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a b s t r a c t 

Both crystallization and relaxation are intrinsic characteristics that derive from the metastable nature of 

metallic glasses. However, the interactions between the two reactions are not understood fully. In this 

paper, enthalpy evolution and phase existence diagrams composed of liquid, glass and crystal are estab- 

lished to illustrate the phase transitions upon heating and cooling a metallic glass-forming material. We 

find that metallic glasses located in different enthalpy levels in the diagrams exhibit quite different re- 

sistance to crystallization. The crystal nucleation rate for the fast-cooled glass is smaller compared to the 

slow-cooled glass, which is verified to be correlated with the larger amount of β relaxation in the fast- 

cooled sample. These findings provide new evidence for the inheritance between glass and liquid, and 

suggest that modulating the glassy state is a new route to control the crystallization kinetics of super- 

cooled liquids. 

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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1. Introduction 

Crystallization represents the first-order phase transition from

a disordered structure to an ordered structure. The frustration of

crystallization leads to formation of glass when a melt is cooled

fast enough. Bulk metallic glasses have promising application po-

tentials as structural and functional materials and are ideal model

materials for scientific researches [1–6] . It is intriguing that the

proper crystallization of metallic glasses can enhance their prop-

erties, e.g. mechanical properties [7 , 8] , magnetic properties [9] and

catalytic activity [10 , 11] . However, understanding and controlling

the crystallization behavior remain a challenge in materials science

and condensed matter physics [12–15] . Crystallization is composed

of two steps, i.e. nucleation of crystals and subsequent growth

[16] . An asymmetric crystallization behavior has been found during

cooling and heating processes [17 , 18] . In metallic glasses usually
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igher rates are required to suppress crystallization when heating

rom a low-temperature glassy state compared to cooling from a

igh-temperature melt [19 , 20] . However, it is still not clear how

he glassy state influences the crystallization kinetics of super-

ooled liquids. Unraveling the underlying mechanisms is essential

or controlling the crystallization of supercooled liquids and for

romoting the applications of metallic glasses. 

The glass may reside in very large energy range with complex

nergy states according to the energy landscape theory. The en-

rgy changes along with the thermal history owing to the non-

quilibrium nature of glasses. For example, when a glass is cooled

lowly or annealed at elevated temperatures, the glass relaxes to-

ards lower energy states. The relaxation plays an important role

n influencing the properties of metallic glasses, e.g. mechanical

roperties and magnetic properties [21–23] . The relaxation pro-

esses for glasses usually exhibit diverse kinetics. For example, a

lass may experience the Boson peak, fast-process, β relaxation

nd α relaxation successively when it is heated from low tem-

eratures [21] . Metallic glasses also experience multiple relaxation

tages when they are annealed isothermally close to the glass

ransition temperature [24–26] . Given the strong inheritance and

emory effects in the metallic glasses and their supercooled liq-

ids, an understanding of the influence of the diverse relaxation

https://doi.org/10.1016/j.actamat.2019.12.002
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odes in metallic glasses on the crystallization behavior of super-

ooled liquids is essential for establishing a control of the reaction

inetics. 

The Flash differential scanning calorimeter (F-DSC) with high

recision and high heating/cooling rates is capable of detecting the

ne scale relaxation changes in glasses and the fast metastable

hase transition phenomena [27–30] . The β relaxation and α re-

axation can be distinguished by measuring the details of the en-

halpy evolution during isothermal annealing by using F-DSC [24] .

hus, the F-DSC enables the determination of any correlations be-

ween the relaxation modes in metallic glasses and the crystalliza-

ion behavior of supercooled liquids. 

In this work, the correlation between the relaxation behavior

nd crystallization characteristics was studied using F-DSC in a

odel metallic glass with composition of Au 49 Cu 26.9 Ag 5.5 Pd 2.3 Si 16.3 

20 , 24 , 29 , 31] . Phase formation diagrams composed of glass, crystal

nd liquid phases are constructed to illustrate the competition be-

ween crystallization and glass transition upon cooling and heat-

ng. The correlations between the crystallization in supercooled

iquids and the relaxation in glassy state are studied for metallic

lasses in different energy states. 

