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PUBLIC SUMMARY

= The time-temperature transition (TTT) curve is the critical boundary between the glass and crystal phases.
= Relating critical interface energy as a function of critical viscosity enables a quantitative model of TTT.

= The model reveals a new liquid to solid glass phase transition at T,, and the nature of a glassy substance.
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In 2005, Science magazine listed the "nature of a glassy substance" as one
of the 125 most challenging scientific questions of the century. A quantita-
tive understanding of the time-temperature transition (TTT) curve for criti-
cal nucleation of amorphous materials is crucial to answering this ques-
tion. Despite extensive efforts over the past 70 years, a quantitative model
for the TTT curve remains elusive due to a lack of understanding of physi-
cal properties such as the interfacial energy at the incubation time ¢ for
critical nucleation. In this study, a relationship between the critical nucle-
ation viscosity and the interfacial energy as a function of ¢ is established
and a quantitative TTT model is developed. The model demonstrates excel-
lent agreement with experimental TTT data for various amorphous materi-
als. Most importantly, it allows the accurate and definitive determination of
To, the true minimum crystallization temperature at the lower end-point of
the TTT curve, as well as the temperature below which the amorphous
liquid-to-solid state transition occurs. This offers an unambiguous answer
to the nature of glassy substances: Above T, a liquid with constant amor-
phous structure relaxation; and below T, a solid with stable amorphous
structure.

INTRODUCTION

The "nature of a glassy substance” was among the top 125 cutting-edge
scientific questions proposed by Science magazine in 2005." The debate
centers on whether the amorphous state is liquid or solid in nature. Some
researchers suggest that the system undergoes a transition from a super-
cooled liquid to a glassy state as the viscosity reaches 10" or 10" Pa-s.**
Such a transition results in a loss of fluidity of the system, which behaves like
a solid. Other researchers suggest that such a glassy state still belongs to a
liquid state with an extremely slow relaxation rate, commmonly supported by
the observation of slow molecular flow in the window glass of medieval
churches, even though its viscosity is well beyond 10" Pa-s, resulting in a
thin top and a thick bottom.”’

The question then changes to whether there is a qualitative, rather than a
quantitative, boundary separating amorphous into liquid and solid
substances? Kauzmann and Gibbs et al. augured that, to avoid violating the
third law of thermodynamics, the supercooled liquid state of any amorphous
material should always undergo a liquid-to-solid transition above zero
degrees Kelvin, named as the "Kauzmann temperature" T, or the “ideal glass
transition temperature” T,.°®? However, Until now, T, has been primarily
conceptual, as it is difficult to determine or measure such a liquid-solid tran-
sition temperature.

In order to explain the "nature of a glassy substance”, it is essential to
develop a quantitative model to describe the transition from liquid to
crystal/glass phase. Unfortunately, by far the majority of models have been
limited to the qualitative level. A few quantitative models have not been suffi-
cient to meet the experimental data.

MATERIALS AND METHODS
Construction of quantitative TTT curve model
As a fundamental element of the non-equilibrium phase diagram, the time-

temperature transition (TTT) curve offers a valuable tool for understanding
the phase transition in glass-forming systems. The curve corresponding to
the initial of critical nucleation describes the condition of transition from a
supercooled liquid to a crystalline state. Qualitatively, the transition boundary
is defined by the lowest detectable volume fraction of crystalline phase,
which is considered to be crystallinity at 10°°."°"" The incubation time t
required to reach this critical volume fraction varies significantly with the
nucleation temperature T* for a given material composition. On both the high
and low temperature sides of the TTT curve, the nucleation incubation time
approaches infinity. At or near the melting temperature (T,,), the system
reversibly reaches an equilibrium state with fully equilibrated internal degrees
of freedom. There is an intermediate temperature at which t* is at its mini-
mum, known as the "nose point” (T:, t.). Near the lower limit of the TTT
curve, the internal degrees of freedom are not fully relaxed due to kinetic
constraints, resulting in the system being trapped in a frozen state.

