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Non-stoichiometric glasses (NSG) are much more common than stoichiometric compositions. However,
due to inherent difficulties, fundamental studies of crystallization kinetics of NSG are much less frequent.
To shed light on the crystal nucleation and growth kinetics of NSG, we adopted a nucleation kinetics
model, leaving the interfacial energy and diffusion coefficient as free parameters, to explain experimental
nucleation data of glasses of three compositions in the pseudo-binary Liz0-2Si02—Ba0-2Si02 model
system. We show that, as the glass composition approaches the eutectic, the nucleation rates drop
drastically, mainly due to an increase in the interfacial energy. This result corroborates the common
empirical observation that eutectic compositions tend to show good glass-forming ability. We also found
that the structural relaxation times are significantly shorter than the characteristic nucleation times,
validating the widely used and scarcely tested assumption that relaxation does not play a noticeable role
in crystal nucleation. For a stoichiometric glass the fitted diffusion coefficient determining nucleation, D,
is lower than that determining the growth of macro crystals, Dy, and this difference significantly in-
creases with decreasing temperature. On the other hand, the diffusion coefficient calculated from vis-
cosity, Dy, is close to Dy at high temperatures and approaches D in the glass transition range. Finally, after
crystallization of the primary phase (lithium disilicate), barium disilicate and more lithium disilicate
crystals precipitate in the diffusion zone existing in the residual glass.

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

1. Introduction

continuous change of the residual glass composition and signifi-
cantly affects the nucleation kinetics and the overall course of

The composition of most glasses that undergo homogeneous
internal crystal nucleation (in laboratory time scales) differs from
those of the crystalline phases that precipitate out. This type of
phase transformation is called non-stoichiometric crystallization.
Despite the fact that non-stoichiometric crystallization is much
more common in practice, due to inherent difficulties, fundamental
studies of off-stoichiometric glasses are much scarcer than for
stoichiometric crystallization. Deviation of the parent glass
composition from that of the precipitated crystal phase results in a

* Corresponding author. National Science Center Kharkov Institute of Physics and
Technology, Kharkov, Ukraine.
E-mail address: abyzov@kipt.kharkov.ua (A.S. Abyzov).

https://doi.org/10.1016/j.actamat.2019.09.017
1359-6454/© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

crystallization. Hence the system properties, e.g., glass transition
temperature [1,2] and electrical conductivity [3,4], also change.
Considering the precipitation of only the primary crystalline phase,
due to a delay in the formation of the secondary phases, the evo-
lution of the residual glass composition can lead to a metastable
equilibrium between the crystal and residual melt [1,5].

For a more in-depth understanding of non-stoichiometric crys-
tallization kinetics, studies of simple glasses with compositions
systematically moving away from the stoichiometry might be
useful. However, to the best of our knowledge, only a few system-
atic investigations of this kind have been published, especially
referring to nucleation rates, e.g. Refs. [6—13]. In the present paper,
we use glasses having compositions of the pseudo-binary
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LizO-2Si0, — Ba0-2Si0; join. We focus on the effect of the depar-
ture of the glass composition from the stoichiometry of the
precipitated crystal phase on the nucleation rates. We also carried
out growth rate determinations and compared the effective diffu-
sion coefficients controlling nucleation, crystal growth, and viscous
flow. We analyzed the nucleation kinetics for three glasses using a
(time-dependent) cluster distribution function simulated in the
framework of the kinetic model of nucleation [14—17].

2. Materials and methods

Twelve glasses with the composition (100-X)Li>O-2Si0,-(X)
Ba0-2Si0, (hereafter referred to as BaX, where X is the molar
percent of BaO-2Si0,), listed in Table 1, were prepared as follows.
The BaO glass was prepared from lithium carbonate and amorphous
silicon oxide of analytical grade. The other glasses were synthesized
from lithium carbonate (Alfa Aesar, USA, 99%), barium carbonate
(Alfa Aesar, USA, 99.8%) and quartz powder with 20—30 pm particle
granulometry (Vitrovita, Brazil, > 99.9%). Melting of well-mixed
reagents was performed in a platinum crucible for 2—3 hat
1400—1500°C, depending on the glass composition. The melts
were splat cooled between two steel plates to form glasses. The
nominal batch compositions are listed in Table 1. As we will shown
later, the nucleation rates drop dramatically when the glass
composition approaches the eutectic. Therefore, only the glasses
Ba0, Ba10, and Ba20 were used for the study of crystallization ki-
netics. An indirect confirmation of the proximity of the nominal
composition of our glasses to the actual compositions is the coin-
cidence of their liquidus temperatures with literature data for
glasses with compositions that were confirmed by chemical anal-
ysis [18]. Based on the small variation in the crystal number density,
N, calculated from several microstructural images obtained for each
nucleation treatment, and since the nucleation rate strongly de-
pends on the glass composition, we consider that our glasses are
fairly homogeneous.

