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1 |  INTRODUCTION

Avoiding or controlling crystallization of supercooled glass- 
forming liquids underpins the development of glasses and 
glass- ceramics, respectively.1,2 Yet on this topic, the Classical 
Nucleation Theory (CNT) is often used to analyze and pre-
dict crystal nucleation kinetics.3,4 For temperatures above the 
temperature Tmax of the maximum nucleation rate, I (T), ob-
served in common experiments, which is near the glass tran-
sition range, experimental nucleation data can be described in 
the CNT framework. However, for temperatures below Tmax,  

the theory predicts much higher nucleation rates than the 
experimentally observed values. This discrepancy between 
theory and experiment, known as the “breakdown” of CNT 
(hereafter we will use a more adequate term “apparent break-
down”), strongly increases with decreasing temperature.

Various possible reasons to explain this disagreement 
have been proposed in recent years5- 10 with limited success. 
In particular, in Ref. 5- 7 significant structural changes in the 
supercooled liquid with a decrease in temperature, which 
could affect the nucleation process, were advanced. Since 
Tmax is usually located within the glass transition interval 
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Abstract
The influence of structural relaxation on crystal nucleation has been underexplored 
and remains elusive. This article discusses its possible effect on the nucleation pro-
cess using a stoichiometric soda- lime- silica (2Na2O·CaO·3SiO2) glass as a model 
system. We show that the relaxation effect is powerful at low temperatures, close and 
below the glass transition, Tg, and leads to a continuous increase in the nucleation rate. 
At any given temperature, the nucleation rate eventually reaches its ultimate steady- 
state corresponding to the fully relaxed supercooled liquid (SCL). However, the time 
to reach the steady- state is two to three orders of magnitude longer than the average 
relaxation time estimated by the Maxwell relation (shear viscosity / shear modulus). 
The proposed nucleation mechanism and model, which take relaxation into account, 
and related experimental results also explain the alleged “breakdown” of CNT at low 
temperatures reported for various glasses. It confirms a few recent papers that this ap-
parent flaw is merely because most researchers did not prolong nucleation treatments 
enough to complete the relaxation process to achieve a steady state. Another remark-
able result is that the actual maximum nucleation temperature, Tmax, is significantly 
lower than the previously reported values. Finally, a comparative analysis of the ki-
netic coefficient using viscosity versus growth velocity favors the last. These results 
for this soda- lime- silica glass extend and validate recent findings for lithium disilicate 
on the significant (but often neglected) effect of relaxation on crystal nucleation.
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(corresponding to very high viscosity), structural relaxation 
at T < Tmax could affect the nucleation process. This effect 
was recently shown experimentally and was theoretically 
analyzed for a lithium disilicate (LS2) glass in Ref. 11,12. 
These two works demonstrated that the crystal number den-
sity versus time, N(t), curves cannot be described in the CNT 
framework using a constant set of diffusion coefficient and 
interfacial energy. Since these parameters depend on the liq-
uid state, this result gives evidence for the structural relax-
ation that results in an increase in the nucleation rate. The 
latter only achieves the theoretically expected steady- state 
value when the supercooled liquid (SCL) fully relaxes, that 
is, reaches the final metastable state corresponding to the 
given temperature.

The present work aims to analyze two sets of new and 
old nucleation data using a glass of nominal composition 
2Na2O·CaO·3SiO2 (N2C1S3) as a model system, taking into 
account the effect of structural relaxation, which was only 
discussed so far for lithium disilicate glass.11 The objective 
is to generalize (or not) the scarcely considered effect of re-
laxation on crystal nucleation employing an advanced anal-
ysis of nucleation data compared with that used in Ref. 11. 
We also improve the model by taken into account the effect 
of relaxation on the diffusivity, D (in the previous two arti-
cles11,12 on LS2, only the effect on the driving force, ΔGV, 
was studied). Finally, we aim to test whether the viscosity or 
crystal growth velocity best describes the kinetic coefficient 
in crystal nucleation.

2 |  MATERIALS AND METHODS

The effect of relaxation on crystal nucleation in lithium dis-
ilicate (LS2) glass was focused on in previous research.11 In 
this work, the 2Na2O·CaO·3SiO2 (N2C1S3) glass was chosen 
as a model system to validate and extend the findings with 
LS2 because it also shows internal homogeneous nucleation 
in a wide range of temperatures, and has been much less 
studied than other options, such as barium silicate glasses. 
The glass was prepared according to the procedure described 
in Ref. 10, where detailed information about glass melting, 
quenching, and characterization can be found. Its chemical 
composition in mole % (32.86Na2O·17.40CaO·49.74SiO2) is 
close to the nominal one (33.33Na2O·16.67CaO·50.00SiO2). 
Its glass- transition temperature, Tg, estimated from a DSC 
heating curve is 747 K.