Turnbull and Uhlmann et al. developed a framework for the TTT curve in
the 1950s and 1960s.'"'*"* The framework is based on the Johnson-Mehl-
Avrami theory, with t* defined as a function of T+:'°

T . 3x
t*f(T)*\/ o (T)u(T)* M

where x is the volume fraction of crystallinity, I(T*) is the nucleation rate, and
u(T) the crystal growth rate. It is important to realize that all physical prop-
erties related to the TTT curve below T,depend on both T and t. This is
because for TTT curve line, denoted by (T*,t*), each T* is associated with a
specific value of t* for a given material. The function describing t* in terms of
T is defined by Eq. (1), while its inverse function ' describes T* in terms of
t,ie:

T =f(t). ®)

Eq. (1) describes the incubation time t for the nucleation of a phase transi-
tion for different materials at different nucleation temperature T+, which is a
dynamic non-equilibrium process. The super-cooled liquids can be consid-
ered "in equilibrium states” with respect to small, local stochastic fluctua-
tions, but “in non-equilibrium states" with respect to the phase transitions
described by Eq. (1), which is the very nature of TTT diagrams.'® The nucle-
ation process, like any thermally activated processes, is both stochastic
microscopically governed by thermal fluctuations and statistical mechanics,
and deterministic macroscopically exemplified by master equations such as
Eq. (1).""

The equations for u(T) and | (T*) are as follows:'**

D, _4em) VinAgy (T*)
u(r) = 5€ kT <1 —e A ) , ©)
D Na Aeg(m-”ae;sw(r‘)
Ty=gte o0 *)

where V,, is the molar volume, k; the Boltzmann constant, R the gas
constant, N, the Avogadro number, D, the pre-factor for the diffusion coeffi-

2 The Innovation Materials 2(3): 100086, September 18, 2024

www.the-innovation.org/materials


mailto:hongwang2@sjtu.edu.cn
mailto:liu@matse.psu.edu
mailto:xiangxd@sustech.edu.cn
mailto:hongwang2@sjtu.edu.cn
mailto:liu@matse.psu.edu
mailto:xiangxd@sustech.edu.cn
https://doi.org/10.59717/j.xinn-mater.2024.100086
https://doi.org/10.59717/j.xinn-mater.2024.100086
https://doi.org/10.59717/j.xinn-mater.2024.100086
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.the-innovation.org/materials
https://www.the-innovation.org/materials
https://www.the-innovation.org/materials

ARTICLE

O 1100 (B ) 107F o
E @107 L
: g
— 10} # {10 _10f =0 r
4 ﬁ; » » !
© © @ '
a . . a [ ' 10° . . .
,: 105 10-‘5 Pt «: : 10-10 ’IOTO 1030 ‘]050
10° te© 1108 10 s
"\?-T—qnmm]jmm . E :T ‘UMJ_HH-HH’*D%
100 L L 100 700 L Tn
600 800 1000 1200 800 1000 1200
T(K) T(K)
© o T -
107F @ 110% 1013t @ {100
: = 108 F : ° o
: \ . g 3 : \ & 108
. = 10°t - =
% 10°f - 108 & 100} ! \ 50 .
! ' <~ 102F @ @ 108 1108 &
g | = I g o[\ e g
= : ~10" e = : N 107 10° 107 102 10% =
w0k St e © i : t(s) -
: : 10°% 1 : 4108
i ‘ a '
2L : ﬂma\ﬂmmm :
1o T T T 10 102 :Tu feenemms | 102
600 800 1000 1200 1400 500 700 900 1100 1300
T (K) T(K)
6 : 10} 6 ! 101 © 07F o
' ) 10M4F '
10%4 IO | 110% | : 10
: \ g 1018 : E S 10
. T E | =107
RIS \ lige @ @ 10°F ¢ % 10°r <
g I 102 - - . g & : P : N\ 10°
P ! 10° 102 107 10% = = ' - e ' h 10" 105 10 10"
= ' = S ' 107 108 0% = ! !
100 H {100 100F ! te 07 E
' . & oy . : . h :
10214To, Te  Tw sl 101 . ,n sl T T
400 600 800 1000 1200 500 600 200 400 600 800
T(K) T (K) T(K)

Figure 1. Temperature and time dependent curves of viscosity for amorphous alloys (A) Zr5;Cu;s4NiisAlgNbs, (B) ZrgsAlpsC0s0s (C) ZrggsCusggAligsNbyg, (D)
Zrs5CU15.6Nit28Al1g 3Ny g, (E)Zr41 2 TiiggCUiosNiigBess s, (F) AUsgClas sAG75Si7, (G) Ge,Sb,Tes. See text for details.

cient, which is proportional to v&”, v the mean atomic jump frequency (10”)
and 0 the mean atomic jump distance, AG (T+) the atomic diffusion barrier
from the liquid to the critical nuclei.