. Methods 

.1. Sample preparation 

An alloy with nominal composition of Au 49 Cu 26.9 Ag 5.5 Pd 2.3 Si 16.3 

at%) was prepared by arc melting the pure elements ( > 99.9 wt%)

nder the protection of high-purity Ar gas. The alloy was then re-

elted in a quartz tube and injected on a fast spinning copper

oller at the wheel speed 40 m/s. The thickness of the metallic

lass ribbons are about 30 μm. 

.2. F-DSC measurements 

The thermal properties were measured using an F-DSC (Flash

SC 1 by Mettler Toledo). A tiny sample with dimensions of about

0 μm × 80 μm × 30 μm was cut from a melt-spun ribbon. The

ample was then loaded on the center of the F-DSC sensor chip

nder an optical microscope. In measurements, the sensor and the

ample were protected from oxygen and moisture under a steady

r flow (60 ml/min). The sample was first melted by heating up

o 693 K at 10 0 0 K/s and held isothermally for 5 min to allow the

elt to contact well with the chip sensor. A second heating was

one at 10 0 0 K/s to determine the melting temperature ( T m 

= 

11 K). The liquidus temperature is determined to be T l = 660 K

sing a conventional DSC (see the data in Fig. S1). The cooling rates

ange from 100 K/s to 10,0 0 0 K/s, and the heating rates range from

0 K/s to 40,0 0 0 K/s. Since the melting enthalpy is �H = 45.0 J/g

 = 5.2 × 10 8 J/m 

3 ) and the fusion enthalpy of the F-DSC sample is

bout 30.6 μJ, the mass of the flash DSC sample is determined to

e about 0.68 μg. The crystallization fraction of the sample was

valuated by the melting enthalpy because of their linear rela-

ionship. To measure the Time-Temperature-Transformation (TTT)

urve, the metallic glass was heated (at a rate of 40,0 0 0 K/s) to a

estination temperature and annealed isothermally. An exothermic

eak is detected upon crystallization and the peak onset gives the

rystallization onset time during isothermal annealing. 

.3. Microstructure characterization 

The F-DSC samples were removed from the calorimetry chip

nd fabricated by a focused ion beam (FIB, Auriga by Carl Zeiss)

o prepare a transmission electron microscope (TEM) sample for

bservation. The microstructure of the as-cooled and crystallized

etallic glasses was studied in a Talos F200X TEM (by Ther-

oFisher). 
. Results 

.1. The phase formation diagrams upon cooling and heating 

Fig. 1 (a) shows the representative heat flow traces upon cooling

t various cooling rates ( R cool ). During slow cooling (e.g. R cool ≤
00 K/s), the liquid solidifies into crystals at a temperature T solid .

he T solid decreases with increasing cooling rate. This is a typical

inetic characteristic of crystallization. When the cooling rate is

arger than a critical value, R c (i.e. R cool ≥ 1600 K/s), the melt can

e supercooled until it is frozen into a glass at a temperature T g,c .

he liquid-to-glass transition is accompanied by a heat capacity in-

ection at T g,c , as shown in Fig. 1 (a). To illustrate the competition

f the crystal formation and glass formation, a phase existence re-

ion diagram in form of temperature versus cooling rate is shown

n Fig. 1 (b). The critical cooling rate for glass formation is deter-

ined to be about 1600 K/s. It is interesting to note that the T solid 

xhibits a much stronger dependence on cooling rate compared to

he T g,c . 

