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A B S T R A C T   

Due to the difficulty in measuring the mobility of the “structural units” of supercooled liquids and glasses during 
crystal nucleation, the effective diffusivity (D) has been frequently estimated via viscosity (Dη) or nucleation 
time-lags (Dτ). However, it has been recently reported that, below the glass transition temperature (Tg), the 
experimental steady-state nucleation rates (Ist) can reach much higher values than those predicted by the Classical 
Nucleation Theory (CNT) when assuming D ≈ Dη or D ≈ Dτ. Hence, another possibility would be inferring D from 
experimental crystal growth velocity data (D ≈ DU), which is a natural approach since nucleation and growth are 
likely controlled by the same mass transfer process through the crystal/liquid interface. Therefore, the ap-
proximations D ≈ Dη and D ≈ DU were tested in this work using lithium disilicate glass as a model system. To 
avoid the influence of compositional changes, we measured the nucleation rates, growth velocity, and viscosity 
using samples of the same glass batch. With this strategy, we found that the very long experimental nucleation 
times implemented below Tg shifted the experimental temperature of maximum nucleation rate to temperatures 
lower than those previously reported for this glass former. Most important is that the CNT gives a much better 
description of the experimental Ist(T) data in the whole analyzed temperature range if D is approximated by DU 
instead of Dη, indicating that crystal growth is indeed an adequate proxy for nucleation diffusivity.   

1. Introduction 

Knowledge about the effective diffusion coefficient controlling 
crystal nucleation (D) is a critical factor in understanding, evaluating, or 
predicting nucleation kinetics by any nucleation theory. However, due 
to the difficulty in defining the “structural units” and measuring D, 
especially in multielement glass-forming systems, the most adequate 
property to evaluate the kinetic barrier in the framework of the classical 
nucleation theory (CNT) is still a matter of strong debate. 

One alternative to estimate D is via nucleation time-lags (τ) [1,2], 
since τ is directly related to the kinetics of the nucleation process. 
However, there are many uncertainties in the definition and measure-
ment of the actual values of this parameter and, consequently, of the 
corresponding diffusion coefficient (Dτ). Due to the distorting effect of 
double-stage heat treatments commonly used in nucleation experiments, 
the experimental values of τ, which are supposedly dependent only on 
the chemical composition and nucleation temperature, are also affected 
by the experimental conditions of the second-stage heat treatment [3]. 
According to Ref. [3], τ is affected by the heating rate (q2) between the 

nucleation and the development heat treatments due to the temperature 
dependence of the critical nucleus size. Thus, to prevent the dissolution 
of a significant fraction of supercritical clusters during the development 
stage, q2 should be small enough to allow their growth up to the new 
critical size during the heating path between nucleation and develop-
ment temperatures. For this reason, a direct comparison of the values of 
τ obtained in different works requires knowledge of the q2 used, even 
when the same glass composition and temperatures are used. In addi-
tion, at temperatures above Tg, the induction times for nucleation are 
too short, hindering their accurate determination through the experi-
mental nucleation data. Another drawback in using Dτ as a proxy for the 
kinetic barrier is the strong effect of the relaxation process on nucleation 
dynamics at low temperatures, below Tg [4–6], exactly when transient 
nucleation is detectable. Despite this problem, we did not consider the 
relaxation effect on nucleation because we are not interested in Dτ for 
the particular problem under analysis. Besides, as we will show later, the 
current nucleation rate data were obtained using very long nucleation 
treatments, and in such case, it is most likely that the system had already 
completed its relaxation process. Due to all these potential problems, the 

* Corresponding author. 
E-mail address: lorena.raphael92@gmail.com (L.R. Rodrigues).  

Contents lists available at ScienceDirect 

Ceramics International 

journal homepage: www.elsevier.com/locate/ceramint 

https://doi.org/10.1016/j.ceramint.2022.01.074 
Received 9 November 2021; Received in revised form 4 January 2022; Accepted 8 January 2022   

mailto:lorena.raphael92@gmail.com
www.sciencedirect.com/science/journal/02728842
https://www.elsevier.com/locate/ceramint
https://doi.org/10.1016/j.ceramint.2022.01.074
https://doi.org/10.1016/j.ceramint.2022.01.074
https://doi.org/10.1016/j.ceramint.2022.01.074
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ceramint.2022.01.074&domain=pdf