A differential scanning calorimeter (DSC 404, Netzsch, Selb/
Bavaria, Germany) with platinum pans and lids was used to
determine the characteristic temperatures of the glasses: glass
transition, Ty, solidus, Ts (below which only crystalline phases are
in thermodynamic equilibrium), and liquidus, T; (above which only
the liquid is in equilibrium). The temperatures Ts and T; were used
to complete the phase diagram of the studied system.

The mass density, p, of the glasses was measured at room
temperature by the Archimedes principle using a balance AX204
(Mettler Toledo).

The heat-treatments were performed in a vertical electric
furnace with a pre-stabilized temperature within +1 °C. To estimate
the number density, N, of crystals versus the nucleation time, t, at
different nucleation temperatures, T, the well-known Tammann
method or development method (e.g. Ref. [19]) was adopted, which
consists of growing previously nucleated crystals at a development
temperature T, > T, up to a detectable size under a microscope. The
nucleation rate, I, and growth rate, U, at the development tem-
perature, T; , must meet the following conditions: I(T;)< I(Ty) and
U(T,)>>U(Ty). Since the nucleation kinetics strongly slows down
when the glass composition approaches the eutectic, for near-
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eutectic compositions, we were forced to extend significantly the
nucleation time, which reached several months for the Ba20 glass.
Moreover, the complex crystal shapes limited the application of
simple stereological equations for cubes, spheres, ellipsoids, plates
or needles, to determine the volumetric number of nucleation sites
from cross-section surfaces. Therefore, we mostly used thin plates
(starting from 50-pm thickness) to estimate the total number of
crystals in a given volume by transmission optical microscopy
(Leica DMRX coupled with a Leica DFC490 CCD camera).

Both secondary electron (SE) and backscattered (BSE) electron
imaging modes by scanning electron microscopy (SEM) (Inspect
F50, FEI, Country) were used to study the crystal morphology and to
reveal the “diffusion zones” next to them. The crystalline phase
analyses were performed using an X-ray diffractometer (Ultima IV,
Rigaku, Japan) with CuKe (1.5406 A) incident radiation, operating at
20 mA and 40 kV.

3. Governing equations

Analyzing nucleation experiments requires the knowledge of
the thermodynamic driving force for crystallization. The derivation
of proper equations for non-stoichiometric crystallization is given
below, based on an approach used in Ref. [20]. Moreover, a short
description of simulations using a (time-dependent) crystalline
cluster size distribution, f(n, t), used for the analysis is also
presented.

3.1. Thermodynamic driving force for non-stoichiometric
crystallization

Consider a cluster of the new crystalline phase forming spon-
taneously within a supercooled melt at a constant temperature. The
work of cluster formation, Eq. (1), has two parts: the first is negative
due to the decrease in volume free-energy, and the second is pos-
itive due to interfacial free-energy [17]. A third term referring to the
elastic strain energy can be neglected [21],

W, = nAp + Ksdions . (1)

Here, Au= p; — ; is the change of chemical potential during
crystallization (the indexes “s” and “I” mean solid and liquid,
respectively), ¢ is the nucleus/liquid interfacial energy, n is the
number of “structural units” in the crystalline cluster, and d; is the
characteristic size of the structural units, which is reasonably
estimated as
do=(Vm/Na)'">, (2)
where V), is the crystal molar volume, and N, is Avogadro's num-
ber. For our calculations, we use a typical value for the crystalline
lithium disilicate, dy = 0.48 nm. We suppose that the clusters are
spherical, for which the form factor, K, is

K — (36m) . (3)

For regular solutions, the chemical potential for a particle in the
liquid is given by Ref. [20]:

Table 1

Nominal batch compositions in mol%.
Glass Ba0 Ba10 Ba20 Ba27 Ba30 Ba34 Ba37 Ba50 Ba60 Ba47 Ba85 Ba100
Li»0-25i03 100 90 80 73 70 66 63 50 40 25 15 0
Ba0-2Si0; 0 10 20 27 30 34 37 50 60 75 85 100
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w=pf +keT In(1 —x) + q(x), (4)

where x is the molar fraction of the second component (x = X/
100), which is barium disilicate in this case, kz the Boltzmann
constant, and «;(x) is a function only of x and not of temperature.

