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Nucleation kinetics in a glass—ceramic enamel

I.PENKOV, . GUTZOW
Institute of Physical Chemistry, Bulgarian Academy of Sciences, 1040 Sofia, Bulgaria

The kinetics of nucleation in a glass-forming melt having the composition {in mol %)
71.80Si0,, 1.83 Al,0,, 23.20 Li,0, 2.20K,0 and 1.17 MoOQ; is investigated. X-ray
analysis, DTA, optical and electron microscopy are used together with precise viscometric
data to follow the crystallization process and to characterize the properties of both the
initial melt and the resulting crystalline phase - the rhombic Li,0 * 2Si0,. By virtue of its
composition, structure and properties the resulting semi-crystalline material is a mode! of
typical glass—ceramic enamel. The analysis of the kinetic measurements demonstrated the
non-steady state character of the investigated process of nucleation. Furthermore it is
shown that the presence of small amounts of a surface tension lowering oxide (MoQ3) in

the melt considerably decreases the interface energy at the crystal/melt boundary. This
explains the role of MoO; and similar surface active oxides in inducing the bulk

crystallization in glass—ceramic enamels.

1. Introduction
It is well known that by its very physical nature
the nucleation process has a non-steady state
character [1, 2]. The problem of the transient
course of nucleation was raised for the first time
by Zeldovich [3] and Frenkel [4]. The kinetics of
non-steady state (or transient) nucleation is deter-
mined by the value of the non-steady state time
lag, 7, which is proportional to the viscosity, n, in
the case of crystallization of an undercooled melt
(see [1]). Taking into account the high values of
typical for glass-forming melts, it is clear that non-
steady state effects are of utmost importance in
the crystallization kinetics of such systems. The
expected 7 values in the vicinity of the glass tran-
sition temperature, T, are of the order of hours.
Transient effects in the crystallization of glass-
forming melts have been demonstrated for the
first time in the case of a simple water soluble
model glass ((NaPOs),, see [1, 5, 6]). Later the
non-steady state character of nucleation was
proved also in the crystallization of more complex,
three-component model silicate systems (e.g.
Na,0—BaO—Si0, glasses [7] and Na,0—CaO-—
SiO, glasses [8] as well as in simple Li,0—SiO,
glasses [9, 10]. Certain isolated experimental data
[11, 12] indicate that non-steady state effects can
be observed in the crystallization of some glasses
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of the systems MgO—Ca0-A1,03-Si0,(+ Fe,03)
and MgO—-Al1,0;-Si0,(+ TiO,). Such effects were
found also in the kinetics of formation of a glass—
ceramic material [13]. It is essental to note that
the process of liquid phase separation, which is
considered to some extent in the present investi-
gation, may proceed also under non-steady state
conditions [1, 2, 14]. In fact the transient charac-
ter of the binodal liquid—phase segregation process
was proved experimentally [15, 16] even before
the establishment of the non-steady state character
of crystallization in glass-forming systems.

The present paper provides further evidence on
the applicability and necessity of the non-steady
state approach in the quantitative treatment of
phase formation in glass-forming melts and
especially in technically important glass-forming
systems. Some preliminary data in this respect
have been reported in the already mentioned
investigation [13]. The results obtained there
stimulated the present study of the nucleation
kinetics in a model lithium silicate melt of the
system SiO;—Al1,0;3-Li,0—~K,0-MoO;. By their
composition and properties this melt and the par-
tially crystalline material formed therefrom cor-
respond to a typical glass—ceramic enamel.

Technical glass—ceramic enamels are silicate
coatings with a relatively high content (over
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Figure 1 X-ray diffraction pat-
tern of the initial model glass
(curve 1) and of a glass sample
after heat treatment (180 min at
850°C — curve 2).