Ceramics International 48 (2022) 12132–12141

12133

measurement of the actual values of τ is quite complex and unreliable. 
On the other hand, a widespread practice consists in estimating D via 

the equilibrium viscosity (η) [7,8], since it is relatively straightforward 
to measure this property independently, avoiding the problems associ-
ated with the determination of τ. Even though the approximation D ≈ Dη 
is an adequate option from a practical point of view, viscous flow is a 
cooperative bulk process, whereas nucleation dynamics is governed by 
local atomic or molecular transfer though the crystal/liquid interface. 
Owing to this conceptual difference between these two properties, it is 
expected that Dτ leads to a more accurate approximation of D than Dη. 
However, there are contradictory results in the literature regarding 
these coefficients, making it difficult to discern which is the best. 
Although some authors [9,10] have shown a divergence between Dτ and 
Dη, at least in Ref. [11] it was suggested that both coefficients present a 
similar temperature dependence in the range of measurable nucleation 
rates. However, the limitations to obtain precise values of τ from 
experimental transient nucleation data makes η a much more accessible 
and reliable parameter to estimate diffusivity, which is the reason of its 
common use. 

Alternatively, D could be inferred via crystal growth velocities (DU), 
as scarcely reported for metallic [12] and organic glasses [13], and 
recently proposed in Refs. [4,6] for silicate glasses. From a theoretical 
point of view, the hardly applied assumption D ≈ DU is supported by the 
fact that the nucleation and growth processes in stoichiometric glass 
forming systems are, in principle, controlled by the same atomic or 
molecular transfer mechanism trough the crystal/liquid interface [9, 
14]. In this regard, recent experimental results [4] for Li2O⋅2SiO2 glass 
have shown that the steady-state nucleation rates (Ist) below Tg can 
reach values much higher than those predicted by the CNT assuming D ≈
Dη, and tend to approach the values predicted by the CNT considering D 
≈ DU. Additionally, a comparative analysis performed in Ref. [6] in-
dicates that DU gives a better description of the isothermal time 
dependence of the crystal number density in 2Na2O⋅CaO⋅3SiO2 glass at 
any temperature below Tg. 

In this respect, molecular dynamics (MD) simulations of simple 
liquid models, such as Lennard-Jones, BaS, Ge and ZnSe [15–18], have 
shown that the atomic self-diffusion coefficients describe well mass 
transfer through the crystal-liquid interface during nucleation. It is 
worth mentioning that these diffusion coefficients were obtained 
directly from the simulations with no approximations and fitting pro-
cedures. For complex glass-formers, such as multicomponent oxide 
systems, direct determinations of D through experiments or MD simu-
lations are highly recommended to finally solve this issue; however, the 
lack of knowledge about the nature of the “structural units” in these 
complex systems and the slow dynamics (from a MD simulation 
perspective) have so far precluded such determinations. 

To shed light on this central topic in glass science, in the present 
work we will test, in detail, two approximations for D (D ≈ Dη and D ≈
DU) in the CNT framework using a lithium disilicate glass (LS2) as a 
model system. For the sake of completeness, the coefficient Dτ (despite 
its several aforementioned complications) will also be determined and 
compared with Dη and DU. 

2. Materials and methods 

For this study, a lithium disilicate glass (Li2O⋅2SiO2 - LS2) was chosen 
as a model system, since this composition presents internal homoge-
neous nucleation rates that are measurable in laboratory time scales. 
Moreover, its adequate (neither very low, nor extremely high) experi-
mental maximum nucleation rate (Imax ~ 109 s-1m-3) [19,20] allows 
measurement of the crystal number density (Nv) in a wide temperature 
range, above and below the glass transition temperature (Tg), for 
considerably long nucleation times without presenting crystal 
impingement. Additionally, this system permits the measurement of 
crystal growth velocities and viscosity in similar temperature ranges. 

The LS2 glass used here was prepared in a previous work [3], 

following the conventional repeated melting/crushing/remelting and 
splat cooling process. To mitigate incipient nucleation, no annealing 
treatment was performed. The procedures used to determine its chem-
ical composition (32.81Li2O∙67.19SiO2 mol%), and glass transition 
temperature (~ 728 K) inferred from a DSC heating curve, can be con-
sulted in Refs. [3,20], respectively. 

