 1d). What’s more, both the storage modulus and
internal friction curves display frequency dispersion around
T,,. The frequency-dependent peak temperature of internal
friction obeys the Vogel-Fulcher relation. (V) Ergodicity is
broken as shown in the field-cooling/zero-field-cooling
(FC/ZFC) curves (Fig. le). These five features are con-
sistent with those of previous strain glass transitions [1-4].
Therefore, TisoNiz4Cu;¢ undergoes firstly B2-B19
martensitic transition at Tz;¢ and then reentrant strain glass
transition at 7.

Here, the interesting point is that the average structure of
reentrant strain glass belongs to the B19 orthorhombic
phase instead of the B2 parent phase and keeps invariant
during the RSTG transition. Note that the position of the
characteristic B19 peaks (002),, (020),/(111),, and (012),
show a weak shift upon cooling, whereas the width of these
peaks shows clear broadening from 293 to 133 K as shown
in a quantitative analysis of broadening in Fig. 2, which is
due to the appearance and growth of nanodomains similar
to the conventional strain glass transition [12].

Microscopic Characterization of Reentrant Strain
Glass

Figure 3 shows the microscopic picture of reentrant strain
glass in TisgNizsCu;e shape memory alloy. At 293 K, the
morphology of TisgNizuCuye alloy shows typical marten-
sitic plates and the corresponding diffraction pattern shows
the typical 1/2 diffraction spots caused by the shuffle dis-
placement of B19 structure [25, 26]. When cooling to
133 K, the martensitic domains show nearly no change,
while additional 1/4 diffraction spots appear in the
diffraction pattern.

By comparing the high-resolution TEM images at 293 K
and 133 K, it can be clearly seen that when cooling from
293 to 133 K during the reentrant strain glass transition,
some nano-sized domains appear, embedded in the large
B19 martensitic domain as shown in Fig. 3b. Furthermore,
the modulation period of these nanodomains is 4, being
consistent with the additional 1/4 diffraction spots, sug-
gesting the local symmetry of these nanodomains is 4H
[21, 27]. In short, during the reentrant strain glass
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«Fig. 1 Macroscopic characterization of reentrant strain glass transi-
tion of TiseNiz4Cujs. a XRD results show that the average structure
changes from B2 to B19 from 373 to 293 K and keeps invariant
during reentrant strain glass transition from 293 to 133 K. b-
e Physical properties as a function of temperature reveal that upon
cooling TisoNizsCu;g undergoes the B2-B19 martensitic transforma-
tion at Tp;9 and then the RSTG transition at 7,,. b Heat flow.
¢ Electrical resistivity. d Storage modulus and internal friction (tan 9).
e FC/ZFC curves. RSTG denotes reentrant strain glass [21]. Reprinted
from Acta Materialia, Vol 226, Wenjia Wang, Yuanchao Ji, Minxia
Fang, Dong Wang, Shuai Ren, Kazuhiro Otsuka, Yunzhi Wang,
Xiaobing Ren, Reentrant strain glass transition in Ti-Ni—Cu shape
memory alloy, Page 117, 618, Copyright 2022, with permission from
Elsevier
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Fig. 2 In situ X-ray diffraction patterns of TisoNiz4Cu,e alloy upon
cooling from 293 to 133 K. Note that the width of (002),, (020),/
(111),, and (012), peaks, characterized by the full width at half
maximum (W), becomes broader upon cooling [21]. Reprinted
from Acta Materialia, Vol 226, Wenjia Wang, Yuanchao Ji, Minxia
Fang, Dong Wang, Shuai Ren, Kazuhiro Otsuka, Yunzhi Wang,
Xiaobing Ren, Reentrant strain glass transition in Ti-Ni—Cu shape
memory alloy, Page 117, 618, Copyright 2022, with permission from
Elsevier

transition, the nanodomains of 4H symmetry emerge within
the large B19 martensitic plates.

Distinctiveness of Reentrant Strain Glass

The new TisgNiso.,Cu, phase diagram including the reen-
trant strain glass region is presented in Fig. 4a. When
x < 7.5, B2-B19’ martensitic transition occurs; when 7.5
< x < 15, B2-B19-B19’ martensitic transition occurs;
when x > 15, the system firstly undergoes B2-B19
martensitic transition and then the reentrant strain glass
transition from B19 martensite to the 4H strain glass.