Nucleation and growth heat treatments were carried out 
in a vertical electrical furnace with a pre- stabilized tempera-
ture within ±1 K. The time dependence of the crystal number 
density, N (t), at several nucleation temperatures, Tn, was mea-
sured using the Tamman method.13 This technique consists of 
growing nuclei, previously formed at Tn, up to a detectable 
size at the development temperature, Td. This temperature 

must meet the following requirements: I
(

Td

)

≪ I
(

Tn

)

 and 
U
(

Td

)

≫ U
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)

, where U is the growth velocity. Samples 
were subjected to nucleation treatments at Tn= 719, 729, and 
808 K and then to “development” treatments at Td = 843K. 
Moreover, some N (t) curves for nucleation temperatures be-
tween 738 to 793 K determined in Ref. 10 for samples of the 
same glass batch were extended to longer time periods.

After the heat treatments, the samples were polished with 
SiC paper and a CeO2 suspension to remove the surface 
crystallized layer. Then, cross sections were analyzed by re-
flected light optical microscopy (LEICA DMRX coupled to 
a LEICA DFC490 camera) to measure the number of crystal 
intersections and the radius of the largest crystal, which is 
equal to the radius of the largest crystal inside the sample.

It should be noted that the development method practi-
cally yields a mono dispersed crystal size distribution in the 
sample´s interior. Therefore, the crystal number density, NV, 
after treatment at Td was estimated as

where NS is the number of crystal traces in a sample cross sec-
tion of area S, and R is the maximal radius of the crystals in 
the cross sections (see, e.g., Ref. 14). As this technique could 
underestimate the number NS in the cross sections (due to the 
limited resolution limit of the optical microscope), the follow-
ing equation was used to correct for the underestimated frac-
tion, f ,13

where � is the resolution limit of the microscope (0.5 µm) and 
DM is the diameter of the largest crystal in the cross section. 
Hence, the corrected N was given by Eq. (3)

where NV is the measured crystal density and N the corrected 
value.

To estimate the crystal growth velocity, U (T), single- stage 
heat treatments for various times at each growth temperature 
(793- 883  K) were performed. As the 2Na2O·CaO·3SiO2 
crystals have a spherical shape (Figure 1), a linear fit to the 
time dependence of the radius of the largest crystal, RM, in 
micrographs of the sample cross- sections, which coincide 
with the real size of the largest crystal, was used to evaluate 
U (T) = dRM∕dt.

The structural relaxation kinetics was studied by follow-
ing the variation in the refractive index, n�, with the time of 
isothermal treatment. Before the measurements, a sample 
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of ~10 × 10 × 2.5 mm, with two perpendicularly polished 
faces, was kept for 70 minutes at 5 K below the DSC Tg to 
fix the initial fictive temperature, Tf . Then, the same sample 
was subjected to isothermal treatments at 729 K (Tf − 13K). 
After each heat treatment, it was removed from the furnace 
and held for 20 minutes, to stabilize it at room temperature. 
Then the refractive index measurement was performed.

The refractive index was determined using a Pulfrich re-
fractometer with a spectral mercury lamp (monochromatic 
green e- line, λ = 546.1 nm) and a Vo F5 prism (refractive 
index np = 1.748005). The refractometer measures the angle 
of the refracted beam, γ, which is related to nλ by the follow-
ing equation:

3 |  GOVERNING EQUATIONS

According to CNT, the steady- state nucleation rate in equi-
librium SCL can be written as15,16

where D is the effective diffusion coefficient, Wc,eq is the 
thermodynamic barrier for nucleation or the work of forma-
tion of a nucleus of critical size, Rc, �eq is the surface tension 
of the critical nucleus/SCL interface, d0 is the effective size 
of the structural units— commonly estimated as d0 =

(

VM

NA

)1∕3

 

via the crystal molar volume, VM, and the Avogadro num-
ber, NA— kB is the Boltzmann constant, and Tis the absolute 
temperature. For our particular substance (N2C1S3 glass) 
d0 = 0.6nm.

In the case of the spherical nucleus

where ΔGV,eq is the thermodynamic driving force for crystalli-
zation for the fully relaxed, metastable state of the supercooled 
liquid, which can be estimated via the following polynomial

with temperature T in Kelvin and ΔGv in J∕m3 (this polynomial 
describes thermodynamic data for the N2C1S3 glass well13).

To estimate �eq (T), we use Tolman's equation

where �0 is the surface tension of a planar interface, and δ the 
Tolman parameter, which is of the order of the crystal unit- cell.