For particles in a crystal phase emergent in the supercooled
liquid of the same composition (in this case, lithium disilicate), x =
0 and «s(0) = 0, and

hs = 1. (5)
Hence, we have
—Ap = — pd + kT In(1 = %) + (). (6)

Forx =0,
u — ud = dgAGy(T), 7)

where AGS(T) is the thermodynamic driving force for crystalliza-
tion of the stoichiometric composition (x = 0), so that

AGy(x) :_Tﬁﬂ — AGY(T) +%Tln(1 L ) (8)

0 0 0
Recall thatat T =T (x), Au = 0, therefore

AGB(TLH"‘BZ—%(’%U 4)+%: 0. 9)

With Eq. (9), we can obtain the T; (x) dependence or function «;(x)
when T;(x) is known. Egs. (8) and (9) yield an expression for the
thermodynamic driving force as a function of temperature and
composition,

ky(T — T1(x))
dg

AGy(T,x) =AGY(T) — AGY (T (x)) + In(1 —x).

(10)

Thus, to determine the thermodynamic driving force of crys-
tallization of a non-stoichiometric glass (x > 0), it is only necessary
to know the liquidus temperature, T;(x), and AGB(T) for a crystal-
line phase evolving in a liquid of stoichiometric composition (x =
0). In the present work, we used data of Takahashi and Yoshio [22],
which were obtained using formal thermodynamics and experi-
mental calorimetric data on the heat of melting and specific heat
capacities of lithium disilicate glass and crystal as a function of
temperature. Their results lay between the Turnbull and the Hof-
mann approximations, as expected (see, e.g., Appendix in Ref. [19]).
For convenience, we used the polynomial expression given by Eq.
(11), which adequately fits the Takahashi & Yoshio data:

AGY(T) = 8.40245024-10% — 540266-T — 78.5116-T> [j m—3]

(11)

For the dependence of the liquidus temperature, T;(x), on the
molar fraction of barium disilicate, x, (Fig. 4a), we used the
following polynomial fit:

1307 — 119.05-x — 384.4-x2,
1684 — 572.46(1 — x) — 295.3(1 — x)2,

x <0373
x>0.373

(12)

Ti(x) = {

Fig. 1 shows the calculated thermodynamic driving force for the
crystallization of glasses with different chemical compositions as a

44108

AG[J/m?]

3.610° ' ' ' 1
680 700 720 740 760

T'K]

Fig. 1. Calculated thermodynamic driving force, AGy(T), for compositions in the
Liz0-2Si0,—Ba0- 2Si0, system, with different BaO-2Si0; molar fractions, x.

function of temperature.

3.2. Numerical simulation

The work of cluster formation, Wy, reaches a maximum value at
the critical size, n* [14,23],

. 32w/ o \°
n :T(doacv) (13)

Clusters larger than n* will grow, whereas the smaller ones will
shrink. The (time-dependent) cluster distribution function, f,, is
obtained from a set of coupled linear differential equations
[14—17,25],

df; - -
d—::w;_hnfn—l + @y g nfait — (w:,nﬂ +w","71)fn’ (14)

where ' and o~ are the attachment and detachment rates [25],

1 ifn>n
273 ifn>n

W =Ki ——D _ , 15
n-tnp =08 d3 exp(—iwn - ?’”’1) ifn<n® (15)
B

Wn =Wy 1 _W"*‘) . (16)

— +
) =0 ex
n+1,n n-1n ]J( kBT

At the time nucleation reaches the steady-state regime with
99.9% tolerance, the distribution function f(n.t)<1m—3 at
ny > 2569, 2522, and 2893 for Ba0, Ba10, and Ba20, respectively, for
all considered nucleation temperatures. Thus, we used a maximal
crystal size given by ny.x = 10,000, which is enough to reach the
steady-state nucleation regime. To solve Eq. (14) at the boundary
n = Nmax, We used the Taylor expansion for the distribution func-
tion, f(Mmax + 1,t) = 2f (Mmax, t) — f(Nmax — 1,1).

Att =0, we assumed the cluster size distribution is equal to the
equilibrium distribution of heterophase fluctuations in the liquid at
Ty [26],

Fl0) — dy*exp( — 52, (17)
BiL

where W, is determined by Eq (1).
To compute the steady-state nucleation rates, I, and the
respective induction times for nucleation, we used the effective
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diffusivity controlling nucleation, D(T), and interfacial energy, o(T),
as fitting parameters to the N versus time experimental data (see
Fig. 8 and Figs. A1, A2 in Appendix).

