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A B S T R A C T   

C. Austen Angell has been a great inspiration for liquid and glass scientists including myself. He was a close 
collaborator of mine on glass dynamics and thermodynamics, particularly on the sub-Tg relaxation in glass. Here, 
in memory of his seminal contributions to science and our collaboration, I revisit our published data and analyze 
our unpublished data, as well as review some of important results reported recently in the literature, concerning 
the sub-Tg relaxation in glass, a field on which Austen has profoundly impacted. I highlight new insights into the 
dynamics, thermodynamics, and structural heterogeneity in glass far from equilibrium, based on the 
hyperquenching-annealing-calorimetry (HAC) experiments. I describe key extensions and applications of the 
HAC approach in glass research. Finally, I present the perspectives and challenges regarding the sub-Tg relaxation 
in glasses with fictive temperatures well above Tg.   

1. Introduction 

Austen Angell was a visionary researcher who made a paradigm shift 
in the science of liquids and glasses, yet he was also a modest scholar 
who always encouraged and advised other scientists to conduct their 
own original research. In his academic career, he was in pursuit of an 
overarching big picture of the nature of glass and liquids, and he made 
substantial progress towards this goal [1–4]. One of his major research 
fields was the glass transition and glass relaxation. His passion, curiosity, 
and vision for this complicated but fascinating field has deeply impacted 
the research of many scientists, including myself. 

One of the research fields that Austen has significantly influenced is 
the glass transition and relaxation. In this article, I focus on the current 
understanding of sub-Tg relaxation in glass, to which Austen had also 
greatly contributed. Studying the sub-Tg relaxation has become a 
powerful approach to reveal the dynamic and thermodynamic nature of 
glass and glass transitions. It is also inspiring that Austin made signifi
cant progress in investigating the sub-Tg relaxation over the past de
cades. However, many challenges remain in the study of sub-Tg 
relaxations. One of the main challenges is the lack of direct experimental 
tools that can capture the structural response to the enthalpy relaxation 
in glass. In other words, the current characterization techniques are still 
not sensitive enough to probe glass structure evolution accompanied by 
relaxation. To overcome these challenges, scientists have been trying to 

use different ways to monitor the structural evolution in glass during 
enthalpy relaxation. One effective way is to pose extreme glass forming 
conditions, e.g., hyperquenching [5–9], high pressure [10–13], tension 
[14–17] and shearing [18], by which highly excited configurational 
states and structural change can be arrested in glass [19–23]. Subse
quently, the excited glass is partially annealed via dynamic or 
isothermal heating below the glass transition temperature (Tg), and af
terwards undergoes reheating in a differential scanning calorimeter 
(DSC) and various characterizations. Through this research strategy, we 
have observed many fascinating features of the enthalpy relaxation in 
the annealed rapidly quenched glass below Tg (i.e., the so-called sub-Tg 
relaxation), which cannot be detected by other means. Over the past two 
decades, my research group has been investigating the sub-Tg relaxation 
behavior and physical properties of various families of melt-quenched 
glasses such as oxides, chalcogenides, alloys, and metal-organic frame
works (MOFs), most of which are subjected to hyperquenching or 
compression or tension during glass formation. The other effective way 
is to perform the atomistic modeling on glasses and glass-forming liquids 
under extreme glass-forming conditions. The modeling approach ex
hibits promising perspectives, especially owing to the continuing ad
vances both in enhancing the computing capability and in developing 
glass theories. This article focuses on reviewing the experimental studies 
on the sub-Tg relaxation in hyperquenched glasses, which have provided 
insights into the nature of glass and glass transition [9,19–23]. 
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In 1999, I started to develop the calorimetric approaches and con
cepts for studying sub-Tg relaxation in stone wool glass fibers formed at 
the cooling rate of >106 K s− 1 in collaboration with Rockwool Inter
national. In 2001, I presented a poster that reflected my findings con
cerning the sub-Tg enthalpy relaxation at the 4th International 
Discussion Meeting on Relaxations in Complex Systems (4th IDMRCS) in 
Creta, Greece, in 2001. It was fortunate for me that Angell noticed my 
poster and expressed strong interest in my findings. He had a long chat 
with me and gave insightful advice regarding how to connect my results 
with the potential energy landscape (PEL) of glass-forming liquids and 
the glass transition in water and other glass formers. At this conference, 
he called our extremely fast cooled stone wool fibers “hyperquenched 
(HQ)” glass. At the time, although I had known Austen’s name for long 
time through several of his seminal papers, the first time I met him in 
person was at the 4th IDMRCS. Inspiringly, after the conference he sent 
me a very long e-mail, in which he wrote: “…It was very nice to meet 
you at this meeting in Creta, and to learn of the nice measurements you 
have been making. I hope that people will be aware of the significance of 
your results….”. I was very impressed by his enthusiasm, curiosity and 
insight for scientific problems. Since then, we had been collaborating 
and communicating with each other, and as a reward we published four 
joint papers [9,20,24,25]. The last time I met him was at the Angell 
International Symposium on Molten Salt, Ionic and Glass-forming Liq
uids held in Cyprus, in October 2019 in celebration of his scientific 
contributions. I was honored to co-chair the symposium and had 
exciting discussions with him. 

This article portrays the role of my collaboration with Austen in 
studying the sub-Tg relaxation in the HQ glass systems. It describes our 
present understanding of the enthalpy relaxation behavior in the glass 
far from equilibrium, i.e., the glass that forms under extreme conditions. 
I present several key findings that we achieved using the HQ-annealing- 
calorimetry approach. I briefly discuss the applications of the approach 
in understanding other fundamental glass problems, as well as in 
improving glass production technology. This article is based on both the 
published and unpublished data, i.e., it is a combination of a review 
article and an original article. I should mention that a recent compre
hensive review describes the current understanding of glass through 
differential scanning calorimetry [23]. In contrast, the present article 
describes the advances in studying the sub-Tg glass relaxation, which 
were achieved using the hyperquenching-annealing-calorimetry 
approach that we established [8,9,19,20,24–27]. These advances are 
closely associated with Austen’s contributions and inspirations. In 
addition, the present article gives new insights into the sub-Tg relaxation 
and structural heterogeneity, which are crucial in revealing the nature of 
glass. 

2. Experimental section 

2.1. Sample preparation and collection 

The stone wool fiber samples involved in this article has the chemical 
composition (mol%): 47.5SiO2, 9.1Al2O3, 6.6FeO, 15.9CaO, 16.9MgO, 
2.0Na2O, 0.7K2O [28]. The origin of the name ‘stone wool’ is related to 
its raw material such as basalt stone and other minerals. The stone wool 
fibers were spun from a homogenized melt using the cascade centrifugal 
process (see the upper left panel in Fig. 1) [28]. The rotation of the 
spinning wheels leads to formation of stone wool fibers with a mean 
diameter of 3–5 μm and a mean length of up to 5 mm. Under the above 
conditions, the fibers were quenched at up to ~106 K s− 1 [28], and thus 
this process is referred to as hyperquenching [8]. 

The glass wool fibers with the composition (mol%) of xCaO-(100-x) 
SiO2, where x = 34, 40, 55, were produced under the same spinning 
condition as that for stone wool fibers [29]. The silica glass fibers were 
produced using the preform approach [30]. The silica fiber samples 
contain 100 ppm hydroxyl groups. The diameter of the fibers is around 
10 μm. 

The volcanic glass fibers were collected from Hawaii Island, which 
are often called Pele’s hair since it looks like hair. Pele’s hair formed 
when molten lava is thrown into the air during explosive eruptions, 
stretched and rapidly quenched. These hair-like fibers are about 100 to 
200 μm in diameter, and 1 to 3 cm in length. Their chemical composition 
is a typical basaltic composition that can be found in [31,32]. Pele is said 
to be the ‘Hawaiian goddess’ of volcanoes and to be harsh on people who 
take stones from her domain. 

Fig. 1. The ‘energy bird’ approach for the sub-Tg enthalpy relaxation. Upper 
left panel: Fabrication process of stone wool [28], which is a hyperquenching 
process (cooling rate: ~106 K s− 1) [26]. Upper right panel: The produced stone 
wool. (a) Isobaric heat capacities (Cp1 and Cp2) of stone wool against temper
ature (T), measured during the first and second DSC upscans at 0.333 K s− 1, 
respectively. This Cp pattern is here called “energy bird”, which describes the 
excessive energy (see the hatched area) stored in HQ sample relative to the 
sample cooled at the standard rate of 0167 K s− 1. Tc: onset temperature of the 
enthalpy release; Tg: glass transition temperature (941 K); Teq: Equilibrium 
temperature (1005 K), which is the offset temperature of the energy release 
peak at Cp2 = Cp1. (b) The released enthalpy per Kelvin (Cp,exc = Cp2 − Cp1) 
versus T. Ts: the ‘shoulder’ temperature, implying a partial overlap of two en
ergy release peaks. Reproduced with permission from Ref. 8. 
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The apatite glass (a kind of bioglass) involved in this work has the 
chemical composition (wt%): 22.5SiO2, 20.1Al2O3, 18.1CaO, 22.8P2O5, 
9.2K2O and 7.3F. Some apatite glass samples were obtained by melting 
the raw materials in an alumina crucible at 1773 K, and then remelting 
the crushed glass frits in Pt crucibles at 1773 K and finally casting the 
melts onto a graphite mold. The thus-cooled glass is here referred to as 
‘slowly quenched glass’. Some apatite glass samples were produced by 
the above-mentioned melting procedure, and then by pressing the 
derived melt into a thin glass sheet by a copper block to enhance the 
cooling rate. The thus-cooled glass is referred to as ‘rapidly quenched 
glass’. Note that many tiny fluorapatites crystals are already present in 
the as-produced glass since the glass system has strong tendency to 
crystallization, i.e., low glass forming ability [33]. 

The metal-organic framework (MOF) glass, ZIF-62 (Zn 
(Im)1.75(bIm)0.25] (Im: imidazolate; bIm: benzimidazolate) was pre
pared by melting its counterpart crystal and subsequently quenching the 
melt at 0.167 K s− 1. ZIF-62 crystals were synthesized using a sol
vothermal method described in [34]. 

