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A B S T R A C T

The two-step heat treatment method is used to measure the steady state crystal nucleation rate and induction
time as a function of temperature in BaO⋅2SiO2 and 5BaO⋅8SiO2 glasses. For both glasses, the temperature for
maximum nucleation rate and the temperature range for significant nucleation agree well with previous esti-
mates from differential thermal analysis studies. The data are analyzed with a new iterative method to obtain the
interfacial free energy and critical work of cluster formation as a function of temperature. For temperatures
below the temperature at which steady-state nucleation rate is a maximum, the critical work of cluster formation
is shown to strongly deviate from expectations of the classical theory of nucleation.

1. Introduction

Understanding and controlling crystal nucleation is critically im-
portant for the manufacturing of glass and glass-ceramic products
[1–3]. Nucleation and growth of crystal phases must be effectively
suppressed for glass formation and subsequent processing, as well as to
ensure long-term stability of the glass products. For glass-ceramics,
nucleation and growth must be precisely controlled to produce the
desired devitrified microstructures, including the number, type, and
size of crystallites formed in the glass-ceramics [4–7]. Currently, the
knowledge of how to control nucleation is largely gained from em-
pirical studies. Improved models beyond the commonly used Classical
Theory of Nucleation (CNT), which is known to be significantly flawed
[8], are needed. The development of these more advanced models,
however, is partially hindered by the lack of experimental data over a
wide range of silicate glasses.

In this publication, we present new time-dependent nucleation data
in two barium silicate glasses. The data were obtained using a two-step
heat-treatment method [9,10], in which glasses are first heated iso-
thermally at a temperature that is near the peak nucleation rate (the
nucleation step). The nuclei formed there do not grow significantly
since the growth rates are very small at this temperature. To grow them
to observable size, the nucleated glasses are given a heat treatment at a
second, higher, temperature where the growth rate is large, but the

nucleation rate is small (the growth step).
While the nucleation rate has been measured in BaO⋅2SiO2 glasses

in several previous studies [11–13], those results suffer from a lack of
sufficient data to accurately obtain the steady state nucleation rate and
one case reports inconsistent results. Further, no measurements of the
nucleation rate in 5BaO⋅8SiO2 glasses exist. In this work, the steady
state nucleation rate and the induction time are measured as a function
of temperature in BaO⋅2SiO2 and 5BaO⋅8SiO2 glasses. The results are in
agreement with previous estimates of the temperature ranges for sig-
nificant nucleation and the peak temperatures in the steady-state rates
obtained from differential thermal analysis (DTA) studies [14], further
validating the DTA method to make quick surveys of nucleation tem-
peratures. The experimental data are analyzed using a new iterative
method to obtain the interfacial free energy and the critical work of
cluster formation (nucleation barrier) as a function of temperature. As
found in other silicate glasses, the interfacial free energy has a positive
temperature dependence at temperatures above that of the peak nu-
cleation rate. Below the peak nucleation temperature, the rates are
different than predicted from CNT. The departure is more pronounced
in these glasses than in other glasses that have been studied. They
suggest that rather than continuing to decrease with decreasing tem-
perature, the nucleation barrier first enters a plateau and then begins to
rise slowly below the peak nucleation rate temperature.
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2. Experiments

The BaO⋅2SiO2 and 5BaO⋅8SiO2 glasses studied were prepared by
Corning Incorporated. To produce the glasses, 2500 g batches of barium
carbonate and high-purity silica were mixed in specific ratios, corre-
sponding to the composition of each glass, and melted in platinum
crucibles at 1600 °C for 6 h. These liquids were then quenched to form
glasses that were broken into glass cullet. To make homogenous glasses,
these were re-melted at 1500 to 1600 °C for 6 h, and then roller quen-
ched or made into patties by pouring onto a stainless steel table. Glasses
were analyzed using Inductively Coupled Plasma – Optical Emission
Spectroscopy (ICP-OES) to determine the actual compositions, con-
firming that the BaO⋅2SiO2 and 5BaO⋅8SiO2 glasses contained 33.2 and
38.8mol% BaO, respectively. The glass transition temperature (Tg) was
determined by differential scanning calorimetry (DSC) with a heating
rate of 10 °C/min after cooling the samples at 10 °C/min from the su-
percooled liquid to room temperature. The Tg values for the two glasses
are 695 °C for BaO⋅2SiO2 and 697 °C for 5BaO⋅8SiO2.

