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We investigated the activation energy and activation
enthalpy for crystal growth (AGy, AH,) and viscous flow
(AG,, AH,) in a cordierite glass by using experimental
growth rates and viscosity data. We found that AGis
similar to AG,, in magnitude, however their temperature
dependences are not equal leading to different activation
enthalpies, AH, # AH,, This conclusion was confirmed
by an analysis of literature data for six other glasses.
The similarity of AGy and AG, indicates that bond
breaking and molecular reorientation required for crys-
tallisation is comparable to the atomic transport mecha-
nism involved in viscous flow. Hence, to a first
approximation, viscosity data may be used to estimate
crystal growth rates in glasses.

In most theoretical analyses of crystal growth kinetics
in undercooled melts it is assumed that molecular trans-
port through the crystal melt interface is determined
by the shear viscosity 7. Based on this assumption
the kinetic coefficient for molecular transport is sub-
stituted for the viscosity coefficient using the Stokes—
Einstein relation. However, it was noted that this
suggestion may not be correct due to the peculiar fea-
tures of the near interface layer.“-> Additionally, it was
shown®® that the activation enthalpies of crystal
growth and viscous flow are different for a number of
vitreous systems. To get further insight into this prob-
lem we determine and compare the activation param-
eters of crystal growth and viscous flow using
experimental data obtained with a cordierite glass and
literature data for several other stoichiometric glasses.

Theory

For stoichiometric glass compositions for which there
are no compositional changes on crystallisation (no
long range diffusion occurs) and in situations where
liberation of latent heat does not significantly alter the
crystal/melt interface temperature, interfacial rear-
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rangements are likely to control the crystal growth proc-
esses. In this case the attention of theoretical treatments
has been directed to the nature of the interface. The
three standard models used to describe the crystal growth
process in glasses are based on different views of the
nature of the crystal/liquid interface.”” These models
are: (i) the screw dislocation model; (ii) the normal or
continuous growth model; and (iii) the two dimensional
surface nucleation growth which are summarised in the
following paragraphs.

The screw dislocation growth model

The screw dislocation growth model views the inter-
face as smooth, but imperfect on an atomic scale, with
growth taking place at step sites provided by screw
dislocations intersecting the interface. The crystal
growth rate, Uis given by

oo 2]

v=v exp( “j M
. _AG
RT

where v is the frequency of atomic jumps at the inter-
face, v, the vibration frequency of the growth con-
trolling atoms, AG, the activation free energy for
diffusion across the interface, a the distance advanced
by the interface in a unit kinetic process (usually taken
as a molecular diameter), AG the motivating free en-
ergy per mole and R the gas constant. The fraction of
sites on the interface where atoms can preferentially be
added or removed, £, is given” by

_ aAH AT AT
drog1.V,, 2rT, (2)

m

where AH,, is the molar heat of melting, ¥, the molar
volume, o the specific edge surface energy of the crys-
tal, T, the thermodynamic melting point and AT
(AT=T,—T)1is the undercooling.
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Taking into account that

AGu=AH,~TAS,
AS=—3GJOT=(AH,—~AG)T 3)

where AHy and ASy, are the enthalpy and entropy of
activation, Equation (1) can be expressed by

+@j l-ex (—A—GJ
R PTRr) @

AH
U= fav,exp —Y
Jav, p( RT

or

In v =lnv, + ASy _ AH,

af[l—exp(—IAz—(;D R RT

Equation (4a) gives the typical ‘Arrhenius’ plots fre-
quently used to obtain activation enthalpies in limited
temperature ranges. In this paper we use this equation
and also another procedure which will be described in
a following section.

(4a)

Normal growth

In the framework of the normal growth model the in-
terface is pictured as rough on atomic scale and all
sites on the interface are assumed to be equivalent
growth sites (f~1). The growth rate is expressed by
Equation (1) with f=1.

The surface nucleation growth model

According to the surface nucleation growth model the
crystal/liquid interface is smooth on an atomic scale and
free of intersecting screw dislocations. Thus, crystal
growth can take place by (secondary) surface nucleation
and lateral spread of two-dimensional nuclei on the in-
terface. This mechanism is presumed to be relatively rare
for silicate glasses. The growth rate is expressed"” by

U=Cvexp(-B/TAG) (5)

where C and B depend on the time required for the
formation of the nucleus relative to that required for
its propagation across the interface.