M
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30wt %) of a finely dispersed and uniformly distri-
buted crystalline phase obtained by an appropriate
heat treatment. Such enamels are of considerable
interest in silicate technology since they have
better thermal resistance and higher mechanical
strength when compared with usual glass—enamel
coatings [17]. Bulk crystallization in technical
glass—ceramic enamels is induced by the introduc-
tion of some oxides (such as TiO,, CeO,, P,0,,
WO, Cr,053, MoOg, etc.) some of which (especially
TiO, and probably CeO,) may enhance liquid-
phase separation, or could form upon cooling in-
soluble particles by precipitation from the melt,
which acts as a crystallization core. However, the
role of MoOs as a nucleation catalyst is of another
type, as shown in the present study; this oxide
does not form insoluble particles in the melt (at
least at low concentrations), but it is a typical
representative of surface tension lowering substan-
ces in silicate melts. This effect, as discussed in
detail below, may change considerably the crystal-
lization rate.

The high crystallite density normally achieved
in the crystallization of such enamels as well as in
typical glass—ceramic materials hampers the quan-
titative study of the crystallization process. In
order to overcome this difficulty the nucleation
kinetics are examined in the present work in thin
films (~0.6 um) blown from the initial glass as
described in [13].

The complex nature of our model system
required not only purely kinetic measurements of
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the crystallization process itself but also a number
of additional investigations (X-ray diffraction,
differential thermal analysis (DTA), electron
microscopy, etc.) in order to elucidate the charac-
ter, structure and composition of the phases
formed upon heat treatment of the initial glass.

2. Experimental details

The main investigations were performed in a
model melt having the composition 71.80 SiO,,
1.63 Al,05; 23.20Li,0, 2.20K,0, 1.17Mo0; (all
mol %). This composition was found to be most
suitable since only a single crystalline phase — the
rhombic Li,O-28i0, is formed in the whole tem-
perature range under investigation (540 to 620°C)
as proved by X-ray diffraction, Fig. 1. Further-
more the main properties of this crystalline phase
are well known from the literature.

The initial glass was melted at 1400°C in a
platinum crucible; the melt was cast in steel
moulds to give 12mm x 12mm x 80 mm samples
which were quenched to room temperature. These
samples were transparent and amorphous, as seen
from the X-ray diffraction patterns (see Fig. 1).

The coefficient of thermal expansion, a, of the
initial glass was a'=97 x 1077°C™" (Fig. 2b); com-
pletely crystallized samples have an a value of
106 x 1077°C™* corresponding to the value of
110 x 1077°C™! given in [18] for pure rhombic
Li; O+ 28i0,. The glass transition temperature, T,
and the softening point, T}, of our model glass
were determined from the thermal expansion
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Figure 2 Temperaturc dependence of the viscosity, 7,
(curve a) and dilatometric curve (b) of the investigated
glass-forming melt. The point Ty _denotes the liquidus
temperature of the crystalline phase in the system,
according to DTA results.

curve (see Fig. 2b) as 450 and 508° C, respectively;
after crystallization, the 7T; of the samples
increased up to 920° C.

Fig. 2b also shows results of the viscosity
measurements performed. (1) A penetrometric
device was used for logn from 9 to 13, and (2) a
viscometer with a sinking platinum sphere for
logn ranging from 2 to 5. The logn — T data given
in Fig. 2a can be fitted with the Vogel—Fulcher—
Tamman (VFT) equation

logn = Ay + )

T—T,
where A4q=—1.58, B=399x10% and T,=
460 K. A comparison with the viscosity data of the
pure LiO-28i0, melt shows (cf. [19] where the
VFET constants of pure Li,O+2Si0, are given as
Ay =—1.44, B=3.37x 10% and T, = 460 K) that
the log n values of our model melt are about two
orders of magnitude higher than those of the pure
melt at equal temperatures. From Fig. 2a it can be
seen that the viscometry values of T, and 7 deter-
mined at logn =13 and logn =11 are in good

agreement with the respective dilatometric deter-
minations. Here and in Fig. 2 viscosity is given in
poise (= 10 Nsecm™?).

Crystallization was investigated in the thin films
as well as in the compact glass pieces; both types
of samples were heat treated by being placed in
the orifices of a small platinum bridge maintained
at the desired temperature in an electric tube fur-
nace. The temperature was measured by a thermo-
couple attached to the bridge. The time of the
thermal treatment varied from 5 to 500 min and
the temperature of the samples was maintained in
the range 500 to 900°C to within an accuracy of
+1°C. After quenching to room temperature, sam-
ples (glassy films and thin slices prepared from the
compact pieces) were examined in polarized trans-
mitted light in a NU-Zeiss microscope.