One 5BaO⋅8SiO2 glass was heat treated at 725 °C for 97min and
then heat treated at 846 °C for 47min to crystallize the sample. The
crystallized sample surface was polished using 400 grit SiC paper,
washed in water and ultrasonically cleaned in acetone. Using this
sample, the enthalpy of fusion (212.3 kJ/mol) and the liquidus tem-
perature (1446 °C) were obtained from DSC measurements using a
NETZSCH DSC 404 F1 Pegasus. The temperature and heat flow sensi-
tivity of the DSC were calibrated by using the melting point of standard
metals and the phase transition points of inorganic compounds. The
heat flow accuracy was further verified by using a sapphire standard.
The DSC measurements were made in platinum crucibles under an inert
argon atmosphere at a 10 °C/min heating rate from room temperature.

The BaO⋅2SiO2 and 5BaO⋅8SiO2 glasses were cut into smaller sam-
ples for the nucleation studies. The BaO⋅2SiO2 samples were approxi-
mately 5mm×5mm in area dimension and 1.24 ± 0.08mm thick;
the 5BaO⋅8SiO2 had the same area dimensions and were
1.33 ± 0.15mm thick. For the two-step heat treatments, the samples
were contained in a Coors high alumina combustion boat and placed in
the center zone of a Lindberg Blue M three-zone furnace. The nuclea-
tion treatments for the BaO⋅2SiO2 glass samples were made at 650, 675,
700, 712, 725, 738, 750 and 775 °C, for different times. The
5BaO⋅8SiO2 glass samples were nucleated at 675, 700, 712, 725, 738,
750 and 775 °C, also for different times. After the nucleation treatment,
the BaO⋅2SiO2 and 5BaO⋅8SiO2 samples and the container were taken
out from the furnace and cooled to room temperature on a metal plate
in air under ambient pressure. Then the BaO⋅2SiO2 and 5BaO⋅8SiO2
samples were heated at 840 °C and 846 °C, respectively, to grow the
nuclei to observable-sized crystals.

Following the two-step heat treatments, the samples were polished
with 400, 600, and 800 grit SiC papers and a 0.5 μm CeO2 suspension
(Allied High Tech Products Inc.). To rule out possible surface crystal-
lization, at least 150 μm thickness of the surfaces of the samples were
removed by polishing. The samples were then etched in a 0.2 HCl 0.5
HF (vol%) water solution for 10 s. After etching, the samples were
washed in deionized water, then ultrasonically cleaned in acetone and
deionized water separately, and dried on tissue paper in the air.

Microscopy images were obtained from different surface polished
regions of the partially crystallized glass using an Olympus BX41M-LED
optical microscope. A typical image for a BaO⋅2SiO2 heat-treated glass
is shown in Fig. 1; the crystals have an irregular shape. For this case, the
area of the crystal in the image was measured, treating the irregular
shape as a sphere with a diameter corresponding to the measured area
of the crystal. The correction equation for spherical crystals (Eq. (1))
was then used to calculate the number of crystals per unit volume, NV

=N N Y2 ,V S (1)

where NS is the number of crystals measured per area in the image and

Y is the average of the reciprocal diameters in the image [15,16].
Overlapping crystals were not used to determine the diameter, but were
still counted to obtain the number of crystals per unit area. If the
overlapping was so great that the number of crystals could not be
counted, the image was not used for the analysis. Instead, a different
growth treatment time was chosen to produce less crystal overlap. A
typical image of the crystals in the 5BaO⋅8SiO2 glass is shown in Fig. 2;
unlike the crystals in BaO⋅2SiO2, these have spherical shapes. The
diameters of each crystal in the image could then be measured directly
and used to compute NV. This was repeated for the data obtained for all
of the nucleating temperatures. The standard deviation in NV was cal-
culated from the different images at each nucleation treatment.