Jackson's model for crystal growth. Jackson'*'Vhas pro-
posed a quite successful approach based on a consid-
eration of the interface morphology and on the entropy
of fusion, AS,,.. In his model, materials with small entro-
pies of fusion (AS,<2R), such as SiO, and GeO,, crys-
tallise with nonfaceted interface morphologies, exhibit
interface site factors which are independent of under-
cooling and kinetics of the form predicted by the nor-
mal growth model should be observed. In contrast,
materials with large entropies of fusion (AS,,>4R), such
as most oxide crystals, crystallise with faceted morpholo-
gies and exhibit interface site factors which increase with
undercooling. In that case two-dimensional surface nu-
cleation or screw dislocation growth should be observed.

In this paper we use Jackson's approach to infer the
probable mechanism of crystal growth of the different
glasses and then we apply the most appropriate equa-

92 Physics and Chemistry of Glasses Vol. 39 No. 2 April 1998

tion to estimate the activation free energy and enthalpy
of crystal growth.

Viscous flow

The temperature dependence of viscosity for most
glasses is best described by a Vogel-Fulcher type ex-
pression which predicts a variable activation energy.
That fact is explained by the temperature dependence
of glass structure. However, in limited temperature
ranges, the viscosity of typical oxide glass formers such
as Si0, and GeO, with additions of alkali modifiers,
R,0 can be approximated by an equation of the form?

n——RT T,ex AG,
NP R

AG,=AH,~TAS,, AS,=—0AG,/oT (6)

where 7,15 a characteristic time of the order of the pe-
riod of atomic vibration, / has a value of the order of
the Si—O bond length, AG,, AH, and AS, are the acti-
vation free energy, enthalpy and entropy of viscous flow,
respectively, and N, is Avogadro's number. Note that
Equation (6) is analogous to the equation derived by
Frenkel"® for the viscosity of a liquid. Equation (6)
may also be written

RTT AS.  AH
—11’1(7]/ T) = —ln[ 13N 0 } + ‘Rn — RTT'] (62)
A

Hence, from plots of In(n/T) vs 1/T one can esti-
mate an average activation enthalpy for viscous flow
in selected temperature intervals.

Experimental

Crystal growth in a cordierite glass

The cordierite glass used in this work had 52-3Si0,,
33-2A1,0; and 14-6MgO (wt%). This almost stoichio-
metric glass (51:3510,.34-9A1,05.13-8MgO (wt%) is the
stoichiometric composition) was supplied by Schott
Glaswerke, Germany with code GM30870. Specimens
with mechanically polished surfaces were prepared us-
ing SiC and CeO,. The crystal growth rates of three
different crystal morphologies were determined by heat
treating the specimens isothermally in an electric fur-
nace for predetermined times between 820 and 920°C
(T=800°C).

A detailed investigation of crystal morphologies by
x-ray diffraction, infrared and Raman microprobe spec-
tra"? demonstrated that, depending on the thermal
treatment conditions, four different crystal morpholo-
gies can be observed at the surface of that cordierite
glass: (i) Lozenges, denominated X-phase, which is be-
lieved to be a Mg petalite like phase;'*'® (i) Regular
and eclongated hexagons which aggregate to form a
compact fully crystallised surface layer with prolonged
heat treatment. These crystals belong to the p-cordierite
phase;"' (iii) Spherical crystals which occur on fully
crystallised surfaces and grow at the expense of the
hexagons. These crystals constitute the o-cordierite
phase;"” 9 (iv) Square shaped crystals which appear
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for high temperature treatments (~1370°C) and also be-
long to the a-cordierite phase." In this paper the com-
parative analysis of growth rates will be restricted only
to morphologies (i), (ii) and (iii).