The glass with the composition (wt%): 74SiO2-16Na2O-4CaO-6FeO 
(i.e., SNCF glass), where 32% of iron was enriched in the resonant 57Fe 
isotope, was prepared to investigate the impact of both hyperquenching 
and annealing on the vibrational density of states (VDOS) of glass [35]. 
The SNCF glass was produced by dropping its corresponding melt film 
(about 100–200 μm in thickness) into water, giving a cooling rate of 
about 103 K s− 1. The annealed sample was obtained by annealing the 
quenched thin film at 785 K for 30 min and then by cooling them at 3 ×
10− 2 K s− 1. The Mössbauer spectroscopy indicated tetrahedral coordi
nation of iron to oxygen, implying that iron substitutes for silicon in the 
network structure [35]. 

A series of metallic glasses were prepared by arc-melting the ingots 
with the composition of (Cu50Zr50)100− xAlx (x = 0, 2, 4, 8) (in atom%) in 
argon and subsequently quenching the resulting melt using single 
copper-roller spinning. This series of hyperquenched glasses was used to 
study the thermodynamic and structural sources of the fragile-to-strong 
(F-S) transition in metallic glass-forming liquids by using a combined 
approach of the viscometry-calorimetry-X ray scattering [22]. 

2.2. Sub-Tg annealing, calorimetry and viscometry 

The hyperquenched (HQ) glass samples, such as stone wool, Pele’s 
hair, CaO-SiO2 glasses, apatite glasses, SNCF glass, MOF glasses and 
metallic glasses, were annealed in argon at various temperatures (Ta) 
below Tg for different durations (ta) prior to calorimetric scans. Argon 
was used as the purge gas to prevent redox reaction during annealing. In 
contrast, HQ CaO-SiO2 glasses and HQ vitreous silica were annealed in 
air atmosphere. The apatite glasses were not annealed before calori
metric scans. 

After annealing, the isobaric heat capacity (Cp) curve of each sample 
was measured using a differential scanning calorimeter (DSC) (Netzsch 
STA449C Jupiter). The samples were put into a platinum crucible situ
ated on a sample holder of the DSC at room temperature. The samples 
were upscanned at 0.333 K s− 1 to the offset temperature of the glass 
transition peak, and then cooled back to 473 K at 0.333 K s− 1, thus 
forming the standard glass. After natural cooling to room temperature, 
the second upscan was conducted using the same procedure as for the 
first. The MOF glasses and apatite glasses were subjected to only the first 
DSC upscan. To determine the Cp curve of the samples, both the baseline 
and the sapphire as reference were measured. The details of the exper
imental procedures can be found in [19,20,27,36]. 

To determine the cooling rate of Pele’s hair, the viscosity- 
temperature relationship of its corresponding volcanic melt was deter
mined. The high-viscosity data of the volcanic melt were acquired using 
a micropenetration viscometer (Baehr DIL 802 V), while the low- 
viscosity data were obtained by a concentric cylinder viscometer 
(Physical Rheolab MC1 Paar Physica) [37]. Note that the viscosity- 
temperature data in the intermediate viscosity range of 104–107 Pa s 

were not obtained since the volcanic melt has strong tendency to crys
tallize in this range. 

2.3. Determination of vibrational dynamics and structure in HQ glasses 

To investigate the impact of sub-Tg annealing on vibrational dy
namics of HQ stone wool, the cold neutron scattering time-of-flight 
measurements were carried out using the Disk Chopper Spectrometer 
at the National Institute of Standards and Technology for Neutron 
Research. The detailed experimental conditions were given in [9]. The 
vibrational density of states in SNCF glass was determined using nuclear 
inelastic scattering at the Nuclear Resonance Beamline ID18 of the Eu
ropean Synchrotron Radiation Facility [35]. The structural evolution in 
CuZrAl glasses during the F-S transition was probed by performing the X- 
ray scattering measurements on the Bruker-AXS D8 ADVANCE x-ray 
diffractometer equipped with a diffracted beam monochromator set for 
a Cu Kα radiation [22]. 

3. Relaxation in hyperquenched glasses 

3.1. ‘Energy bird’ 

In 1999, we started to investigate the thermal and rheological be
haviors of stone wool (typical heat insulator and fire barrier) in 
collaboration with Rockwool International A/S. The users of stone wool 
products know that the stone wool is made from stones (such as basalt 
and other minerals) produced by the cascade spinning process (see the 
upper panel in Fig. 1). However, most of them did not expect it to be 
glassy. When I conducted the first calorimetric measurements on stone 
wool, I was really attracted by the fascinating DSC curves, i.e., the sub-Tg 
enthalpy relaxation pattern as shown in Fig. 1a, where the Cp1 curve of 
the fresh wool sample is plotted together with the Cp2 curve of the 
‘standard’ sample cooled at 0.167 K s− 1 (10 K/min). The Cp1 and Cp2 
curves were obtained during the first and the second DSC upscans, 
respectively. From the relaxation patterns, it was found that stone wool 
is ‘very glassy’, since it stores significantly larger enthalpy compared to 
the standard sample. This stored large enthalpy implies that the stone 
wool fibers were quenched at an ultrafast rate that was later found to be 
~106 K s− 1, i.e., they were hyperquenched (HQ). This amount of stored 
enthalpy should be nearly equal to the potential energy since the me
chanical work (pressure times volume change) is so small for the 
condensed matter that is negligible. For simplicity, the sub-Tg enthalpy 
relaxation pattern is here called ‘energy bird’, since it looks like a bird 
(Fig. 1a). The corresponding experimental approach based on ‘energy 
bird’ is here called the ‘energy bird’ approach. By subtracting Cp1 from 
Cp2, the excessive heat capacity (Cp,exc) curve can be obtained as 
exhibited in Fig. 1b. We found the energy trapped in stone wool to be 
about 64 J g− 1 by integrating Cp,exc over the temperature range from the 
onset to the offset of the energy release peak. Using this energy and the 
enthalpy-matching method [8], the fictive temperature (Tf) of the stone 
wool fibers was found to be 1150 K, i.e., 23% higher than the standard 
glass transition temperature (Tg) [8]. The fictive temperature definition 
and determination are described in detail elsewhere [8,23,38–44]. 

Here it should be mentioned that Yue’s group [8] and Angell’s group 
[5] independently established the enthalpy-matching technique to 
determine Tf of HQ glasses. The profile and size of ‘energy bird’ for HQ 
glasses depend on chemical composition [15–18], liquid fragility 
[40,45], structural heterogeneity [46,47], thermal history [48–50], 
pressure [11–43,51,52] and tension [14–17]. From the Tf value and the 
viscosity-temperature relationship, the cooling rate of the studied stone 
wool was determined to be ~106 K s− 1 [26], and the determination of 
cooling rate of a fast quenched natural glass fiber sample is described in 
the next section. 

Tc is the onset temperature of the energy release, while Teq is the 
offset temperature of the glass transition, at which Cp1 = Cp2. The 
asymmetric Cp,exc curve with a shoulder at Ts suggests that α relaxation 
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(represented by the main peak slightly below Tg) and β relaxation (re
flected by the Cp,exc part below Ts) overlap with each other. The direct 
link between the sub-Tg enthalpy relaxation to α and β relaxations was 
examined by studying the sub-Tg relaxation patterns of HQ glasses with 
different chemical compositions and different fragilities [53–55]. 

3.2. ‘Energy bird’ for uncovering the thermal history of glass 

As described in [26], the ‘energy bird’ allows derivation of the 
thermal history of any glasses including hyperquenched glasses. The 
thermal history is characterized by the fictive temperature (Tf) and cool 
rate (qc). Fig. 2 demonstrates how ‘energy bird’ was used to determine 
the thermal history of volcano glass fibers, i.e., Pele’s hair. To determine 
the cooling rate of HQ glass, a three-steps approach was proposed in our 
previous studies [8,19,20,26]. The first step is to acquire the ‘energy 
bird’ of the HQ glass (Figs. 1a and 2a), from which its Tf value is 
determined by the enthalpy-matching method. The second step is to 
determine the viscosity (η)-temperature (T) relation for the glass 
composition in question using viscometry. The third step is to derive the 
viscosity value at the temperature equal to Tf and to introduce it into the 

correlation log10 qc = K – log10 η(Tf), where K is a shift factor. The K 
value was found in our previous work [26] to be 11.35 in a viscosity 
range spanning seven orders of magnitude. The K value agrees with that 
(11.3) derived by Scherer [56]. Through the three-steps approach, the Tf 
value and the corresponding cooling rate of Pele’s hair are found to be 
about 1043 K (1.11Tg) (Fig. 2a) and about 2 × 104 K s− 1 (Fig. 2b), 
respectively. This indicates that Pele’s hair was subjected to hyper
quenching during its formation from the magma melt and did not land in 
a hot zone, i.e., it did not undergo annealing, otherwise the ‘energy bird’ 
would not be obtained. 

At the Annual Meeting of the International Commission on Glass in 
Brazil in 2003, for the first time I presented the determination of the 
thermal history of Pele’s hair. Five years later, Potuzak et al. [32] also 
measured the characteristics of Pele’s hair, including fictive temperature 
and cooling rate, using the three-steps approach [8]. The present article 
is a good place to show these unpublished data on Pele’s hair (Figs. 2a 
and b), thereby confirming that the three-steps approach is an effective 
way to reveal the thermal history of HQ glasses. In 2017, Zhang et al. 
applied the three-steps approach to identify the effect of the fiberizing 
method on the mechanical properties of the filtration mats consisting of 
glass wool fibers [50]. In 2018, Deubener’s group determined the 
thermal history of the wet-granulated blast furnace slag (a kind of HQ 
glass) by using the three-steps approach [57]. In 2019, Wuttig’s group 
reported that the three-steps approach was successfully utilized to esti
mate the real Tg value of a chalcogenide glass with high tendency to 
crystallize [58]. Otherwise, it would be impossible to determine the real 
Tg of this glass since it crystallizes below Tg, that is, crystallization ob
scures the glass transition. In their paper in the present Angell issue, 
Lucas et al. have inferred the real Tg value of glassy water by subjecting 
the ‘energy bird’ to annealing and by performing the Kissinger analysis 
of the crystallization kinetics [59]. 