As follows from Eq. (5), the effective diffusion coefficient 
D is one of the key parameters to evaluate the nucleation ki-
netics. Following our previous article,11 we estimate D from 
the crystal growth rate given by Eq. (10),17 for the Screw 
Dislocation model, which is the most frequent growth mech-
anism in glass- forming liquids

where Tm is the melting point.
Thus, in our calculations, we reasonably assume that 

D = DU. That is, the same diffusion coefficient determines 
both nucleation and crystal growth, since they refer to a 
single process of diffusion. In the Appendix, we show 
a comparison of DU with Dη, calculated from viscosity, 
which is an approximation normally used in nucleation 
studies.

Also, several authors, for example, Ref. 3, including our-
selves,5,18,19 incorrectly (as was shown in Ref. 11 for the LS2 
glass, and will be further shown in this article for the cur-
rent glass) estimated D from the apparent nucleation induc-
tion time, tind, or the nucleation time- lags, τ, interpreting the 
nucleation rate increase with time as a classical nonstation-
ary nucleation. At deep supercoolings, where homogeneous 
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,

F I G U R E  1  Reflected light optical micrograph of a cross section 
of a N2C1S3 glass sample treated for 30 min at 843 K showing 
spherical crystals. The variation in the cross- section sizes is because 
crystals are cut at different parts. The largest ones were cut in their 
centers [Color figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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nucleation rates can be detected in laboratory scales, the 
temperature range used in this research work, U (T) shows an 
Arrhenian behavior (as shown, e.g., in Figure 2):

where U0 is a pre- exponential term and EU the activation energy 
for crystal growth.

Since the thermodynamic term in Eq. (10) is negligible 
at deep supercoolings, Eqs. (10) and (11) yield the following 
relation for DU:

To take into account the effect of glass structural relax-
ation on the nucleation rate, we introduce a factor � (t) into 
the thermodynamic driving force for crystallization

that correlates with the structural order- parameter, ξ, as

The subscript eq indicates that the value refers to a fully 
relaxed equilibrium liquid, SCL (a detailed theory is given 
in Ref. 12).

According to the Stefan– Skapski– Turnbull relation, the 
surface tension of a crystal/liquid interface is proportional to 
the heat of melting per particle q

Since for N2C1S3 glass, the thermodynamic driving force 
for crystallization is very close to the value calculated by the 
Hoffman approximation,13 Eq. (15) can be rewritten as

Under the assumption that Eq. (16) is also valid in the 
case of a non- equilibrium liquid during its structural relax-
ation, Eqs. (13) and (16) yield

Employing Eqs. (13) and (17), we obtain the dependence 
of the work of critical cluster formation on the parameter �

Finally, we can write the following equation for the nucle-
ation rate in a relaxing glass or SCL

It should be noted that, unlike our previous similar anal-
ysis,11 here structural relaxation of the glass determines 
the change, not only in the thermodynamic nucleation bar-
riers, but also the change in the diffusion activation en-
ergy, EU.

The time evolution of � can be approximated by an expo-
nential law

where �sr represents the characteristic time of the structural re-
laxation process related to crystal nucleation

Relaxation is completed when � = 1 and, hence, the nu-
cleation rate reaches its final steady- state value predicted by 
CNT at any given temperature.

(11)U = U0exp

(

−
EU

kBT

)

,

(12)DU =
8πd0U0Tm
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exp
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−
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)

.
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,
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8πd0U0Tm
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.

(21)� (t, T) = 1 + �0 (T) ⋅ exp

(

−
t

�sr (T)

)

,

F I G U R E  2  Temperature dependence of the crystal growth 
velocity at deep supercoolings. Rhombuses and circles represent 
experimental data for the current glass batch and from21, respectively. 
The solid line refers to an Arrhenius fit, Eq. (11), to the data of this 
work [Color figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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4 |  RESULTS

4.1 | Diffusivity

Figure 2 shows the crystal growth velocity data, U (T), of this 
and a previous study,20 and an Arrhenius fit (Eq. (11)), with 
the following fitting parameters:

The growth velocity data for the current glass batch are 
quite close to the old data for a glass of similar composition 
(34.04Na2O·15.51CaO·50.45SiO2 mole %),20 which is also 
close to the nominal composition.

To compare DU with the diffusion coefficient for viscous 
flow, D�, we fitted the temperature dependence of the shear 
viscosity data, � (T), for the same glass batch used in the nu-
cleation and growth experiments using the classical VFT 
equation

where �0 = 4 ⋅ 10−9 m2s−1, E� = 1.69 ⋅ 10−19J, and 
T0 = 485.64K.

Figure 3 shows the experimental � (T) data and the 
Arrhenius fit.