Corrections to NV were also made for the fraction underestimated
due to the resolution limit of the microscope [17] and the nuclei density
in the as-quenched glass. The resolution limit correction was made by
assuming that crystal growth during the nucleation heat treatment was
negligible so that the correction for a monodisperse system could be
used [17]. For this, the fraction underestimated, f, is given by

=f
d

2 sin
M

1
(2)

ε is the microscope resolution limit and dM is the maximum diameter
observed in the sample. Here, ε is 0.45 μm for the 50× objective lens
used. The nuclei density in the as-quenched glass was measured by
heating the glass at the growth temperature without a prior nucleation
treatment and using the image analysis method discussed above. The as-
quenched nuclei data were also corrected for the microscope resolution.

Fig. 1. Typical image observed in optical microscope for a BaO⋅2SiO2 glass that
was heat treated at 725 °C for 9min to develop a population of nuclei; these
were grown to observable size by a second heat treatment at 840 °C.

Fig. 2. Typical image observed in optical microscope for 5BaO⋅8SiO2 glass that
was heat treated at 700 °C for 57min to develop a population of nuclei; these
were grown to observable size by a second heat treatment at 846 °C.
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3. Results

3.1. BaO⋅2SiO2

The values of NV for the BaO⋅2SiO2 glass are shown as a function of
the heat treatment time at the nucleating temperature in Fig. 3.

Initially, NV increases nonlinearly with time, reflecting a time-depen-
dent nucleation rate. After some time it increases linearly with time,
reflecting a steady-state nucleation rate; the steady-state nucleation
rate, Ist, is given by the slope of NV vs. time in this region. The intercept
of the line with the time axis is the induction time at the critical size for
the growth temperature, *n

TG [8]. The measured values for Istand *n
TG are

Fig. 3. NV as a function of time at the nucleation temperatures studied for the BaO⋅2SiO2 glasses. The dashed lines show the linear fits in the steady-state used to
determine Ist. (The error bars on the data are equal to the standard deviation in NV calculated from the different microscope images at each temperature and heat
treating time.)
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listed in Table 1. The induction times are very short for the tempera-
tures 738 °C, 750 °C and 775 °C and could not be obtained from the
data; the negative intercepts are not physical but reflect the measure-
ment uncertainty.

As shown in Fig. 4, the measured steady state nucleation rate has a
maximum at 712 °C. This is in agreement with a previous estimate made
from DTA studies [14]. The measured width of the nucleation rate (i.e.
the temperature range for significant nucleation) is also in agreement
with the DTA estimates. The range is approximately 675 °C to 775 °C for
the directly measured nucleation rate data presented here. The range
estimated in the DTA studies was from approximately 660 °C to 770 °C
[14].

3.2. 5BaO⋅8SiO2

The measured values of NV for the 5BaO⋅8SiO2 glass are shown as a
function of the heat treatment time at the nucleating temperature in
Fig. 5. As for the BaO⋅2SiO2 glass, the crystal nucleation rate is time-
dependent, reaching the steady-state value after a sufficiently long heat
treatment at the nucleation temperature. The values of Ist and *n

TG, ob-
tained from a linear fit to the steady-state region, are summarized in
Table 2. The induction time at 775 °C could not be obtained since the
intercept was negative, again reflecting the measurement error for short
induction times.