3.3. ‘Energy bird’ as signature of structural heterogeneity 

Figs. 3a-c demonstrate the sensitivity of the ‘energy bird’ for HQ 
calcium silicate wool fibers to variation in chemical composition, spe
cifically, to x in (100-x)SiO2⋅xCaO (mol%), i.e., to the CaO fraction. For 
x = 34 and 40, the ‘energy bird’ is severely distorted (see Figs. 3a and b), 
particularly the head of the ‘energy bird’ greatly differs from that of the 
‘normal bird’ (Figs. 1a and 2a). Specifically, the Cp1 curves deviate from 
the Cp2 curves (i.e., Cp curves of the standard samples cooled at 0.333 K 
s− 1). It is clearly seen in Figs. 3a and b that three exothermic sub-events 
(i.e., peaks 1, 2 and 3) occur in the samples with x = 34 and 40, whereas 
only peak 1 can be observed for the sample with x = 55. This means that, 
besides the overall structural relaxation (reflected by the entire ‘energy 
bird’), three sub-relaxation processes take place at different tempera
tures (Figs. 3a and b) since the energy barriers for the three structural 
relaxation events are different. Based on these phenomena, we infer that 
three structure domains (or clusters) represented by their respective 
relaxation peaks are present in the sample and exhibit different struc
tural stabilities and different potential energies. In detail, the stability of 
the structure domains can be ranked in the sequence: peak 3 > peak 2 >
peak 1 since the relaxation temperature follows the same sequence. The 
size of those clusters can be ranked as peak 3 > peak 2 > peak 1, by 
comparing the amount of the released energy (i.e., peak areas) among 
the three peaks. Furthermore, the ‘energy bird’ for the x = 55 sample is 
much less distorted and is nearly like a normal ‘energy bird’ (Fig. 3c), 
and exhibits only peak 1, which is significantly weaker than those for the 
x = 34 and 40 samples. This indicates that the energetic and structural 
heterogeneities decrease with increasing CaO content. 

Since these peaks represent exothermic events, the relaxation of the 
structure domains (or clusters) must be ascribed to the disorder-order 
transition, implying that the three types of clusters are structurally 
disordered. The co-existence of different structure domains reflects the 
structural heterogeneity in HQ calcium binary glasses. However, the 
detailed chemical and structural features (e.g., the coordination 

Fig. 2. Thermal history of “Pele’s hair” (volcanic glass fibers) determined using 
the three-steps approach (unpublished data). (a) Determination of the fictive 
temperature (Tf) of Pele’s hair using the “energy bird” through the enthalpy 
matching method. Inset: Image of the Pele’s hair found in Hawai’i Island. (b) 
Determination of the cooling rate of Pele’s hair through the relation between 
the logarithmic viscosity (η) and the Tg scaled temperature, Tg/T. 
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environment around Ca and Si) are not clear at this stage and need to be 
further clarified by other means such as microscopic and vibrational 
spectroscopic techniques. 

As shown in Figs. 3a-c, during the second (standard) DSC upscan, 
both the excited network structure and the three kinds of clusters relax 
towards the average potential energy level of the standard glass. 
Consequently, the hyperquenching history of the three wool samples has 
been erased by the second upscan, and the structural heterogeneity is 
lowered. But those clusters are still embedded in the primary glass phase 
after the second upscan. These results suggest that the clusters in the 
fresh samples have the excessive potential energy relative to the average 
energy level of the primary glass phase. 

It should be mentioned that those clusters could be eliminated if the 
melting temperature is sufficiently high. Interestingly, the amount of the 

clusters in the binary calcium silicate liquid can be decreased by 
increasing the CaO/SiO2 ratio, i.e., an increase of CaO benefits the liquid 
homogenization. It is known that the structural heterogeneity depends 
on the topological arrangement and the distribution of silicon, calcium, 
and oxygen in the liquid at T = Tf. The co-existence of different types of 
clusters is a manifestation of nano-phase separation or nanoclustering in 
these studied liquids. Such phenomenon occurs also in many other glass- 
forming systems [60–62]. But it is still not known whether the phase 
separation observed in CaO-SiO2 system is a density-driven process 
(polyamorphic transition) or a composition-driven process. In addition, 
it is not clear whether the tiny bump on the left side of peak 2 (Figs. 3a 
and b) is an endotherm or not, and what causes it. 

The inset of Fig. 3c shows an interesting non-monotonic trend of Tg 
with varying CaO fraction, i.e., first drastically drops from the 1473 K of 
Tg for vitreous silica to 1012 K for the x = 34 sample, then increases to 
1067 K for the x = 57 sample. However, the data in low and high x 
regions are still missing owing to the difficulty both in glass formation 
and in viscosity measurements. The Tg trend with composition indicates 
that the Tg depends not only on the network connectivity and bond 
strength, but also on the CaO clustering [61]. Thus, we can infer the 
origin of the Tg trend as follows. The drastic drop of Tg with increasing 
CaO in the low CaO content region arises from the increase of the 
number of non-bridging oxygen per SiO4 tetrahedron, leading to disso
ciation of the structural network. In contrast, the slight increase of Tg 
with increasing CaO in the high CaO content region might be attributed 
to clustering of CaO, and the latter causes a reconnection of some of the 
tetrahedral [SiO4] units within the intermediate-range order. To verify 
this conjecture, we need to acquire the accurate Tg trend in an extended 
range of CaO fraction. To do so, we need to design a special glass 
fabrication process for the calcium silicate compositions with poor glass 
forming ability. 

When adding Al2O3 to the CaO-SiO2 system, the calcium alumino
silicate (CAS) glasses can be obtained by rapid melt-quenching. We 
demonstrated that there is a high degree of structural heterogeneity at 
intermediate-range order (IRO) in CAS glasses [63]. We schematically 
proposed the scenario of structural arrangements in these glasses as 
shown in Figs. 4a and b. Fig. 4a illustrate the structural configuration 
based on the random IRO model. It was found that it was impossible to 
reproduce the 29Si MAS NMR spectra by using the R-IRO model (Fig. 4a). 
In contrast, our quasi-heterogeneous IRO model (Fig. 4b) was able to 
convincingly match the NMR spectra, implying the co-existence of two 
types of structural domains (clusters) in the network structure. One type 
is the depolymerized SiO4 domains with a certain number of non- 
bridging oxygens (see the red area), the other is the polymerized clus
ters of alternating SiO4 and (0.5Ca)AlO4 units (see the black squares). It 
was found that the fraction of the intermediate-range clusters increases 
as the contents of both Al and NBO increase, suggesting that the degree 
of heterogeneity increases. The observed IRO heterogeneity may explain 
the compositional dependence of both viscous behavior of CAS liquids 
and the stability of CAS glasses against crystallization. It should be 
mentioned that the IRO domains are present in the liquid state and can 
be trapped in the glass state by fast quenching [64]. 

Fig. 5 shows a scenario where the quenching rate affects the crys
tallization behavior of a fluoroapatite glass. It is evident that the fast 
cooled glass (i.e., the glass obtained by pressing the corresponding melt 
using a copper block) exhibits an ‘energy bird’, while the slowly cooled 
glass (i.e., the glass achieved by casting its melt onto a graphite mold) 
displays only a minor energy release peak. It is also seen that the crys
tallization events start already before the end of the glass transition, 
indicating that the studied apatite composition is a poor glass former. 
According to our previous study [33], some tiny crystals with size of 
200–500 nm already exist in the original glasses. However, the fast 
cooled glass exhibits a stronger crystallization tendency during reheat
ing, compared with the slowly cooled glass, as the crystallization peak of 
the former is considerably stronger than that of the latter. This gives the 
following three implications. First, the fast cooled glass contains more 

Fig. 3. The isobaric heat capacity curves, Cp1 and Cp2, of the glass wool fibers 
with the compositions of xCaO-(100-x)SiO2 (mol%), where x = 34 mol (a), 40 
mol% (b), 55 mol% (c), which were measured during the first and second DSC 
upscans at 0.333 K s− 1, respectively. The fibers were cooled at about 106 K s− 1. 
Reproduced with permission from [29]. Inset in Fig. (c): Impact of CaO fraction 
on Tg (unpublished data). 
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glass phase than the slowly cooled one prior to reheating, and hence the 
former undergoes a greater extent of crystallization than the latter. 
Second, the thermal history (cooling rate and Tf) of glass can greatly 
influence the crystallization behavior. Third, the studied apatite glass 
involves a high degree of structural heterogeneity that lowers the energy 
barrier for nucleation to occur. The above results are consistent with the 
trend observed in our previous studies [46,47]. That is, the structural 
heterogeneity in glass has a strong impact on the sub-Tg relaxation 
behavior and the glass forming ability. 

Recently we detected the structural heterogeneity in the metal 
organic framework glass - ZIF-62 glass by using the annealing-DSC 
scanning approach [65]. Specifically, as shown in Fig. 6, we observed 
how and to what extent the glass transition overshoot of ZIF-62 glass 
evolves with annealing duration (ta) at a given temperature (Ta) between 
553 and 587 K, i.e., between 0.93 and 0.99Tg or with varying Ta at a 
given ta. Fig. 6a shows the Cp curves of ZIF-62 glass annealed at Ta = 559 
K for various durations (ta). It is seen that the glass transition overshoot 
gradually increases with extending ta, but the Tg value (i.e., the onset 
temperature of the glass transition) remains unchanged (around 593 K). 
This implies that the overshoot enhancement is not attributed to the 
primary (α) relaxation, instead, is associated with the secondary (β) 
relaxation [65,66] (see the next section). In terms of PEL, floppy struc
tural units (e.g., organic ligands) gradually enter local minima with 
lower configurational entropies during sub-Tg annealing, compared to 

Fig. 4. Schematic plot of the 
intermediate-range structure of the 
CaO-Al2O3-SiO2 glasses in two di
mensions. Red: SiO4 tetrahedral units; 
Blue: (0.5Ca)AlO4 tetrahedral units. 
Oxygen ions lies in the four corners of 
the tetrahedra. (a) Structural 
arrangement based on the random 
intermediate range order model; (b) 
Structural arrangement according to 
the quasi-heterogeneous IRO model. 
Squares: The polymerized regions of 
alternating SiO4 and (0.5Ca)AlO4 
units. (For interpretation of the refer
ences to colour in this figure legend, 
the reader is referred to the web 
version of this article.)   
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Fig. 5. Influence of the sub-Tg enthalpy relaxation on the subsequent crystal
lization peak, which is related to the fluoroapatite formation in the glass. The Cp 
curves were obtained for the first DSC upscans at 0.333 K s− 1 for both the 
slowly cooled (blue curve) and the fast quenched (red curve) samples. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 6. Impact of the sub-Tg annealing on the overshoot of the glass transition 
(GT) and the stretch-exponent (β) of the Kohlrausch function of the enthalpy 
relaxation for the metal-organic framework glass: ZIF-62 glass. (a) The Cp 
curves of ZIF-62 glass annealed at Ta = 559 K for different durations (ta), which 
were measured at 0.167 K s− 1. (b) The enthalpy (ΔH) of the GT overshoot as a 
function of ta at various temperatures below Tg. Inset: Ta dependence of the 
stretching exponent β. Reproduced with permission from [65]. 
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the rigid units (e.g., ZnN4 tetrahedra). The energy barriers between such 
local minima need to be overcome for the floppy units to return to the 
average potential energy level of the standard glass (i.e., glass cooled at 
0.167 K s− 1) during DSC upscanning. This process requires kinetic en
ergy to be transferred from the environment to the glass sample, leading 
to the glass transition overshoot. In addition, the area of the overshoot, i. 
e., the recovered enthalpy, of glass transition peak increases with 
extending ta. This means that, upon annealing, some structural units in 
glass fall to the potential energy level below that of the standard glass. 
The energy released from ZIF-62 glass during annealing is regained by 
reheating the glass in DSC at the standard rate of 0.167 K s− 1 and 
consequently the sample becomes a standard glass. 