The reentrant strain glass transition shares many glassy
features with the conventional strain glass transition, such
as no latent heat and no hysteresis during the glass tran-
sition, no macroscopic symmetry (average structure)

change through the glass transition, the existence of fre-
quency dispersion in storage modulus and internal friction
curves, breaking the ergodicity in ZFC/FC curves, and the
emergence of short-range strain-ordered nanodomains.

Nevertheless, fundamental differences exist between the
reentrant strain glass and conventional strain glass. As
shown in Figs. 1, 3, and 4, the reentrant strain glass tran-
sition is from the strain-ordered martensite to the glassy
state, whereas the conventional strain glass transition is
from the strain-disordered austenite to the glassy state.
Therefore, the macroscopic symmetry and microstructure
of two glasses are different: the former has the tempera-
ture-invariant martensitic symmetry in XRD data (e.g., B19
structure in TisoNiso.xCuy) and the large martensitic
domains/plates as the matrix in microstructural observa-
tions [21]; the latter has the temperature-invariant auste-
nitic symmetry in XRD data (e.g., B2 structure in Tisq.
+Niso,,) and no large martensitic domains in microstruc-
tural observations [1-4, 28].

Furthermore, since the reentrant strain glass transition
produces the unusual microstructure of low-symmetry
martensitic nanodomains embedded in the large high-
symmetry martensitic matrix instead of in the austenitic
matrix, unique properties such as ultra-low modulus and
high damping property over a large temperature window
have been found, as shown in Fig. 5 [21].

Understanding of Reentrant Strain Glass Formation

Figure 6 provides schematic and qualitative understandings
of the emergence of reentrant strain glass transition. In the
TisoNisg.,Cu, system, Cu dopants act as the point defects
and can change the transition temperature (a global effect)
and produce local lattice distortions (a local effect) [18].
Cu dopants produce an increased thermodynamic stability
of B19 phase relative to B2 and B19’ phases, i.e., Cu
dopants stabilize B19 phase instead of B2 phase or B19’
phase, as evidenced by an increase of Tg;9 With increasing
Cu concentration and a decrease of Tp;9- With increasing
Cu concentration. In short, Cu dopants favor the Ist-step
B2-B19 martensitic transformation but prevent the 2nd-
step B19-B19’ transition.

Whether B19 phase can transform into the B19’ phase
depends on the Cu concentration. With increasing the Cu
concentration, both global and local effects from Cu
dopants will become stronger: the driving force for B19—
B19’ transition decreases as characterized by the Tg;o
decrease (global effect); the local energy barriers caused by
the point defects will be increased, favoring the formation
of nanodomains but impeding the formation of long-range
ordered martensitic phase (local effect). As a result, when
the Cu dopant concentration x is high enough, the driving
force of B19-B19’ transition will become much smaller
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Fig. 3 Microscopic characterization of reentrant strain glass of
TiseNiz4Cuye. a 293 K (below Ty, but above T,,). b 133 K (below
T,,). Long-range ordered martensitic domains show nearly no
difference during reentrant strain glass transition upon cooling, but
additional 1/4 diffraction spots show up at 133 K in the diffraction
pattern of (b2). (a3) and (b3) show HREM image within the
martensitic domains in (al) and (bl), respectively. Short-range strain-
ordered nanodomains appear within the large martensitic plate below
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Fig. 4 a Reentrant strain glass phase diagram of TisoNiso.xCuy,
where B2 austenite, B19 martensite and B19’ martensite, and RSTG
with local 4H symmetry represent the strain-disordered, two strain-
ordered, and glassy phases, respectively. b Conventional strain glass
phase diagram of Tisg_Nisg,., where B2 austenite, B19” martensite,
and STG with local R symmetry represent the strain-disordered,

and lose the competitiveness against the increased local
energy barriers, thereby the B19-B19’ transition disap-
pears and the reentrant strain glass appears instead.