The diffusion coefficient, D�, obtained via the Stokes– 
Einstein– Eyring equation15

and DU (Eq. (12)) are shown in Figure 4. In Eq. (24) the coef-
ficient � = 0.258 yields D� (T) = DU (T) at high temperatures, 
above the temperature Tdec, at which the well- known decou-
pling between D� and DU takes place.21,22

The Appendix shows a discussion on which of these pa-
rameters is most adequate for analyzing nucleation kinetics, 
which indicates that, when relaxation is significant, the N vs 
t curves are best described by DU.

4.2 | Structural Relaxation versus 
Nucleation Kinetics

Figure 5 shows the crystal number density N (t)in glass sam-
ples subjected to nucleation treatments at Tn=719- 808 K for 
time t, followed by a “development” treatment at Td = 843K. 
Points correspond to the experimental data. The N (t)depend-
ences denoted by solid blue lines were calculated from fitting 
experimental data with the equation

where the nucleation rate, I (t), is determined by Eqs. (19)- (21) 
and (9).

The parameters �0 and � in Eq. (9) were obtained by 
fitting the experimental nucleation rates, Ist, measured at 

(22)U0 = 5.84 ⋅ 1016m∕s, EU = 6.8 ⋅ 10−19J,

(23)� = �0exp

[

−
E�

kB

(

T − T0

)

]

,

(24)D� (T) =
kBT

�d0� (T)
,

(25)N (t) =

t

∫
0

I
(

t �
)

dt � ,

F I G U R E  3  Temperature dependence of the shear viscosity. 
Rhombuses and circles refer to experimental data from10 and21, 
respectively. The difference between the two sets of experimental data 
could be associated with small compositional differences and using 
different methods: “penetration”10 and “beam bending”21. The solid 
line was obtained from fitting Eq. (23) to the data of10, which refers to 
the glass used in this work. The vertical line shows the DSC Tg of the 
current glass, which is close to the typical viscosity of 1012 Pa·s [Color 
figure can be viewed at wileyonlinelibrary.com]

F I G U R E  4  Diffusion coefficients estimated from the crystal 
growth velocity, DU (solid line, Eq. (12)), and viscosity, Dη (dashed 
line, Eq. (24)) showing the classical decoupling starting at 910- 960 K. 
[Color figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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temperatures above the experimental Tmax, T = 768…808K, 
where we assume � = 1 due to the very fast structural relax-
ation in this temperature range. From such fitting, the values 
of �0 and � are: �0 = 0.1738 J∕m

2
, � = 0.99 d0.

Fitting with Eq. (25) yields the values of parameters �0 
and �sr to achieve the best agreement with the experimental 
N (t) dependence. The fitting results are presented in Table 1.

It should be noted here that in the case of 
2Na2O·CaO·3SiO2 glass, the effect of the development 
temperature Td on the N(t) dependence due to dissolu-
tion of crystals with a size smaller than the critical one 
corresponding to Td can be neglected because of the fast 
diffusion (and growth rates) at nucleation temperatures. 
Therefore, a change in the development temperature from 

F I G U R E  5  Number of crystals per unit 
volume, N (t), versus nucleation time, t ,  
for different temperatures. The symbols 
represent experimental data, whereas the 
solid blue lines show fits via Eqs. (19), (20), 
(21), and (9). The dashed red lines were 
obtained via simulations based on the cluster 
dynamics model with time independent D 
and σ, which were the fitting parameters 
that best describe the final part of the 
experimental N (t) dependences. The dashed 
red lines in G and H coincide with the solid 
blue lines [Color figure can be viewed at 
wileyonlinelibrary.com]

(a) (b)

(c) (d)

(e) (f)

(g) (h)

www.wileyonlinelibrary.com
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843 K to 923 K does not lead to a noticeable decrease in the 
number N of developed crystals.

The dashed red lines in Figure 5 were obtained by calcula-
tion of the time- dependent cluster size distribution function. 
It is done from a set of coupled linear differential equations 
that describe reactions of attachment and detachment of sin-
gle molecules (“structural units”) to or from clusters of a new 
phase (more details of the Cluster Dynamics Model are given 
in Refs. 3,16). D and σ listed in Table A1 were used as fitting 
parameters for the best description of the final part of the 

experimental time dependences N (t). Below we will discuss 
the incorrectness of such fitting procedure performed for a 
limited time interval, shown also in11.

Figure 6 shows the characteristic structural relaxation 
times, �sr, obtained from the nucleation curves:

The characteristic relaxation times calculated from 
viscosity

where D� (T) is determined by Eq. (24), and the characteristic 
time of the refractive index relaxation �R (see Eq. (29)) also 
presented in Figure 6.