In order to measure the growth rates of the type (i)
crystals (X-phase) the treated samples were etched with
1 vol% HF solution and observed under reflected light
in a Nikon optical microscope equipped with an
OPTOMAX-V image analyser. Plots of the largest
crystal diagonal versus time were constructed for sev-
eral temperatures.

The thickness of the crystal layer (type (ii) crystals or
p-cordierite) and the radius of the largest spherical crys-
tals (type (iil) crystals or o-cordierite) were determined
by means of a Jenaval Carl Zeiss/Jena optical microscope
The crystal growth rates were obtained by constructing
plots similar to those of X-phase crystals.

Viscosity

The experimental viscosity data of the GM30870 glass,
determined by the beam bending method at Schott
Glaswerke between 800 and 900°C, were fitted to a
Vogel-Fulcher-Tamann (VFT) equation, giving

log,on=—7-83+9488-5/(T-323-4) @)
where 7 is given in Pas and T'in °C.

Results

Crystal growth and viscosity of the cordierite glass
Table 1 shows several kinetic parameters for the
GM30870 glass: the growth rates of the lozenge (X-
phase) crystals, U, the thickness of the p-cordierite
crystallised layer, U,, and of the spherical crystals
(a-cordierite), U, , grown within a compact layer of
p-cordierite **

Table 1 also shows the extrapolated viscosity val-
ues (using Equation (7)) to the temperature range at
which the crystal growth rates were measured.

The thermodynamic driving force for crystallisation

For a single component system at a temperature T
below the melting point, T, the motivating free en-
ergy per mole, AG, is given by

AH,, A L AC,
AG= —T—m(Tm -7)-[ " AC T+ 7] 2T ()

where AC, is the difference in specific heats between
the crystalline (C¥ ) and liquid (C} ) phases (AC,=C§-
C, <0) at constant pressure at a temperature 7.

The thermodynamic driving force for glass—crystal
transformation, AG is available for some glasses. How-
ever, it has not been obtained experimentally for the X-
phase because this phase (as well as the p-cordierite
crystals) is metastable."” Consequently the specific heats
C, and C¥, the latent heats of melting, AH,, and melt-
ing points, 7', are unknown. Thus, some approxima-
tions for the values of AH,,, T,, and AC,were required
to obtain AG.

** In the following paragraphs, the comparison of AG,, AH, and AG,,
AH is not concerned with a-cordierite crystals because they grow at the ex-
pense of the p-cordierite crystals.
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Table 1. Growth rates and viscosity of the GM30870

cordierite glass

T U, U, Uy logm
°C) [10mis]  [10"mis] [10"miIs] [Pas]
819 - - 0-005 113
839 - - 005 106
860 1-75 27 - 9-8
870 - - 05 9:5
880 97 92 - 92
890 - - 14 89
900 29-2 256 - 86
910 378 499 3-8 83
920 745 536 66 81

A value of AH,,=80 kJ/mol was obtained by Miiller®”
for the metastable p-cordierite phase while Robie et a/®?
reported that AH ;=345 kJ/mol and T,,=1740 K for the
stable a-cordierite phase. As there is no data for the X-
phase we used an estimate of C}, obtained by Sestak®
based on the Mg petalite formula (MgAl,SizO,0) which
is presumed to be close to the X-phase®”

CX=529-78+0-30139T—13-13566X 10° 7" 9)

where C, is given in [J/mol K].
The specific heats of cordierite liquid and glass,
C, and C§ were reported by Richet & Bottinga™)

C,=874-406+0-047168T (10)

CE=582-082+0-14369 T—1-4584x107 T2 (1)

To finalise, an expression for the specific heat of the
stable a-cordierite crystal is given by Robie et a/®*

C,'=821-34+4-3339x10727-5000-37-°*-8-2112x 10°T"*
(12)

Equation (12) was also used for the specific heat of
p-cordierite phase.

There is no previous reference to the X-phase melt-
ing temperature, T3%. However, specimens heated for a
few minutes at ~1623 K still had X-phase crystals. Since
one cannot heat the glass for long times, because full
crystallisation precludes observation of the X-phase
crystals, we took this temperature (1623 K) as a lower
bound for T,. Then, due to these uncertainties in the
thermodynamic quantities, AG was evaluated using
Equation (8) with AH,=180 kJ/mol, Tx =1623 K and
AC,=C¥-Ch,Equations (12) and (10), respectively).