DTA records were obtained with Derivatograf
MOM equipment in the temperature range 25 to
1500°C (heating rate of 7.5°Cmin™! with
o-Al,0; standards) and the crystalline phases were
identified using a Philips X-ray diffractometer
(CuKa radiation).

The microstructure of the massive samples was
examined by transmission or scanning electron
microscapy (SEM) (JEOL-100B instrument fitted
with a SEM attachment). Platinum—carbon repli-
cas as well as samples covered with gold (for SEM
examinations) were used. Prior to replication or
gold-shadowing the samples were treated with a
dilute solution of hydrofluoric acid.

3. Results of structural and morphological
studies

Fig. 3 illustrates the DTA curves of our model as

well as those of a pure Li,O-2Si0, glass. The

curves are reconstructed from the original DTA

records after graphical correction for the tempera-

ture difference sample-standard.

The X-ray diffractometry indicates that
relatively pure Li,O-:28i0; is formed from our
melt since no deviation from the diffraction
pattern of the pure crystalline substance could be
observed (Fig. 1, curve 2).

Comparison of X-ray diffraction data with DTA
shows that the single exothermic peak (at 655°C)
on the DTA record (Fig. 3a) is caused by crystal-
lization of Li,0-2S8i0, while the endothermic
peak (at 1000°C) gives the liquidus temperature,
T\, in our melt. Fig. 3 also shows the DTA record
for pure Li,O-28i0,-glass; the endothermic peak
at 1040 £ 10°C corresponds to the melting point
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Figure 3 DTA curves of the composition investigated (a), and of the Li, 0+ 28i0, melt (b): Ty and T¢ obtained from vis-

cosity measurements.

Tw of Li,0-28i0, given in [20]. A good coinci-
dence is also seen for the T, value of our glass
determined by DTA (Fig. 3a) and the respective
dilatometric and viscometric determinations of the
same temperature according to Fig. 2.

Graphic integration showed that the area S
under the endothermic peak (at 1000°C for our
model composition, Fig. 3a) is equal to 1.25,
where Sg is the respective area under the melting
peak of pure Li,0-28i0, (Fig. 3b). This indicates
that the molar dissolution enthalpy, Ak,, connec-
ted with the phase transition melt/crystal, is equal
to 1.2A,,, the latter quantity being the enthalpy of
melting of pure Li,0-28i0, (according to [20]
Nmgs 02800, = 12.9kcalmol™!). (1cal =4.187J)

Optical and electron microscopy indicated
(Figs. 4 and 5) that in the material under investiga-
tion the crystallizing Li,O - 28i0, forms character-
istic spherulitic structures [9, 21]. The excellent
mechanical properties of the lithium disilicate-type
glass—ceramic coatings reported in the literature
are possibly due to the mutual interpenetration of
the structural elements (Fig. 6).

Electron microscopic examinations of our
model composition gave no evidence for liquid-
phase separation prior to or during the crystalliza-
tion process.

4. Some basic theoretical considerations

The thermodynamic driving force of the crystal-
lization process is given by the difference, Ay, in
the chemical potentials of the melt and the respec-
tive crystal. In our case Li,O-2Si0O, crystallizes
from a complex system — a SiOjrich multi-
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component melt. If we consider this melt as a
complex solvent phase, &, from which the pure
crystalline phase 8 (in our case Li,0:28i0,) is
fotmed, Au can be expressed as

T
A = jTl (SO — s§y dT (22)

Here T, is the liquidus temperature (according to
Fig. 3a T} =1273K) and S and S§7 are the
molar entropies of the molten matrix phase and
the crystal at temperature 7. The integral in Equa-
tion 2a can be calculated if the entropy difference
(Sa —Sg) = ASD is known. Expanding, as usual,
Ap-in a Taylor series, at the liquidus temperature
T1, we obtain