The representative heating F-DSC traces for metallic glasses

ooled at different rates are shown in Fig. 1 (c). If the liquid crys-

allizes at low cooling rates (i.e. R cool ≤ 800 K/s), a melting reac-

ion is detected upon heating. If the liquid is frozen into a metallic

lass (i.e. R cool ≥ 1600 K/s), the glass-to-liquid transition tempera-

ure ( T g ), crystallization temperature ( T x ) and melting temperature

 T m 

) are detected upon heating. Fig. 1 (d) shows the 2-dimensional

iagram of enthalpy evolution in terms of temperature and cool-

ng rate based on the data in Fig. 1 (c). At low cooling rates ( < 800

/s), only the melting peak was detected without the glass transi-

ion and crystallization. This confirms that the sample crystallized

ompletely during cooling. When the cooling rate is between 800

/s and 1600 K/s, a glass-crystal composite is formed. If the cool-

ng rate is above 1600 K/s, a fully amorphous structure is formed

pon cooling. 

The cooling rate is an effective parameter to modulate the en-

rgy states of glasses. To study the evolution of the enthalpy for

etallic glasses cooled at different rates, the variation of F-DSC

eat flows is obtained by subtracting the heat flow of the sample

ooled at 1600 K/s, as shown in Fig. 1 (e) (see details in Fig. S2). The

nthalpy change is calculated by integrating the heat flow peak,

H = 

∫ T 2 
T 1 

C p d T , with T 1 = 330 K is the integral lower limit that is

elow the relaxation peak, T 2 = 460 K is the integral upper limit

hat is above the relaxation peak, and C p is the specific heat. As

hown in Fig. 1 (f), the enthalpy increases with the increase of the

ooling rate. 

The phase transition kinetics upon heating are studied by

easuring the DSC traces at various heating rates, as shown in

ig. 2 (a). At low heating rate (e.g. 10 0 0 K/s), the metallic glasses

xperience the glass-to-liquid transition, crystallization and melt-

ng. The T g and T x of supercooled liquid shift to higher tempera-

ures at higher heating rate ( R h ). When T x gets close to the melting

emperature, crystallization gets frustrated because the crystalliza-

ion driving force �H( T l − T ) / T l ( T is temperature, T l is the liquidus

emperature, �H is crystal melting enthalpy) becomes very small.

he crystallization can be suppressed completely when R h reaches

bout 10,0 0 0 K/s. The phase existence region diagram in Fig. 2 (b)

s shown to illustrate the phase transitions detected in Fig. 1 (a). At

ow heating rates, the sample experiences glass, supercooled liq-

id, crystal and normal liquid states successively upon heating. At

igh enough heating rates, the glass transforms into supercooled

iquid state and then normal liquid without crystallization. It is in-

eresting that the phase transition onset temperatures, i.e., T g and

 x , change in similar behavior for the glasses cooled at different

ates. However, the critical heating rate where crystallization is de-

ressed varies for the glasses cooled at different rates. 
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Fig. 1. Phase formation diagrams upon cooling. (a) The heat flows upon cooling at different rates. At low cooling rates, e.g. ≤800 K/s, the melt crystallizes. At high cooling 

rate, e.g. ≥1600 K/s, the melt transforms into glass. The onset temperatures for solidification ( T solid ) and glass transition ( T g,c ) are marked by arrows. (b) A phase existence 

region diagram in a form of temperature versus cooling rate ( R c ) illustrating the formation of crystal and glass upon cooling a liquid. (c) The FDSC traces upon heating at 

10 0 0 K/s for samples cooled at different rates. The onset temperatures for glass transition ( T g ), crystallization ( T x ) and melting ( T m ) are marked by arrows. The curves in 

(a) and (c) are shifted vertically by a constant to distinguish each other. (d) The 2-dimensional contours of the enthalpy in dimensions of temperature and cooling rate. (e) 