The enthalpy (ΔH) recovered during annealing was determined by 
integrating the Cp difference between the glass samples with ta > 0 and 
the not-annealing one over the temperature range from the onset to the 
offset of the glass transition. Fig. 6b exhibits the ta dependence of ΔH at 
different Ta. It is observed that ΔH increases with ta at a given annealing 
temperature below Tg and decreases with Ta for a given annealing 
duration. The time dependence of the recovery enthalpy for ZIF-62 glass 
can be fitted by the Kohlrausch–Williams–Watts (KWW) function [66]. 
By fitting, we can obtain the stretching exponent β, which is a measure of 
the distribution width of the relaxation time, ranging from 0 to 1. The 
inset of Fig. 6b shows that the β value of ZIF-62 glass increases from 0.44 
to 0.76 when Ta is raised from 0.93 to 0.99Tg. This is a considerably 
broader range of β values for the Ta range compared to other glass for
mers shown in [65]. The stronger Ta dependence of β value implies that a 
high degree of structural heterogeneity exists in ZIF-62 glass, which 
could be related to a high degree of short-range disorder in this glass 
[67]. 

Controlling the structural heterogeneity of glass is crucial in 
designing the functional glasses and for tuning the properties of glasses, 
since the structural heterogeneity is a precursor for both phase separa
tion and nucleation in glass. A recent study demonstrated that the 
structural heterogeneity promotes nano-phase separation in an oxide 
glass system containing the components of the perovskite crystals, by 
means of ultrafast laser radiation [60]. Such nano-phase separation led 
to the subsequent precipitation of perovskite nanocrystals in the glass 
matrix, and the composition and bandgap of these crystals could be 
tuned by varying the laser radiation condition. Consequently, the 3- 
dimensional lithography of PNCs in glass was realized. Another study 
[68] showed that the structural heterogeneity was advantageous to the 
precipitation of nanocrystals in the vanadium tellurite glass anodes for 
lithium-ion batteries (LIBs) upon charging/discharging cycling. These 
nanocrystals cause a significant enhancement of the cycling stability of 
LIBs. Recently we reported that the structural heterogeneity in MOF 
glass anodes enhanced the electrochemical performances of LIBs [69]. 
This is because the heterogeneous structure could readily be dissociated 
during charging/discharging cycling, thereby increasing both the active 
sites and the channels for lithium-ion storage and transfer. 

Glass transition is characterized by an abrupt drop of the configu
rational entropy in a supercooled liquids during cooling, which is 
accompanied by an increase of structural heterogeneity. Recently, Tong 
and Tanaka found the connection between the temperature/density 
driven dynamics and the structural order parameter for supercooled 
liquids [70]. Jug et al. gave a detailed discussion on the spatial het
erogeneities of supercooled liquids and glasses and their connection to 
physical properties [71]. According to their study, glasses can be 
described as dynamically arrested heterogeneous supercooled liquids 
with both solid-like and liquid-like nanoscale regions. The heterogene
ities exhibit different size distributions with the solid-like regions that 
involves hidden quasi-order. The link between these size distributions 
and the features of the ‘energy bird’ will be an important subject to be 
investigated in future. Seeking such a link can help us to enhance 
physical properties and functionalities of glasses. 

3.4. Shadow glass transition 

As mentioned above, a HQ glass is a system far from equilibrium with 
a fictive temperature significantly higher than its Tg. When a HQ glass is 
annealed below Tg for a certain period and then undergoes two DSC 
upscans, a series of energy release events can be observed as shown in 
Figs. 7a-c. The evolution of the ‘energy bird’ with annealing temperature 

Fig. 7. The impact of sub-Tg annealing on the ‘energy bird’ of stone wool 
sample (discontinuous glass fibers hyperquenched at >106 K s− 1). (a) Anneal
ing temperature (Ta) effect for ta = 90 min. Reproduced with permission from 
Ref. 20. (b) Annealing time effect at the temperature of 0.77Tg (Tg = 950 K). 
Reproduced with permission from Ref. 36. (c) Annealing effect at 0.82Tg for 
longer time (ta = 8 and 55 days) (new figure). Thick blue curves: the standard 
samples (cooled at the standard rate of 0.167 K s-1); Dashed black curves: fresh 
HQ sample. All Cp curves were acquired during DSC upscans at 0.333 K s− 1. Red 
dashed ellipse: Shadow glass transition (Shadow GT) region. (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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(Ta) and time (ta) dispalys several features that are critical in under
standing the sub-Tg relaxation and the glass transition, as well as in 
optimizing physical properties of glass products. The shape of the 
annealed ‘energy bird’ depends on the chemical composition and liquid 
fragility of glass systems [30,45]. Most of the previous studies about 
enthalpy relaxation focused on ‘normally’ cooled glasses, i.e., bulk 
glasses. In recent years, several research groups have been investigating 
the relaxation behavior of HQ glasses such as thin glass fibers and 
metallic glass ribbons. Such investigations provide abundant informa
tion on dynamics and thermodynamics of glass transition. In 2004, Yue 
and Angell came up with the term - shadow glass transition, when they 
studied the sub-Tg enthalpy relaxation in hyperquenched (HQ) glasses 
[20,24]. Here I review recent progress in exploring the dynamic and 
structural origin of the shadow glass transition based on Figs. 7 to 9. 

Fig. 7a shows the impact of the annealing temperature (Ta) on the 
‘energy bird’ for the typical HQ glass - stone wool fibers for the 
annealing time (ta) of 90 min. It is seen that the left cutoff of the enthalpy 
release peak (i.e., the tail of the ‘energy bird’) gradually shifts to higher 
temperatures with increasing Ta. This implies that upon annealing the 
configurational states with higher potential energy are transformed into 
those of lower potential energy. When Ta is sufficiently high (but still 
below Tg), an endothermic pre-peak occurs right before the start of 
energy release. To some extent, this endothermic pre-peak displays 
similar features as the subsequent glass transition peak, and hence this 
pre-peak was named the shadow glass transition (shadow GT) [20,24]. 
The shadow GT peak of stone wool was compared with the detected 
endothermic peak of glassy water [6] to clarify the glass transition 
behavior of water [20,24]. Recently, Pries et al. [58] and Lucas et al. 
[59] inferred that the endotherms of both some chalcogenide glasses and 
glassy water, which appear prior to their crystallization peaks, should be 
the shadow GT events. Based on this inference, they derived their real Tg 
values by comparing the locations of the ‘energy birds’ of various HQ 
glass systems on the T/Tg axis. Although the assignment of the Tg value 
of water is under debate [3,5,6,20,24,59,72–78], shadow GT is an 
appealing feature of some extremely glass formers, which is critically 
important for understanding the potential energy landscape of glass- 
forming liquids, glass relaxation and glass transition. The onset tem
perature of shadow GT is here called the shadow Tg. The shadow GT 
peak becomes stronger with increasing Ta (Fig. 7a), but its onset remains 
the same. In contrast, the energy release peak becomes smaller with Ta. 
Both the shadow GT peak and the energy release peak can coexist for a 
certain range of Ta. 

Fig. 7b shows that annealing time ta has a similar effect on the ‘en
ergy bird’ of stone wool at Ta = 723 K. If ta is sufficiently long, the 
shadow GT peak appears, followed by an exotherm. The shadow GT 
peak becomes more pronounced with ta and shifts to higher temperature 

until the exotherm disappears. This feature implies that, upon sufficient 
annealing, the potential energy of weakly bonded structural units in HQ 
glass drops to a level below that of the standard glass, and finally to that 
determined by the given Ta, whereas that of strongly bonded structural 
species remains higher than that of the standard glass. Fig. 7c shows the 
effect of the long annealing time (8 and 55 days) at 0.82Tg on the ‘energy 
bird’. After 8 days annealing, the shadow GT peak is drastically 
enhanced, whereas, after 55 days annealing, the height of the shadow 
GT peak becomes nearly the same as that of the glass transition peak, as 
if twin glass transitions occur. But the reality is that the shadow GT is 
fundamentally different from the real GT in terms of their dynamical and 
structural origins. The shadow GT is irreversible during reheating [48], 
whereas the real one is reversible. Here the key question is: what causes 
the shadow GT peak? 

To answer the above question, I have drawn Fig. 8 to illustrate what 
happens to the HQ stone wool, the composition of which is given in the 
experiment section, during hyperquenching, sub-Tg annealing and DSC 
upscanning. Afterwards, I describe a recent important finding of Haibin 
Yu’s group, which deals with the origin of the shadow GT in metallic 
glass systems [79]. 