There is, in fact, no simple way to calculate or meas-
ure the heat of fusion AH, for the X-phase, simply
because we could not devise a way to crystallise a glass
with a significant amount of only that single phase.
For severe heat treatments other phases appear. On the
other hand for a large number of complex, ternary sili-
cate minerals, AH,, vary from 128 to 345 kJ/mol: for in-
stance, it is 128-138 kJ/mol for diopside; 135 kJ/mol
for anorthite; 243 kJ/mol for pyrope, 170-190 kJ/mol for
p-cordierite and 345 kJ/mol for a-cordierite. Thus, the
value of AH,,=180 kJ/mol used in this work for X-phase
can be taken as an average value for complex silicates

The values of C}are also uncertain since they were
estimated using Thermocalc software. However, the AG
values calculated with C} are bracketed by those esti-
mated using the Hoffman approximation and by using
AC,=0; the usual limits for AG. Hence, the use of the
calculated C; was justified ‘a posteriori’.
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Figure 1. Activation free energies and enthalpies for crystal growth
and viscous flow of cordierite glass vs temperature (u and X
correspond to u-cordierite and X-phase, respectively

Due to these numerous uncertainties, caused by the
very complex crystallisation behaviour and scarcity of
thermodynamic data for cordierite, we also determined
the activation energies and enthalpies for other, sim-
pler, glasses for which reliable thermodynamic, viscos-
ity and crystal growth data were available.

Determination of the activation parameters

All three crystalline phases of the cordierite glass (o
and p-cordierite, and x-phase) present a faceted in-
terface morphology. Additionally, they have a very large
entropy of melting (AS,,;>>2 R). Using Jackson's crite-
ria®"™" associated to the fact that the 2D-secondary mu-
cleation mechanism is rarely observed for silicates, we
suppose that the screw dislocation mechanism of crystal
growth should be most appropriate for the three phases.

The activation free energies AGy(7) and AG,(T),
which largely determine the values U and 7, were ob-
tained from Equations (1) and (6), respectively. The
experimental values of crystal growth rates U and vis-
cosity 7, together with 7,=10™ g v=10" 5", [=2x107

cm and a=9-34x10-8cm for a-cordierite and a=5-34 A
for p-cordierite and X-phase were used in the calcula-
tions. The temperature dependence of AG(T), AG,(T)
are shown in Figure 1 and listed in Table 2.

Activation enthalpies AHyand AH, were calculated
by Equations (3) and (6) using the values of AGy, ASy
and AG,, AS,. Such plots are shown in Figure 1. It is
also possible to estimate activation enthalpies from
‘Arrhenius’plots, Figure 2: In [ Ulaf{1—exp(—AG/RT))} and
In(n/T) versus 1/7, see Equations {(4a) and (6a). The ap-
proximate values obtained in this way were close to those
of the previous procedure. Plots of AG in Figure 2 are
not linear but instead have a positive curvature which
decreases with temperature. Thus, it is evident that the
activation enthalpies vary with temperature

Comparison of theoretical and experimental crystal
growth rates

The calculation of crystal growth rates using the vis-
cosity coefficient is based on the assumption that the
activation free energies for the crystal growth and
viscous flow are equal. Then, it is possible to replace
the kinetic term in Equation (1) by the reciprocal of
viscosity, Equation (6) to give

AT kT AG)
a——|1-exp| ———
27T, I’n RT

The comparison of calculated and experimental
growth rates, in fact, is similar to that performed in the
previous paragraph for the activation energies AGy and
AG,, however, it is more illustrative. Figure 3 presents
the results of crystal growth rate calculations for X-
phase and p-cordierite using Equation (13) together
with the experimental values. In doing these calcula-
tions the experimental values of 77 and AG, obtained
from Equations (8), (10) and 12, with a=5-344x10"®
cm, /=2x10%cm were used.

In the temperature interval under study the experimen-
tal values of crystal growth rates are moderately higher
than theoretical predictions. The ratio U/ Upeor varies
with 7 but it is not more than 4 for the X-phase and 35
for u-cordierite in the temperature range studied.