As an example, the calculated cluster size distribution, f,, for the
Ba20 glass after different time periods at 415 °C is shown in Fig. 2.

From the calculated cluster size distribution at a nucleation
temperature, T, , we obtain the number of crystal nuclei as a
function of time,

Na(®) = S fu, (18)
n*(Ty)

and after development at a temperature T,

Nyt) = > fa. (19)
n*(Ty)

These calculations assume an infinitely high heating rate from
Tn to Td.

4. Results and discussion
4.1. Phase diagram and glass properties

The liquidus temperatures are needed to calculate the driving
force for crystallization of non-stoichiometric compositions. The
Li»O-2Si0,—Ba0-2Si0; equilibrium diagram was completed here
using the solidus and liquidus temperatures obtained from DSC
curves (e.g., Fig. 3), and is shown in Fig. 4a. This diagram reveals a
single eutectic point at 37 + 2 mol% BaO-2Si0,. The position of this
eutectic was confirmed by the so-called “Tammann triangle,”
which is obtained by plotting the area of the DSC eutectic melting
peak as a function of composition and reaches the maximum at the
eutectic composition (Fig. 4b). Our data for T; are in good agree-
ment with the literature data (Fig. 4a), confirming the agreement
between the actual and the nominal glass compositions.

The glass transition temperature monotonically increases with

1028
1026_
1024_
]022
1020_
1018
10]6_
1014_
1012_
1010_ :

I 1
108 200\ 2000, 5374
6 t=0 \ 11000 \l 4000 \ 8000 12000
10 L\ i 'l \

T,=415°C

1
1
(T T,~630°C

Distribution function, f,(#) [1/m?]

1 10 102 10° 10*

Cluster size, n

Fig. 2. Calculated cluster size distribution, fy, for the Ba20 composition at T, = 415°C
for different time periods (hours). Red and blue vertical lines show the critical sizes at
the nucleation and development temperatures, correspondingly. The steady-state
regime, i.e., f (t)=const. is reached after approximately 8000 h at the development
temperature. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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Fig. 3. DSC trace for a piece of glass of 25 mg. Heating rate = 10 °C/min.
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Fig. 4. a) Dependence of the liquidus, T; (x), and solidus, Ts(x), temperatures on the
Ba0-2Si0; molar fraction. Points — this work, crosses (+and x ) are from Refs. [9,18],
respectively, the solid line is plotted according to Eq. (12). b) Area of the eutectic
melting peak, Aeyr, versus composition (Tammann triangle). ¢) Glass transition tem-
perature, Tg(x) versus BaO-2Si0O> molar fraction (points — this work; the line is only a
guide for the eyes).

Ba0-2Si0; content and does not show any peculiarity in the
eutectic point (Fig. 4c). The glass density also increases with
increasing content of barium disilicate, however, in contrast to the
glass transition temperature, beginning with the eutectic compo-
sition, the increase in density takes place at a lower rate after the
eutectic composition (Fig. 5a). The linear dependence of density on
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Fig. 5. Dependence of a) glass density, p, (points — experimental data pexp, line —
density py calculated at the condition of constant molar volume) and b) ratio py /peyp
on the BaO-2Si0; molar fraction, x.

composition with a slope change at the eutectic point is more
noticeable in Fig. 5b, which shows the ratio of the density calcu-
lated assuming a constant molar volume to the experimental
density, py /pexp- This dependence reflects an increase in the molar
volume due to the replacement of lithium by barium, which takes
place faster after the eutectic composition.

4.2. Crystallization kinetics

Fig. 6 shows optical micrographs of the Bal0 and Ba20 glasses
after nucleation and development heat-treatments, as examples.

According to X-ray analysis, in the case of the Ba10 sample, the
crystal phase developed for short treatment periods is lithium
disilicate, whereas, for the Ba20 sample, traces of barium disilicate
are also detected (Fig. 7). This result is expected since lithium dis-
ilicate is the primary phase for the three glasses (Ba0, Ba10, and
Ba20) used here to measure nucleation rates (Fig. 4). By increasing
the development time, a small amount of barium disilicate also
appears in glass Ba10. The formation of the BaO-2Si0O; crystals will
be commented on later.