Crystal growth velocities were measured in samples of the same glass 
batch used for the nucleation and viscosity measurements in Ref. [20] at 
several temperatures: TU = 708, 743, 763, 773, 865, 875, and 885 K. 
Since only a few nuclei are present in the as-quenched samples because 
of the small overlap between the I(T) and U(T) curves, the isothermal 
heat-treatments at TU = 773–885 K were preceded by a nucleation 
treatment at 753 K for 2 h. On the other hand, at the three lowest TU we 
performed single-stage heat treatments to measure U(T), because, in this 
case, the overlap between the nucleation and growth curves is 
considerable. 

The U(T) dependence was evaluated from the linear fit of the largest 
dimension of the largest crystal observed in optical micrographs as a 
function of time (R(t)). The error in U at each TU corresponds to the error 
from the linear fit of the R(t) experimental data. For the sake of com-
parison, experimental data of the LS2 crystal growth velocities at a wide 
range of temperatures (TU) were obtained from the literature [21–24]. 
Thus, the temperature range comprising all the measured and literature 
U(T) data ranges from 708 to 913 K, i.e., including temperatures below 
1.1Tg, where the well-known decoupling between the diffusion coeffi-
cient estimated from viscous flow and crystal growth occurs [25], 
allowing us to make a reliable extrapolation of the U(T) data down to 
nucleation temperatures below Tg. 

To obtain the Nv(t) plots, double-stage heat treatments were imple-
mented. The first stage consisted in keeping some samples at a selected 
nucleation temperature (Tn) for increasing nucleation times (tn), 

Table 1 
Temperatures (Tn and Td) and times (tn and td) used in the nucleation experi-
ments in the current work.  

Tn (K)  tn (h)  Td (K)  td (min)  

708 15–792 865 1.3–15 
715 28–384 1.5–8 
723 48–168 2–7 
768 2–16 9–17  

Fig. 1. Time dependence of the crystal number density for single and double 
stage heat treatments. The heat treatment at Td creates a shift t0 in the single 
stage curve. 
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followed by a second heat treatment, in which the samples were sub-
mitted to a development temperature (Td) for a certain time (td) to 
promote growth of the critical nuclei up to observable sizes [26]. The 
temperatures Tn and Td were chosen based on literature data for LS2 
glass to warrant that I(Td) ≪ I(Tn) and U(Td) ≫ U(Tn). Some experi-
mental Nv(t) curves for samples of the current glass batch were already 
presented in Ref. [20] for Tn = 715, 723, 733, 745, and 753 K at a 
maximum tn = 54, 48, 20, 19 and 26 h, respectively. To check this 
work’s hypothesis, we collected nucleation rate data at Tn = 708 and 
768 K, two different temperatures from those analyzed in Ref. [20]. 
Additionally, the treatment times, tn, used in Ref. [20] at Tn = 715K and 
723 K were significantly extended. The treatment temperatures and 
times are shown in Table 1. Uncertainties in Nv(t) data were determined 
via error propagation. 

Both nucleation and growth heat treatments were performed in 
vertical furnaces with a precision of ±1 K using samples of ~4 × 4 × 3 
mm3. After the heat treatments, the samples were ground using SiC 
sandpaper of progressively finer grits (400–1200), polished with a CeO2 
suspension with an average particle size of ~3 μm, and finally submitted 
to an ultrasound bath in water at a frequency of 37 kHz for 10 min to 
reveal the crystals. Posteriorly, the cross-sections of the samples were 
observed by reflected light optical microscopy (Leica DMRX and Nikon 
Eclipse LV100 N POL) to determine the average number of crystals per 
unit area (Ns) and the size of the largest crystals. To obtain Nv, we used 
the equation proposed by De-Hoff and Rhines [27], according to which: 

Nm
v =

2
πK(q)

Nsz, (1)  

where Nm
v is the measured crystal number density, z is the average of the 

reciprocal of the minor axis of the largest crystal traces detected in the 
micrograph, and K(q) is a function of the aspect ratio of the largest 
crystals (q). Since LS2 presents prolate ellipsoidal crystals, K(q) ∕= 1, and 
in this case the following equation applies [27]: 

K(q)=
1
q
+

q  ln
[(

1 +
̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − q2

√ )/
q
]

̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − q2

√ . (2) 

Due to the resolution limit of the optical microscopes (ε ~ 0.3–0.7 
μm, depending on the microscope objective), a fraction (f) of the actual 
number of crystals in the cross-section may be underestimated. To avoid 
this problem arising from the stereological method, the following 
correction [28] was used: 

f =
2
πsin− 1 ε

DM
, (3)  

Nv =
Nm

v

1 − f
. (4) 

In Eqs. (3) and (4), DM is the dimension of the largest crystal in the 
cross-section and Nv is the corrected value of crystal number density. Eq. 
(3) was derived assuming that the crystals present a monodisperse dis-
tribution [8,28], which is a reasonable hypothesis due the double-stage 
method used in the nucleation experiments, since this method favors an 
uniform growth and size of all the super critical nuclei. The experimental 
values of Ist were obtained by fitting the Nv(t) data with Eq. (5) proposed 

by Kashchiev [29]. 

