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FROM GLASS TO GLASS CERAMICS VIA PHASE TRANSFORMATIONS
Edpar Dutra Zanotto
DEMa - UFSCar

11560 - Sao Carlos-SP

ARSTRACT

By means of classical nucleation theory and published kinetic (viscosity)
and thermodynamic data, calculations were carried out for transient times, T,
steady state nueleation rates, 17, temperatures of maximum nucleation rates,
qu\. and critical nuelei size [or 12 glass forming systems. Two distinct re

vions were fouml: For low values of Tp (Tg/Tf < 0.58) the temperatures of maxi

wmum nucication rates are at or hipgher than Tg and the transient times are short,

ol Te (Tp/Ti n, 72k, Tm : < 1p and transient times are very long. This could ex
A%

plain the lack ol observable homogeneous nucleation in the latter systems if

1" and the prowth rates are reasonable. Albite and 5203, which are extremely dif

10
years).

ficult to crystallize, show the lonpest induction periods (1 < T < 10
For intermediate values of Tg (0,59 < Tg/Tl - 0.66) Tmax lie either above or
below 1o and transient times varvy from hours to years. There is no defined trend
for the magnitude of the 0stimatod.nuclpation rates with increasing Tg. The cri
tical nuclei size at Tm - correspond to 6-60 unit cells. The present calculations
Mlow one 1o predict vhether a piven svstem 18 apropriatte for glass ceramic

formatron.
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INTRODUCTION

Glass ceramics are polycrystaline materials obtained by the controlled crys

tallization of certain glasses which have inusual microstrutures (are pore-free
and have extremaly small grains uniformely dispersed within the matrix phase)and
properties. These products show increasingly expanding applications in high-
tech industries. To sinthesize glass-ceramics, however, one has to induce crystal
nucleation in the bulk of the specimen and to minimize surface nucleation. This
can only be acomphished through the understanding and control of the crystalli
zation kinetics of glassy materials.

Basic research on phase transformation kinetics in glasses at Federal Uni
versity of S3o Carlos initially concentrated on phase separation kinetics and
its effects on crystal nucleation and growth il-B'. Concurrently, experimental
tests were carried out for both Classical Nucleation Theory (CNT) and Johnson-
Mehl-Avrami Theory |9-12‘. More recently, considerable attention is being devoted
to the study of surface nucleation |13].

In a recent publication |14] the present author addresscd the problem of in

ternal (homogeneous) versus surface (heterogeneous) nucleation in oxide glasses.
By comparing calculated and experimetal data it was demonstrated that bath CNT
and ART (Adiabatic Nucleation Theory), recently developed by Meyer |13/, predict
very well the temperaturesof maximum nucleation rates, Tmax' It was also shown
that Tg/Tf < 0.58 and Tmax > Tg for systems which show homogeneous nucleation and
vice versa. It was postulated that glass systems with Tmax < Tg show only surfa
ce nucleation due to long induction times to establish steady state homogeneous
nucleation.

Although the above mentioned findings are interesting per se, further ques
tlons remaln as no quantitative predictions and corresponding experimentai eviden
ce for transient times were presented in ilhf, as pointed out by Mevyer [lb].
Criteria to experimentally observe homogeneous nucleation, i.e. for homogeneous
nucleation to be dominant over heterogenous nucleation will be assumed to be: i)
The steady state homogeneous nucleation frequency must be sufficientlv high (1°
> 10° m™3 S_I); ii) The transient times T must be reasonably short (T < few days)
in the temperature range (ATn) where 1° is detectable and; iii a) The crystal
growth rates, U, at Tn must be high encugh as to allow growth of nuclei to me-~sy
rable sizes, or, b) U is small but there is a range of higher temperatureswhere
additionzl growth leads to observable crvstals. A two step heat treatment would
be necessary in this case.

In this article, steady state nucleation rates and transient times are cal
culated by CNT and by the Kashchiev }l?i equation, respectively. Fortunately, re
cent computer simulations |lB,19| demonstrated that excellent estimates for T can

be obtained by Kashchiev's expression. lt should be stressed, however, that the

predicted values for I (hy CNT) will be many orders of magnitude lower than the
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actual values |9,14] but the predicted temperature dependence will be good.There
fore, emphasis will be placed in the location of Tmax as well as on the magnitude
of the induction periods.