The 3-dimensional plot of heat flows upon subsequent heating ( R h = 10 0 0 K/s) versus cooling rate and temperatures. (f) The enthalpy of glassy state �H glass relative to the 

enthalpy of the glass cooled at 1600 K/s as a function of cooling rate. �H glass is obtained by integrating the rejuvenation heat flows peaks in (e). 
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Fig. 2 (c) shows the crystallization fraction ( X ) upon heating ver-

sus the heating rate. Along with increasing the heating rate, the

crystallization fraction decreases continuously. The crystallization

fraction is very sensitive to the cooling rates employed for glass

synthesis. Crystallization of the fast-cooled glass exhibits a more

sensitive dependence on heating rate, and the crystallization can

be suppressed completely at a much lower heating rate compared

to the slowly-cooled samples. To quantitatively study the crystal-

lization kinetics upon heating, the crystallization fraction is fit-

ted by a compressed exponential equation, as shown by the solid

curves in Fig. 2 (c). 

X = exp 

(
−
(

R h 

R 0 

)n 
)

(2)

where R 0 represents the heating rate where X reaches 1/ e, n is the

exponent. As shown in Fig. 2 (d), n increases from 1.8 to 2.31 and

R 0 decreases from 4350 K/s to 2360 K/s when the cooling rate in-

creases from 1600 K/s to 10,0 0 0 K/s. Values of n > 1 are attributed

to the heterogeneous dynamics scenarios [25 , 32 , 33] . A larger n for

the fast-cooled metallic glass in a high energy state suggests a

strong heterogeneous nature. 
.2. Structural characterization 

The microstructures of the metallic glasses that were slightly

rystallized at the crystallization onset temperature were studied

y TEM, as shown in Fig. 3 (the thermal protocols can be found in

he Supplementary Fig. S4). A greater number of nanocrystals, N a 

re developed in the metallic glass cooled at 1600 K/s compared

o the metallic glass cooled at 10,0 0 0 K/s. The number density of

anocrystals is about 4.8 times different, which is consistent with

he calculated N a (3.5 times difference, see Supplementary Infor-

ation). For the sample cooled at 1600 K/s, the nanocrystals in the

ample cooled at 1600 K/s are more prone to nucleate on a dark

atalyst as shown in Fig. 3 (b) compared to the sample cooled at

0,0 0 0 K/s, which suggests more heterogeneous-like nucleation for

he 1600 K/s cooled sample. This is consistent with the theoreti-

al nucleation analysis (see Supplementary Information) that indi-

ates that the catalytic potency factor, f ( θ ) for the sample cooled

t 1600 K/s is larger than that for the metallic glass cooled at

0,0 0 0K/s. The elemental mapping in Fig. 3 (h) and the SAED pat-

erns in Fig. 3 (c) and (g) suggest that the nanocrystals are the AuCu

hase [34] (details can be found in Supplementary Table S2). 
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Fig. 2. Phase transitions upon heating. (a) Representative DSC traces for samples heated at various heating rates (from 10 0 0 K/s to 10,0 0 0 K/s) for the metallic glass cooled 

at 10,0 0 0 K/s. (b) The phase existence region diagram upon heating a glass. Blue triangles: glass cooled at 1600 K/s. Yellow circles: glass cooled at 30 0 0 K/s. Green squares: 

glass cooled at 60 0 0 K/s. Red diamonds: glass cooled at 10,0 0 0 K/s. Filled symbols: crystallization temperature T x . Open symbols: glass transition temperature T g . (c) The 

heating rate ( R h ) dependent crystallization fraction for the as-cooled samples cooled at different rates, 1600 K/s (triangles), 30 0 0 K/s (circles), 60 0 0 K/s (squares) and 10,0 0 0 

K/s (diamonds), respectively. (d) The fitting parameters R 0 and n evolve with the cooling rate. 