4.2.1. Crystal nucleation

The number density, N(t), of lithium disilicate crystals as a
function of nucleation time are shown in Fig. 8a—c for different
temperatures and glasses. Similar plots for other temperatures are
shown in the Appendix, Figs. A1 and A2.

The dashed-dotted lines in Fig. 8a—c shows N(t) curves calcu-
lated by Eq. (18) considering only the nucleation treatment, and the
solid lines calculated by Eq. (19) taking into account the develop-
ment treatment. The dashed lines show the asymptotes used to
calculate the steady-state nucleation rates, I, arrows show

Fig. 6. a) Reflected light optical micrograph of a cross-section in a Bal0 glass sample
after nucleation at T, = 462 °C for 72 h and development at Ty = 630 °C for 6 min. b)
Transmitted light optical microscopy image of a 0.42 mm thick plate of a Ba20 glass
after nucleation at T, = 460 °C for 242 h and development at T; — 630 °C for 20 min.

induction times for nucleation, t;,4,,, and after development, t;;4 4.
It should be noted that the steady-state nucleation rates calculated
from the N(t) curves after nucleation are equal to those obtained
directly from the experimental N(t) data after development, and
therefore we did not distinguish them. Fig. 8d—f shows the I /I
ratios for the three glass compositions, where the vertical dashed
lines mark the time at I /I = 0.9 and the maximum experimental
nucleation time, tmax.

The fitted curves are close to the experimental points at
advanced stages of nucleation. However, in the beginning, before
the steady-state is established, the experimentally measured values
are always higher than the calculated values. This divergence is
likely due to one or more of several reasons:

i) the finite cooling rate during the quenching procedure to form a
glass leads to (some) crystal nucleation when the sample tem-
perature span into the temperature interval of maximum
nucleation rate, Tmax [27];

ii) some nucleation might also happen on the heating path from
the nucleation to the growth temperature, which depends on
the nucleation rates and heating rate [27]. The origin of this
effect and (i) are the same, i.e., additional nucleation when the
temperature crosses the Tpax region.

These problems are beyond the scope of this paper. A third
possibility, a possible influence of the structural relaxation process,
is still under investigation and will be partially tackled in this
article.

According to Fig. 8, the maximum time of the nucleation ex-
periments, tmax, exceeds the time for establishing the steady-state
nucleation rate, I (T,), i.e., the time for the number density of
critical-sized clusters, n*(Ty), to reach a stationary value. For glasses
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Fig. 7. X-ray diffraction patterns of glasses Bal0 (a) and Ba20 (b) after nucleation at
T, =460 °C for 72 h and development at Ty = 630 °C for different times indicated in
the figures.

Ba0 and Ba10 (Fig. 8d and e), tmax also exceeds the time to reach the
stationary regime for clusters of the critical size at the development
temperature, " (Ty). For the Ba20 glass, tmax is not enough for the
number density of clusters of size n"(T;) to reach its stationary
value (Fig. 8f). In this case, the nucleation rate evaluated from the
experimental N(t) reached only approximately 60% of its steady-
state value. To achieve a steady-state, we should extend the eval-
uation of N(t) from 7 to 9 months. However, with the cluster
nucleation model, one can estimate the steady-state nucleation rate.
The nucleation temperature T,, = 415 °C for Ba20 glass is 40— 50 °C
below the glass transition temperature estimated by DSC for the
splat cooled and annealed glasses, namely, 454 °C and 462 °C,
respectively.

The crystal clusterfliquid interfacial energy, o, and diffusion
coefficient, D, were used as fitting parameters to experimental
values at each temperature, and are given in the Appendix,
Tables A1 and A2 for glasses Ba10, and Ba20.

Note that, in this way, o(T, x) is temperature dependent and, to a
first approximation, for temperatures above the maximum nucle-
ation rates, Thay , it can be fitted by a linear function:

o(T.x) —0.1196 — 0.1435x + 0.825x2 + 10 4 (0.694 +2.083x
- 11.11x2)T [J/mz]A

It has been suggested that the linear dependence of the

(20)

interfacial free energy on temperature is a consequence of the
diffuse interface between the nucleating cluster and the parent
supercooled liquid, which is considered in the “diffuse-interface”
theory [28—30] (see detailed discussion in Ref. [31], Chapter 4,
Sections 3). However, the use of such an advance over the CNT
theory ([31], Chapter 4, Sections 4) for the analysis of experimental
data is difficult because the problem becomes two-dimensional,
since the second independent variable (which is related to the
diffusivity of the boundary) is added to the cluster size.