AC(TY) + AC(Ty) T

Au = AS |1
H ! 2AS, | 2AS, T

AT

(2b)
Here AS) = Aly/Ty is the entropy of dissolution at
T =Ty, Ahy is the already stated enthalpy of disso-
lution of Li,0+28i0,, AT = T, — T is the under-
cooling, and ACy, gy denotes the difference in the
molar heat capacities of the matrix melt and the
crystal at 7). It is known that for typical glass-
forming systems AC,(Ty,)/ASy, =2 [22], where
ASy = Ay /T is the molar entropy of melting. If
we assume that in our case AC,(TD/AS;~ 2,
Equation 2b gives

T Ay T
Au = ASIAT — = — AT — 2c
M 1 T, T, T, ( )

Such an assumption is supported by the stated
DTA data, according to which Ak = 1.2A,, ie.



the enthalpy of mixing, Ah,,ix, amounts in our
case to only 0.27,,. So it can be expected that the
differences AS; and AC, () are close to the res-
pective values for the pure substance (ASp,,
ACp(r,,)- In accordance with the DTA finding
and the stated values of A, Ahy in the further
analysis is assumed to be 15.8 kcal mol™.

It is well known that two model approaches are

Figure 4 Micrographs of 1i,0-28i0, spherulites formed
in massive samples heat treated at (a) 564° C for 120 min,
(b) 564°C for 420min (c) 650°C for 90 min. Crossed
nicols: (a) X 160, (b) X 25 and (¢) X 63.

possible in the theory of phase formation — the
atomistic treatment and the classical model of
nucleation. The limits of validity of these two
models depend on the number, ny, of building
units in the nucleus; as a rule at 7, <5 to 10 the
atomistic model is preferable. Thus a preliminary
estimate of ny is necessary.

In the framework of the classical (or capillary)
model of phase formation the radius 7 of the
nucleus is determined by the Thomson—Gibbs
equation

ry = %%’i_m_ 3)
U

In our case ¢ is the interfacial energy at the
melt/crystal boundary and ¥, denotes the molar
volume of the newly formed crystal. The value of
o can be estimated, e.g. by means of the Scapski—
Turnbull formula [23]

Amy

g = ‘YON;BVYZA—" (4)
Here &V, denotes the Avogadro number and v,

is a numerical coefficient which in the case of

crystallization from solutions has an approximate
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value of 0.2 [24]. Introducing into Equation 4 the
stated value of Ak and taking Vp, =61.1cm?
mol™ [20], 6=1.01x10"3Tcm™? is obtained.
The simplest assumption of a spherical equilibrium
form of the nucleus (cf. Equations 2¢, 3 and 4)
gives

T} 3

ny = 3m(270)° 5
k 3m(270) TAT (5)
and leads to a value of ny, &~ 22 to 30 under our
conditions. This preliminary assessment shows that
the classical nucleation theory can be applied at
least qualitatively in the analysis of the following
experimental results on the kinetics of nucleation.
According to this theory (cf. [1] and referen-

Figure 6 Characteristic layer structure of Li,O-28i0, for
fully crystallized sample heat treated for 300 min at
700°C. SEM of a freshly fractured sample, leached for
15 sec with 2% hydrofluoric acid.
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Figure 5 Li,0-28i0, spherulites formed
in a thin film sample heat treated at
650°C 5 min. Crossed nicols, X 160.

ces therein) the temperature dependence of the
steady state rate of nucleation I, in an under-
cooled melt having viscosity n can be described
with sufficient accuracy as

1 Wy
Iy = A- - 6
: nexp( kT) (©)
where
16 wo°V2
k= T > (7)
3 (Ap)

is the work of nucleation as defined within the
framework of the classical approach, & is the Bolz-

mann constant and
] 1/2
m'ﬁkTZ L __Ii/k_
d(S) My 37kT

(8)

In Equation 8 d is the mean interatomic dist-
ance in the melt and Z' takes into account the
difficulties connected with the incorporation of
the molecules of the initial phase in the critical
nucleus of the new phase. In the case of hetero-
geneous nucleation