For the reentrant strain glass transition, the B19” phase
cannot be reached as described above. However, the sys-
tem can locally transform into other states that are between
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T, in (b3). (a4) and (b4), the enlarged image from the squared area in
(a3) and (b3), respectively, shows that the modulation period of the
nanodomains in (b4) is 4 instead of 2 of B19 crystal structure in (a4).
[21] Reprinted from Acta Materialia, Vol 226, Wenjia Wang,
Yuanchao Ji, Minxia Fang, Dong Wang, Shuai Ren, Kazuhiro
Otsuka, Yunzhi Wang, Xiaobing Ren, Reentrant strain glass transition
in Ti-Ni—Cu shape memory alloy, Page 117, 618, Copyright 2022,
with permission from Elsevier
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strain-ordered, and glassy phases, respectively. [21] Reprinted from
Acta Materialia, Vol 226, Wenjia Wang, Yuanchao Ji, Minxia Fang,
Dong Wang, Shuai Ren, Kazuhiro Otsuka, Yunzhi Wang, Xiaobing
Ren, Reentrant strain glass transition in Ti-Ni—Cu shape memory
alloy, Page 117, 618, Copyright 2022, with permission from Elsevier

B19 phase and B19’ phase. This actually has happened in
the Ni-rich Ti-Ni strain glass in Fig. 4b: the B2-B19’
martensitic transition is suppressed and yet the system goes
into the strain glass with local R symmetry, where the R
phase is an intermediate phase between B2 phase and B19’
phase. Similarly, in the TisoNi34Cuyg, the system locally
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result, only unfrozen nanodomains of 4H symmetry, lower than B19,
emerge within B19 domains and finally become frozen and more
numbered. [21] Reprinted from Acta Materialia, Vol 226, Wenjia
Wang, Yuanchao Ji, Minxia Fang, Dong Wang, Shuai Ren, Kazuhiro
Otsuka, Yunzhi Wang, Xiaobing Ren, Reentrant strain glass transition
in Ti-Ni—-Cu shape memory alloy, Page 117, 618, Copyright 2022,
with permission from Elsevier

@ Springer



246

Shap. Mem. Superelasticity (2023) 9:240-251

goes into the reentrant strain glass with local 4H symmetry,
where the 4H phase is an intermediate phase between B19
phase and B19’ phase.

It should be noted that TisoNiz4Cug cannot globally
transform into the strain-ordered 4H phase due to the local
barriers caused by Cu defects. Below T,,, the kinetic
energy kpT is still lower than the local barriers. Thus the
4H martensite is inaccessible because the system is trapped
among the local barriers. Only nanodomains with local 4H
symmetry appear within the B19 martensitic matrix.

Here, it should be noted that during the reentrant strain
glass transition, the local symmetry breaking from B19 to
4H leads to the local symmetry-lowering or the increase of
order of the system. Therefore, the RSTG state indeed has
higher order than the B19 phase and thus the reentrant
strain glass transition is thermodynamically possible [21].

Very recently, the reentrant strain glass transition has
also been found in La-doped CaTiO3 (CaTiO3-100xLa)
system. In the case of La-doped CaTiOs3, the random field
caused by La dopants at x > 0.65 is not strong enough to
suppress the 1st-step (C-T) ferroelastic/martensitic transi-
tion but strong enough to suppress 2nd-step (T-O) transi-
tion, thus a reentrant strain glass transition happens
consequently [29].

Explanation of Previous Puzzles in Ti-Ni—Cu Shape
Memory Alloys

Previously, it was known that in TisoNis.,Cu, alloy sys-
tem, when x > 15, only B2-B19 transition exists [25, 30].
However, many puzzling phenomena have been reported in
TisoNiz4Cuye alloy (Fig. 7): (i) below Tp;9, additional
small peaks that do not belong to the B19 structure exist in
the synchrotron XRD results and (ii) the intensity of the
additional peak increases when cooling from 230 to 90 K
[31].

Now these puzzles can be explained by the reentrant
strain glass transition. The additional small peaks in the
synchrotron XRD results come from the 4H nanodomains,
and the increasing intensity of the additional peak with
cooling is due to the volume fraction increase of 4H nan-
odomains [21]. In short, the evolution of electron diffrac-
tion patterns in the in situ microstructural observations of
reentrant strain glass transition is consistent with the evo-
lution of the synchrotron XRD observations.