Nv(t)= Istτ
[

t − t0

τ −
π2

6
− 2

∑∞

n=1

[− 1]n

n2 exp
(
− n2t − t0

τ

)
]

, (5)  

where τ represents the nucleation time-lag and t0 is the time shift on the 
Nv(t) curve resulting from the double-stage heat treatment (Fig. 1). 

In the original and modified formulation of the Kashchiev equation, 
the parameters τ and t0 are related through τn = 6

π2tind,n and τn =

6
π2 (tind,d − t0), for the case of a single and a double-stage experiments, 
respectively. Both times, tind,  n and tind,  d are illustrated in Fig. 1. The 
magnitude of t0 is mainly dependent on Td and q2 between Tn and Td [3]. 
In this work, q2 was estimated as ~910 Kmin-1. Taking this value into 
account, it is possible to carry out a proper comparison between the τ 
values reported in this work and in other references. In Eq. (5), Ist, t0 and 
τ are used as fitting parameters and their errors were obtained from the 
fit. Since it was not possible to obtain reliable values for t0 in the 
non-linear regression of the Nv(t) data, this parameter was assumed to be 
zero. As illustrated in Fig. 1, for the case of a double-stage experiment, 
this approximation can affect the values of τ due to its interdependence 
with t0 and tind,  d. Nevertheless, Ist is not affected provided the nucle-
ation treatment is long enough [3], which is indeed the case in this work. 
Therefore, since Ist is the main parameter considered in our analysis, the 
approximation t0 = 0 does not influence our conclusions. 

Since the LS2 glass samples used here and in Ref. [20] were from the 
same batch, the temperature dependence of the equilibrium viscosity 
η(T) (Eq. (6)) was taken from Ref. [20], using the MYEGA model [30]:  

where T12 = (734.5 ± 0.4) K, m = 43 ± 1, and log10(η∞) = (− 7 ± 9) Pa.s. 
The large uncertainty in the fitting parameter log10 η∞ is due to the lack 
of viscosity data at high temperatures, around Tmax. The uncertainties in 
the parameters of Eq. (6) were obtained from the fit of the η(T) exper-
imental data [20]. 

3. Governing equations 

The steady-state nucleation rate (Ist) is proportional to the proba-
bility that a structural fluctuation in the metastable supercooled-liquid 
(SCL) results in the formation of a larger nucleus than the critical size 
imposed by the thermodynamic barrier [31]. Assuming the formation of 
spherical and isotropic nuclei in a SCL, the CNT predicts the temperature 
dependence of Ist according to Refs. [8,32–34]: 

Ist(T)=
D
d4

0

̅̅̅̅̅̅̅̅
σ

kBT

√

exp
(

−
16πσ3

3kBTΔG2
V

)

, (7)  

where D is the effective diffusion coefficient for crystal nucleation, kB is 
Boltzmann’s constant, σ is the surface energy of the critical nucleus/SCL 
interface, ΔGv is the thermodynamic driving force for crystallization per 
unit volume, and d0 is the average size of the structural units, which has 
the order of magnitude of the crystal lattice parameter and is commonly 
calculated as d0 ≈

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Vm/NA

3
√

, where Vm is the molar volume and NA the 
Avogadro’s number. For LS2, d0 = 4.67× 10− 10 m, considering Vm =

61.2 × 10− 6 m3mol− 1 [26]. 
For a reasonable estimate of ΔGv(T), we considered the polynomial 

dependence given in Eq. (8), which was calculated from the experi-
mental data of Takahashi and Yoshio for the LS2 system [35]: 

log 10(η(T))= log 10(η∞) +
T12

T
[12 − log 10(η∞)]exp

([
m

12 − log 10(η∞)
− 1
][

T12

T
− 1
])