The measured steady state nucleation rate has a maximum at 725 °C
(Fig. 6). Like the BaO⋅2SiO2 glass, this result is in agreement with an

estimation made from previous DTA studies [14]. The temperature
ranges for significant nucleation in the data measured here are also
similar to those estimated in the DTA studies.

4. Methods of analysis

4.1. Method #1

The measured data are analyzed using the CNT [8] for homo-
geneous nucleation of spherical clusters, with Ist (number per volume
per second) given by

=
+

I k ZN
V

W
k T

* exp * .st n A

m B (3)

Here +k *n is the rate of single monomer attachment to the critical
cluster of size n∗, Z is the Zeldovich factor, NA is the Avogadro's number,
Vm is the molar volume, W∗ is the critical work of cluster formation, kB
is the Boltzmann constant and T is the temperature in absolute units.
For spherical clusters, n∗ is given by

=n
g

* 32
3v

,
3

v
3 (4)

where σ is the interfacial free energy, v is the volume of a monomer
= V N(v / )m A , and Δgv is the Gibbs free energy difference between the

initial and nucleating phase per unit volume. For spherical clusters, the
critical work of cluster formation, W∗, is

=W
g

* 16
3

.
3

v
2 (5)

The Zeldovich factor in Eq. (3) is given by

=Z µ
k Tn6 *

,
B

1/2

(6)

where Δμ is the change in chemical potential for a monomer moving
from the initial phase to the nucleating phase. Δμ is related to Δgv as

=µ g vv . From the Kashchiev treatment [18,19], the induction time
at the critical size for the nucleating temperature, θ, is related to the
transient time, τK

=
6

,K
2

(7)

which is a fundamental time describing the evolution of the cluster
distribution and is given by

= =+ +
k Tn
k µ k Z

24 * 4 .
n n

K
B

2
*

3
*

2 (8)

Since the forward rate constant, +kn* can be extracted from the in-
duction time, there is no need to assume a relation between +kn* and the
diffusion coefficient or viscosity in the parent phase. The product of the
steady state nucleation rate and the induction time, then, contains no
kinetic terms,

=I W
k T

2
3 vZ

exp * .st

B (9)

Taking the natural logarithm of Eq. (9) and using the values for W∗

in Eq. (5) and Z in Eq. (6),

= +I k T
g k T g

ln( ) ln 16
3v

1
2

ln 16
3

1 .st B

B
2

3

v
4

v
2

3

(10)

The induction time measured in the two-step experiments is the
value at the critical size for the growth temperature, TG, i.e. *n

TG.
However, θ in Eq. (10) is the induction time at the critical size for the

Table 1
Steady state rates and induction times for nucleation in BaO⋅2SiO2 glasses.

Temperature, T (°C)a Steady state nucleation rate, Ist

(mm−3 s−1)
Induction time, *n

TG

(min)

650 3.6 ± 0.2 1501 ± 195
675 87 ± 9 222 ± 15
700 841 ± 98 31 ± 4
712 1812 ± 134 15 ± 1
725 1288 ± 46 3.4 ± 0.4
738 895 ± 41 Not determined
750 665 ± 61 Not determined
775 246 ± 2 Not determined

a The value and standard error were obtained from the linear fit in the NV vs.
nucleation time graphs using the instrumental weighting in Origin software.

Fig. 4. The steady state nucleation rate and the inverse DTA crystallization
peak temperature (which tracks with the nucleation rate – see [14]) versus the
nucleation temperature for BaO⋅2SiO2 glasses.
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nucleation temperature, TN, i.e. *n
TN . The time required for a cluster to

grow from n∗ at TN to n∗ at TG must therefore be taken into account. An
equation that relates *n

TN to *n
TG is [8,20],

= + + +W
k T

*
*

6 ln ln 6 * 1 ,n
T

n
T 2

B
E

G

N (11)

where ζE is Euler's constant (0.5772…) and

= =
n
n

g
g

*
* 1 / 1;T

T

T

T

T

T

1/3
v

v

G

N

G

N

G

N (12)

W∗ is calculated from Eq. (5), using σTNand |gv|TN. By using Eq. (11) and
Eq. (12), Eq. (10) can be modified to have the form

Fig. 5. NV as a function of time at the nucleation temperatures studied for the 5BaO⋅8SiO2 glasses. The dashed lines show the linear fits in the steady-state used to determine
Ist. (The error bars on the data are equal to the standard deviation in NV calculated from the different microscope images at each temperature and heat treating time.)