Spinodal Strain Glass
Strain glass is formed as a result of atomic/nanoscale
randomness or random strain/stress field which disrupts the

otherwise formation of long-range strain ordering or nor-
mal martensite [1-4]. So far, the atomic/nanoscale
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Fig. 7 In situ synchrotron X-ray diffraction observation results of
TisoNiz4Cuyg alloy upon cooling with wavelength /2 = 0.049988 nm.
Besides the high peaks representing B19 orthorhombic phase, an
additional small peak circled in red rectangle appear and the intensity
of this peak increases with temperature decreasing from 230 to 90 K
[31]. Reprinted from Materials Science and Engineering: A, Vol 438,
T. Ohba, T. Taniwaki, H. Miyamoto, K. Otsuka, K. Kato, In situ
observations of martensitic transformations in Ti50Ni34Cul6 alloy
by synchrotron radiation, Pages 480484, Copyright 2006, with
permission from Elsevier

randomness can be created by point defects [1, 6], dislo-
cations [19, 20], or nano-sized precipitates [7]. Contrasting
with the above three conventional ways of achieving a
strain glass, recently a non-conventional strain glass, i.e.,
spinodal strain glass, was reported [22]. It was achieved in
a Mn—Cu alloy system which possesses both spinodal
instability and martensitic instability [32, 33]: the spinodal
decomposition can produce nanoscale compositional
modulation that hinders the formation of normal martensite
and as a result, a spinodal decomposition-induced strain
glass is formed.

Contrast with the conventional strain glass which is
formed from a homogeneous parent phase, the spinodal
strain glass is formed from an unhomogeneous parent
phase, i.e., the spinodally decomposed parent phase. In the
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(b1) 30 min

Fig. 8 STEM-EDS mapping of the MngoCuyg alloy aged for a 0 min,
b 30 min, and ¢ 120 min, respectively. (al), (bl), and (c1) show the
EDS mapping of Mn and Cu elements. (a2), (b2), and (c2) display the
corresponding STEM image of (al), (b1), and (c1), respectively [22].

following we shall show the evidence for spinodal
decomposition and its effect on the formation of strain
glass in Mn—Cu alloys.

Spinodal Decomposition in Aged MngyCuyy Alloys

Figure 8 shows the STEM-EDS composition mapping
results of MngyCuyg alloy aged at 653 K for different times.
In the as-quenched or 0-min-aged sample, the STEM-EDS
composition mapping shows homogeneous Mn and Cu
distributions (Fig. 8a), suggesting that the as-quenched
state is compositionally homogeneous. The corresponding
STEM image shows smooth morphology, suggesting the
alloy is also structurally homogeneous, being face-cen-
tered-cubic (fcc) parent phase as evidenced by the inset
diffraction pattern in Fig. 8a.

After aging at 653 K, a spinodal decomposition occurs
in MngyCuyo and the size or wavelength of composition
modulation changes greatly depending on aging time.
Short-time aging (30 min), i.e., an early stage of spinodal
decomposition produces nanoscale composition modula-
tions with Mn-rich regions being 5-20 nm in size (Fig. 8b),
and the corresponding STEM image shows a mottled or
speckled morphology, which corresponds to face-centered
tetragonal (fct) nanodomains as suggested by the inset
additional fct diffraction spots. Long-time aging (120 min),
i.e., a late stage of spinodal decomposition, produces

Reprinted from Acta Materialia, Vol 231, Wenjia Wang, Pu Luo,
Ying Wei, Yuanchao Ji, Chang Liu, Xiaobing Ren, Spinodal strain
glass in Mn—Cu alloys, Page 117, 874, Copyright 2022, with
permission from Elsevier

coarse composition modulations with Mn-rich regions
being 40-80 nm in size as shown in Fig. 8c, and the cor-
responding STEM image shows large fct martensitic
domains of ~ 80 nm in width and > 400 nm in length.

Fct Martensitic Nanodomains in the Spinodal Strain
Glass

Figure 9 shows the TEM and HREM results of MngyCuyg
alloy aged for 30 min. The microstructure in Fig. 9a shows
no martensitic twins, yet characterized by a mottled
nanoscale morphology with fcc fundamental spots sur-
rounded by diffuse satellite fct spots in the corresponding
diffraction pattern (Fig. 9b). Dark-field image (Fig. 9c)
obtained by selecting the circled fct satellite spot in Fig. 9b
reveals randomly distributed fct nanodomains with ~ 5
nm in size. This is the direct evidence for the existence of
fct nanodomains of the spinodal strain glass in aged
MngoCuyg alloy.