, (6)   
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ΔGV(T)= 8.40245028 × 108 − 540266 T − 78.5116 T2, (8)  

with ΔGV in Jm-3 and T in K. A widely used estimate of D for nucleation 
in SCLs is the diffusion coefficient for viscous flow (Dη), which can be 
calculated through the Stokes-Einstein-Eyring relation [36,37]: 

Dη(T)=
kBT

d0η(T). (9)  

With Eq. (9), Eq. (7) becomes: 

Ist

(

T

)

=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ση(T)kBT

√

d5
0η
(
T
) exp

(

−
16πσ3

η
(
T
)

3kBΔG2
V

(
T
)

)

. (10) 

A much less common alternative is to estimate D from crystal growth 
velocities (DU) [4,6,12,13]. Considering the screw dislocation mecha-
nism–the most common for crystal growth in silicate glasses–DU can be 
described by Eq. (11) [9], in which the thermodynamic term given by 1/
[1 − exp(− ΔGvd3

0 /kBT)] was neglected since at the analyzed temperature 
range it is ~1. Therefore, at deep supercoolings where homogenous 
nucleation is experimentally detected, the crystal growth velocity is 
mainly governed by the kinetic factor shown in Eq. (11): 

DU (T)=
8πTmd0U(T)

Tm − T
, (11)  

where Tm is the melting temperature and U(T) is the temperature- 
dependent growth velocity. In the temperature range of measurable 
homogeneous nucleation rates, below the temperature of the Stokes- 
Einstein-Eyring relation breakdown, U(T) presents an Arrhenian 
behavior: 

U(T)=U0 exp
(

−
EU

kBT

)

, (12)  

where U0 is a pre-exponential term and EU is the activation energy for 
crystal growth. With this expression for U(T), Eq. (11) can be rewritten 
as: 

DU (T)=
8πTmd0

Tm − T
U0 exp

(

−
EU

kBT

)

. (13) 

Hence, substituting Eq. (13) in Eq. (7), it follows that: 

Ist(T)=
8πTm

Tm − T
U0

d3
0

exp
(

−
EU

kBT

) ̅̅̅̅̅̅̅̅̅̅̅̅

σU(T)
kBT

√

exp
(

−
16πσ3

U

(
T
)

3kBΔG2
V
(
T
)

)

. (14) 

Another alternative to determine D is through the diffusion coeffi-
cient from nucleation time-lags (Dτ), which is given by Ref. [1]: 

Dτ(T)=
16
3

kBTσ
ΔG2

v(T)d2
0τ(T). (15) 

In Eq. (15), σ was considered equal to the interfacial energy of a 
planar interface (σ∞), which was calculated trough the macroscopic 
approximation of this parameter given by the Turnbull-Skapski equa-
tion: σ∞ = αΔHm/

̅̅̅̅̅̅̅̅̅̅̅̅
NAV2

m
3
√

, where ΔHm is the molar melting enthalpy 
and α a non-dimensional parameter between 0.4 and 0.5 for homoge-
neous nucleation in oxide SCLs. With ΔHm = 61086.4 Jmol− 1 [35] and 
α = 0.44 [38], this approximation leads to σ = 0.205 Jm− 2. As shown by 
Eqs. (4) and (8), the interfacial energy is an important parameter in the 
CNT. As a consequence of the diffuse character of the crystal/SCL 
interface and of the atomic order that is gradually established in the SCL 
near the evolving crystal clusters [39], σ is expected to have a positive 
temperature dependence. The subscripts η and U for σ in Eqs. (10) and 
(14) refer to the fact that these are fitted interfacial energies resulting 
from using Dη and DU, respectively, as proxies for D. The temperature 
dependences of ση and σU were calculated through the numerical solu-
tion proposed in Ref. [40], according to which: 

σ =

[
p
bq

Wn

(
bq
p

a−
q
p

)]1
q

, (16) 

Table 2 
Parameters a, b, q, and p in Eq. (16), assuming D ≈ Dη and D ≈ DU, from Eqs. (10) 
and (14), respectively.  

Equation a  p  b  q  

(10) ̅̅̅̅̅̅̅̅
kBT

√
(Istηd5

0)
− 1  1/2  

−
16π

3ΔG2
VkBT  

3  

(14) 8πTmU[Ist(Tm − T)d3
0
̅̅̅̅̅̅̅̅
kBT

√
]
− 1   

Fig. 2. Reflected light optical micrographs of the LS2 glass treated at Tn = 753 K for 2 h, and at TU = 875 K for (a) 5, (b) 10, and (c) 20 min.  