The main objective of this paper is to demonstrate that the lack of obser
vable homongeneous nucleation in glasses for which the predicted value of T:

max

is low, i.r. T “© Tg, is due to slow molecular rearrangement and long induction
max

periods to initiate nucleation below Tg.
THEORY

Steady Statec Nucleation

The Classical Nucleation Theory relates the steady-state nucleation frequen
ey (I7) to the thermodvnamic (W*) and kinetic (AGD) molar free energy barriers

by the expression:
; I

CAG + W*)
I3 0 D
| E r‘?\'||l— S

£ | (1)

where NV is the total number of unit cells of the nucleating phase per unit volu
me of liquid, " the vibration frequency, R is the gas constant and T the absolute
temperature.

Assuming that the molecular rearrangement for crystal nucleation can be

described by an effective diffusion coefficient, D = Az v exp(*ﬂGD/RT), and using

the Stokes Finstein expression, D o= kT/3m an, one has
N kT
[§]
1 T axp(=W*/RT) (2)
Wit a o
[}
whore ", © has the mapnitude of the molecular diameter and n is the viscosity

coefficient. This equation has been shown to give a good description of the tem

perature dependence of the nucleation rates although the absolute values predic
(e} K .

ted for T arc many orders of magnitude smaller than the experimental values

[a,14].

Transient Nucleation

The steadv state nucleation rate in a supercooled liquid is not achieved im
mediately at a piven temperature, but onlv after the elapse of a certain period
of time required to create an equilibrium size distribution of crystalline em
bryos. A pood analytical solution to the Zel dovich-Frenkel |20l equation has

been proposed Ly Kashehiev [17]:

i o
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where B* = - (__——Eﬂ—> , AG being the Gibbs free energy required to form
on n* S

a cluster of n formula units (n* refers to the critical nucleous); S* is the sur
face area of the critical nucleus and I is the number of formula units that join
the critical nucleus per unit time per unit area and is given by

kT - AG

T = = exp(

hA~ RT

D,

James |21] rearranged Eqs. (3) and (4) to give:

2
7=lohio < exp(AG_/RT) (5)
2.2 D
n° AG

where AG is the free energy difference between liquid and crystal. Assuming once
more the Stokes-Einstein Equation:
TR
A
2

nAG

where NA is Avogadro's number.

Experimental evidence for the non-steady state character of crystal nuclea
tion in supercooled liquids was provided by Gutsow in 1966 |22|. Other studies
were carried out by James in 1974 IZl[ and Kalinina, et. al. in 1977 !23!. For a
good review on the subject the reader is referred to |22|.

A specially important publication appeared in 1983 |18! based on a simula
tion of cluster popul ations and their evolution with time. An exact solution of
the set of coupled differential equations, which describe the evolution of the
cluster populations with time, was obtained and used to test a numerical simula
tion technique. The authors have shown that the "development" heat treatment,
often used in nucleation experiments, leads to observed time lags greater, typi
cally 2-5 times, than the real transient times at nucleation temperatures. The
effective time lag in transient nucleation shows an Arrhenian behavior with an
activation energy somewhat less than that for atomic mobility given as an input
parameter. The presence of preexisting clusters, inherited from cooling down
from higher temperatures, slightly shortens the effective time lag. The analysis
of Kashchiev |17] was shown to yield a good experience for transient nucleation.

In a more recent publication Volterra and Cooper |19| carried out numerical
simulations based on slightly different assumptions and, in agreement with }ISL
concluded that the Kashchiev solution is adequate for calculations of transient
times at a fixed undercooling.

It should, therefore, be stressed that Kashchiev's Eq. (3) has becn demons
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trated to be correct and thus will be used to estimate the tramsient times in

this article.
Calculations

Upper and lower bounds for the temperatures of maximum nucleation rates,
transient times and critical nuclei radius can be obtained by using two different
expressions for the thermodynamic driving force, 4G, and by allowing the Turnbull

ratio, «, to vary from 0,33 te 0,50 in Eqs. (2) and (6) to give:

3 2
= 8® kT 16m x 0.57x ﬂHf Tf
1, = 3 exp(- ) 1) (7)
: 3niTn 3RT (Tf - T)
5 4 x 0,33 x an_ 1.2 (1, + T2
0 N"kT ) St o f
1 , 3 expf(- 3 3 ) (8)
3nA n 3RT (Tf - T)
48 % G335 20w Y3 5 2
fiong 2/3 A o —fT) R e
mAH_ WV ? f
f m