Wf: = qub (9)

where 0 <¢ <1 is the activity of the substrate
with respect to the nucleation process.
From Equations 2c, 6, 7 and 9 it follows that

r = 4 K (10)
= ~~eX — T
0 n P T3AT2

where
16 POVATH

K =
3T 3" Ay &

(11)

Taking into account Equations 6 (with W, =
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Figure 7 Kinetics of transient homogeneous nucleation (a) and theoretical N¢yy—1 curves (b) and (c). (a} I¢y) curves: full
line, according to the more accurate solution (Equation 16). Broken line, the approximate solution (Equation 14) given
by Zeldovich. (b) Homogeneous nucleation (initial stage): curve 1, steady state process; curve 2, non-steady state nucle-
ation. (c) Heterogeneous nucleation: curve 3, steady state case; curve 4, non-steady state case,

Wy ) and 10 it follows that

_ Kik
T?AT?
At sufficiently small temperature intervals the

temperature dependence of the viscosity, n, deter-

mined by the VFT Equation 1 may be represented
by an exponential expression given by

U,
= A exp |2
K oxp (kT)

Wi (12)

(13)

where U, denotes the activation energy of viscous
flow in the temperature range under consideration
and A" is a constant.

The time dependence of the rate of nucleation
under non-steady state conditions can be written
approximately as [1-3]

T
[(t) = Igexp (““;‘) (14)
where
bokT
T = — QZ_W . (152)
anZ n=zk x

is the transient time lag, by =~ 1 and Dy, is the flux
of molecules from the ambient phase to the
critical cluster [25].

Following the argument given in [1, 2], 7 can
be written in the case of crystallization of an
undercooled melt as

2
Ny 1
7= 0|—=|{den—
( Aﬁl) (doyn 7
In the case of formation of isotropic phases
(e.g. in the case of liquid phase separation) the co-

efficient Z'~ 1 [14, 26], whereas upon formation
of crystalline phases Z'~ 1073 to 107 [2, 26].

(15b)

From Equation 15b it follows [1, 2] that measur-
able non-steady state effects (7> 10%sec) should
be expected when viscosities of the order of 10° to
10° poise are reached, i.e. under conditions at
which most crystallization processes in technical
glass-forming systems take place.

A more accurate solution of the non-steady
state problem determines /¢y as [25]

e

(16)
Equations 14 and 16 are illustrated in Fig. 7a.
Multiplication of Equations 10 and 15b gives

|

where C = Aa(Na [Au)*(do)*(1/Z") is practically a
constant with respect to the exponential depend-
ence, It is of particular significance that according
to Equation 17 the product Jg7 does not depend
on the viscosity, 1, so that its temperature course
is determined only by the exponent k3/T>AT?2.

As shown in [1, 2], in order to elucidate the
steady state character of the nucleation kinetics, it
is necessary to analyse the character of the Ny — ¢
curves, i.e. the time dependence of the number N
of nuclei grown at the moment #. When transient
effects are negligible, the stationary rate of nucle-
ation is instantaneously established. In this case it
follows from

1423 (—1)™exp

m=1

Ks
T3AT*?

LT

Cexp (~ {an

M =] " Ko ar (18)
0
with [y = constant = [, that
Ny = Iyt (19)
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Using Equation 18 and the approximate solution
14, the following expression can be derived* [2]:

N(t) = Iot [exp (“‘ %) + ‘E‘El (_ zl:“)jl (20)

which is illustrated in Fig. 7b.

Strictly speaking, Equations 19 and 20 refer
only to homogeneous nucleation. In the case of
heterogeneous nucleation, when M highly active
crystallization sites are present per unit volume of
the melt (e.g. insoluble crystallization cores),
nucleation will proceed practically only at these
sites. In such a case even under steady state con-
ditions the heterogeneous nucleation rate Iy will
be time dependent due to the depletion of the
initial active sites. According to [2], here

N(t) = M[1 —exp(—1I51)] (21a)

For heterogeneous non-steady state nucleation on
M active sites (as shown in [2]):

Ny = M (1 —exp {"‘T’ [exp (— %)
il

Both dependences are illustrated in Fig. 7c. It is
seen once again that the curve for the transient
case is shifted by bo7 with respect to the origin
(Equation 21a). As in the homogeneous case, this
shift is the fundamental experimental criterion for
determining the character of the nucleation pro-
cess. The maximum number, Ng, of crystallites in
the saturated region of the Ny—t curves will be
equal to M [2, 26].