Fig. 3. Temperature dependence of crystal growth rates for the LS2 glass 
comparing literature data (colored squares) with those from this work (green 
stars). The black line denotes the fit of Eq. (12) to the U(T) data of this work. 
The error bars’ size is smaller than the symbols. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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Fig. 4. Time dependence of the number of crystals per unit volume (Nv) for Tn = 708–768 K. The blue triangles represent the experimental data from Ref. [20] and 
the black dots refer to data of this work. The red lines correspond to a non-linear fit of Eq. (5) to the experimental data, and the shaded area indicates the 95% 
confidence band. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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where Wn is the multivalued Lambert function and n represents the 
branch point, where it takes a single value. Since real results of Wn are 
only obtained for n = − 1 and n = 0, for values of σ with physical 
meaning, we solved the Lambert function for n = − 1. The parameters a, 
b, q, and p in Eq. (16) are dependent on the CNT formulation, as sum-
marized in Table 2 for Eqs. (10) and (14). The error propagation in σ was 
computed using the Python uncertainties module [41]. 

4. Results 

4.1. Crystal growth 

Fig. 2 shows some representative optical micrographs at TU = 875 K 
for increasing tU, used for the U(T) determination. 

Fig. 3 shows a comparison between the experimental crystal growth 
rate data from the literature [21–24] and those from this work for LS2, 

Fig. 5. Temperature dependence of the nucleation time-lags (τ). The values of τ 
were obtained through a non-linear fit of Eq. (5) to the experimental Nv(t) data. 

Fig. 6. Diffusion coefficients calculated from the equilibrium viscosity 
(magenta solid line), crystal growth velocities (blue dotted line), and nucleation 
time-lags (red dashed line) for the LS2 system, by using Eqs. (9), (13) and (15), 
respectively. The temperature range where Ist was measured is delimitated by 
the shaded area, and Tg is indicated by the vertical dashed line. (For inter-
pretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 

Fig. 7. Temperature dependence of σ considering (a) D ≈ Dη and (b) D ≈ DU. 
The linear fitting procedure was performed considering only the Ist data above 
the Tmax reported in Ref. [20]. 

Fig. 8. Temperature dependence of crystal nucleation rates in the LS2 system in 
logarithmic scale. The blue dashed line and the magenta solid line denote the 
CNT prediction using DU and Dη as diffusivity proxies, respectively. The green 
rhombuses correspond to the data of [20], and the black dots represents the 
data of this work using longer treatment times. The vertical dashed lines 
indicate Tg and the Tmax predicted by assuming D ≈ DU. The error bars’ size is 
smaller than the symbols. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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indicating the Arrhenian behavior of U(T), with characteristic values of 
U0 = 1.34×1012 ms-1 and EU = 5.46×10-19 J (Eq. (12)). 

For a “clean” analysis, the linear regression of the data in Fig. 3 was 
performed using only the data of this work. 

4.2. Crystal nucleation 

Fig. 4 shows the time dependence of Nv obtained by combining the 
experimental data from Ref. [20] with those of this work for samples of 
the same batch. The solid lines show the fit of Eq. (5) to the experimental 
data. The Nv experimental data of LS2 glass is available in the Supple-
mentary material. 

For the highest nucleation temperatures, it was not possible to infer 
the values of τ from fitting Eq. (5) to the NV(t) experimental data, since, 
in such temperature range, the obtained values for τ were negative or 
showed an error bigger than τ itself. This result is due to the far too short 
nucleation induction times (only a few minutes to seconds) at such high 
temperatures. 

4.3. Diffusion mechanism and CNT test 

For comparison, the diffusion coefficient calculated from nucleation 
time-lags (Dτ), Eq. (15), was determined from the fitted values of τ 
(Fig. 5), whose error comes from the fit of Eq. (5) to the NV(t) experi-
mental data in Fig. 4. 

Due to several difficulties in getting reliable values of τ from the fit of 
Eq. (5) to the Nv(t) curves at the highest temperatures (Section 4.2), the 
temperature dependence of τ was determined through a linear fit of the τ 
values obtained at low temperatures, which presented positive values 
and a standard deviation lower than τ itself. 