U= (13)

Generalisation for other glasses

Due to the uncertainties in the thermodynamic pa-
rameters of cordierite and also to verify if the experi-

Table 2 Activation parameters for growth and viscous flow in cordierite glass GM 30870

AH,, Tn T AG, 4H, 48, AG, AH, 8,
(kJimol) (K) (°Cj (kJimol) (kdimol) {JimolK) (kJImol) (kJlmol) (Jimol K)
o-cordierite 45 1740 860 270 968 616
880 258 778 451
900 252 595 293
910 251 506 215
920 246 418 144
p-cordierite 190 1740 860 261 792 469 294 817 461
880 254 662 354 285 787 437
900 248 536 245 277 761 413
910 243 474 195 273 748 402
920 244 414 142 269 732 388
X-phase 180 1623 819 308 1114 738 315 886 523
839 292 968 608 305 854 494
870 278 752 414 290 803 450
890 272 618 297 281 775 424
910 267 489 188 273 747 400
920 263 426 137 269 732 388
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mental results obtained for that glass could be general-
ised, literature data on the growth rate, viscosity and
thermodynamic parameters for other six stoichiomet-
ric glasses were selected from the literature. Table 3
shows several parameters used to obtain AG and 7 for
the analysed glasses.

For all compositions, with the exception of the
Na,0.35i0, glass, crystal growth and viscosity data
were obtained from the same melt conferring a great
reliability to the calculations contrary to the common
practice of comparing data from distinct references.
The thermodynamic driving force, AG was also cal-
culated for these glasses. Similarly to the analysis
carried out for the cordierite glass, the activation pa-
rameters for viscous flow and crystal growth, AG,,
AH, AS, and AGy, AH, and ASy, were estimated. Fig-
ure 4 shows AG,, AH, and AGy, AHyas a function of
reduced temperature T,=T/T,, (T and T,, are given in
K) for all compositions studied.

Discussion

Cordierite glass
The screw dislocation growth mechanism has been
suggested for p-cordierite by Hiibert er al.® Yuritsin
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Figure 3. Experimental and calculated, Equation (13), growth rate;
(a) X-phase and (b) u-cordierite as a function of temperature
A theory V experiment

et al'® have measured the growth rates of the X-phase
in cordierite; however, they did not propose a growth
model. No information was found about the growth
kinetics of the spherical crystals of o-cordierite. Hence,
based on Jackson's criteria and on the observed (fac-
eted) interface morphologies, we assumed the screw
dislocation as the most probable governing mechanism
of crystal growth for these three phases of cordierite.

It is interesting to note that U,=U, (Table 1), while
in the case of crystals grown in the specimen volume
(nucleation catalysed by TiO,) U,<<U,.”” Thus the
transition of p-cordierite to c-cordierite (as in the
present case) proceeds more easily than the transfor-
mation of glass to o-cordierite. Miiller also made
similar observations for a-cordierite crystals grown
within a compact surface layer of p-cordierite perpen-
dicular to the sample surfaces.“”

The values of the activation free-energies [AG,(T)
and AG,(T)] listed in Table 2 and plotted in Figure 1 are
quite similar. It should be stressed that the uncertainty
in the values of v,, T, and /, in Equations (1) and (6),
may introduce errors of up to 10% in the activation
free energies. However, these errors do not affect the
temperature dependence of these free energies.

Table 3. Literature data for thermodynamic parameters and viscosity for six stoichiometric glass forming compositions:

(i) logiem. (ii) AC,

Glass 4H

T

m - (i) logn=A+B/(T-T,) (Pas) (ii) AC,=a+bt+¢/T?