17« D509 ) NA5/3 i g e 1)

T =% {
u L 2/3 e T (Tf =k )
f m

}Zn (10)

o
where » = 3A, Ym is the molar volume,t T. is the melting temperature and AU( is

r

the molar heat of melting.
*

The eritical nuclei radius, II , were calculated by
R* =2y 0.33v Y37 pr o) ()
m it f
and
. 1/3

R* = 2 x 0.50 v T (T, + T)/(T (T, - T)) ' (12)
m f °f f

Therefore, in order to estimate the bounds for Tmax (from 1% vs T curves),
*
T and K .the following parameters are necessary: the temperature dependence of

viscosity (r), the melting enthalpy of the crvstalline phase (AHf) and the melting

temperature 7T ).
RESULTS
Table 1 shows the thermodynamic and kinetic (viscositv) data used here.

Table 11 shows both lower and upper bounds for T and I for 12 plass-forming
max max

systems. The plass transition region was taken as the temperature range where
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Table 1. Thermodynamic and kinetic (viscosity) data for several glass forming

systems. ‘
________________________________________________________________________ 1
TF(K) AHE(J/mol) A B To
NG, S, 1564 87900 -4.86 4893 547
st 1307 57300 1.81 1347 595
BS, 1693 37000 1.83 1702 795 i
G 1387 15100 -9.94 17962 0
-6.80 16393 0
CAS, 1826 135500 -5.85 6750 738
e (1)
NS, 1147 35500 ~0. 6t 2315 541
s 45190
Ly 926 61700 -4.10 2000 462
P 853 21760 -4_87 9071 0
27200
PS 1037 34000 o—mmmmmmmmmmmm——— oo (2) ;
60420
5 1996 15000 -13.51 37157 0
- 6.88 27115 0
NAS, 1380 55000 - 8.50 21338 0 |
B 723 22600 - 5.02 3665 337 A
Logl: ' = A + B/ (T - TO), (Fa.s)
a
(1 Log(t 1 = 12-54200/T + 61000000/T"

(2) Log(n) = 10-28100/T + 190DOOOO/T2

For simplicity the following notation is used:

1) chs] = Na20.2C302.3SiU2; 2) Ls2 = Lizo.zsiojg 3) UFz B BaU.ZSiUZ
4) G = Geb,; 5) c:\s2 = Ca0.A1,C,.2510,; 6) N5, 0.2510,:
- - 2 - - -
7) Ly = Li:o.P205; 8) P = 9205; a) PS = Pbo.siozg 10) & = 5102;
el NAS = Ka,0.A ip.: 12 s
B 20-A1,0,.65iC,: 12) B = B0,




B S

i i S BT s T

67

Table 11. Results for temperature (Tmaxl and magnitude of maximum nucleation

rates (I )
max

From Equation 7 From Equation &
*

Tg/Tf Tmax/'ff Log(lmax) Tmax/'ff LOg(Imax)
NC253 53~-.55 sl -28 61 =3
LSZ 56-.57 .55 -19 61 +3
BS2 .57-.58 w29 + 3 .65 +16
G .59-.62 .59 +13 .70 +20
L.63-.66 .58 +12 .69 +19
CAS, L61-.62 05 =59 .62 -18
& .62-.63 .52 -54 .62 -19
NS2 «63-.,65 .60 =13 .66 +7
59 =27 .66 +2
P .63-.67 .50 -2 .63 +9
.48 -8 .61 +5
LP .63-.64 .59 7 -56 .65 -16
Ps 65—, 67 .58 =17 .67 +4
.54 =42 .64 -12
s 2= 06 .63 +13 Tis) +10
T3-.76 .65 FileZ & # ] o
NAS{\ L 753-.79 W49 -20 .62 <2
B Jo-.78 64 -28 70 =9

i (-7 s=1)
max
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1011 <mn< 1012 Pa.s.