Ag, (T") represents the Gibbs energy per unit volume between the liquid
and solid phases:”'

AH, T A
v, T, V

TmAc W AC, (T

)dT rraeld

g.(T") = (5)

—=2dT,

where AH,, is the molar enthalpy of melting, and AC, the difference in heat
capacity between the liquid and solid phases at constant pressure. It is
important to note that although the latter two terms are of comparable
magnitude to the first two terms over the temperature range from T,, to the
minimum crystallization temperature, they are sometimes ignored in the liter-
atures.””*

"AG;,,, (T) represents the critical energy barrier for heterogeneous nucle-
ation of a nucleus:”

AGL..(T) = S(6)A6.(T) = 5(6) (%) , ©
with
. 20(T)
"= a0 "

where AG. (T+) is the critical energy barrier for homogeneous nucleation, r
the critical nucleation radius, and o the interfacial energy between the liquid
and solid phases. The angular factor S(6)represents the difference in nucle-
ation energy between the heterogeneous and homogeneous nucleation
processes:”

2 —3cosB+ cos’B

5(6) = -

; ®)
where 8 is the wetting angle between the crystal nucleus and substrate.
The diffusion coefficient D, (T*) can be determined using either the Arrhe-
nius equation or the Stokes—Einstein equation as follows:"**’
AGHT) | kT
~3men(T)’

D, (T") = Dyexp | — )

K T

where n(T*) is the critical nucleation viscosity of the super-cooled liquid.
Thus, the energy barrier for diffusion at the critical condition AG? (T) can be
calculated using Eq. (9) as follows:

(10)

AG(T) =k, T'In [73”6%” (T‘)} .

ks T

The VFT (Vogel-Fulcher-Tammann) equation is commonly used to
describe the viscosity of a liquid as a function of temperature:®
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Figure 2. TTT curves for amophous alloys (A) Zrs;Cuys4Niyp6AlgNDs, (B) ZrssAly5C0205, (C) ZrsesCusggAlinsNDys, (D) ZrsgsCuyssNirogAliosNbyg, (E)Zrar 2 TiygeClyzsNivgBesgs, (F)

AusoClUys.5A07 5307, (G) Ge,Sb,Tes. See text for details.

3 AT,
n(T) =n.exp (T_TO) ,

where n,, A, and T, are typically unknown parameters and are commonly
determined by fitting experimental values. The parameter n, represents the
viscosity as the temperature approaches infinity, which cannot be measured
experimentally. When the temperature is at or above T,,, the liquid is always
in an equilibrium state and the viscosity at or above the melting point can be
regarded as a time independent equilibrium parameter. Therefore, viscosity
can be measured using various experiments that typically take seconds or
longer, such as the Couette concentric cylinder viscometer, the rotating cup
viscometer, or the container-less electrostatic levitation.”**  Using

AT,
r]T,n =NeXp| —

that eliminates the pafameter Mo

an

, Eq. (17) can be rewritten as a new viscosity model

AT, T.—T
n(T)—nTmexp(Tm_To T_TD>,

It is crucial to realize that the VFT equation is only valid at temperatures
above T,, since below T,, the supercooled liquid undergoes a critical nucle-

(12)

ation stage on different time scales. In other words, a single variable T-
dependent VFT equation cannot describe the viscosity of a mixed state of
supercooled liquid and crystalline. On conventional time scales where the
viscosity of the liquid is measured, the materials are always in the crystalline
state rather than the liquid state for T, > T > T,, where T, is traditionally
defined as the minimum crystallization temperature measured on a time
scale of 100 s. This is exactly the reason why below T,, the TTT curve must
be measured as a function of both T and t, rather than as a function of T
alone. Reiner recognized this long before, and introduced a dimensionless
parameter, the Deborah Number (DN) defined as the ratio of the relaxation
time to the measurement/observation time, to describe the structural relax-
ation process of supercooled liquid.* The only way to describe viscosity as a
single-valued function below T,, is to extend the VFT as a function of (T*,t").
Eq. (12) is then transformed accordingly as:

o AT, T,—T
7 (1) =new (1 7 )

where n* is the viscosity at the critical nucleation stage. To determine A and
T, in Eq. (13a), it is necessary to fit the experimental values of temperature T*

(13a)
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at incubation time t* to the TTT curve of critical nucleation. By replacing T in
Eq. (13a) with Eq. (2), i.e. T*=f"(t"), the quantitative relationship between
nrand t* can be obtained:

AT, T,—f' (t)) (13b)

n () =ny,exp (Tm TP =T,

Several theoretical models have been proposed in the literature to describe
the solid-liquid interface energy with thermodynamic parameters. Uhimann
postulated that the critical nucleation energy barrier AG*(T) =50k,T at
T=0.8T,, (in accordance to the experimental values observed for most
materials), and subsequently derived an empirical formula for the correlation
between the solid-liquid interface energy o and the melting enthalpy AH,,:"°

 0.192k,T,, AH,

03
2
m v,

. (14)

However, the use of Eq. (14) results in a poor match with the TTT curve
data, yielding t, values that are several orders of magnitude different from the
experimental values for our sample materials. This is demonstrated by the
orange dotted lines in Figures 2A-G. Other interfacial energy models such as
those presented in references, also incorporate both enthalpy and entropy of
melting, but they also fail to achieve quantitative agreement with the experi-
mental data.”**** Kalb et al. determined the solid-liquid interface energy of
Ge,Sb,Tes, a constant value, by measuring the maximum degree of super-
cooling.” Nevertheless, the calculated value of the TTT curve after numerical
input still failed to match the experimental TTT data, as illustrated by the
green dotted line in Figure 2G. The failure of these efforts underlines the
necessary effort to use time dependent physical parameters to correctly
describe a non-equilibrium phase transition process.

To obtain a more accurate expression for ¢(T*), we analyze the critical
balance of Eqg. (3). We assume a small perturbation of all critical (C) nuclei
with an increased radius of supercritical nuclei (r + d), where & is the diame-
ter of the atom. Since the above assumption does not affect the number of
nuclei per unit volume per unit time, the rates of critical and supercritical
nucleation are equal. Therefore, the following relationship holds:

AGH(T")+AG,S(8)
1, (T) = Ef&e kT =
0 Va , ) a5)
bN AG, (T)+AG..S(B)
/SC(T‘) = ggvze kBTx ,
and this equation yields:
AG{(T") = AG., (T') = (AG,, — AG;)S(6). (16)

The term (AG,, — AG,) can be defined as the total differential of AG* with
respectto T+ and r:

4G, - AG, = 988 g | 946G

17
T ar an

dr.

dT can be considered as the extra crystallization heat released from
supercritical nuclear due to a small increase in 5. However, since the volume
fraction of nuclei is extremely small (x=10"°), the temperature rise can be
ignored (dT* = 0). Eq. (17) is simplified as follows:

AG., — AG, = —21Ag, (T") 6. (18)

Since AG!(T+)is significantly smaller than AG:S(6), we must assume
AGY (T*) = 0 to compensate for the increase in AG;, shown by Eq. (18). Thus
Eq. (16) can be simplified as follows:

AGH(T") = —2nAg, (T")r?6S(8). (19)
From Eq. (20), it is possible to obtain the value of r:
_ | Aem) (20)
2n6S(8) Ag,”

The interfacial energy o (T*) for heterogeneous critical nucleation can be
derived using Eq. (8):

ARTICLE

Ag, (T ks TIn {
815S(6)

3rdD,n (T7)
kT

—
N
—

~—

o(T)=+4|—

A one-to-one relationship is now established between the TTT curve (Eq.
(1)) and the critical nucleation viscosity n(T+), which determines not only the
diffusion coefficient (Egs. (9 & 10)) but also the solid-liquid interfacial energy
o(T") (Eq. (21)) through the nucleation rate (Eq. (4)) and the crystalline
growth rate (Eq. (3)), from the supercooled liquid. In other words, the TTT
curve (T*,t), n(T*) and o(T*) are interdependent, a measurement of one will
determine the other two. Note that the critical nucleation viscosity n(T),
which determines the diffusion of atoms, is the driving force of nucleation,
while o(T*) is the critical nucleation barrier. Furthermore, the anchoring of
viscosity to 1), - at the melting point (Eq. (12)) connects the conventional VFT
equation (Eq. (11)) valid above T,, and Eq. (13) valid below T,,. In other words,
the conventional viscosity measurement above T,, can be used to validate
Eqg. (13) and to determine the critical viscosity below T,,. Only three material
dependent fitting parameters A, T,and S(68) remain to be determined by a
curve fitting process based on the experimental data of the TTT curve (T*,t).
The parameters A and T, in the critical nucleation viscosity model are intrin-
sic properties of the material system, while S(8) is strongly influenced by the
experimental conditions.