Saturated regions in the N~ curves are to be
expected in principle also in the case of homogen-
eous nucleation since each process of phase forma-
tion is accompanied by a depletion of the space
available for nucleation. Strictly speaking, the
curves in Fig. 7b should be considered only as an
approximate description of the initial stages of
nucleation. In the homogeneous case the maxi-
mum number N of crystallites formed in the melt
under given conditions is generally a function of
the ratio //V, where V is the growth rate of the
individual crystallites [27].

A thorough study of the role of active centres
in nucleation performed in [28] indicates that at
moderate I/V values (i.e. for small /g values or
large V values) Ny is not directly determined by M,

(21b)

*Here E; denotes the integral exponential function.
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as in Equation 21, but will be a function of I and
V (as in the homogeneous case):

75)*

N = constantW

(22)

The atomistic approach gives for the rate of
nucleation an equation of the type [I=
(1/m) exp (W) but the specific character of this
model defines Wy in a different way without use
of a macroscopic value of the surface energy o.
Kashciev [29] has shown that irrespective of the
concrete model of nucleation — atomistic or capil-
lary — the number of building units in the nucleus
can be determined in the case of crystallization
from a melt as

dlogly U,d
ng = 2_3kT&__ﬂ£
kT dAu

dAu
Using Equation 2c¢ for Au it follows:

dlogl: k
m = 2.3k 8% Un 4
kT AS(T,— 27323b)

(23a)

dAu

Here again Equation 1 was used for 7, so d log 5/
dAp can be calculated from the log /g against Ay
plot of experimental data of nucleation and U,
from the logn against 1/T dependence in the same
temperature range.

5. Experimental data and discussion of
nucleation kinetics

Fig. 8 summarizes the results of a series of
measurements giving the number N of grown
Li,0+28i0, crystallites determined in thin films
as a function of the time ¢ of isothermal heat treat-
ment. The different temperatures are indicated as
a parameter at each Ngy—t curve. The course of
these N-t curves follows qualitatively the
dependence given by Equation 21b (see also Fig.
7¢) and is similar to the previously observed [13]
Ny functions. An induction period is clearly seen,
followed by a linear increase of the number of
crystallites V and subsequent saturated region. It is
seen that the number of crystallites in the region
of saturation increases from 16 x 106 em™2 (cor-
responding to 26 x 10*° cm™?) at 542°C to 26 x
108 cm™2 (0r 43 x 101 cm~%) at 618°C.

The rates of nucleation 7g; = dA;/dr correspond-
ing to the linear part of the N¢y—t curves are given
in Fig. 9 in coordinates log I§ against Ay according
to Equation 23b. The value of ny, obtained in this
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way (= 20 to 30) is in agreement with the pre-
vious semitheoretical estimation (see Equation 4)
and shows again that the classical model of the
nucleation theory may be applied.

For this reason in Fig. 10 (curve 2) our experi-
mental data for /§ and 7 are given as a log/gn
against 1/T°AT? plot (cf. Equations 10 and 13).
As it should be expected, a straight line with a
slope K3=2.7 x 10"°(K®) is observed. Substitut-
ing this value into Equation 12, in order to deter-
mine W{ and using the relation ny = 2Wyi/Au
[29] for the number of the building units, n, = 20
to 30 is obtained once again.

Using the value of o estimated by Equation 4
(ie. 6= 1.01 x 1073 Jem™) in order to calculate

58¢
(-
-
2

561 S

i )
S4r
24 25 28 27
Apx1o®

Figure 9 Log [} against Ay plot for determination of the
number ny, of building units in the nucleus.

Figure & Experimental Ny;y—f curves for the
crystallization of Li,0-28i0, for different
temperatures (given for each curve in °C).