Such a fit is presented in Fig. 5, including the lowest nucleation 
temperatures at which the induction times were measurable. Consid-
ering the temperature dependence of viscosity, crystal growth velocity, 
and nucleation time-lags (Fig. 5), the calculated coefficients Dη (Eq. (9)), 
DU (Eq. (13)), and Dτ (Eq. (15)) are compared in Fig. 6. 

The Ist obtained from fitting Eq. (5) to the Nv(t) curves (Fig. 4) were 
used to determine the temperature dependence of σ. Fig. 7(a) and (b) 
show the resulting σ(T) estimated for D ≈ Dη and D ≈ DU (Eq. (16)), 
respectively, for temperatures higher than the experimental Tmax re-
ported in Ref. [20]. 

Fig. 7 does not include σ(T) resulting from D ≈ Dτ, since the values of 
τ at the two highest temperatures presented a high standard deviation. 
Finally, the Ist(T) curves are shown in Fig. 8, where the magenta solid 
line and the blue dashed line were calculated via Eqs. (10) and (14) 
considering the linear dependencies of ση(T) and σU(T) presented in 
Fig. 7. 

5. Discussion 

As shown in Fig. 3, the measured growth velocities agree with those 
reported in the literature [21–24] and present an Arrhenius behavior, 
allowing an accurate determination of U(T) and, consequently, of DU(T) 
in the temperature range of the nucleation measurements. 

According to Fig. 6, in the low temperature range where the Ist were 
measured, DU increases as the temperature decreases and can be two 
orders of magnitude greater than Dη. This difference is expected because 
of the well-known decoupling between these two coefficients [9,25,42]. 
As a consequence, as shown in Fig. 8, the use of DU as a proxy for D leads 
to higher values for the predicted Ist compared with those calculated 
using D ≈ Dη (Eq. (10)). Also, in Fig. 6, Dτ and Dη show a similar tem-
perature dependence in the range of nucleation measurements. There-
fore, the use of Dτ or Dη in the CNT analysis should provide similar 
conclusions. Nevertheless, using Dη avoids the uncertainties related to 
the determination of τ, and for this reason, it is considered more 
appropriate. 

Comparison of the experimental Ist of this work with those of our 

previous study [20] and with the values predicted by the CNT consid-
ering D ≈ Dη and D ≈ DU (Fig. 8) shows that the much longer nucleation 
times used in the current work lead to a significant increase in the 
“apparent” Ist, exceeding the prediction of the CNT with Dη as a proxy for 
diffusivity. This phenomenon is also exhibited by the steady-state 
nucleation rate obtained from the new data at 708 K, which is much 
higher than that predicted by the CNT for this temperature using D ≈ Dη. 
This increase in Ist agrees with the results recently presented in Refs. [20, 
43], which demonstrate the absence of the CNT “breakdown” at Tmax 
when the steady-state nucleation rates are properly determined. 

According to three recent works [4–6], a plausible explanation for 
the progressive increase in Ist at low temperatures is the strong effect of 
structural relaxation below Tg, which leads to much longer tn necessary 
to reach the actual Ist in a fully relaxed SCL. The changes in the 
short-range order of LS2 glass associated to annealing at temperatures 
far below Tg observed in Ref. [44] are a direct evidence of such effect, 
which however requires a more in-depth study. 

As shown in Fig. 8, the new data obtained with much longer nucle-
ation times are best described when D is estimated from DU. This result is 
a consequence of the prolongation in the nucleation heat treatments 
below the “supposed” Tmax reported in Ref. [20] and in several other 
previous studies on LS2 glass. Therefore, if only the experimental data 
from Ref. [20] were used, Ist would not reach the curve predicted by the 
CNT using D ≈ DU. Additionally, the experimental Tmax obtained with 
the long-time data of this work is shifted to much lower temperatures 
compared with the previous results for samples of the same glass batch 
[20]. This result agrees with recent observations made for a 
2Na2O⋅CaO⋅3SiO2 (N2C1S3) glass [6] and for samples of another LS2 
glass batch [4]. Finally, it is corroborated by an analysis of BaO⋅2SiO2 
glass presented in the Appendix. 

The results of this work give new evidence supporting U(T) as a 
better parameter to estimate the nucleation process diffusivity, since the 
prediction of Ist(T) assuming D ≈ DU (Eq. (14)) indicates that the actual 
Tmax could be ~50 K lower than the value commonly reported for LS2 
glass. 