Experimental data analysis

There is a limited amount of experimental data on the TTT curve in amor-
phous systems. We found TTT curve data of only six alloy systems,
Zr5:CU154Niyp Al gNDs,  ZrssAlysC0g5  ZrsgsClyggAligaNDys,  ZrsgsClisse
NitpAl0aNDyg Zr415ThagClips NijoBes and AuseCuyssAgrsSii; with nose
time t > 102 "% In addition, several reports have been published on
the crystallization kinetics of a typical phase change material Ge,Sh,Tes
(t ~ 107 s)." However, we have only selected the experimental data from
ref.*, since it has the data with the widest range of time scales. The TTT
curves for the first six amorphous alloys are derived from isothermal differ-
ential scanning calorimetry (DSC) experiments in the literature. Researchers
extract the initial time of the crystallization peak as t* for DSC curves at
different constant temperatures T* to obtain the TTT data set (T*, t*). The
data for Ge,Sb,Tes were derived from heating calorimetric curves rather than
isothermal calorimetric curves, which does not strictly conform to the defini-
tion of a TTT curve. However, due to the lack of experimental data on isother-
mal crystallization and the fact that most of the above data are far from the
nose point of the TTT curve, we still regard them as TTT curve data. The data
for each system include viscosity data, TTT curve data, and thermodynamic
parameter data. Table 1 provides the thermodynamic parameters required for
the calculation.

We have verified that the deviations in the value of x are negligible in all the
above experimental conditions, i.e. the best fitting results are always obtained
when the value of x is very close to 10°°. Therefore, the default value of
x=10"is always used in the fitting process.'”"

Experimental viscosity data at and above the melting point are extracted
from the literature and are shown in the orange square in Figure 1, except for
AusCU,s5A07 55117 and Ge,Sb,Tes. Subsequently, the experimental TTT data
(T-,t') measured by isothermal DSC are also extracted from the literature.
The blue lines are directly fitted to the data (yellow squares) using the TTT
curve model Eq. (1) to determine the parameters: A, T, and S(8) (listed in
Table 2), with the help of Egs. (3-10 & 21) for the critical nucleation viscosity
n* and interfacial energyo (T*). The experimental TTT data (T*,t") shown as
yellow squares in both the main and inset figures of Figure 1 represent values
of the critical nucleation viscosity determined from the (T, t") data according
to Egs. (13a-b). The same data (as red squares) determine not only the
(T*,t*) curve shown as blue lines in Figure 2 with the help of Eq. (1), but also
n* (T+,t") with the help of Eq. (13) shown as blue lines in Figure 1. One can
also obtain the values of ¢ (T+) with the help of Eq. (21) with the same values
of (T, t), not shown in this paper.

The quantitative relationship between n* and t (as shown in Eq. (13b)) is
plotted in log-log form in the insets of Figure 1. Similar to the TTT curve, the
n*—t curveis divided into an upper and a lower part. The lower part corre-

S|PUSIDIAl UollobAOUU| 9y |

J—

The Innovation Materials 2(3): 100086, September 18, 2024 5




www.the-innovation.org/materials

ARTICLE

Table 1. Additional parameters from the literature necessary for the fitting process

Compounds

AHm(10° J/mol) Vi (1078 m3/mol) T, (K) nr, (Pa-s) p (g/em3®) 6(0.1 nm) a°

b? x107% ¢* x107° g2 x10°

Zr57CUq5,4Niq2 6Al10NDs
Zr55Al25C047 5
Zr503CU;58Al104ND; 5
Zr5g5CU56Ni128Al10.3Nb, g
Zr47 2Ti138CU125Ni10Be22 5
AusoCU,55AT7 55117
Ge,Sb,Tes

9.4 11.78
7.67 11.07
8.578 11.54
8.70 11.37
8.2 10.032
5.844 9.48
14.373 19.03

1115
1323
1203
1140
993

647
888

231
0.073
0.062
0.139
4.559
16.886
N/A

6.49 3.60
6.28 3.036
6.64 3.32
6.70 3.00
5.984 3.34
13.45 3.10
5.995 2.68

0

N/A

0

0

95.28 *
33.67 %
N/A

16.32°"  -0.83
N/A N/A
-5.71"  0.0605
12.80% -1.37
-0.15 5.52
-0.053 0

N/A N/A

6.32
N/A
10.31
5.70
0

0
N/A

a: The difference of heat capacity between the melt and solid is modeled by the following polynomial equation: AC, = a+bT* +cT*2 +dT*~2J/(mol -K),
with the constants a,b,c,d provided in the table.