The time evolution of the refractive index at 729  K is 
shown in Figure 7. The line is a fit by Eq. (29)., that is, the 
Kohlrausch stretched exponent expression:

with n�,0 = 1.55278, n�,inf = 1.55303 ± 1.3 ⋅ 10−5, 
�R = (2860 ± 600) s, and β=0.70± 0.08.

For the sake of comparison, we calculated the Maxwell 
relaxation times

(26)�sr (T) = �0exp

[

−
E�

kB

(

T − T0

)

]

,

(27)�0 = 1.3 ⋅ 10−16s, E� = 1.48 ⋅ 10−19J.

(28)�� (T) =
d2

0

D� (T)
,

(29)n� = n�,inf +
(

n�,0 − n�,inf

)

exp

[

−

(

t

�R

)�
]

T A B L E  1  Parameters �
0
 and �sr obtained from fitting experimental 

data to Eq. (25), nucleation time- lags, �K, estimated by Eq. (31), and 
Maxwell times, �M, calculated by Eq. (30) for different temperatures

T [K] �0 �
sr

[s] �
K
[s] �

M
[s] �

sr
∕�

K
�

sr
∕�

M

719 0.077 8.5 · 105 163 9872 5207 86

729 0.053 2.3 · 105 65.1 1144 3476 198

738 0.04 4 · 104 29.14 190 1367 210

748 0.029 7308 12.21 30 599 244

759 0.021 1422 4.82 4.58 295 310

768 0.021 472 2.3 1.1 205 429

778 0.021 100 1.03 0.25 97 400

793 0.021 15.5 0.322 0.032 48.1 484

808 0.021 2.87 0.105 0.005 27.3 574

F I G U R E  6  Relaxation times versus temperature. The full and 
empty red circles indicate the characteristic times �sr of structural 
relaxation calculated from nucleation data (see Eq. (21)) and 
extrapolated to high temperatures, respectively. This extrapolation is 
necessary for calculations with Eqs. (19)- (21). The solid line represents 
a fit via Eq. (26), the dashed line shows the relaxation times estimated 
from viscosity, �� (Eq. (28)), and the dot- dashed line shows Maxwell's 
relaxation times, �M, evaluated by Eq. (30). The Rhombus indicates the 
�R estimated from relaxation of the refractive index, Eq. (29) [Color 
figure can be viewed at wileyonlinelibrary.com]

F I G U R E  7  Refractive index of the current soda- lime- silica glass 
versus treatment time at 729 K. The line is a fit by Eq. (29) [Color 
figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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where the Young modulus E = 71GPa and Poisson's ratio 
� = 0.23 were used as typical values for silicate glasses. 
Equation (30) gives a lower boundary of the characteristic alpha 
relaxation times, �R, of some glass properties, such as density 
or refractive index.23 Indeed, the experimental value of �R is 
slightly higher than the calculated value of �M (Figure 6).

5 |  DISCUSSION

As we indicated in the Introduction section, the main objec-
tive of the present work using N2C1S3 glass was to generalize 
the strong effect of structural relaxation on the nucleation 
kinetics below Tmax, which were first described in our recent 
article for lithium disilicate glass.11 This problem is very 
relevant because the CNT and other theories assume that 
nucleation takes place in a fully relaxed SCL. Moreover, it 
deals with a well- known, long- standing problem— the CNT 
“apparent breakdown”— which is quite considerable at low 
temperatures corresponding to the glass transition range and 
below.

The dependences of the number of nucleated crystals, N (t),  
on the nucleation time, required for any in- depth analysis 
of the nucleation kinetics, are shown in Figure 5 for N2C1S3 
glass, where the symbols represent experimental data. These 
data cannot be described within the framework of CNT using 
a constant set of parameters at any given temperature, as we 
have already demonstrated for lithium disilicate glass.11 This 
fact is illustrated by the red dashed lines, simulated via the 
Cluster Dynamics Model, employing D and �eq as fit param-
eters to achieve the best agreement with the final parts of the 
N versus t curves in Figure 5. These dashed lines describe 
only the time interval selected for fitting and are far below 
the experimental data corresponding to the previous parts, 
especially the very beginning of the N (t) plots.