Therefore, in this article we use the CNT framework. To facilitate
the data analysis, we used a fitting function, D(T, x), in Arrhenius
form with composition-dependent coefficients,

D(T,x) — Do(x)exp{—62,700(l +0.2x)T‘1}, (21)
where

Dy(X) =2.2+ 1015exp(11.18x - 29x2) [m2/s].

The pre-exponential therm, Dy(x), grows weakly with x. How-
ever, owing to the growth of diffusion activation energy, the
diffusion coefficient Eq. (21) decreases with x.

In this way, the temperature dependencies of D and ¢ are shown
in Fig. 9 for glasses Ba0, Ba10, and Ba20.

Fig. 10 shows the steady-state nucleation rate as a function of
temperature for BaO (x =0), Bal0 (x = 0.1), and Ba20 (x = 0.2)
glasses. The experimental values of the nucleation rate at low
temperatures depart more and more from the computed values
using the linear temperature dependence of specific surface energy,
o. This old unresolved problem was discussed in detail in
Refs. [21,32—34] and is beyond the scope of this paper.

According to Fig. 10, the deviation of the glass from the stoi-
chiometric lithium disilicate (x = 0) towards the eutectic compo-
sition results in a slight decrease in the temperature of the steady-
state nucleation rate maximum, Tmax, and a significant drop (about
three orders of magnitude) of its intensity, Is+(Tmax)- A similar trend
is observed for the nucleation rate computed with a linear
dependence of ¢(T) (dashed curves in Fig. 10). The decrease in
Is¢(Tmax) correlates with an increase in the reduced glass transition
temperature Ty = T, /T, where T; is the liquidus temperature
determined by Eq. (12). This behavior agrees with a well-known
trend: the higher T, the lower the steady-state nucleation rate
maximum, shown in Fig. 11 for different silicate glasses and the
three glasses studied here: BaO (x = 0), Bal0 (x = 0.1), and Ba20
(x =0.2).

As stated before, this work focuses on the effect of the deviation
of the glass composition from stoichiometry on the crystallization
kinetics. According to CNT, the magnitude and temperature
dependence of the nucleation rate are mainly determined by the
diffusion coefficient, D, and the thermodynamic barrier, W,-,
whereas the crystal growth rate at deep undercooling is deter-
mined in practice only by the diffusion coefficient.

To help the analysis of the nucleation rates given in Fig. 10, the
driving force of crystallization, 4Gy, the surface energy, o, the
thermodynamic barrier W,-, and the diffusion coefficient, D, are
summarized in Fig. 12 (a) to (d), respectively, as functions of the
glass composition, x.

As the difference between glass and crystal compositions in-
creases, the increase of o(x) and decrease of AGy(x) increase the
thermodynamic barrier for nucleation. Together with a decreasing
diffusion coefficient, these variations lead to a significant drop in
the nucleation rate. To separate the effects of the thermodynamic
and kinetic barriers, we compare them at T, = 730 K. If only the
thermodynamic barrier changed, the nucleation rate would be
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Fig. 8. (a—c) N(t) curves for glasses with different BaO-25i0; molar fractions: a) x = 0, b) x = 0.1 and c¢) x = 0.2. The dashed-dotted lines were calculated by Eq. (18) considering
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I/l ratios for the same glasses. The vertical dashed lines mark the time when I /I — 0.9 and the maximum experimental nucleation time, tmax. The experimental data for Ba0 are

from Ref. [24], and for Ba10 and Ba20 refer to this work.

reduced by more than 200 times, while changing only the diffusion
coefficient would lead to a 10-fold decrease in the nucleation rate.
When only the thermodynamic barrier increases, at a fixed kinetic
barrier, the temperature of nucleation rate maximum shifts toward
lower temperatures (e.g. Ref. [19]). In our case, the kinetic barrier
changes slightly, leading to a small shift of Tmax towards low
temperatures.

The effect of glass composition on the crystal nucleation rate
results from the interplay between the changes of the thermody-
namic and kinetic barriers, and this effect is dependent on the
properties of the system under consideration. Nevertheless, one
can expect an increase in surface energy when the glass composi-
tion deviates from that of the precipitated crystals.