Figure 1 shows the reduced temperatures of maximum nucleation as a function
of the reduced glass transition temperature (range). The geometrical figures re
present the most probable location for the calculated upper and lower limits of
TmaX/Tf. The use of viscosity and heats of melting from different sources,availa

ble in the literature for some svstems, has lead to the areas of highest probabi

lity (geometrical figures). When single values of AHf and Fulcher parameters
were employed, horizontal linmes resulted for both upper and lower Tmax'
The experimental points for glasses which nucleate homogeneously (NC253,

LSZ’ BS?) are close to the lower calculated bounds for Tmax' Other general obser
vations can be made: First, all oxide glasses which show copious homogeneous nu

cleation have low values of Tg/Tf (0.58 or less), as pointed out by James |24|,
and both predicted and experimental Tmax lie close to or above Tg. ln the inter
mediate repion (0.59 < Tg/Tf < 0.67) the upper limits lie at or above Tg and vi

ce versa. Glasses G, CAS P, LP and NS, belong to this region. Third, for glas

90

ses with high Tg, Tg/Tf > 0.72 (PS, S, NAS, and B), both limits of Tmax are be

6
low Tg and reportedly these glasses nucleate heterogeneously. This figure is an
expanded, improved version of Fig. 3 in reference Il&l and allowed the determina
tion of the intermediate region for Tg/Tf, although the main features presented

in I]&] are still preserved.

:
E
;

(TR,
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HOMOGENEOUS
NUCLEATION

HETEROGENEOQOUS
NUCLEATION

L B -
1 1

Upper and bounds for calculated values of reduced temperature of lower
maximum nucleation frequency, Tmax/Tf versus reduced glass transition

temperature interval Tg/Tf (lines and geometrical figures).
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Figure 2 compares experimental and calculated induction periods for L5, and
NCZS3 glasses. The calculated curves were obtained through Egs. (9) and (105 and
are close to the experimental points. The temperature dependence, however, are
different and lead to overestimates below Tg and vice versa. The agreement at Tg
is excellent for LSZ'

Figure 3 shows the calculated values of Log (1) as a function of TE/T (inver
ted reduced temperatures), in the temperature range were homogenecus nucleation
is expected to occur, i.e. between the calculated limits of Tmax.*** The values
of Tg/Tf increase in order 1 to 12 and clearly show that glasses | to 3 (Tg/Tf
< 0.58) have short transient times. For systems 4 to B (0.59 < Tg/Tf <0.67) the
induction periods vary from minutes to several days, the exception being GeO2
which show short induction times in the whole nucleation renge. Glasses 9 to 12
(Tg/Tf > 0.72) have exceptionally long transient times, approaching millions of
OB.

vears for albite (NASG) and B2

DISCUSSION

James |241 has demonstrated that for seven homogeneously nuclecating glasses
the experimental values of Tmax are always at or somewhat above Ty and Tg/Tf is
in the range 0.54 to 0.59. In a previous publication |14], this anthor has shown
that the calculated values of Tmax are also at or above Tg for homogeneous nu
cleation, in agreement with James. Additionally, it was demonstrated that the
reverse also applies, i.e. if Tmax < Tg only surface (heterogeneéus) nucleation
15 observed. This was postulated to be due to long induction times tftor homoge

neous nucleation below Tg, although no quantitative evidence for 1 was previded.

The objectives of this paper are twofold: to calculate the magnitude of
transient times in the temperature range where nucleation is likelv to occur
(between the limits for Tmax); and to test the sensitivity of T Dy varving

max

the input parameters in Equations (6) and (7).

Figure 1 is an improved version of Fig. 3 in the previous paper [14]  with
some additional features. The Turnbull ratio varied from 0.33 to 0.50, a wider
and more correct range than previouslv used (0.42 - 0.55). This shifted both
upper and lower Tmax to higher temperatures. The use of several combinations of
viscosity and/or heats of fusion for some svstems vielded probability regions
for the limits of Tmax instead of the localized points obtained in [ 14]. Futher
more, the calculations for albite (NASbJ and PZO5 are presented for the first

time.

g g ; : o
***In actual fact, nucleation can be appreciable in a narrow range | 30°C)

above and below T i
max

R o



71

5 —
—_— 4____
1]
L
o
o
b -

3l

°
®
ol i1 ] |
17
Fig. 7. Caleulated (&) and experimental (®,4) transient times for L52 and

NUL.7, as a function of inverted reduced temperatures. Data points from

[0 25l



Fig.

Ln T (S)

3

72

34

10° years
30—

26+

22 100 years

18— 1 year

10—

Calculated values of transient times in the nuc

here as & T .
max

leation range,

detined

ber +



73

The general observations of |1&| are confirmed and additional, more subtle
points are revealed: i) for low values of Tg, Tmax > Tg and homogeneous nuclea
tion is experimentally detected; ii) for high values of Tg, Tmﬂx < Tg and only
surface (heterogeneous) nucleation is observed; iii) for intermediate values of
(0.59 < Tg/Tf < 0.67) the upper limits of T ax lie close to or at just above Tg
while the lower bounds lie below Tg. The exception is GeO, for which the upper

2
bounds are well above Tg.