Wy (see Equation 7) and Wy (from Equation 12),
¢=10.98 to 1 is obtained (see Equation 9). Conse-
quently, 0 = 9.8 to 10.0 x 10°J cm ™2 can be deter-
mined from Equation 11. This result is an indica-
tion that our process may be treated practically as
a case of homogeneous nucleation.

From Fig. 10 (curve 2) A is determined to be
2x 10%cmsec™’. This value of A is about 5
orders of magnitude lower than that expected

78f
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Figure 10 LogIr and log In aguinst 1/7T3AT? (curves 1 and
2) plots according to Equations 10, 13 and 17.
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Figure 11 The temperature dependence of n as logn
against 1/7 (curve 1) and of the induction period of
nucleation, 7, as log 7 against 1/T (curve 2).

from Equation 8. (The theoretical value of A with
Z'=4x107 dy= 4.7 x 1078 and the stated value
of Wy is A =5.4x 10*). However, taking into
account that at present the nucleation theory
determines [y only with an exponential accuracy,
such a difference in the calculated and actual pre-
exponential constants is quite satisfactory. In fact
do which participates in Equation 8 in the power
of eight can be only estimated from a more or less
arbitrary chosen effective value for the molecular
weight of our melt.

In Fig. 11 the experimental data for the tem-
perature dependence of the viscosity, n, according
to Fig. 1 and Equation 1 are plotted in coordinates

log 1 against 1/T (Equation 13) for the sufficiently
narrow temperature range under investigation. The
induction periods from Fig. 8 are also given in Fig.
11 according to Equations 13 and 15b in the form
of log 7 against 1/7. It is seen that as expected in
the stated temperature range logn and log7 are
linear with respect to 1/7. Moreover one and the
same value of the activation energy u,~ U, ~
90 kcal mol ™ is obtained.

It follows from Equation 17 that plotted as
log I against 1/T°AT? a straight line should also
be expected (Fig. 10, curve 1). This plot gives a
direct proof of the transient character of the
induction period observed in Fig. 8.

Fig. 12 gives further support of the non-steady
state character of nucleation; here our experi-
mental data (for the ascendant part of the Ng)—
t curves in Fig. 8) are plotted as M¢)/I,7 against
t/7 [25] according to Equation 16. Obviously, this
equation yields a satisfactory description of the
nucleation kinetics in our model melt.

Fig. 13 summarizes the temperature depend-
ence of the non-steady state time lag, 7, and the
rate of nucleation for the whole temperature range
under investigation. The log/y and log 7 against T
curves are plotted according to Equations 10 and
15b with the experimentally determined values of
n, A and Kj; The theoretical log7 against T
dependence describes the experimentally deter-
mined temperature dependence of log 7 when Z' =
4 % 107 is introduced into Equation 15b.

6. Discussion
The present investigation leads to the following

Figure 12 Comparison of experi-
mental data with theory of non-
i steady state kinetics of nucleation.
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5 Full line: N y—graph according to
Equations 16 and 18 [25].
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Figure 13 Temperature dependence of log/, and logr
over the whole investigated temperature interval. Curve 1
— log7 against T (in °C); black points experimental /-
data (in number of nuclei cm =2 min~'. Curve 2 — log r in
min against ¢ (in ° C); white points experimentally deter-
mined induction periods. 7} and T, are the liquidus and
vitrification temperatures respectively.

more or less general conclusions concerning the
kinetics of nucleation in our glass—ceramic enamel.

According to the arguments given in Section S,
the induction periods observed in the N¢,—¢ curves
can be treated as non-steady state time lags. This is
especially clearly seen in Fig. 12. The Mt)/fyr
against ¢/7 plot has proved already the non-steady
state crystallization kinetics of Li,O-28i0, from
its own melt (cf. [9]). It seems that the log/or
against 1/T°AT? plot has been used here for the
first time as a verification of the non-steady state
character of the crystallization process in the case
of crystallization from an undercooled melt. Con-
vincing evidence in this respect is given also by the
logn against 1/T and logr against 1/7T juxta-
position. Values of Z' similar to those found in the
present investigation (Z'~107%) were also
observed in the foregoing study of the transient
nucleation kinetics of NaPO; model glass {2, 5] as
well as in the crystallization Kkinetics of an
enstatite type glass—ceramic material [13].