The impossibility to describe the full N versus t experi-
mental curves with a constant set of parameters led us to sug-
gest that they change over time. Such changes are due to the 
continuous structural relaxation of the glass, which brings it 
closer to the fully relaxed metastable state of the supercooled 
liquid. Thus, the fitting procedure of a limited part of the N (t) 
dependence is incorrect because it does not take into account 
the previous change in the system parameters and, as a conse-
quence, it cannot be used to estimate the diffusion coefficient 
and interfacial energy determining the nucleation process. 
An exception is at the very beginning of the N (t) curve, when 
it is possible to neglect changes in the glass structure, and 
hence adopt the CNT. Our analysis also shows that a higher 
value of diffusion coefficient (than the value resulting from 
fitting the final part of the curve) is needed to describe the 

initial part of the N (t) dependence. For this reason, following 
Ref. 11, to analyze the nucleation rates we used the diffu-
sion coefficients determined from the growth velocities via 
Eq. (12), assuming that similar diffusion coefficients govern 
both crystal nucleation and crystal growth.

Equations  (9), (19)- (21) allow us to describe the N (t) 
data within the framework of the proposed model taking into 
account the effect of structural relaxation in the nucleation 
kinetics. To achieve the best possible agreement with ex-
perimental data, �0 and �sr were used as fitting parameters  
(Table 1).

Figure 6 shows a clear correlation between the character-
istic nucleation times, �sr (T), and �� (T) estimated from shear 
viscosity by Eq. (28), similar to what we observed earlier for 
lithium disilicate glass11. It gives indirect evidence of the 
similar influence of the elementary structural rearrangements 
on both viscous flow and nucleation. However, it should be 
emphasized that it is related to the relaxation process, which 
results in the change in thermodynamic barrier for nucle-
ation, Wc, and effective diffusion coefficient, D, and hence is 
responsible for the evolution of nucleation kinetics. To eval-
uate the latter, we used DU rather than D�. Thus D� seems 
to determine the relaxation process, whereas DU controls the 
nucleation rate (see a discussion in the Appendix).

When comparing these different relaxation times, it should 
be emphasized that the Maxwell relaxation times, �M, are 2- 3 
orders of magnitude shorter than the relaxation times, �sr, de-
termined directly from nucleation experiments (see Table 1). 
This fact is consistent with measurements of the characteris-
tic time, �R, of refractive index relaxation, which completes 
well before the nucleation relaxation process, �sr, which un-
derlies the crystal nucleation kinetics (Figure 6). A similar 
result was recently obtained11 based on the density relaxation 
of lithium disilicate glass. Thus, the relaxation process under-
lying nucleation is different from Maxwell's relaxation, or the 
traditional alpha- relaxation inferred by density or refractive 
index variations, and warrants a more in- depth analysis.

To answer the question of whether the stationary nucle-
ation regime had enough time to be reached during this long 
relaxation process, we calculated the classical nucleation 
time- lag, �K, by Eq. (31),24 for several temperatures with the 
approximation D = DU (see Table 1).

The ratio �sr∕�K listed in Table 1 decreases with tempera-
ture, but is much greater than one in the temperature interval 
of the nucleation experiments. It means that, if the diffusion 
coefficient controlling nucleation is the same as the one that 
controls crystal growth, nucleation would reach the steady- 
state regime well before structural relaxation was completed. 

(30)�M = 2
� (1 + �)

E
,

(31)�K =
16

3

�kBT

Dd2
0
ΔG2

v

.
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In other words, at each moment of time (except the initial in-
terval t < 3𝜏K ≪ 𝜏sr 

24), the nucleation rate is close to the sta-
tionary value corresponding to the given state of liquid. After 
the structural relaxation process is completed, the nucleation 
rate reaches its ultimate steady- state value corresponding to 
the given temperature. Thus, the increase in the nucleation rate 
over time is a consequence of the structural relaxation of liq-
uid but is not the classical nonstationary nucleation described 
by CNT, which has been interpreted over the last 50  years 
(e.g.,3,13). Note that this interpretation also led to an incorrect 
determination of the diffusion coefficient, since the relaxation 
process was understood as being a classical nonstationary nu-
cleation and, as a consequence, this resulted in an artificial 
problem of decoupling between the diffusion coefficients esti-
mated from nucleation and growth rates.25

The slow structural relaxation at temperatures at and 
below the glass transition interval results in deviations of the 
glass or intermediate liquid state from the metastable equilib-
rium. As a result, during conventional experiments at these 
temperatures, due to short nucleation treatment times typi-
cally used, the measured nucleation rate is often less than its 
ultimate steady- state value corresponding to the fully relaxed 
metastable equilibrium liquid.