Table 2. Parameters obtained by fitting

Compounds A To (K) 6(°) S(B)

Zr57Cu54Niq 6Al1oNbDs 2.16 621.97 46.59 0.0657
Zr55Al25C05; 5 0.33 739.05 26.27 0.0077
Zr593CU28 gAl10.4ND; 5 3.69 574.21 31.34 0.0152
Zrsg5CU156Niq2 gAl1g sND, 4.04 513.19 27.77 0.0095
Zr4 5 Ti38CU125Ni10Be22 5 22.06 332.22 40.95 0.0413
AusoCus sAG7 5Si7 1.96 354.67 4751 0.0705
Ge,Sb,Tes 18.87 206.54 35.15 0.0234

Table 3. Derived physical parameters obtained with quantitative knowledge of TTT curves

Compounds Re (K/s) NG (1 0’18J> DGl (1 0*19J) P (hm) o (J/m?) AGY (1 O*]gJ) Dn(m2/s)  I(s7'm=%) u(m/s)
Zr5:CUy54Ninz6AlNbs 31,5 10.05 6.60 283 0299 2.52 1.01x107'° 490108 813x10°'
Zr55Al25C057 5 138.6 151.56 11.72 794 0574 1.34 2.62x 107" 3.65%x107% 1.61x 1072
Zr593CU28 gAl10.4ND; 5 1.23x10* 57.90 8.80 5.60  0.441 1.57 8.00x 1072 499%x 10" 4.92x107°
Zrsg sCU156Nit2gAlgsNby g 13.4 113.73 10.88 6.57 0.628 1.55 247%x10712 6.76x10°% 2.04x10°3
Zry5ThagCuypsNiT0Bess 4.0 20.42 8.43 415 0283 2.03 2.33x107"* 194.60 1.25%107°
AugoCuy55Ag7 5Sir7 1.27x10° 4.94 3.48 258  0.177 1.25 1.68x 107" 2.56x10'> 1.35x107°
Ge,Sh,Te; 1.9%x10° 18.00 3.91 454 0208  0.69 9.89x 1070 3.15%x 10?2 0.889

All parameters above are taken as values at Tj,.

Table 4. Relevant parameters of two viscosity models
Compounds conventional VFT equation critical crystallization viscosity model

no(Pa-s) A To (K) nr.,(Pa-s) A To (K)

Zr57CUy5 4Nir2 6Al1Nbs 0.529 11.24 511.05 15.10 2.16 621.97
ZrssAl5; C0y0 5 N/A N/A N/A 4.83% 1072 0.33 739.05
Zrs93CUzg gAl19 4ND 5 3.8x107° 26.29 369.70 2.13x10°° 3.69 574.21
Zrsg 5CU156Niq2 gAl1g sND, 4.83x10°° 19.76 432.77 510x10°3 4.04 513.19
Zr4 5 Ti38CU125Ni10B€22 5 413x107° 24.64 368.10 6.94x 107° 22.06 332.22
AugoCU,s5 5Ag7 5Sit7 N/A N/A N/A 1.57 1.96 354.67
Ge,Sh,Tes N/A N/A N/A N/A 18.87 206.54

sponds to a higher temperature range where the critical nucleation viscosity
does not change significantly with time and quickly reaches an equilibrium

state. The upper part corresponds to a lower temperature range where the
critical nucleation viscosity increases significantly on a time scale well
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beyond millions of years. This indicates that the system is significantly
affected by nucleation within the specified temperature range.

Figure 1 shows red dots representing low temperature viscosity data from
the literatures with the exception of ZrgsAly; sC005 AusgCUsssAG7sSiv7 and
Ge,Sb,Tes. " |t should be noted that these values are taken without
considering the constraint of critical nucleation conditions or corresponding
time values. Using the traditional VFT equation (Eq. (11)) and the experimen-
tal viscosity results, we obtain the viscosity curves shown by the red dotted
line in Figure 1. Subsequently, we calculate the TTT curves shown by the red
dotted line in Figure 2 (except for ZrgsAly,5C0p05 AUseCUsssAg7sSiy and
Ge,Sb,Tes.), with the theoretical TTT curve model including the traditional
viscosity model and the interfacial energy model (i.e. Egs. (1, 3-10, 11 & 21)))
and these viscosity values, following traditional research procedures.'®"
These lines differ significantly from the yellow square points of the experi-
mental TTT data, highlighting the dual temperature and time dependent
nature of the critical nucleation viscosity, and illustrating the importance of
limiting (T, ) to the critical nucleation conditions of (77, t").