The HREM image in Fig. 9d reveals lattice image of the
spinodal strain glass, of which the fast Fourier transform
(FFT) spectrum shows the same feature with the taken
diffraction pattern in Fig. 9b, i.e., existence of satellite fct
spots. By selecting the satellite fct spots as arrowed in
Fig. 9e, the inverse FFT image could be obtained (Fig. 9f),
where many randomly distributed bright nano-regions
(3—7 nm) exist. The FFT patterns of two selected areas in
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Inverse FFT

Fig. 9 TEM and HRTEM results of the MnggCuyg alloy aged for
30 min. a Bright-field image; b Diffraction pattern; ¢ Dark-field
image obtained by selecting the circled satellite spot in (b);
d HRTEM image; e Fast Fourier transform (FFT) pattern of (d);
f Inverse FFT image obtained by selecting the arrowed satellite spots
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in (e); g FFT pattern of the cyan square (nanodomain) in (d); h FFT
pattern of the green square (matrix) in (d) [22]. Reprinted from Acta
Materialia, Vol 231, Wenjia Wang, Pu Luo, Ying Wei, Yuanchao Ji,
Chang Liu, Xiaobing Ren, Spinodal strain glass in Mn—Cu alloys,
Page 117, 874, Copyright 2022, with permission from Elsevier
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Fig. 10 Normalized electrical resistivity curves of the MngyCuyg
alloys aged for different times [22]. Reprinted from Acta Materialia,
Vol 231, Wenjia Wang, Pu Luo, Ying Wei, Yuanchao Ji, Chang Liu,
Xiaobing Ren, Spinodal strain glass in Mn—Cu alloys, Page 117, 874,
Copyright 2022, with permission from Elsevier

Fig. 9d further reveal that the cyan one has spot splitting
and thus it corresponds to fct nanodomains; whereas the
green one does not show spot splitting and thus corre-
sponds to fcc matrix.

The formation of nanoscale fct domains in the spinodal
strain glass sample can also be supported by electrical
resistivity results, as shown in Fig. 10. The short-time-aged
sample (i.e., strain glass sample) shows a decreasing
resistivity with cooling, being same with the long-time-
aged sample (i.e., martensitic sample), but the strain glass
sample exhibits a weaker trend of resistivity decrease as
compared with the martensitic sample. Considering the fct
phase has lower specific resistivity than the fcc parent
phase [32], a normal fcc—fct martensitic transformation will
result in a significant decrease in resistivity, but a strain
glass transition only results in a small decrease in
resistivity.

Understanding of Spinodal Strain Glass Formation

The spinodal strain glass phase diagram of MngyCuyg as a
function of aging time is shown in Fig. 11. There exists a
critical aging time below which the strain glass transition
occurs (i.e., spinodal strain glass) and above which a nor-
mal fcc—fct martensitic transformation occurs. For a long-
time aged sample, spinodal decomposition is in its late
stage and thus produces long-wavelength composition
modulations with large Mn-rich and Mn-poor fcc regions.
As a Mn-rich fcc region has strong driving force to trans-
form into fct martensite, the fcc—fct martensitic transfor-
mation will start in the Mn-rich regions and then propagate
through the surrounding Mn-lean regions and eventually
forms a large martensite domain.
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Fig. 11 Temperature vs. aging time phase diagram of spinodal strain
glass of MngoCuy alloys [22]. Reprinted from Acta Materialia, Vol
231, Wenjia Wang, Pu Luo, Ying Wei, Yuanchao Ji, Chang Liu,
Xiaobing Ren, Spinodal strain glass in Mn—Cu alloys, Page 117, 874,
Copyright 2022, with permission from Elsevier

However, by shortening aging time, spinodal decom-
position is in its early stage and thus produces short-
wavelength composition modulations with nano-sized Mn-
rich and Mn-lean fcc regions, as shown in Fig. 8b.
Although the Mn-rich fcc region tends to transform into fct
martensite, a large scale or normal fcc—fct martensitic
transformation cannot happen due to the nanoscale random
field caused by the nanoscale composition modulations. As
a result, a normal fcc—fct martensitic transformation is
suppressed and instead a strain glass transition occurs.