(Jimol) (K) A B T,(K) a bx1(# ex10”
NS, Na,0.28i0;. Data from Refs 27 & 28 35581 1147 —2-55 3889 437 48-01 —689 -37-8
NSi: Na;0.38i0,. Data from Refs 27 & 29 36050 1084 -1-20 2712 563 3223 -73:3 -15-24
LS, Li;0.25i0,. Data from Refs 26, 27 & 30 57300 1307 -1-44 3370 460 (*) ™) (*)
L82%: 1L,0.25i0;. Data from Refs 26, 27 & 31 -7-52 6259 406 * * ™)
NC,;Ss: Na,0.2Ca0.38i0,. Data from Refs 27 & 32 87900 1564 —4-86 4893 547 71-41 -103-3 -56-97
N;C8;: 2Na,0,Ca0.38i0,. Data from Refs 27, 33 & 34 64883 1448 -894 5376 485 71-41 -103-3 5655
PbB,: PbO.2B,0;. Data from Refs 35-37 131859 1047 -194 1036 707 1936 —-346-2 -
(*) Experimental AG data from Ref. 26
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In contrast to the activation free energies, activation
enthalpies for crystal growth, AH,=AG—TdAGy/dT, and
viscous flow, AH,=AG,—TIAG, /0T, exhibit considerable
differences (Figure 1) which result from the different
temperature dependencies of AGy and AG,:
—ASy=0AG/dT#IAG [0T=-AS, (see Table 2). Slight
differences in ASy and AS;, cause appreciable differences
in TASy and TAS,, Equations (3) and (6), and in the
corresponding activation enthalpies.

When replacing the effective diffusion coefficient by
the viscosity coefficient in the equation for crystal
growth, one assumes that activation free energies of
the two processes are comparable. Indeed, the results
of Figure 3 and Table 2 demonstrate the similarity of
these two quantities. The parallelism of AGy and AG,
indicates that molecular reorientation or bond-break-
ing required for crystallisation is similar to the proc-
esses involved in viscous flow,“" however, AH#AH,,.

The fact that AH #AH, is an important finding
which explains why several authors (erroneously) con-
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that, according to Eyring's theory“? the activation free
energy, not the activation enthalpy, determines the rate
processes. Despite the small values of activation en-
tropy, AS, the term 7AS compensate the large values
of AH. Therefore, if the inaccuracy in the various pa-
rameters used in the calculations and the limitations
of the models are taken into account, one concludes
that the observed differences of 2-34 times between
the calculated and experimental growth rates of
cordierite phases are not very high.

Other glasses

Figure 4 presents the activation energies AGy, AG, and
enthalpies AHy, AH, as a function of reduced tempera-
ture for six other glasses. The activation enthalpies for
crystal growth, AHy, do not vary much, within the lim-
its of experimental error, in the temperature interval un-
der study, except for glasses Na,0.2Ca0.3Si0, and
Na,0.38i0,. The values of activation free energies are
close for the six glasses, as observed for the cordierite
glass. The growth kinetics of Na,0.2Si0O,crystals are not
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Figure 2. In(m/T) and Inf Ulaf (1-exp(-AGIRT) )] as a function of
reverse temperature for a cordierite glass

mental results obtained for that glass could be general-
ised, literature data on the growth rate, viscosity and
thermodynamic parameters for other six stoichiomet-
ric glasses were selected from the literature. Table 3
shows several parameters used to obtain AG and 7 for
the analysed glasses.

For all compositions, with the exception of the
Na,0.3510, glass, crystal growth and viscosity data
were obtained from the same melt conferring a great
reliability to the calculations contrary to the common
practice of comparing data from distinct references.
The thermodynamic driving force, AG was also cal-
culated for these glasses. Similarly to the analysis
carried out for the cordierite glass, the activation pa-
rameters for viscous flow and crystal growth, AG,,
AH, AS, and AGy, AH, and ASy; were estimated. Fig-
ure 4 shows AG,, AH, and AGy, AHy as a function of
reduced temperature 7,=7/T,, (T and T, are given in
K) for all compositions studied.

Discussion

Cordierite glass
The screw dislocation growth mechanism has been
suggested for p-cordierite by Hiibert er al.®® Yuritsin
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6x10° |- 7
5x10%

4x10°% |-
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Figure 3. Experimental and calculated, Equation (13), growth rate:
(a) X-phase and (b) u-cordierite as a function of temperature
A theory V experiment

et al™ have measured the growth rates of the X-phase
in cordierite; however, they did not propose a growth
model. No information was found about the growth
kinetics of the spherical crystals of o-cordierite. Hence,
based on Jackson's criteria and on the observed (fac-
eted) interface morphologies, we assumed the screw
dislocation as the most probable governing mechanism
of crystal growth for these three phases of cordierite.