X. Xia, et al. Journal of Non-Crystalline Solids 525 (2019) 119575

5



= + + +

+

+ +

( )I

g
g

g
g k

T g

k T

g
k

T g

ln

ln / ln / 1 ln 32

ln
( )

2

ln 32
v

1
2

ln
( ) 16

3
1 ( ) .

st
n
TG

TG

TN

TG

TN

TG

TN

TG

TN B

TN

N TN

TN B N

TN

B
N TN

TN

*

v

v

v

v

3

v

2 E

2 2

3

v

4

v

2
3

(13)

Istand n
T
*
G were obtained from the data presented here, while v and Δgv

at TN and TG were obtained from the literature or from experimental
measurements. One monomer is assumed to be one formula unit. The
only two unknown parameters in Eq. (13) are, therefore, the interfacial
free energies at the growth and nucleation temperatures, σTG and
σTNrespectively. An iterative method is followed to determine these: (a)
assume an initial value for σTG; (b) use the measured values of I

stand n
T
*
G

at each nucleating temperature to calculate σTNfrom Eq. (13); (c) for
TN ' s at the temperature of the maximum steady state nucleation rate
and above, linearly extrapolate σTN to the growth temperature to obtain
a new value for σTG; (d) if the difference between the initial value of σTG
and the new one is larger than 10−5 J/m2, take the new value of σTG and

perform the calculation again until it converges; (e) using the con-
verged value of σTG, calculate σTN from Eq. (13) for TN with known Ist
and *n

TG; (f) linear extrapolate σTN of temperatures at and above the
temperature for the maximum nucleation rate to higher temperatures to
get σTN for TN whose I

st is known but *n
TG is unknown; (g) calculate W∗/

kBT and *n
TN for different TN with Eqs. (5) and (11).

Because the errors in the two parameters σTG and σTN are unknown,
errors in σTG and σTN cannot be directly calculated using Eq. (13). To
estimate the error in σTN, σTG is assumed to have no error, i.e. the errors
in Eq. (13) are propagated into the error in σTN. Using the 95% con-
fidence intervals for Ist and *n

TG as the input errors, the error in σTN is
calculated from Eq. (13) by assuming that only the parameters Ist, *n

TG

and σTN have an error. Then, the error in σTN is used as an input into Eqs.
(5) and (11) to calculate the error in W∗/kBT and *n

TN .

4.2. Method #2

It is widely assumed that the interfacial free energy obtained from
nucleation data linearly increases with increasing temperature [8]. This
is argued to be a consequence of the diffuse interface between the nu-
cleating cluster and the parent phase [21–24]. Using σTN for TNat the
temperature of the maximum steady state nucleation rate and above
obtained from method #1, a linear fit with temperature was therefore
made to get new σTN for TNlower than the temperature of maximum
steady state nucleation rate. These new values for σTNwere used to
calculate new |Δgv|TN for these low temperatures from Eq. (13). This
was particularly important for the low nucleating temperatures where
the critical sizes are small and the values computed from the thermo-
dynamic properties measured for large samples might not be appro-
priate to describe small clusters. Finally, W∗/kBT and *n

TN for these low
temperatures were calculated from Eqs. (5) and (11). The estimated
errors in these calculations follows the process discussed in Section 4.1.