4.2.2. Structural relaxation versus nucleation

To shed light on the very fundamental question of whether
structural relaxation affects the nucleation process, we measured
how the glass transition temperature changes during the nucle-
ation treatment (Fig. 13). It follows from Fig. 13 that Tg increases for

both, the splat-cooled and the annealed, glasses (as expected),
reaching the same constant value after approximately 3—4 days at
415 °C. This time is much lower than the characteristic nucleation
times. The experimental induction time after development is
tinaa = 200 days. From the simulations, the intrinsic induction
period for nucleation tj,q , =77 days. Most importantly, the time t;
to form the first critical nucleus is approximately 25 days for a
typical laboratory sample of 10mm? (Fig. A3 in the Appendix).
Thus, we can conclude that nucleation at the discussed tempera-
ture occurs long after relaxation, in the (metastable) supercooled
liquid state, and is hardly disturbed by the structural relaxation
process. These interesting, relevant results require a more in-depth
study with other glasses at different temperatures and are beyond
the scope of this article.

4.2.3. Crystal growth

To estimate the diffusion coefficient, Dy, from experimental
crystal growth rates, we used the simple normal growth model (e.g.
Ref. [36]), which yields
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Fig. 9. a) Interfacial energy for Ba0 (x — 0), Ba10 (x = 0.1), and Ba20 (x = 0.2)asa
function of temperature. The points were estimated as fit parameters of N(t) given by
Eq. (19) for experimental data at each temperature, whereas the dashed lines were
plotted considering a linear o(T), Eq. (20), on fitting. The solid lines were calculated
assuming the deviation of o(T) from the linear approximation. b) Diffusion coefficient
as a function of temperature; the points were estimated as fit parameters from the N(t)
curves; the solid lines show Arrhenius dependencies according to Eq. (21).
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Fig. 10. Steady-state nucleation rates, Is:(T), computed from N(t) curves for different
temperatures and BaO-2Si0, molar fractions, x. The dashed lines were calculated from
fitting N(t), Eq. (19), with a linear o(T) given by Eq. (20). The solid lines were calculated
using the fitted values of o(T) above and below Tmax (see Fig. 9a). Below the tem-
peratures marked by ®, the critical size from Eq. (13) becomes <10, and then CNT is
expected to lose validity.
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(22)

at deep undercooling, as in our case. The crystal growth rate was
estimated by the equation

1dH
U= 5dr (23)
considering the time-dependence of the maximal size of the crys-
tals, H, (see, e.g., Fig. 14).

The experimental crystal growth rates, U(T), are shown in
Tables A3 and A4 in the Appendix. The diffusion coefficients esti-
mated from the crystal growth rates via Eq. (22), Dy, are shown in
Fig. 15 as a function of temperature for glasses Ba0, Ba10, and Ba20.
For the sake of comparison, we also replot the diffusion coefficients,
D, already shown in Fig. 10, that govern the formation of crystalline
clusters of nanoscale sizes, including clusters of critical size.

Fig. 15 also shows the diffusion coefficient calculated from the
viscosity of the Li;O-2Si0, glass, Ba0 (x = 0), which was fitted by
the Volger-Fulcher-Tamman (VFT) equation,

7903.7

_ .10-3
n=2.178-10 exp(T_490

) [Pa-s, (24)

taking into account the Stokes—Einstein-Eyring relationship,

kyT

~don (25)

n

with dy = 0.2nm. This value of dy is similar to the Si—0 distance,
and was fitted to match the D, with Dy at high temperatures.

The overlap of temperature intervals for Dy and D for glass Ba0
(x = 0) enables us to state with certainty that at low temperatures
the Dy (T) are significantly higher than D(T). Therefore, we can
conclude that the growth rate of nano-crystals is lower than that of
macro-crystals. This result corroborates reported studies [37—39],
where the growth of macroscopic crystals was preceded by a long
period (see, e.g., Fig. 14a) of a very slow growth of the nanosized
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crystals. This unsolved problem warrants further investigation.

The comparison of crystal nucleation and growth kinetics shows
that the effect of composition on growth rates is much weaker than
on the nucleation rates since the latter is determined mainly by
changing the thermodynamic barrier, which is negligible in the
case of crystal growth.