The left panel in Fig. 8 shows the Cp,exc (=Cp2-Cp1) curve of the HQ 
sample annealed at 773 K (0.82Tg) for 1 day. It is seen that this 
annealing condition causes a huge endotherm, i.e., shadow GT, followed 
by an exotherm that reflects the energy release. As shown in the right 
panel of Fig. 8, the stone wool liquid is hyperquenched to glass state, 
accompanied by a drop in potential energy (see red down-arrow). 
However, the average potential energy of HQ glass is significantly 
higher than that of the standard glass (i.e., the glass cooled at 0.333 K 
s− 1). Upon 1 day annealing at 0.82Tg, a primary portion of the structural 
species in HQ glass relaxes, leading to the partially annealed glass state 
(see the light blue down-arrow). This process releases the potential en
ergy, which is the difference between the total released energy, i.e., the 
area of the original ‘energy bird’ shown in Fig. 1b (see the black down- 
arrow) and the energy corresponding to the area of the exothermic peak 
(see the left panel of Fig. 8). At the same time, a minor portion of the 
structure species in HQ glass relaxes to the deeply annealed state via 
losing additional potential energy that equals to the area of the shadow 
GT peak (see the green down-arrow). During DSC upscanning, the lost 
energy is recovered to the level of the standard glass (see the blue up- 
arrow), and the remaining energy is released towards the level of the 
standard glass (see the blue down-arrow). The evolution of the potential 
energy shown in Fig. 8 is a clear signature of structural heterogeneity of 
glass. 

Here it should be mentioned that, in addition to our observation of 
the shadow GT in oxide glasses, other researchers independently 
observed the endothermic pre-peak in other families of glasses including 

Fig. 8. Enthalpy evolution during sub-Tg annealing and DSC upscan. Left panel: The excessive heat capacity (Cp.exc) curve with a distinct contrast between shadow 
glass transition (shadow GT) and the enthalpy release peak for the stone wool annealed at 773 K (0.82Tg) for 1 day. The DSC upscans was conducted at 0.333 K s− 1 in 
argon. Right panel: Schematic representation of the enthalpy change during hyperquenching, annealing and DSC upscan; PA glass: Partially annealed glass. 
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metallic glasses [80], organic glasses [81], and chalcogenide glasses 
[58,59]. According to Yue and Angell [20], the shadow glass transition 
arises from the energetic and structural heterogeneities in HQ glasses, 
which features a non-exponential relaxation trend. It is related to a non- 
monotonic decay of fluctuations in density and enthalpy in glass during 
annealing [82]. Due to its non-exponential nature, the shadow GT can 
also be described by the KWW function [66] and even more accurately 
by a generalized stretching function that we proposed in [83]. Intui
tively, any glass can be regarded as being composed of many micro- 
domains, each of which possesses its own Tg. The shadow GT is a reju
venation process (i.e., energy gain) of some domains in glass structure. 
In the sense of PEL, those energetically unstable domains or species (e.g., 
network modifiers in oxide glass) access deeper basins in PEL during 
annealing than the stable ones, consequently the potential energy of the 
unstable ones drops below the average potential energy level of the 
standard glass. Upon reheating, the unstable structural species in deeper 
basin of PEL absorb the kinetic energy provided by DSC to reach the 
energy level of the standard glass, thereby causing the shadow GT peak. 

It has been established that the glass transition is associated with the 
primary relaxation, namely, α relaxation, which involves the coopera
tive rearrangement of large structural entities (e.g., network forming 
units), accompanied by a change of the configurational entropy (Sc). The 
size of the cooperative rearranging regions increases and Sc decreases 
when a liquid is transformed into glass state, and vice versa. In addition 
to α-relaxation, the secondary relaxation, i.e., β relaxation also occurs in 
glass during heating or cooling or isothermal annealing within a certain 
temperature window. β relaxation is associated with the local 

rearrangement of sub-structural network units towards lower potential 
energy states. These units are composed of modifiers bonded to oxygens 
in oxide glasses [84,85]. As reported previously, β relaxation was 
identified in HQ glasses by analyzing their ‘energy birds’ [53–55]. 

To reveal the origin of shadow GT, Yu’s group recently performed a 
beautiful study, i.e., they utilized both the chip-based fast scanning 
calorimetry (FSC) and dynamic mechanical analyser (DMS) to detect 
both the thermal and the mechanical responses, respectively, of several 
HQ metallic glasses to dynamic heating [79,86]. They compared the 
enthalpy relaxation modes of HQ glasses with their mechanical relaxa
tion modes to identify whether they relate to one another. Interestingly, 
as illustrated in Fig. 9a, they observed an endothermic pre-peak in the 
HQ La50Ni15Co2Al33 glass, followed by an exothermic peak and then by 
a real glass transition peak, during the FSC upscan. Obviously, this 
endotherm is the shadow GT peak, meaning that the fast FSC upscan can 
generate shadow GT without prior annealing since FSC can provided a 
heating rate that is significantly higher (at least 3 orders of magnitude) 
than the conventional DSC (Fig. 9a). In contrast, the conventional DSC 
upscan can result in shadow GT only when a HQ glass is sufficiently 
annealed below Tg. This comparison indicates that the shadow GT is a 
much faster relaxation process than the primary relaxation process in 
the temperature range of the real glass transition. 

By subjecting more HQ metallic glasses to FSC scanning, Yu’s group 
verified that shadow GT is a universal feature of HQ metallic glasses 
(Fig. 9b) [79]. For the Pd40Ni40-xCuxP20 glass series with x = 0, 30, 40, a 
crystallization peak appears after the end of the real glass transition. To 
figure out what kind of relaxation modes causes the shadow GT, they 

Fig. 9. The correlation between the shadow glass transition (Shadow GT) and β relaxation for several HQ metallic glasses. (a) Comparison between the heat flow 
curve obtained by conventional DSC at the upscan rate 0.333 K s− 1 and that obtained by FSC at the upscan rate 500 K s− 1 for HQ La50Ni15Co2Al33 glass. (b) The FSC 
curves for the Pd40Ni40-xCuxP20 (x = 0, 30 and 40) glass at 500 K s− 1, showing the extents of both shadow GT (ΔCp@Tg,shadow) and real glass transition (ΔCp@Tg). (c) 
FSC curve (at 200 K s− 1) versus DMS loss modulus curve (at 2 Hz). (d) Linear relationship between the scaled extent of shadow GT (ΔCp@Tg,shadow/ΔCp@Tg) and that of 
β relaxation (E"β/E"α). Inset: Relaxation map showing the β relaxation, α relaxation, shadow glass transition and real glass transition. The vertical dashed line (Tg,20) 
refers to the standard Tg measured at 20 K/min. Black solid line: the Arrhenius equation fitting to the β relaxation. Reproduced with permission from Ref. 79. 
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compared the shadow GT peak of the FSC curve (measured at 200 K s− 1) 
with the β relaxation peak of the DMS loss modulus curve (measured at 
2 Hz) in Fig. 9c and found that both peaks occur in the same temperature 
range (400–500 K). This implies that shadow GT is correlated with β 
relaxation. 

As illustrated in Fig. 9b, the magnitudes of both the shadow GT and 
the real glass transition are quantified by the heights of the two peaks, i. 
e., ΔCp@Tg,shadow and ΔCp@Tg, respectively. Fig. 9d shows the 1:1 pro
portionality between the extent of shadow GT and that of β relaxation. 
This is the first direct evidence for β relaxation being the dynamical 
origin of the shadow GT. Furthermore, the heating rate dependence of 
the shadow GT overlaps with that of β relaxation, while the heating rate 
dependence of the real glass transition merged with that of α relaxation 
above Tg (see the inset of Fig. 9d). These findings led to establishing the 
bridge between the dynamics and the thermodynamics of β relaxation. 
Interestingly, Yang et al. also discovered that the shadow GT tempera
ture (Tg,shadow) first drops with increasing the quench rate, and then 
reaches a plateau when the rate exceeds 106 K s− 1 [79]. This suggests 
that a critical Tg,shadow value exists, below which the glass structural 
domains with the lowest potential energy cannot be rejuvenated to the 
average energy level of the standard glass. 

Moreover, Yu’s group discovered the direct correlation between 
β-relaxation and mechanical properties for the metallic glasses, specif
ically an enhancement of β-relaxation increases the microscale tensile 
plasticity [87]. They also found that the structural heterogeneity relates 
to β-relaxation in metallic glasses. This is an important step for revealing 
the structural and dynamic origin of the shadow GT. Certainly, the 
microscopic origin of the shadow GT still needs to be further explored. It 
is worth noting that, besides fast β relaxation, the Johari-Goldstein 
relaxation (i.e., slow β relaxation) [88,89] occurs in many glass for
mers such as GeO2 glass [54] and metallic glasses [55]. These findings 
were achieved through the ‘energy bird’ approach. 

To further clarify the shadow GT behavior, I should mention another 
important advance, which was recently achieved by Pries et al. on some 
chalcogenide glasses such as GeSe and Ge2Sb2Te5 glasses [58]. These 
glasses are known as ideal phase-change materials for memory tech
nologies. They observed the shadow GT in these glasses through two 
ways. One way was to anneal the glass below Tg at different tempera
tures for various durations, and subsequently to upscan the annealed 
sample in a conventional DSC. When these glasses are subjected to a 
certain degree of annealing (i.e., certain annealing temperature and 
duration) below Tg, the shadow GT occurred and became more evident 
with further annealing, being similar to the case shown in Fig. 7. To the 
best of my knowledge, this is the first observation of shadow GT for the 
family of chalcogenide glasses. The other way is to rapidly upscan the 
not-annealed glass by an ultrafast DSC, leading to appearance of a 
shadow GT peak. Through these elegant experiments, Pries et al. infer
red that the Tg values of several phase-change materials reported in 
literature [90] were significantly underestimated, because the onset of 
the shadow GT was assigned as Tg. They found that Ge2Sb2Te5 glass 
crystallized below Tg. To obtain the real Tg of Ge2Sb2Te5 glass, they 
compared its ‘energy bird’ with those of other families of HQ glasses 
including organic, metallic, and molecular ones with respect to their 
location on the T/Tg axis. They identified that the Cp,exc peaks of all the 
HQ glasses were located at T/Tg = 0.85–0.95. Based on this fact, they 
inferred that the Tg value of Ge2Sb2Te5 glass should be about 473 K, 
which is 90 K above the previously assigned Tg (383 K). 

In the present Angell issue, Lucas et al. discussed the glass transition 
of glassy water by considering the shadow GT in phase change materials 
[59]. By performing sub-Tg annealing and ultrafast DSC upscanning on 
Ge2Sb2Te5 glass, they inferred that the onset (136 K) of the endotherm 
for HQ glassy water prior to crystallization [6] was not the real standard 
Tg, instead, the onset of the shadow GT. Through the Kissinger analysis 
of the crystallization kinetics, they confirmed that water crystallization 
occurred below Tg during dynamic heating [59]. Thus, their conclusions 
are in line with the findings reported in [5,20], in which the Tg of glassy 

water was estimated to be around 165 K, higher than the previously 
assigned value (136 K). Interestingly, Shephard and Salzmann found 
that the shadow GT of low-density amorphous water is associated with 
the ‘molecular reorientation scenario’ [78]. 