5. Analysis results and discussion

From Eq. (10), when σ is assumed as a constant, a graph of
Iln( * )asafunction ofst

n
T

T g
1

(| | )
N

N TNv
2 (where TN is the nucleating tem-

perature) should produce a straight line. Using Eq. (11) to obtain *n
TN

from *n
TG, this graph is shown in Fig. 7. For Fig. 7, the Δgv used was from

the Turnbull approximation, which is the same as later discussed in
Sections 5.1.1 and 5.2.1; a constant value for σ was assumed (0.100 J/
m2) [18].

While a straight line serves as a guide to the eye at higher tem-
peratures in both glasses, a marked departure near the peak nucleation
temperature is observed. While this has been observed previously in
BaO⋅2SiO2 and other silicate glasses [25,26], it is particularly strong in
these measurements. The reasons for this behavior remain unclear. This
is explored in more detail in the following sections.

5.1. BaO⋅2SiO2

5.1.1. Results from Method #1
For the analysis of the data for the BaO⋅2SiO2 glasses, one monomer

was assumed as one formula unit of monoclinic BaO⋅2SiO2 and Vm was
73.34×10−6 m3/mol [27]. The Turnbull approximation was used to
calculate Δgv with an enthalpy of fusion equal to 37.5 kJ/mol and a
liquidus temperature of 1420 °C [28]; the temperature-dependent va-
lues for |ΔgV| are shown in Fig. 8a. They increase with decreasing
temperature, as expected. The initial value of σTG was chosen to be
0.106 J/m2; the converged value was 0.117 J/m2. The values computed
for σTN, W

∗/kBT and *n
TN from Eqs. (13), (5), and (11) using the con-

verged σTG are shown as a function of the nucleation measurement
temperature in Fig. 8. The solid points in Fig. 8.b are the values for σTN
obtained by this procedure. The unfilled squares are the values of σ that
result from a linear extrapolation of the values at and above the peak
nucleation temperature to higher temperatures. The unfilled points in

Table 2
Steady state rates and induction times for nucleation in 5BaO⋅8SiO2 glasses.

Temperature, T (°C)a Steady state nucleation rate, Ist

(mm−3 s−1)
Induction time, *n

TG

(minutes)

675 48 ± 3 354 ± 41
700 746 ± 72 45 ± 4
712 1345 ± 25 16.1 ± 0.4
725 3135 ± 54 7.4 ± 0.3
738 2599 ± 127 1.8 ± 0.2
750 2035 ± 28 1.1 ± 0.1
775 669 ± 53 Not Determined

a The value and standard error were obtained from the linear fit in the NV vs.
nucleation time graphs using the instrumental weighting in Origin software.

Fig. 6. Steady state nucleation rate and inverse DTA crystallization peak tem-
perature [14] versus nucleation temperature for 5BaO⋅8SiO2 glasses.
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Fig. 8.c for W∗/kBT are calculated using the extrapolated points in
Fig. 8b for σ. The curve of W∗/kBT from the CNT was calculated as-
suming the Turnbull approximation for |ΔgV| and a linear temperature
dependence for σTN.

Radically different results are observed for temperatures above or
below the temperature for the maximum steady-state nucleation rate
(985 K). As shown in Fig. 8b, the interfacial free energy increases above
985 K, as has commonly been found. However, it decreases with in-
creasing temperature below 985 K. As shown in Fig. 8c, W∗/kBT de-
creases with decreasing temperature at high temperatures, as expected
within the CNT [26], but it plateaus and begins to slowly increase with
decreasing temperature below 985 K. As normally observed, the log of
the corrected induction time, *n

TN , increases with increasing inverse
temperature (Fig. 8d). From the Kashchiev expression Eq. (8), this re-
flects the increased mobility at higher temperatures.