These new experimental results and analyses for the LS2 and BS2 
systems strongly support the hypothesis that DU is a more adequate 
parameter than Dη to describe the effective diffusivity controlling crystal 
nucleation. This conclusion is grounded on the fact that nucleation and 
growth are simultaneous processes controlled by atomic jumps at the 
crystal/SCL interfaces. Moreover, recent molecular dynamics simula-
tions showed that the diffusivity in SCLs at deep supercoolings could be 
predicted by U(T) [45]. A definitive answer about which parameter best 
describes D can be obtained through a direct measurement of the 
mobility of “structural units” during the nucleation process, which in the 
case of multicomponent systems is currently extremely difficult. Here, 
atomist simulations could be of great relevance [16–18]. 

6. Summary and conclusions 

We evaluated whether the diffusion coefficients estimated via the 
equilibrium viscosity, nucleation time-lags, or crystal growth velocities 
best predict the steady-state nucleation rates in the framework of the 
classical nucleation theory. To this end, we measured the steady-state 
nucleation rates of a lithium disilicate glass–used as a model–at tem-
peratures below the glass transition range. For this task, we used 
extremely very long nucleation times (up to 792 h) at 20 K below Tg and 
combined the nucleation rates with crystal growth velocities and vis-
cosity measured in samples of the same glass batch. 

The results for LS2 glass showed that in isothermal treatments at 
temperatures below Tg, the nucleation rate continuously increases with 
the treatment time, yielding higher values than those predicted by the 
CNT if Dη is used as a diffusivity proxy. Besides confirming that the 
alleged “breakdown” of the CNT at Tmax ~ Tg is just a consequence of 
using underestimated nucleation rate data, this work supports recent 
experimental evidence that very long thermal treatments below Tg can 
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reveal the actual temperature of maximum nucleation rates, which is far 
below the values previously reported for LS2. Similar results were ob-
tained with a barium silicate glass (presented in the Appendix). 

The most important result of this work is that it provides clear evi-
dence favoring DU as a better proxy than Dτ and Dη for the effective 
diffusion coefficient controlling crystal nucleation in stoichiometric 
oxide glass formers. 
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Appendix 

Analysis of the Classical Nucleation Theory in a BaO⋅2SiO2 glass using viscosity and growth velocities as proxies for diffusivity 

Using the same approach as for the LS2 glass, crystal nucleation, growth and viscosity data of BaO⋅2SiO2 (BS2) were obtained using samples of the 
same glass batch analyzed in Ref. [20]. According to the experimental results presented in Fig. A.1, the new nucleation data for BS2 at the lowest 
temperature (Tn = 943K) using extended nucleation times (tn)–up to 36 h–are higher than those presented in Ref. [20] using shorter times (32 h). 
Additionally, the prediction of the CNT via DU (dashed curve) led to a Tmax smaller than that reported in Ref. [20], where the approximation D ≈ Dη 
(solid curve) was used. These findings for BS2 support the more extensive results presented in this work for LS2 glass. However, this analysis in BS2 
glass requires further studies, using extended tn at least at two other Tn below the previous Tmax [20], and a more reliable estimation of Nv by scanning 
electron microscopy, considering the very high nucleation rate (Imax ~1012 m-3s-1) of this glass. Nevertheless, the current results are sufficient to 
corroborate the conclusions of this work for LS2. 

The small divergence between the Ist(T) curves obtained with DU and Dη even at higher temperatures can be a consequence of the differences in the 
BS2 crystal geometry at temperatures above and below Tmax, going from a spherulitic shape to an irregular one, as shown in the micrographs of 
Fig. A.2, taken on BS2 samples heat treated at Tn = 1053 (at the top) and 943 K (at the bottom). These factors impair the accurate determination of Ns 
and crystal sizes, increasing the uncertainty on both Ist and U(T).

Fig. A.1. Temperature dependence of crystal nucleation rates in the BS2 system in logarithmic scale. The purple dashed curve and the green solid line denote the CNT 
prediction using DU and Dη, respectively, as proxies for diffusivity. The black rhombuses correspond to the data of [20] and the pink dots represent the data of this 
work using longer treatment times. All properties (I(T), U(T) and η(T)) were obtained using glass samples of the same batch.  
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Fig. A.2. Representative optical micrographs of BS2 samples heat treated at Tn = 1053 K (at the top) and Tn = 943 K (at the bottom) for (a) tn = 5 min, (b) tn =

10 min, (c) tn = 11 h, and (d) tn = 12 h. The same development temperature, Td = 1088 K, was used in all the cases. 
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