Here it should be pointed out that shadow GT does not occur in 
strong glass systems, i.e., the systems with low liquid fragility index (m 
< 20) [2], such as SiO2 and GeO2 (see Section 3.6). The lack of the 
shadow GT peak in strong glass formers implies that their energetic and 
structural heterogeneities are significantly lower than those in fragile 
glass formers. Since metallic glass-forming liquids are fragile systems, 
they exhibit shadow GT. In addition, Johari discussed the details about 
the features of the sub-Tg relaxation in glassy water [72,73]. 

3.5. Vibrational dynamics of HQ glasses 

The atomic vibrational dynamics has a strong impact on physical 
properties of both glass and its correlated states: liquid, supercooled 
liquid and solid. In 2003, Austen initiated an exciting collaboration 
project, in which I participated, with respect to the impact of sub-Tg 
annealing on the vibrational density of states (VDOS) in a HQ glass 
(stone wool) [9]. It is known that an intriguing feature of VDOS in 
disordered materials is the excess of low-frequency states relative to 
those predicted by the Debye theory. These excessive VDOS manifests 
itself in the incoherent inelastic neutron scattering or the Raman spectra 
as the Boson peak, between 2 and 10 meV. Its intensity depends on 
temperature, pressure, density, and chemical composition. Although the 
Boson peak is related to the intermediate-range order, its structural 
origin is still under discussion [9,35,91]. It is known that distinct 
configurational excitations in glass involve structure change and defect 
formation, and hence, low-frequency modes, presumably with a trans
verse character [9]. These modes depend on the density change of glass 
[35,91]. It should be stressed that the density change induced by pres
sure is associated with local structural changes in glass [10]. 

Since stone wool possesses significantly higher potential energies 
than a standard sample, it is an ideal material to understand the Boson 
peak in terms of low-frequency modes involving nanoclusters, defects, 
mismatching or connected rings or small tetrahedral rocking groups. In 
addition, stone wool has a fictive temperature well above Tg, and thus 
the structure of its corresponding supercooled liquid can be probed 
without any adverse effects from quasi-elastic scattering [9,25]. For this 
purpose, the cold-neutron inelastic scattering with time-of-flight mea
surements was used because its output, Z(ω), can be approximately 
regarded as a measure of the vibrational density of states (VDOS) if those 
effects like multiphonon and multiple scattering can be ignored. Fig. 10 
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Fig. 10. Impact of the annealing degree on the vibrational density of states 
(VDOS) for stone wool. The VDOS was obtained by conductin cold-neutron 
inelastic scattering measurements. ‘Hyperquenched’: quenching at ~106 K 
s− 1; “Annealed”: dynamically heating to above Tg and then cooling it at 0.167 
K s− 1; ‘Superannealed’: annealing at 894 K (0.94Tg) for 21 h; ‘Crystallized’: 
isothermally treating at 1156 K for 2.5 h. Reproduced with permission from [9]. 
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clearly shows that the intensity of the Boson peak at the ω value of about 
40 cm− 1 decreases from the level of the HQ sample to that of the super- 
annealed one with increasing the degree of sub-Tg annealing, i.e., with 
decreasing Tf [9]. Upon heat-treatment at 1.22Tg for 2.5 h, the stone 
wool sample crystallizes, and consequently the Boson peak vanishes. 
According to Angell et al. [9], the Boson peak can be regarded as a 
signature for the topologically diverse defects in glasses. These defects 
exist in the intermediate-range-ordered regions with the length scale of 
9–16 Å. However, scientists still have different views about the source of 
the Boson peak for HQ glasses [9,35,91,92]. Here I describe two cases, in 
which I was involved, to illustrate the possible sources of the excessive 
VDOS shown in Fig. 11 and in Ref. 91. 

In 2006, Monaco et al. studied the VDOS of both the HQ and the 
annealed 74SiO2-16Na2O-4CaO-6FeO (SNCF) glass, where 30% of iron 
is enriched in the resonant 57Fe isotope, by means of nuclear inelastic 
scattering [35]. Fig. 11a shows the ‘energy bird’ for the rapidly 
quenched SNCF glass. The size of the ‘energy bird’, i.e., the area between 
the two Cp curves (37 J g− 1), represents the excess of the potential en
ergy in the glass relative to that of the standard sample. The Tf of the HQ 
SNCF glass was found to be 929 K (1.18Tg), whereas the Tf of the 
annealed SNCF glass is 770 K (see the inset of Fig. 11a), which is lower 
than Tg (786 K). 

As shown in Fig. 11b, the reduced VDOS in the HQ sample at 5 meV is 
19% higher than that of the annealed one. Here the question is: what is 
the origin of this difference? According to the Mössbauer spectroscopy 
and X-ray scattering, quenching or Tf has no detectable effect on the 
intermediate-range structure in SNCF glass. However, both the density 
and the sound velocity for the quenched SNCF glass are lower than those 
for the annealed one, meaning that Tf affects the macroscopic parame
ters. This suggests that the observed transformation of the reduced 
VDOS could be described by that of the elastic medium. The magnitude 
of the quenching effect on VDOS is close to that described in terms of the 
energy landscape [93] in glasses for a comparable Tf change. The similar 
quenching effect can be interpreted by the difference in the Debye 
energies. 

Interestingly, when VDOS is renormalized after rescaling the energy 
axes in the Debye energy unit, the VDOSs for both samples become 
almost overlapped as shown in Fig. 11b. This confirms the role of the 
elastic medium. In other words, Tf does not affect the intensity of the 
Boson peak that is defined as the relative excess of states above the 
Debye level. The increase of the number of VDOS is compensated by a 
corresponding increase of the Debye level. 

In 2014, an international team led by Chumakov conducted impor
tant experiments concerning the role of disorder in thermodynamics and 
atomic dynamics of glasses and the origin of the Boson peak of SiO2 glass 
by using two techniques - nuclear resonant analysis of inelastic x-ray 
scattering and inelastic x-ray scattering [91]. Their results show that the 
VDOS in SiO2 glass is excessive over that of the typical crystal like 
α-quartz. In addition, SiO2 glass has an excess of heat capacity relative to 
that of the crystal. Remarkably, when they compressed the SiO2 glass to 
make density equal to that of its counterpart SiO2 crystal, the difference 
in both VDOS and heat capacity vanished. Based on these results, Chu
makov et al. inferred that both the Boson peak and the higher heat ca
pacity of SiO2 glass compared to its counterpart crystals are not ascribed 
to disorder, but to a lower density [91]. Thus, the suppression of the 
Boson peak in stone wool upon annealing (Fig. 10) might also be caused 
by an increase of the sample density. However, to further confirm the 
inference in [91], it will be important to compress the HQ stone wool to 
match its density with that of the crystalline stone wool and to deter
mine and compare their VDOS to see whether their VDOS become 
identical. It is worth noting that the change of the VDOS with varying Tf 
provides the information on the atomistic vibrational dynamics, but not 
on the structural heterogeneity. 

Fig. 11. Impacts of both hyperquenching and annealing on the reduced VDOS 
for the glass with the composition (wt%) of 74SiO2-16Na2O-4CaO-6FeO. (a) 
‘Energy bird’ obtained at a quenching rate of about 2 × 103 K s− 1. Inset: The Cp 
curve for the glass annealed at 785 K for 30 min and cooled at 3 × 10− 2 K s− 1. Tf 
values for both the hyperquenched and the annealed samples, as well as Tg 
value of the standard sample are indicated. Inset: unpublished data. (b) 
Reduced VDOS in absolute units for both fast quenched and annealed glass. 
Dashed lines: The exponential decrease of the reduced DOS. The symbols and 
horizontal lines at E = 0: the calculated Debye level. (c) After rescaling the 
energy axes in Debye energy units and renormalization of the DOS area. 
Reproduced with permission from Ref. 35. 
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3.6. Impact of liquid fragility on the sub-Tg relaxation 

It was Austen who proposed the generalized liquid fragility concept 
[94], according to which the glass-forming liquids can be classified into 
the “strong” and “fragile” categories. It should be mentioned that the 
liquid fragility here is the dynamic property of a glass forming liquid, i. 
e., the viscous slowing-down rate of a supercooled liquid at Tg upon 
cooling. The liquid fragility should be distinguished from the mechani
cal fragility of glass. Liquid fragility is usually quantified by the kinetic 
fragility index m, i.e., the slope of the log10(viscosity) ~ Tg/T curve at Tg 
[2]. In 2001, Austen’s group discovered the direct correspondence be
tween the liquid fragility and the thermodynamic fragility [4]. 

To investigate the influence of the liquid fragility on the sub-Tg 
relaxation, the relatively fragile system - stone wool (liquid fragility 
index m = 51), was compared with the typical strong system – SiO2 (m =
20) concerning the relaxation patterns, i.e., the excessive heat capacity 
(Cp,exc) curves in Figs. 11a-f. To make a reasonable comparison, Cp,exc is 
plotted against the Tg scaled temperature, T/Tg. Moreover, the T/Tg 
ratio also tells how far the temperature of the energy release peak is 
away from the standard Tg. Note that stone wool and SiO2 fibers were 
obtained by hyperquenching at approximately 106 and 105.5 K s− 1, 
respectively. By the comparison, we have identified 6 main differences 
in the sub-Tg enthalpy relaxation between the fragile and the strong 
glass forming systems as given below. 

Difference 1: Shape and width of the energy release peak (Cp,exc 
peak obtained from ‘energy bird). 