5.1.2. Results from Method #2
Why the interfacial free energy would have such an abrupt change

in temperature dependence below the peak nucleation rate temperature
is difficult to understand. Based on other evidence, it should increase
linearly with temperature [21–23]. To investigate this, the high tem-
perature data in Fig. 8b were linearly extrapolated to lower tempera-
ture to force this agreement and to investigate further the deviation
from CNT at lower temperatures (923 K, 948 K and 973 K). The result of
the extrapolation is shown in Fig. 9a. Using these values for σTN, |Δgv|TN
was calculated from Eq. (13). As shown in Fig. 9b, this assumption of a
linear temperature dependence causes |ΔgV| to depart from the values
expected from the Turnbull approximation and begin to decrease with
decreasing temperature at 985 K. A similar behavior to that discussed in
Fig. 8.c is again found for W∗/kBT (Fig. 9c), with the value plateauing
and then increasing with decreasing temperature, which is not the be-
havior expected from CNT, or even more advanced theories such as the
diffuse interface theory or the semi-empirical density functional theory
[21–23,29]. The temperature dependence of *n

TN remains essentially
unchanged (Fig. 9d).

Fig. 7. Iln( * )st
n
TN as a function of

TN g TN

1
(| v | )2 in (a) BaO⋅2SiO2 and (b)

5BaO⋅8SiO2 glasses with a straight line as a guide to the eye at high tempera-
tures (the dashed lines). Errors were calculated using the 95% confidence in-
tervals of Ist and *n

TG.

Fig. 8. The values of σTN, W
∗/kBT and *n

TN from the measured nucleation data for the BaO⋅2SiO2 glasses: (a) |ΔgV| as a function of temperature, (b) the calculated
temperature dependence of the interfacial free energy, (c) the calculated values for W∗/kBT as a function of temperature, (d) the log of the induction time as a
function of inverse temperature. The errors were calculated using the 95% confidence intervals of Ist and *n

TG.
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5.2. 5BaO⋅8SiO2

5.2.1. Results from Method #1
The nucleation data in the 5BaO⋅8SiO2 glass were analyzed fol-

lowing method similarly discussed in Section 4.1. One monomer was
assumed as one formula unit of 5BaO⋅8SiO2 and the value for Vm was

taken as 317.7×10−6 m3/mol, which was calculated from the
monoclinic 5BaO⋅8SiO2 structure (ICSD 100311). The value for Δgv was
calculated from the Turnbull approximation using the values of the
enthalpy of fusion (212.3 kJ/mol) and the liquidus temperature
(1446 °C), both obtained from DSC measurements. The values of Δgv as
a function of temperature are shown in Fig. 10.a. The initial value of σTG

Fig. 9. The values ofW∗/kBT and *n
TN from the measured nucleation data for the BaO⋅2SiO2 glasses, assuming a linear temperature dependence of the interfacial free

energy, σTN (a): (b) the calculated values of |ΔgV| as a function of temperature; (c) the calculated values for W
∗/kBT as a function of temperature; (d) the log of the

induction time as a function of inverse temperature. The errors were calculated using the 95% confidence intervals of Ist and *n
TG.

Fig. 10. The values of σTN, W
∗/kBT and *n

TN from the measured nucleation data for the 5BaO⋅8SiO2 glasses: (a) |ΔgV| as a function of temperature, (b) the calculated
temperature dependence of the interfacial free energy, (c) the calculated values for W∗/kBT as a function of temperature, (d) the log of the induction time as a
function of inverse temperature. The errors were calculated using the 95% confidence intervals of Ist and *n

TG.
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was 0.113 J/m2; it converged to 0.129 J/m2. The calculated values for
σTN, W

∗/kBT and *n
TN using the converged value of σTG are shown in

Fig. 10b–d.
As for the BaO⋅2SiO2 glass, the calculated values of σTN in the

5BaO⋅8SiO2 glass change the sign of their temperature dependence near
the peak nucleation temperature (998 K). Again, W∗/kBT enters a pla-
teau below this temperature (Fig. 10c), in disagreement with CNT and
other more advanced nucleation theories. Also, as for BaO⋅2SiO2 glass,
the logarithm of the induction time increases linearly with inverse
temperature, reflecting the Arrhenius temperature dependence of the
atomic mobility.