A number of physical parameters can be calculated by analyzing the TTT
curve. Table 3 presents a set of derived physical parameters calculated at
T=T.

DISCUSSION

Angell's analysis of Gibbs-Adam configurational entropy theory indicates
that T, can be numerically equivalent to the Kauzmann temperature T,, and
mined by our model can be regarded as the critical point at which an amor-
phous liquid with finite viscosity and fluidity transitions to an amorphous solid
with infinite viscosity, zero structural relaxation and fluidity. Moreover, the
absence of collective phonons in the amorphous solid phase results in a
lower entropy reduction with temperature decrease compared to the crys-
talline solid phase, thus resolving the Kauzmann paradox. The current study
provides a reliable and accurate method to obtain T,. Thus, between T,, and
T, in T—t space, the substance is always a liquid with time dependent
viscosity over many orders of magnitude on the left of the TTT curve, and a
crystalline solid on the right of the TTT curve; but below T,, the substance
becomes an amorphous solid state with time independent properties. This
offers an unambiguous answer to the nature of glassy substances: above T,
a liquid with constant amorphous structural relaxation; and below T,, a solid
with a stable amorphous structure.

The so called "minimal crystallization temperature”, T,,is typically deter-
mined by slow heating DSC experiments. T, values for seven amorphous
systems are extracted from the literature, shown as pink square dots in
Figure 2. The slopes of the TTT curve remain large near T,'s, indicating that
the system is still undergoing a non-equilibrium nucleation process. There-
fore, the reported values of T, are not the true minimum crystallization
temperatures. As T- approaches T, the critical nucleation viscosity
approaches infinity according to Eq. (13a), causing D, (T*) to become 0.
Consequently, [(T*) and u(T") also approach O, corresponding to t*
approaching infinity. This indicates that T, is the lower end of the TTT curve,
as shown in Figure 2. When the system is at a temperature above T,, there is
always a constant slow relaxation process, even though the nucleation incu-
bation time is far beyond laboratory time scales of millions of years. There-
fore, T, should be considered as the true minimum crystallization tempera-
ture. To this end, we realize that T, not only separates amorphous materials
into liquid and solid substances, but also determines their possibility to crys-
tallize or not. Above T,, amorphous materials could always crystallize if we
wait long enough, while below T,, amorphous materials would never crystal-
lize. Amorphous materials with lower T, usually have shorter t:, faster R.,
less amorphous forming ability and lower stability.

As previously discussed, in the temperature range defined by the TTT
curve, ie. T, to T, the conventional VFT equation with a single temperature
variable is no longer applicable, as the system is in the critical crystallization
stage of a non-equilibrium state. Specifically, in the temperature range from
T, to T,, the crystallization incubation time scale is short, the “nose point”
(T:,t:) of various materials ranges from 100s (as shown in this paper) to
10 '%s, and the degree of structural relaxation is high.” In the temperature
range from T, to T,, the amorphous phase still demonstrates a slow fluidity
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and structural relaxation process, despite the dramatic increase in the crys-
tallization incubation time over billions of years shown in the inset figures of
Figure 1. As the incubation time is very long belowT,, conventional tech-
niques can be used to measure viscosity without crystallization. However,
researchers have demonstrated that these measurement data do not provide
a smooth fit for the temperature range belowT,, as illustrated by the red
dotted lines in Figure 1, and above T, with one set of parameters.®*'® In
contrast, the critical nucleation viscosity model (Eq. (13a)) applied to the data
belowT,, and the VFT equation applied to the data above T,, enable the two
sections of the viscosity-temperature curve to converge smoothly at the
melting point with one set of parameters, as illustrated by the solid blue solid
lines in Figure 1. The parameters of the above two cases for different mate-
rial systems are summarized in Table 4 to show the difference.

Although the kinetics of crystallization is influenced by combined factors of
physical parameters, the influence of T, is apparent. The significantly lower
T, and 6-8 orders higher critical cooling rate R,for Ge,Sh,Te;s than for other
alloy systems indicate an inverse correlation between R, and T,.