Stone wool exhibits a broader and less symmetrical Cp,exc peak 
(Figs. 12a) than HQ SiO2 (Figs. 12b), implying that the distribution of 
the kinetic energy that triggers the energy release of a fragile system is 
significantly broader compared with a strong system. Furthermore, the 
difference also indicates that a fragile system has more configurational 
microstates than a strong one. From a microstructure perspective, a 
fragile system involves more diversified chemical and structural species 
than a strong one. Each of these species has its own potential energy, 
which can be trapped in the glass state by hyperquenching its corre
sponding liquid state. Upon reheating at 0.167 or 0.333 K s− 1, those 
species will demand different kinetic energy (i.e., heating temperatures) 
to release the trapped energy. In stone wool composition, there are 

various types of network modifiers such as CaO, MgO, Na2O, K2O, and 
network forming oxides like SiO2 and Al2O3, and hence, both the co
ordinated oxygen numbers of cations and the cation‑oxygen bonds 
strength are diversified. In contrast, there exists only one type of 
network former (SiO2) in SiO2 glass, and hence, only one type of 
chemical bond (Si–O). However, there are still distributions of both the 
bond angles and bond lengths in SiO2 glass although they are much 
narrower than in multi-component glasses like stone wool. This is why 
the sub-Tg relaxation in HQ SiO2 occurs in a temperature range even 
though its Cp,exc peak is narrower than that of stone wool for a given Tf/ 
Tg ratio, i.e., for a comparable cooling rate (Figs. 12a and b). Note that 
the distribution of the potential energy in any glasses, and hence, the Cp, 

exc peak becomes broader when Tf is increased. Compared with a lower 
Tf glass, a higher Tf glass exhibits not only a high average potential 
energy, but also a higher degree of structural ‘distortion’ and a larger 
number of the exited configurational states. If the heating time is shorter 
than the relaxation time, the distorted state of the glass structure will 
remain. Otherwise, the structure species would relax from the exited 
configurational states to those of the ‘standard’ glass that has a Tf value 
equal to Tg, resulting in an energy release. 

Difference 2: Deconvolution of the energy release peak. 
The Cp,exc peak of stone wool is composed of a “shoulder” and a 

primary peak (Fig. 12a), whereas that of HQ SiO2 is comprised of only 
one primary peak (Fig. 12b). The sub-Tg relaxation peak of stone wool 
can be well deconvoluted into two Gaussian peaks (i.e., peaks 1 in low T 
region and peak 2 in high T region, respectively). Peak 1 is associated 
with β relaxation, i.e., the fast relaxation of the network modifiers to
wards lower energy state [36,84], while peak 2 is correlated with α 
relaxation, i.e., the relaxation of the structural network composed of 
tetrahedral SiO4 and AlO4 units. In contrast, the Cp,exc peak of HQ SiO2 
can be fitted by only one Gaussian function (Fig. 12b) [36], clearly 
indicating that only one distribution of relaxation time exists in strong 
systems, and the structural and energetic heterogeneities are less than 
those in fragile systems. The single Gaussian peak in Fig. 12b could be 
associated with the narrow distributions of the Si-O-Si and O-Si-O bond 
angles and lengths. The difference in the sub-Tg relaxation pattern be
tween stone wool and HQ SiO2 is consistent with that in PEL between 
fragile and strong systems. That is, a strong system features the PEL with 

Fig. 12. Comparisons in sub-Tg relaxation between stone wool and HQ SiO2 glass fibers before and after annealing. (a), (b): The excessive heat capacity values (Cp, 

exc = Cp2 – Cp1) as functions of the Tg normalized temperature, T/Tg (in K/K), for stone wool (a) and HQ SiO2 (b) before annealing, respectively. The measured data 
are deconvoluted into the Gausian peaks. The deconvoluted curves were not reported previously. (c), (d): The annealing temperature (Ta) effect on the relaxation 
patterns for stone wool and HQ SiO2 glass, respectively. (e), (f): The annealing time (ta) effect. The stone wool underwent the cooling rate of about 106 K s− 1, whereas 
the HQ SiO2 glass fibers were subjected to about 105.5 K s− 1. All Cp values were obtained from the DSC upscans at 0.333 K s− 1. The deconvoluted curves in Figs. (a) 
and (b) were not reported previously. Figs. (a), (b), (c), (d) and (f) were reproduced with permission from [30]. Fig. (e): unpublished data. 
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a single megabasin, whereas a fragile system displays a proliferation of 
well-separated megabasins [95]. Accordingly, the two different distri
butions of relaxation time for stone wool are a manifestation of the di
versity of deep landscape traps and of the pathways of configurational 
space. In contrast, the single narrow Cp,exc peak of HQ SiO2 should be 
ascribed to the less diversified depths of the potential energy minima 
within a megabasin compared to the relatively fragile system - stone 
wool. 

Difference 3: Position of the energy release peak. 
In Figs. 12a and b, it is seen that the departure of the Cp,exc peak 

temperature from Tg for the strong system - HQ SiO2 glass, is larger than 
that for the fragile system - stone wool. In other words, the Cp,exc peak of 
the strong system is located at the lower T/Tg ratio than that of the 
strong system. The possible origin of this difference could be as follows. 
HQ SiO2 glass possesses a rigid network with higher connectivity, 
whereas stone wool has a floppy network with lower network connec
tivity. Compared with the floppy network of the fragile system, the rigid 
network of the strong system is easier to relax via the local elastic re
covery of the tetrahedral units upon heating, and thus, the relaxation 
occurs well below Tg. However, the floppy network undergoes not only 
local elastic relaxation, but also sluggish viscous relaxation, to make the 
latter happen, the heating temperature needs to be closer to Tg compared 
with the rigid network. 

In addition, although slow β relaxation (JG relaxation) occurs in a 
strong glass-forming system [54], it largely overlaps with α relaxation. 
This is also why only one Gaussian fit is sufficient to cover the Cp,exc 
peak, i.e., unlike the case of the fragile system stone wool, where two 
Gaussian functions are needed to fit the peak (Fig. 12b). Here it should 
be pointed out that, at same cooling rate, the Tf-Tg difference or the Tf/Tg 
ratio is significantly larger for a HQ strong glass system than for a HQ 
fragile one. This difference can be attributed to the fact that a strong 
glass undergoes a smaller Cp jump (ΔCp) during glass transition than a 
fragile system. Consequently, a similar amount of configurational 
enthalpy is trapped in HQ SiO2 glass at a much higher Tf/Tg ratio than a 
fragile one for the same quenching rate, when applying the enthalpy- 
matching method [8]. The structural rearrangement in strong liquids 
during cooling is more sluggish, and hence, is more readily frozen-in at a 
higher Tf/Tg compared with fragile ones. 

Difference 4: Annealing temperature effect. 
Figs. 12c and d show the difference in the influence of the annealing 

temperature (Ta) below Tg on the Cp,exc peak of both the fragile system 
(stone wool) and the strong system (SiO2), respectively. It is seen that, 
with increasing Ta, the excess potential energy of the stone wool is 
gradually released in the way that the onset of the Cp,exc peak shifts to 
higher temperature until the peak completely vanishes when Ta ap
proaches Tg. In contrast, the gradual release of the excess energy of HQ 
SiO2 with increasing Ta takes places in the entire temperature range that 
the Cp,exc peak covers, i.e., the peak height decreases until it disappears. 
This indicates that annealing at a single temperature (i.e., a given kinetic 
energy) causes the release of the excessive potential energy of the entire 
SiO4 tetrahedral network. When Ta is sufficiently high, the configura
tionally excited structural network in HQ silica glass recovers to the 
structural state of the standard glass, and this is accompanied by the 
release of the total excess energy (Cp,exc peak area) (Fig. 12b). 

The above-mentioned differences between stone wool and HQ SiO2 
glass have two implications. First, the excess energy of a HQ fragile 
system is released first from thermodynamically unstable structural 
domains, then from less unstable ones. Second, a fragile liquid involves a 
larger extent of the energetic and structural heterogeneities than a 
strong one at comparable T/Tg. 

Difference 5: Annealing time effect. 
In Figs. 12e and f, Cp,exc is plotted against T/Tg for both stone wool 

and HQ SiO2 glass, to illustrate the difference in the annealing time (ta) 
effect on the energy release pattern (Cp,exc peak) between the two glass 
systems. Similar to the Ta effect, increasing ta shifts Cp,exc peak to higher 
temperature for stone wool (Fig. 12e), whereas it lowers the Cp,exc peak 

height for HQ SiO2 glass (Fig. 12f). This confirms again that the way of 
configurational sampling within PEL for strong systems differs from that 
for fragile ones. For a fragile system, extending ta at a certain Ta in
creases the probability for some of chemical species (e.g., network 
modifiers) to jump from higher to lower basins in PEL, until all these 
species fall to the average energy level determined by Ta. During 
annealing in stone wool, the highly unstable structural linkages (e.g., 
linkages between modifier and non-bridging oxygen bonds) first relax, i. 
e., release their excessive energy. Finally, the ‘frustrated’ or ‘strained’ 
configurational states in tetrahedral SiO4 network are fully liberated and 
relax towards the average energy level of the standard glass. This in
dicates again that the structure of fragile systems is more heterogeneous 
than that of strong ones. The ta dependence of the released energy 
(quantified by the Cp,exc peak area) in a fragile system is highly non- 
exponential. 

Contrarily, the relaxation in HQ SiO2 glass during annealing is a 
cooperative and collective process, during which the SiO4 tetrahedra 
(short-range order) and SiO4 tetrahedral rings (intermediate range 
order) collaboratively adjust themselves from their original positions to 
more stable ones. During this process, these structural units remain 
connected, and hence, relaxation of one SiO4 unit can drive its neigh
boring units to relax. The cooperative relaxation is also associated with 
the coupled rotations of SiO4 tetrahedra [96]. 

Difference 6: Shadow glass transition. 
In Figs. 12c-f, we can see another pronounced difference in the way 

of energy release between stone wool and HQ SiO2 glass, i.e., the shadow 
GT peak occurs in stone wool (see Section 3.4), but not in HQ SiO2. The 
shadow GT peak of the fragile system is gradually enhanced by 
increasing Ta (below Tg) (Fig. 12c) or by extending ta (Fig. 12e). Such a 
pre-peak is a consequence of the non-exponentiality of enthalpy relax
ation, reflecting the energetic and structural heterogeneity in HQ fragile 
glass samples as discussed in Sections 3.3 and 3.4. The lack of the 
shadow GT in the strong system SiO2 confirms its low degree of energetic 
and structural heterogeneities, and its lower extent of non- 
exponentiality of the enthalpy relaxation. 