No artificial nucleation agents in the form of
insoluble substrates, the so-called crystallization
cores were introduced into our model melt but
nevertheless an overall bulk crystallization with a
relatively high nucleus density was observed. Elec-
tron microscopic examinations gave no evidence
for the existence of any inhomogeneities in our
glass which could be interpreted as crystallization
cores formed prior to crystallization and, as stated

above, no crystalline phase other than Li, 0 25i0,
could be determined by X-ray diffraction or DTA.
Liquid phase separation prior to crystallization
was also excluded to a great extent (cf. Section 2)
and a value of ¢ ranging from 0.98 to 1 follows
from the comparison of Wy with Wy. Thus nucle-
ation is either homogeneous or heterogeneous on
unidentified, accidental, very small and very
inactive centres. The slight temperature depen-
dence of the number N, of crystallites in the satu-
rated region of our N,y curves can be satisfied by
both situations (cf. Section 4 and [28]). Never-
theless (as stated above) in our model melt a uni-
form bulk crystallization process with a very high
density of crystallites (N~ 10'"lcm™) s
achieved and nucleation rates are observed which
are approximately two orders of magnitude higher
than those found in [19] for the pure Li,0-28Si0,
melt (if we compare the maximal value of 7 in
both cases). This is still more surprising taking into
account that the viscosity i of our model melt is
about two orders of magnitude greater than the
viscosity of the pure Li, O+ 25i0, melt (see Section
2). Thus the enhanced nucleation of our melt
should be explained by a lowering of W, duetoa
decrease of the interfacial energy o (cf. Equation
7).

It is known that the surface energy at the
crystal-melt interface ¢ may be connected with
the value of surface energy at the vapour—melt
interface 0o by Gorskii’s rule [30}: 0 = aop where
in the case of low melting organic melts it has been
found that ¢~ 0.1. The value of g, for pure
Li,0-28i0, melt is approximately 3.2 to 3.3 x
10 cm™ [31]. As already stated, the addition of
MoQ; considerably decreases o of silicate melts
[32, 33] (e.g. it is known that 2mol%Mo0O,
decreases 0 of Na,0-8i0, melts from 2.8 to
2.0 x 10T em™ [33], i.e. by about 30%).

Rowlands and James [19] in their investigation
of the nucleation of Li,0-2Si0, from its own
melt have found from the In 7, against 1/TAT?
plot 6~ 2 x 1073 Jcm~2. A similar result (o0 ~ 1.8
to 2 x 1075 Jcm™?) has been obtained for Li,O-
28i0, by Kalinina et al. [10]. This value consider-
ably exceeds that obtained by us in the present
study (6~ 1x1075Jem™?). In spite of the fact
that both values of ¢ are not absolutely reliable, a
decrease in ¢ is observed, corresponding to the
tendency which can be expected accounting for
Gorskii’s rule. In our opinion this decrease in ¢
may explain the considerably higher nucleation
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rates as well as the increase in the number of
crystallites in our system.

This result elucidates the influence of some
oxides similar to MoO; (e.g. W03, V,0;, Cry0,,
etc.) in inducing the bulk crystallization of glass—
ceramic enamels. Our model melt indicates also
considerable possibilities for the modification of
nucleation kinetics by addition of small quantities
of surface active substances such as MoOj; in sili-
cate melts. The effect of surface active additives in
the kinetics of nucleation is well known and has
been investigated in detail in [35] where the lower-
ing of o has been discussed in terms of
Sziskowski’s equation, well known from the physi-
cal chemistry of surface active organic substances
and their action in aqueous solutions.

The results of the present investigation show
that non-steady state effects may be of decisive
importance in the interpretation of the crystalliza-
tion phenomena in such technical glass-forming
melts as glass—ceramic enamels, especially when
the viscosity of the system is over 10® to 10® dPa.
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