5.2.2. Results from Method #2
Again following the approach already discussed for the BaO⋅2SiO2

glass, the high temperature values of σ were linearly extrapolated to
lower temperatures (Fig. 11a) and the values of |Δgv|TN,W

∗/kBT and *n
TN

were calculated using these values of σ. Again, this causes |ΔgV| to
decrease below the peak nucleation rate temperature (Fig. 11b). The
values of W∗/kBT still reach a plateau below that temperature
(Fig. 11c), which is in conflict with all known theories of nucleation.
The logarithm of the induction time still scales with inverse tempera-
ture (Fig. 11d).

A consistent picture emerges from these studies. In both glasses,
there is a radical change of trend in the critical work of cluster for-
mation (nucleation barrier) for temperatures below the peak in the
nucleation rate. A similar behavior has been observed previously in
other silicate glasses [26,30]. Some investigators have tested possible
theoretical explanations such as elastic stress, changing size of struc-
tural units, spatial heterogeneity and dynamical heterogeneity to ac-
count for the effect [26,30–32], but the correct explanation remains
unclear due to the lack of experimental or modeling evidence. While
based on computer studies and more advanced models for nucleation a
failure of CNT is expected at temperatures when the system is far from
equilibrium, it is possible that at low temperatures, below that for the
maximum steady state nucleation rate, the nucleation times used are
inadequate to reach the steady-state. If CNT did not fail, however, the

low temperature data would require a much longer nucleation treat-
ment than any reported to date to our knowledge. For example, based
on the discrepancy in Fig. 7, the 650 °C data point for BaO⋅2SiO2 would
require approximately 1 year to reach the steady state nucleation rate.

6. Conclusions

In summary, the steady state nucleation rates and induction times
were measured at multiple temperatures in BaO⋅2SiO2 and 5BaO⋅8SiO2
glasses using the two-step heat treatment method. For BaO⋅2SiO2 glass,
the steady-state nucleation rate has a maximum at 712 °C. For
5BaO⋅8SiO2 glass, the maximum rate is at 725 °C. These results are in
agreement with previous estimates made from differential thermal
analysis measurements.

A new iterative method was introduced to calculate the interfacial
free energy and critical work of cluster formation. For both glasses, the
critical work of cluster formation shows an anomalous behavior, en-
tering a plateau and slowly increasing rather than decreasing with
decreasing temperature at low temperatures. This behavior either arises
from an abrupt change in the temperature dependence of the interfacial
free energy or decrease in the driving free energy for nucleation. The
change in driving free energy is more likely, since the positive tem-
perature dependence of the interfacial free energy arises from the dif-
fuse interface between the cluster and the parent phase, which probably
becomes even more diffuse at lower temperatures. The departure in the
temperature dependence of the nucleation barrier is in disagreement
with all known theories of nucleation. As we will explain in a future
publication, using a Grand Canonical Monte Carlo simulation technique
[33], we suggest that it arises from a closing-off of the nucleation
pathways at lower temperatures. Finally, revisiting a point made at the
end of the last section, to absolutely confirm that the critical work of
cluster formation at low temperature is real, the time required for the
nucleation step will need to be far longer than what was measured in
this work and to our knowledge for any existing experimental reports to
date.

Fig. 11. The values of W∗/kBT and *n
TN from the measured nucleation data for the 5BaO⋅8SiO2 glasses, assuming a linear temperature dependence of the interfacial

free energy, σTN (a): (b) the calculated values of |ΔgV| as a function of temperature; (c) the calculated values forW
∗/kBT as a function of temperature; (d) the log of the

induction time as a function of inverse temperature. The errors were calculated using the 95% confidence intervals of Ist and *n
TG.
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