The identification of the above-mentioned 6 differences in sub-Tg 
relaxation behavior between a fragile and a strong glass system is 
important for understanding both liquid fragility [3] and PEL [9,95,97] 
of the glass-forming liquids. In turn, both concepts are a valuable guide 
for unraveling the enthalpy relaxation of both HQ glasses and annealed 
HQ glasses. Besides the scientific importance, the finding of these dif
ferences is also of technological importance since glass properties such 
as the optical and mechanical properties are strongly influenced by 
thermal histories (e.g., cooling rate, Tf and annealing degree), me
chanical histories (e.g., tension and compression) and the repeated 
heating-cooling cycles [98]. 

3.7. Fragile-to-strong transition, insight from ‘energy bird’ 

In 1999, Austen’s team discovered the fragile-to-strong (F-S) tran
sition in water, i.e., the transition of the fragile character of water in high 
temperature region to the strong one in the low temperature region 
around Tg during cooling [99]. This discovery greatly extended the 
liquid fragility concept and provided new insights into the glass transi
tion and the liquid-liquid transition [3]. Later, the F-S transition was also 
observed in other families of glass-forming liquids such as metallic liq
uids [100,101], oxide liquids [102] and chalcogenide glasses [103]. The 
structural origins of the F–S transition and the liquid-liquid transition 
have been explored by conducting both experiments and atomistic 
simulation by several research groups [22,104,105]. 

Lina Hu’s group observed an anomalous evolution of the ‘energy 
bird’ of numerous metallic glasses during sub-Tg annealing [106–108] 
and found its connection to the F-S transition [107]. In addition to these 
observations, they detected a non-monotonic discontinuous structure 
evolution with varying the sub-Tg annealing degree (temperature and 
time) by using the X-ray scattering technique [21,22]. Specifically, they 
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found that both the cluster size and the correlation length in the 
intermediate-range order (MRO) underwent an a three-stage change 
with varying the annealing temperature. The second stage corresponds 
to the temperature range around 1.36Tg, where the F-S transition occurs. 
Based on both the structure analysis and the characteristics of the ‘en
ergy bird’ of the annealed HQ CuZr(Al) glass, Zhou et al. [22] proposed a 
scenario of its structural evolution during the F-S transition, during 
which the inter-conversion between the MRO clusters with different 
configurations of the structural units drastically occurs as described 
below. 

As shown in Fig. 13a, when a liquid is cooled to a certain temperature 
above the liquidus temperature (TL), some of the free atoms tend to 
group together, leading to formation of partially symmetric icosahedra. 
These icosahedra continue to combine with each other to build larger 
clusters with a certain degree of MRO upon further cooling (Fig. 13b). 
During this process, the clusters in high-temperature (HT) region are 
partially symmetric icosahedra in a low-density state. Once the HT 
liquid approaches the crossing temperature between the fragile and the 
strong phase curves, both the number and the size of these clusters are 
expected to increase to a critical value, and then remain nearly constant. 
To minimize the system energy, these clusters must partly break down, 
and then are combined into more stable ones [109], i.e., those composed 
of fivefold-symmetric ordered icosahedra (Fig. 13c) [110,111]. When 
the liquid is cooled further below the crossing temperature of the F-S 
transition, the new stable clusters aggregate into larger ones in the high- 
density state at the expenses of free electrons, and then the liquid be
comes a strong phase as shown in Fig. 13d. Thus, it can be stated that the 
interconversion between the clusters with different configurations of 
icosahedra is the structural origin of the F-S transition. Such intercon
version was confirmed by theoretical modeling on the microstructure of 
CuZr(Al) liquids [112,113]. The scenario in Fig. 13 also implies that the 
structural heterogeneity (see Section 3.3) in the glass-forming liquids 
exhibiting the F-S transition evolves discontinuously with temperature. 
Moreover, since the F-S transition involves the disorder-order transition 
during cluster formation and transformation, a local exothermal process 
is expected to occur in a supercooled metallic glass-forming liquid 
during cooling. Hence, the F-S transition is a kind of the first-order 
transition.- 

Due to the intervention of the F-S transition, the dynamics of some 
metallic glass-forming liquids cannot be captured by a conventional 
three-parameter viscosity model including the Adam-Gibbs model [114] 

and the Mauro-Yue-Ellison-Gupta-Allan (MYEGA) model [115]. In this 
regard, the MYEGA model was extended in [101] to describe the F-S 
transition. The details of the derivation of the extended MYEGA model 
are given in [101]. Compared with the original MYEGA model, the 
extended model includes two additional parameters that are related to 
the constraint onsets of two floppy-to-rigid transitions. Consequently, 
the size decrease of the cooperatively rearranging regions in the metallic 
glass-forming liquids during cooling to Tg does not follow the trend 
described by the Adam-Gibbs model [114], but follows the tendency 
reflected by the extended MYEGA model. It should be stated that both 
the original and the extended MYEGA models are valid in describing the 
viscosity-temperature relationship of glass-forming liquids under equi
librium. However, during quenching process, the decrease of the vis
cosity of a liquid with temperature follows a linear fashion with a 
significantly lower slope compared with an equilibrium liquid. The 
viscosity of the non-equilibrium liquid decouples from that of the 
equilibrium liquid at the glass transition (i.e., at Tf) during quenching. 
This decoupled viscosity is often called isostructural viscosity since the 
structure and configurational entropy remains constant during 
quenching [116,117]. It is also called non-equalibrium viscosity. The 
relationship between the non-equalibrium viscosity and temperature 
can be well described by the Mauro-Allan-Potuzak (MAP) model that 
accounts for the continuous breakdown of ergodicity at the glass tran
sition [118]. 

In addition, Hu’s group observed an anomalous three-steps cooling 
rate dependence of the activation energy of enthalpy relaxation in 
several HQ metallic ribbons [107]. This anomalous sub-Tg relaxation 
behavior was regarded as a thermodynamic signature of the F-S transi
tion owing to the interconversion between the low and high temperature 
clusters in these metallic systems. Thus, it can be stated that the origin of 
the anomalous sub-Tg relaxation behavior is closely related to the 
chemical and structural heterogeneity in supercooled liquids. 

4. Perspectives 

There is no denying that DSC is one of the most sensitive tools to 
detect the potential energy fluctuation in glass, which is induced by a 
local structure change. As described above, the ‘energy bird’ approach 
can provide information on the potential energy landscape [9,30,97], 
structural heterogeneities [46,47], glass transition [9,20,58], shadow 
glass transition [20,24,57,79,86], fragile-to-strong transition [21,22], 

Fig. 13. Schematic of the scenario for the structural evolution in a metallic glass-forming liquid (e.g., CuZrAl system reported in [22]) during the F-S transition. (a) 
Liquid structure composed of free atoms (blue spheres) and partially ordered icosahedra (grey spheres); (b) Size increase of the partially ordered clusters at the 
beginning of the F-S transition; (c) Transition from partially to perfectly symmetric icosahedra; (d) Disorder-order transition in clusters and size increase of clusters at 
expense of free atoms at the ending stage of the F-–S transition above Tg. Replotted with permission from [22]. (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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secondary relaxation [53–55,79,119], and atomic vibrational dynamics 
[9,35] in various glass systems. The results about the sub-Tg relaxation 
in HQ glasses are closely related to Austen’s big picture on glass and 
glass transition [120]. This is because the ‘energy bird’ approach can 
greatly extend the fictive temperature range of glass, and thereby a 
wider window of the PEL and a large structure change of glass-forming 
liquids can be accessed. The window of the PEL can be even significantly 
extended if the ultralow Tf values of ultrastable glasses [121] are com
bined with the Tf values of hyperquenched glasses. At the same time, it is 
important to develop a new technology, which could offer a quench rate 
close to that utilized in the molecular dynamic simulations, enabling 
accessing the even wider window of both PEL and the structure change 
in glasses and liquids. By drastically increasing the quenching rate for an 
oxide glass, the extremely unstable configurational states in glass will be 
trapped, and thereby ultrahigh Tf glasses will be obtained. Upon dy
namic heating at a given rate, the ultrahigh Tf glasses will start to release 
their excess energy (relative to the average energy level of standard 
glass) at significantly lower temperature, i.e., at lower T/Tg ratios, 
compared with the glasses that we have investigated so far [122]. This 
will greatly contribute to further drawing Austen’s big picture on glass 
and glass transition. 

In addition, we should admit that both the DSC and the ‘energy bird’ 
approach alone cannot directly detect the structural heterogeneity of 
both glass and its supercooled liquid. In other words, the structural 
heterogeneity still cannot be directly visualized and quantified, and the 
reason for this is the lack of the characterization techniques with suffi
ciently high resolution to probe minor fluctuation in the intermediate 
range structure of glass. Thus, a quantitative link between the feature of 
the ‘energy bird’ and the structure change has not been established so 
far. Despite these challenges, various advanced tools for probing the 
local structure of glass are being rapidly developed. Importantly, new 
atomistic modeling approaches are emerging to predict the dynamic and 
thermodynamic features of glass, which the ‘energy bird’ approach has 
identified. 

The rapid advance in developing new types of DSC, e.g., the flash 
DSC, will enable extending the window of the hyperquenching rate of 
supercooled liquids to glass state, thereby producing glass with 
extremely high fictive temperatures. In this regard, we will be able to 
generate the large changes in glass structure, which can be detected by 
advanced microscopic and spectroscopic techniques. This extended 
window of quenching rates will be gradually closer to the window that 
the future molecular dynamic simulation technique can cover. This will 
offer the opportunities to probe structure heterogeneities, potential 
energy landscape, and phase transition in ‘no-man’s land’, i.e., in the 
temperature region for crystallization of supercooled liquids. The com
bination of the flash DSC with conventional DSC, computer modeling 
and structure characterization will provide insight into the structural 
origin of the liquid-liquid transition, the fragile-to-strong transition and 
the polyamorphic transition. This combination has a great potential to 
determine the length and time scales, at which the structural change 
leads to appearance of the ‘energy birds’ with various shapes and sizes. 
Moreover, if both the fictive temperature and the pressure windows are 
significantly widened, the understanding of the Boson peak in glass will 
be further deepened with the aid of advanced structural characterization 
techniques. 

Another mission of scientists in the field of glass relaxation research 
is to find the connection between enthalpy relaxation features and glass 
properties and functionalities, which is of practical interest for devel
oping new types of functional glasses and for improving glass perfor
mances [17,50,98,123]. Scientists will continue to reveal the nature of 
glass by tackling the challenging glass problems that Austen had been 
attempting to resolve. 
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