Fig. 3. The microstructure for the metallic glasses cooled from the crystallization on- 

set temperatures. (a) The TEM image for the 1600 K/s cooled sample crystallized at 

393 K. (b) The HRTEM image for nanocrystals that nucleate on a dark catalyst. (c) 

The selected area electron diffraction pattern shows a polycrystalline nature. (d) 

HAADF image of the nanocrystal and corresponding elemental mapping. (e) The 

TEM image for the 10,0 0 0 K/s cooled sample crystallized at 393 K. (f) The HRTEM 

image for a nanocrystal. (g) The selected area electron diffraction pattern shows a 

random nanocrystalline structure. (h) HAADF image of nanocrystal and correspond- 

ing elemental mapping. 
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.3. Effects of β relaxation on the crystallization process 

f sample 

The key difference between the metallic glasses cooled at dif-

erent rates is the change in enthalpy states. It has been demon-

trated that the change of glass enthalpy derives from different

elaxation modes [24 , 35] so that monitoring the glass enthalpy

an be used to distinguish between the different relaxation modes.

ig. 4 (a) shows the representative DSC traces ( R h = 1500 K/s) for the

elaxed samples after annealing at 383 K for various times. With

he increase of annealing time, both the relaxation peak ( �H g ,

he overshoot near T g ) and the crystallization peak ( �H x ) become

ore pronounced. The relaxation kinetic barrier ( �E ) is deter-

ined using the Kissinger method (see Figs. S5 and S6). Fig. 4 (b)

hows the evolution of �E with the increase of annealing time.

t the beginning, the �E is small and is equal to the value for β
elaxation (~26 RT g ). With further annealing, the �E increases and

eaches the value for α relaxation, which is consistent with previ-

us work [24] . For comparison, the evolution of the crystallization

nthalpy �H x during the annealing is shown in Fig. 4 (c). During

he β relaxation stage, the �H x is small and doesn’t change much.

hen the β relaxation transforms to α relaxation, the crystalliza-

ion enthalpy increases from 17.8 kJ/mol to 21.5 kJ/mol (also see

igs. S7 and S8). A 3D plot for �E versus �H g and �H x can be

ound in Fig. S8(b). The accelerated crystallization behavior is at-

ributed to the activation of heterogeneous nucleation and crystal-

ization [36] . These results suggest that the crystal nucleation can

e suppressed in the supercooled liquid for the metallic glass that

xhibits substantial β relaxation. 

In Fig. 5 (a) the evolution of the glass enthalpy at 383 K ver-

us the relaxation barrier is shown and compared to the difference

etween the fast-cooled ( R c = 10,0 0 0 K/s) and slow-cooled ( R c = 

600 K/s) metallic glass. The y-axis is the excess enthalpy rel-

tive to the equilibrium supercooled liquid state. During the β
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Fig. 4. The crystallization of relaxed metallic glasses. (a) The heat flows of the glass upon subsequent heating R h = 1500 K/s after being annealed at T a = 383 K for various times. 

The relaxation enthalpy ( �H g ) and crystallization enthalpy ( �H x ) are highlighted by shading. (b) The evolution of relaxation barrier ( �E ) along with the annealing time 

during annealing at T a = 383 K. (c) The crystallization enthalpy ( �H x ) versus the annealing time. 
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relaxation stage, the enthalpy for the fast-cooled sample changes

by about 0.4 kJ/mol, while that for the slow-cooled sample changes

by about 0.15 kJ/mol. In contrast, the enthalpy changes the same

for the two metallic glasses during the α relaxation stage. In this

way, the amount of β relaxation can be evaluated by the enthalpy

variation during β relaxation ( H β ). 

Fig. 5 (b) shows the correlation between the crystallization frac-

tion and the amount of β relaxation. The metallic glass cooled at

a higher rate exhibits more β relaxation and is more difficult to

crystallize than the glass cooled at a lower rate. It has been ob-

served that the β relaxation corresponds to the string-like motions

of small atoms [37] , which may survive in the supercooled liquid.