Distinctiveness of Spinodal Strain Glass

The distinctiveness of spinodal strain glass is that besides
the nanoscale structural inhomogeneity (i.e., existence of
nano-sized martensitic domains) which is the fundamental
feature of strain glass by definition, spinodal strain glass is
derived from an inhomogeneous parent phase, i.e., spin-
odally decomposed parent phase, thus possessing the
nanoscale compositional inhomogeneity (i.e., periodic
composition modulations of Mn-rich and Mn-poor phases
in nanoscale) [22]. As a result, the spinodal strain glass
transition occurs over an even broader temperature range
than conventional homogeneous strain glass alloys.
Accordingly, some strain glass-related properties are
expected for spinodal strain glass to persist over an ultra-
wide temperature range, wider than conventional strain
glass.

Figure 12 shows the comparison of Elinvar effect
between Mn—Cu spinodal strain glass alloys (the 20-min-
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Fig. 12 Comparison of Elinvar effect between Mn—Cu spinodal
strain glass alloys (the 20-min-aged sample, and the 30-min-aged
sample followed by 78% cold rolling) with the commercial magnetic
Elinvar alloy 3J58 [22]. Reprinted from Acta Materialia, Vol 231,
Wenjia Wang, Pu Luo, Ying Wei, Yuanchao Ji, Chang Liu, Xiaobing
Ren, Spinodal strain glass in Mn—Cu alloys, Page 117, 874, Copyright
2022, with permission from Elsevier

aged sample, and the 30-min-aged sample followed by
78% cold rolling) with the commercial magnetic Elinvar
alloy 3J58. The modulus for cold-rolled 30-min-aged
sample keeps invariant over a superwide temperature range
of 275 K (from 133 to 408 K), superior to the commercial
ferromagnetic Elinvar alloy 3J58. Furthermore, the spin-
odal strain glass also possesses high damping property over
a wide temperature range. Such a remarkable property is
not possessed by other non-magnetic or magnetic Elinvar
alloys. As shown in Fig. 13, the spinodal strain glass MnCu
alloys possess the highest damping property, with tan o as
high as 0.045, in sharp contrast with other main Elinvar
alloys, which show very low damping [22]. In short, the
spinodal strain glass alloy is a high-damping, non-magnetic
Elinvar alloy within a very wide temperature window of
275 K.

Summary and Outlook

In this article, we have reviewed recent progress in two
types of non-conventional strain glasses (i.e., reentrant
strain glass and spinodal strain glass) and their novel
properties. Reentrant strain glass is a strain glass formed
from a martensite matrix, contrasting with the conventional
strain glass where strain glass is formed from a parent
phase matrix. It exhibits interesting properties such as low-
modulus Elinvar effect and high damping over a broad
temperature range. Our recent work further shows that an
unusual low-temperature toughening phenomenon down to
cryogenic temperature (a significant increase in both
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Fig. 13 Comparison of the temperature range of Elinvar effect vs. the
damping property (tan ¢) within this temperature range of different
Elinvar alloys. Inset shows tan 6 as a function of temperature of
20-min-aged spinodal strain glass alloy, cold-rolled 30-min-aged
spinodal strain glass alloy, and commercial Elinvar alloy 3J58 [22].
Reprinted from Acta Materialia, Vol 231, Wenjia Wang, Pu Luo,
Ying Wei, Yuanchao Ji, Chang Liu, Xiaobing Ren, Spinodal strain
glass in Mn—Cu alloys, Page 117, 874, Copyright 2022, with
permission from Elsevier

fracture toughness and strength from 323 to 123 K) is
found in the reentrant strain glass of brittle systems, like
ceramics, which may provide a way to design tough
materials with wide working temperature range. Spinodal
strain glass is a strain glass formed from spinodally
decomposed parent phase with nanoscale compositional
inhomogeneity. It shows Elinvar effect and high damping
over a very wide temperature range. Therefore, these non-
conventional strain glass alloys may open a new horizon
for novel structural/functional materials.
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