The choice of the maximal duration of nucleation exper-
iments, which is related to the time needed to reach the final 
linear part of N (t) dependence, is limited by the maximum 
crystal number density, Nmax, that can be experimentally 
determined (due to the limited resolution of the available 
microscope). This case of not reaching Nmax, often happens 
for glasses displaying very high nucleation rates. For exam-
ple, in the case of the current N2C1S3 glass at the tempera-
ture of the theoretically predicted maximum nucleation rate 
Ttmax = 720K (estimated by curve 6 in Figure 8) the time, t0.93,  
when the nucleation rate approaches its ultimate steady- state 
value, Ist

(

Ttmax, t0.93

)

∕Ist

(

Ttmax,∞
)

= 0.93, is equal to 886 
hours (~37  days), and the crystal number density would 
be N = 2.5 ⋅ 1011mm−3, which corresponds to an average 
crystal- crystal distance of ~160  nm. This small distance is 
not resolvable by an optical microscope; therefore, such high 
crystal density cannot be measured by optical microscopy.

Figure 8 illustrates the relativity of the temperature depen-
dence of the nucleation rate I (T) if the maximum nucleation 
time (limited by the microscope resolution or by the lack of 
patience of the researcher) is insufficient to complete the 
relaxation process, hence to reach the ultimate steady- state 
nucleation rate. The blue rhombuses represent the nucleation 
rates estimated from the final parts of the N (t) dependences 
shown in Figure 5. The red points were taken from a previous 
paper20 on a glass of the same nominal composition. Line 6 
was plotted via Eqs. (19) and (20) with � = 1 (relaxation pro-
cess completed), which corresponds to the real temperature 
dependence. Lines 1, 2, 3, 4, and 5 show I (T, t) = dN (t) ∕dt 
taken from N vs t curves plotted via Eqs. (19)- (21) up to a 

time t, when N (t) reached values of 107, 5 ⋅ 108, 1010, 1011 
and 5 ⋅ 1011mm−3, respectively. For the lines 1- 4, the times 
used were not sufficient to complete the relaxation process at 
the lowest temperatures, therefore the computed nucleation 
rates were lower than the ultimate steady- state nucleation 
rates (denoted by line 6). Since the relaxation time strongly 
decreases with an increasing temperature, from a certain 
temperature the used experimental times become sufficient 
for complete relaxation and, hence, for reaching the ultimate 
steady- state nucleation rate. This temperature corresponds to 
that of the apparent (experimental) nucleation rate maximum, 
above which the experimental and theoretical nucleation 
rates coincide.

Figure 8 shows that the apparent maximum nucleation 
rates approach the theoretically calculated maximum as 
the maximal number of crystals increases (due to the in-
crease in nucleation treatment time) and achieve it when 
N = 5 ⋅ 1011mm−3 (see line 5). Comparing the new and old 
nucleation rates of the N2C1S3 glass, it can be observed that, 
in the latter case, the maximal number of crystals, N (T), is 
approximately one order of magnitude less than the first. 
This fact is the origin of the differences observed in the low- 
temperature dependencies of I (T). Note that the chemical 
compositions, Tg, viscosities, and growth rates of the new 

F I G U R E  8  Temperature dependence of the “apparent” steady- 
state nucleation rates of N2C1S3 glass. The vertical line at Ttmax 
shows the location and value of the theoretically predicted maximum 
nucleation rate. The blue rhombuses show the results of this work, 
including N (t) data reported in10 for the same glass batch, whereas 
the magenta circles show our previous results20 for another glass 
batch of the same nominal composition, in which the heat treatments 
were much shorter. The lines are plotted via Eqs. (19) and (20), line 6 
considers � = 1 (full relaxation), whereas lines 1, 2, 3, 4, and 5 indicate 
Ist (T) predictions for the times when the maximum value of N (t), Nmax,  
reached 10

7, 5 ⋅ 10
8, 10

10,10
11, and 5 ⋅ 10

11
mm− 3, respectively [Color 

figure can be viewed at wileyonlinelibrary.com]
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and old glasses are close, which is also observed by the co-
incidence of the nucleation rates at high temperatures, which 
then justifies data comparison.

Note that well- defined linear parts can be observed at the 
N (t) dependencies in Figure 5, which are especially accentu-
ated at T = 719K and 748 K. It is clear that these linear parts 
cannot be well described by a smooth function, Eq. (21), for 
the evolution of the structural parameter. A similar behavior of 
the N vs t curve for lithium disilicate glass below the glass- 
transition temperature was shown in Ref. 11 and interpreted as 
a stepwise relaxation. The possibility of the existence of such 
long, linear sections on the dependence N (t) until the ultimate 
steady- state nucleation rate is reached is most probably the rea-
son for the premature termination of the common nucleation 
experiments, which lead to underestimating the steady- state 
nucleation rate.

A rather interesting feature of nucleation dynamics re-
vealed in this study, shown by Figure 8, which was not 
emphasized previously, is that the actual temperature of max-
imum nucleation rate, Ttmax, is well below the often- reported 
experimental value. For the current glass, the actual value is 
~30 to 60 K below the reported experimental values.