Schematic microstructures are proposed to illustrate the structural

evolution along with cooling rate, as shown in the inset images

in Fig. 5 (b). The one-dimensional orange structures represent the

structure with β relaxation motion, while the blue zones repre-

sent the structure with a more dense packing structure that favors

crystallization. 
. Discussion 

In order to understand the kinetic behavior displayed in Fig. 3 it

s necessary to consider two effects that are related to the melt

uenching process: a retained cluster distribution and the β re-

axation. In this case it is noted that the 1600 K/s cooling rate

as been established as the critical cooling rate to achieve a glass.

t lower cooling rates crystallization develops during quenching.

hus, at 1600 K/s the cluster size distribution that develops during

ooling is not sufficient to achieve the critical size for crystal nu-

leation, but can be retained in the glass as noted by Schawe and

öffler [38] and Xie et al. [39] . Similarly, at the 10,0 0 0 K/s cooling

ate some cluster distribution develops and can be retained, but

he size range is smaller than that for the 1600 K/s cooling rate

ue to the reduced time available for cluster evolution. Upon re-

eating the glass cluster evolution to the critical size is governed

y sluggish diffusion at low temperature and the TTT curves for

oth the 1600 K/s and the 10,000 K/s cooling rates overlap. The
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Fig. 5. The correlation between crystallization fraction and the amount of β relax- 

ation. (a) The excess enthalpy of glass relative to the equilibrium supercooled liquid 

state versus �E . The initial decrease in enthalpy is mainly attributed to β relax- 

ation where the enthalpy decreases by about 0.45 kJ/mol for the fast-cooled glass 

and about 0.2 kJ/mol for the slow-cooled glass. The enthalpy variation caused by 

α relaxation is about 0.2 kJ/mol for both glasses. (b) The crystallization fraction is 

measured upon heating at 40 0 0 K/s (referred to Fig. 2 (c)) for the metallic glasses 

cooled at 1600 K/s, 3000 K/s, 6000 K/s and 10,000 K/s. The amount of β relaxation 

is determined by the enthalpy change during β relaxation (referred to Fig. 4 (e)). 

Inset images illustrate schematically the evolution of microstructure. The orange 

zones represent the structure for β relaxation. (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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TT curves begin to depart from overlap since the critical size in-

reases with increasing temperature so that the retained clusters

t the 10,0 0 0 K/s cooling rate fall below the critical size and re-

uire additional time to reach the nucleation onset. For the 1600

/s cooling rate the retained clusters are larger and can act to pro-

ote nucleation at temperatures above the overlap departure. At

he same time the increased amount of β relaxation for the glass

ooled at 10,0 0 0 K/s acts to retard the onset of nucleation more

han for the glass cooled at 1600 K/s. Thus, the β relaxation ef-

ect acts in an opposite way to the retained cluster distribution in

nfluencing nucleation. A full kinetics analysis must consider both

ffects that is beyond the scope of the present work. 

The α relaxation exists over wide temperatures ranges (from

lass to supercooled liquid) and is correlated with the crystal

rowth and the atomic diffusion. However, it is known that the β
elaxation vanishes in supercooled liquid or merges with α relax-

tion. Our findings suggest that the β relaxation can also survive

rom glass to supercooled liquid at high temperatures and is cor-

elated with the nucleation of crystals. The finding that the state

f glass has an important role in modulating the nucleation kinet-

cs of the supercooled liquid has promising potential applications

or promoting the applications of thermal plastic deformation of

etallic glasses in supercooled liquid region. 

. Conclusions 

In summary, the phase transition kinetics of an Au-based metal-

ic glass-forming system is studied using the high-precision fast
ifferential scanning calorimeter. Phase existence region diagrams

re determined upon cooling and heating. It is found that the

ast-cooled metallic glass is more difficult to crystallize. This is

ttributed to the activation of β relaxation that can depress

he crystal nucleation. The correlation between the two intrinsic

etastable characters suggests a promising route for enhancing

he stability of supercooled liquid by modulating the characters of

lasses. 
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