4.2 4. Diffusion zones and formation of a second phase

The growth of lithium disilicate crystals in glasses Bal0 and
Ba20 leads to the formation of diffusion zones enriched in barium.
These zones are located mainly between the branches of the den-
dritic lithium disilicate crystals, and are brighter than the glass
region far from the crystals, as seen in the SEM BSE image of a
partially crystallized glass Ba10, Fig. 16. The composition of diffu-
sion zones must approach the eutectic one. Thus, the average
composition of the crystal and its diffusion zone must be close to
the composition of the original glass. At an advanced stage of the
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Fig. 14. Maximum crystal size, H, versus time at two growth temperatures, 528 °C and
630 °C, for the Ba20 glass.
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Fig. 15. Diffusivities computed from the experimental N(t) plots, D, and from the
growth rates of macroscopic crystals, Dy, via Eq. (22), for different BaO-2Si0; molar
fractions, x, as a function of the temperature. The continuous line shows the diffusion
coefficient calculated from the viscosity of the Ba0 glass, D,,.
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Fig. 16. SEM BSE image of a cross-section of glass sample (Ba10) treated at T,, = 462 °C
for 1070 min, and Tz = 636 °C for 11 min.

phase transition, these =zones crystallize with a eutectic
morphology, which is a regular permeation of lath-shaped crystals
of barium and lithium disilicates. Crystallization in the diffusion
zones of glass Ba20 occurs at an earlier stage than in glass Ba10
(Fig. 17).

Fig. 18 shows a fully crystallized sample of Ba20 glass including
large primary crystals of lithium disilicate and fine-crystalline re-
gions consisting of alternating crystals of lithium and barium dis-
ilicates, zoomed in the inset (see also X-ray diffraction spectra in
Fig. 7b).

The combination of dendritic crystallization of lithium disilicate
with the eutectic crystallization of the diffusion zones is also seen
for the Ba30 glass, which crystallizes only from the surface (Fig. 19).

Based on the data presented in this section, we can conclude
that after crystallization of the primary phase, Li;0-25i0, barium
and lithium disilicate crystals form together by crystallization in the
diffusion zones, whose composition is close to the eutectic.

- i 4
HV HFW mode dwell spot WD — 10 111
10.00 kV 150 pm None 30 s’ 4.0 |12.1 mm USP - IFSC/LMM

Fig. 17. SEM-BSE image of a cross-section of glass sample (Ba20) treated at T,, = 460 °C
for 18 h, and Ty = 636 °C for 11 min. The dark areas refer to branches of the lithium
disilicate dendrites, between which the crystallization product of the diffusion zone
appears, consisting of interleaved crystals of barium and lithium disilicates.

Fig. 18. SEM image of a cross-section of a fully crystallized glass sample (Ba20)
nucleated at T,, = 460 °C for 72 h and developed at T; = 630 °C for 120 min. The inset
is a zoom of the marked area.

5. Summary and conclusions

We systematically studied the effect of the departure of the glass
composition from the crystal stoichiometry on the crystal nucle-
ation and growth kinetics of glasses of the pseudo-binary
Liz0-2Si0; — Ba0-2Si0; join. A kinetic model of nucleation was
used to determine a cluster distribution function, the steady-state
nucleation rates, and induction periods for nucleation by a two-
parameter fitting procedure using the experimental time de-
pendences of the number of lithium disilicate crystals at several
temperatures.

We observed that as the glass compositions depart from stoi-
chiometry and approach the eutectic, the nucleation rates
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Fig. 19. SEM-BSE image of a cross-section of glass-sample (Ba30) treated at 660 °C for
30min. The darker areas refer to the main axes of the lithium disilicate dendrites
nucleated on the sample surface. The inset shows the eutectic structure formed during
the crystallization of the residual glass, where the dark and light areas refer to lithium
and barium disilicate crystals, respectively.

drastically drop. This is mainly due to an increase in the interfacial
energy, which results in an increased thermodynamic barrier. This
result corroborates the well-known fact that eutectic compositions
have a good glass-forming ability.

The structural relaxation time, estimated by the evolution of the
glass transition temperature during annealing, is significantly
shorter than the characteristic nucleation times at the same tem-
perature and agrees with the widely used, but scarcely tested
assumption that relaxation does not affect the crystal nucleation.

For the stoichiometric glass Li;O-2Si0,, the effective diffusion
coefficient determining nucleation, D, is lower than D;; determined
from the growth of macroscopic crystals, and this difference
significantly increases with decreasing temperature. The diffusion
coefficient calculated from viscosity via the Stokes-Einstein-Eirying
equation, Dy, is close to Dy at high temperatures and approaches D
at low temperatures, in the glass transition range, where homo-
geneous nucleation rates become measurable.

Finally, after crystallization of the primary phase (lithium dis-
ilicate), barium disilicate and lithium disilicate crystals precipitate
in the diffusion zones of the residual glass, whose composition is
close to the eutectic. Our results shed light on the crystallization
mechanism and kinetics of these non-stoichiometric glasses.
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