6 |  CONCLUSIONS

In this article, we extended the previous analysis performed 
for lithium disilicate11 by including the effect of relaxation 
on the diffusivity and tested the proposed model with an-
other glass- forming system. Our analysis of new and old 
experimental data sets for a 2Na2O·CaO·3SiO2 glass at suf-
ficiently low temperatures shows that structural relaxation 
significantly affects the nucleation dynamics. The effect is 
particularly notable at temperatures close and below Tg, and 
results in a continuous increase in the nucleation rate over 
time. Eventually, the ultimate steady- state value is reached, 
which corresponds to the time required by the SCL to be 
fully relaxed at any given temperature. This time is two to 
three orders of magnitude longer than the average relaxation 
time estimated by the Maxwell relation using viscosity, and 
experimentally evaluated by refractive index measurements.

The proposed mechanism and model also explain the alleged 
breakdown of CNT at low temperatures. It is merely because 
most researchers did not prolong nucleation treatments enough 
to complete the glass relaxation process and reach the steady- 
state regime. Another remarkable result is that the actual max-
imum nucleation temperature, Ttmax, is significantly lower than 
the previously reported experimental values. Finally, we pres-
ent a pertinent comparative analysis of the kinetic coefficient 
using viscosity versus growth velocity, which favors the last.

These soda- lime- silica glass results extend, validate, 
and generalize recent findings for lithium disilicate on the 
significant— but often neglected— effect of relaxation on 

crystal nucleation. They clearly show that relaxation must be 
taken into account for a proper analysis of crystal nucleation, 
mostly below the glass- transition interval.
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APPENDIX 

Comparative analyses  of  nucleation 
kinetics  using viscosity and growth 
velocity
Researchers often analyze crystal nucleation kinetics assum-
ing that the diffusion coefficient D� calculated from the shear 
viscosity, η, describes the transport process controlling nu-
cleation. In fact, at first glance, a visual analysis of Figure A1 
shows that the temperature dependence of the nucleation rate 
is better described using D� than the DU of crystal growth ve-
locity, U (which was employed in the present paper). The data 
points of Figure A1 show the nucleation rates corresponding 
to the final parts of the experimental N vs t curves. The blue 
and magenta solid lines were numerically simulated based on 
the cluster dynamics model with DU and D�, respectively.

The proximity of the experimental blue rhombuses to the 
magenta curve could be interpreted as the achievement of a 
steady- state nucleation rate and, hence, that viscosity describes 
the nucleation rates. However, this conclusion would be incor-
rect as we will show below. One should recall that the first step 
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towards the analysis of nucleation kinetics is the construction 
and proper description of the N (t) dependence. The experimen-
tal dependence N (t) for T = 719K is shown in Figure A2 to-
gether with the N (t) calculated using D� and DU. It is clear that 
the experimental data cannot be described by CNT without tak-
ing into account the glass relaxation process, that is, with � = 1.

However, taking relaxation, �(t), into account allows us to 
describe the experimental data with DU (see solid blue line 
in Figure A2), as in the present work (Figure 5A), whereas 
using D� does not allows us to describe the experimental N (t) 
curve. One of the attempts is shown in Figure A2 with a dash- 
dotted line.

T A B L E  A 1  D and σ estimated as fit parameters given the best 
description of the final parts of the experimental dependences N (t) 
in the framework of Cluster Dynamics Model and nucleation rates 
I = dN∕dt corresponding to these parts.

T [K] I
[

mm− 3s− 1
]

�
[

J∕m2
]

D
[

m2∕s
]

719 6749 0.0781 5.30 · 10−24

729 10779 0.0795 1.58 · 10−23

738 35263 0.0796 6.97 · 10−23

748 63295 0.0803 3.10 · 10−22

759 83359 0.0807 8.32 · 10−22

768 76734 0.0811 1.57 · 10−21

778 64239 0.0827 1.17 · 10−20

793 29235 0.0843 6.46 · 10−20

808 10206 0.0859 3.57 · 10−19

F I G U R E  A 2  Number of crystals per unit volume vs. nucleation 
time at T = 719K. The blue points represent experimental data, whereas 
the magenta and green lines were simulated using D� and DU,  
respectively, without taking into account the glass relaxation process 
(� = 1). The blue solid line (D = DU) and the black dot- dashed line 
(D = D�) show the simulations taking into account the relaxation 
process, � (t), with DU and D� respectively. The fitting parameters are 
denoted close to the respective lines. The dashed magenta line shows 
the asymptote, the ultimate steady- state, to the continuous magenta line 
[Color figure can be viewed at wileyonlinelibrary.com]
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