Melt quenching is a commonly used technique for preparing amorphous
materials, in which the melt above the melting point undergoes a cooling
process at a rate exceeding R,, an effective quantitative indicator of glass
forming ability (GFA).'"*"*® Experimentally, R, is usually obtained either indi-
rectly by isothermal DSC or directly by continuous cooling DSC scanning.
However, the resulting R, is not a specific value, but rather a range, with a
considerable degree of error. In this study, the quantified TTT curve can be
used to derive the exact value of R, given in Table 3. Even in the absence of
experimental data (T:,t:) for Ge,Sb,Te;, the theoretical value of R, can be
obtained by fitting the theoretical value of the TTT curve over the entire
temperature range.

As shown in Figure 2, it is feasible to produce multi-component amor-
phous films by annealing heterogeneous elemental multilayers at a given
temperature T = T*, where the critical nucleation viscosity is low enough for
effective interlayer diffusion as long as the annealing time t is shorter than
the corresponding incubation time t*, to ensure mixing of the elements with-
out formation of crystalline phases.** This low temperature amorphization
technique has been used with subsequent heat treatment to achieve epitax-
ial thin film growth on single crystal substrates with variable compositions
covering the entire phase diagram, known as combinatorial material chip
technology.” " For example, a calculation based on the diffusion coefficient
D, in Table 3 indicates that when the periodic thickness of the multilayer film
is less than approximately 30 nm, the composition homogenization of
AugoCuys5Ad7 5Si7 can be assured without crystallization before the anneal-
ing time reaches t* (T = 395K) = 5.9 x 10°s.

Moreover, the quantification of the TTT curve enables the growth of
nanocrystals in an amorphous matrix to be precisely regulated, thereby facili-
tating significant improvements in the mechanical properties and various
physical and chemical properties of amorphous materials.”*® Different crys-
tallinity sizes correspond to different non-critical TTT curves (with x > 10°°).
The intersection of the heating curve with a specific TTT at a specific
temperature allows the material system to grow different sizes of nanocrys-
tals in a controlled time scale. The critical nucleation radius, as presented in
Table 3, is a key parameter in the operational framework of this technique,
which serves to constrain the minimum size of the precipitated nanocrys-
talline phase.

The phase change memory device is capable of realizing the reversible
transformation of amorphous (high resistivity, low reflectance) and crys-
talline (low resistivity, high reflectance) phases through the application of a
laser or electrical pulse, which enables the storage of data 1 and 0.° The
guantitative acquisition and analysis of TTT curves plays an important role in
guiding the optimization process of phase-change memory materials.*®
Phase change memory materials in this application are expected to demon-
strate high phase thermal stability and to maintain a metastable amorphous
state at operating temperature for an extended period of time. Since T, for
Ge,Sb,Tes is 206 K, the material is in the liquid state at operating tempera-
ture. However, the critical nucleation viscosity of Ge,Sh,Tes at room temper-
ature is of the order of 10" Pa-s, which corresponds to a crystallization incu-
bation time of 10% s (or 10* years), as shown in the inset plot of Figure 1G.
This suggests that the Ge,Sb,Te; based phase change memory device
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exhibits sufficient stability in the amorphous state before crystallization.
Phase change materials in this application are also expected to demonstrate
a rapid transition rate between the crystalline and amorphous states to
enhance the efficiency of the phase change memory device. Figure 2G illus-
trates that the TTT curve nose point time of Ge,Sb,Te; reaches the time scale
of 107"s. Further reduction of this time scale would require quantitative TTT
information on other optimization materials.

CONCLUSION

In summary, this study presents a quantitative model that relates the inter-
facial energy and critical nucleation viscosity for the super-cooled liquid
phase, which depend on the nucleation temperature and incubation time
(T,t) in connection with quantitative TTT curves through Egs. (1, (13a-b &
21). The study successfully obtains TTT curves for seven bulk metallic
glasses (BMG), which are in good agreement with time dependent measure-
ments reported in the literatures. This model provides crucial insights into the
quantitative description of the dynamic nucleation and growth of crystalline
phases. In addition, this method allows a precise and unambiguous determi-
nation of T, the lower end-point of the TTT curve and the true minimum
crystallization temperature, as well as the temperature at which the liquid-to-
solid transition of the amorphous state occurs. This new model provides a
new perspective on the “nature of a glassy substance”."”*"** As the T: values
in the TTT curves can span more than 10 orders of magnitude for different
materials, with the shortest being on the sub-picosecond scale, future experi-
mental techniques should be revolutionized to overcome the measurement
barrier.
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