It is interesting to note that U,=U, (Table 1), while
in the case of crystals grown in the specimen volume
(nucleation catalysed by TiO,) U,<<U,.®® Thus, the
transition of p-cordierite to a-cordierite (as in the
present case) proceeds more easily than the transfor-
mation of glass to oa-cordierite. Miiller also made
similar observations for a-cordierite crystals grown
within a compact surface layer of p-cordierite perpen-
dicular to the sample surfaces “”

The values of the activation free-energies [AG,(T)
and AG,(T)]listed in Table 2 and plotted in Figure 1 are
quite similar. It should be stressed that the uncertainty
in the values of v,, 7, and /, in Equations (1) and (6),
may introduce errors of up to 10% in the activation
free energies. However, these errors do not affect the
temperature dependence of these free energies.

Table 3. Literature data for thermodynamic parameters and viscosity for six stoichiometric glass forming compositions:

(i) logom, (ii) AC,

Glass AH,, T, (i) logn=A+B/(T-Ty) ( Pas) (ii) AC,=a+bt+c/T?

(Jimol) (K) A B T.(K) a bx1(P cx107
NS;: Na,0.2Si0,. Data from Refs 27 & 28 35581 1147 -2:55 3889 437 48-01 —689 -37-8
NS;: Na,0.38i0,. Data from Refs 27 & 29 36050 1084 -1-20 2712 563 32-23 -73-3 -15-24
LS, Li,0.28i0,. Data from Refs 26, 27 & 30 57300 1307 —-1-44 3370 460 *) *) ™
LS2": Li,0.28i0,. Data from Refs 26, 27 & 31 -7-52 6259 406 *) *) *)
NC;S;: Na,0.2Ca0.38i0,. Data from Refs 27 & 32 87900 1564 -4-86 4893 547 71-41 -103-3 -56-97
N;CS;: 2Na,0.Ca0.38i0,. Data from Refs 27, 33 & 34 64883 1448 -8:94 5376 485 71-41 -103-3 —56-55
PbB,: PbO.2B,0;. Data from Refs 35-37 131859 1047 -1-94 1036 707 193-6 —346-2 -
(*) Experimental AG data from Ref, 26
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well described by any standard model.V In a simulated
calculation, assuming normal growth of Na,0.2S5i0,
crystals, the values of AG, approximate to those of AG,,
i.e. AG/AGy=1-1. Close agreement between all activa-
tion parameters is exhibited by the Na,0.3Si0, glass.

Therefore, our calculations based on our own ex-
periments with cordierite as well as on literature data
for six other glasses, indicate that the magnitudes of
the activation free energies of crystal growth and vis-
cous flow are fairly close: AG,=AH,-TAS,=
AGy=AH_—TASy. On the other hand, in general, the
activation enthalpies and entropies of crystal growth
and of viscous flow show distinct temperature depend-
encies. Hence, the high values of activation enthalpies
are compensated by the term TAS so that AGy=AG,,

A similar conclusion was reached” for AG, and the
free energy of activation of molecular displacement from
a glass to a nucleus of critical size, AG,, calculated from
the time lag of nucleation. However, it should be kept in
mind that the interfaces of small crystals of critical size
are probably more diffuse than those of micron size crys-
tals dealt with in crystal growth determinations.“?

Conclusions

Based on our data for a cordierite glass and on litera-
ture data for six other glasses, we demonstrated that
the values of the activation free energies for crystal
growth are close to those for viscous flow. However,
in general, the values of the activation enthalpies and
entropies for these processes are different. The similar-
ity of AGy and AG,, suggests that the molecular
reorientation or bond breaking required for crystal-
lisation is not identical but is similar to the mass
transport mechanisms involved in viscous flow. Thus,
in a first approximation, viscosity data may be used
to estimate crystal growth rates in silicate glasses.
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