In these latter systems only anorthite has been reported to show internal
nucleation !25|; however, this system presents several unusual features: i) Anor
} 3

thite glass has a very small nucleation rate (Imax = .004mm s_l), several

orders of magnitude smaller than that of other glasses such as LSZ’ BSZ‘ NC253.
The experimental ratio Tmax/Tf is 0.68 which is much higher than Tg/Tf (0.62)and
than the calculated upper limit (Tmaxng = 0.62). Therefore, this glass seems to
be the sole exception among the 12 systems studied and deserves further atten
tion, although this will not be covered in this paper. However, homogeneous nu
cleation cannot be ruled out for this family of glasses since the wupper limits
for Tmax are at or above Tg.

The calculations also indicate that Tmax increases for increasing values of
activation energy for viscous flow and for decreasing values of surface energy,
a, and of heat of fusion, & Hf. This was verified for those systems where dif
ferent data sets are available. These observations are in agreement with Wein
berg's predictions '26|.

Table I1 shows that therg is no obvious trend for the magnitude of ]max with
Tg. In general, -56 < log {lmax) < +16 (m_3.s—1) within the three groups of glas
ses. It should be emphasized, however, that the predicted magnitudes of ]max for
LSZ’ BSZ and NC253 are many orders ok magnitude lower than the experimental wva
lues, and thus CNT understimates Imax' S

As the minimum detectable rate is close to 10" m ~.s it is reasonable to
expect that those systems for which the calculated values of Imax are large, log
(Imax) > 3, will present measurable homogeneous nucleation unless the transient
times are excessively long at temperatures close to Tmax' It 1is interesting to
point out that the predicted steady state nucleation rates are highest for SiO2
and G902 (12 < log (Imax) < 20) and compares to the highest h$?o§§nfTus crystal
nucleation frequency ever reported for oxide glasses, i.e. 10 'm "s for NZCS}
|27]. '

Table II1 shows the calculated criticzl nuclei radius, R*(TmaxJ. for the 12
glasses studied. It varies from 10 to 16 A, as predicted by Weinberg and Neilson
l28| for oxide pglasses. It is illustrative, however, to estimate the number of
unit cells (n*) necessary to build the critical nucleus. Table II11 shows that n*

varies from 6 to 60 unit cells, which are reasonable values and indicate that

the approximations used here are adequate.
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TABLE I11. Critical nuclei size (n*) for several oxide glasses.

System  R*(A) Crystal Type vo(107 m”) n*
NCZS 12-13
LS2 10 Ort 408.6 Tl
BS2 12
G 9-10 1-Tet 55.3 62
h-Hex 121.7 28
CAS2 12 Tri 1339.0 6
Hex 332.0 24
ort 341.4 23
NS2 12
5
LE 9
PSs 10
S 11-12 C-Tet 171.0 37
C-Cub 363.7 17
NAS6 14-16 1-Tri 664.6 21
h-Tri 667.0 21
B 10 Hex 1351 29

Since the standard double stage heat treatment have been used to obtain the
experimental transient times Tex' in |21. 23 and 251. it should be stressed that

Yax is a sum of the real induction peried, T, and the time required to arow the

critical nuclei from the nucleation to the development temperature size. There

fore, the experimental values indicated in Figures 2 and 3 overestimates by 2 to
5 times the actual T |lB]. On the other hand, the use of extrapolated data from
the supercooled liquid values (by means of Fulcher equation) leads to "equili

brium" viscosity values below Tg, which overestimates the calculated T. Thus the

overtEs e

comparison of experimental and calculated transient times in Figure 2

directs attention to the upper limits. Figure 2 also demonstrates that the use
of different thermodynamic and kinetic(viscosity) data does not affect signifi
cantly the predicted values of induction times.
The activation energies for induction, given by the slopes in Fig: 2
however, are constant, and clearly different from that for viscous flow which

increase with increasing temperatures in the nucleation range. This observation

has an important bearing in relatim to the physics of the nucleation process
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since the molecular rearrangements for nucleation should, in principle, be equi
valent to those for induction periods. This was discussed in a previous paper
[29].

Taken in toto, the results of Figure 2 demonstrate that the wuse of Kash
chiev's equation, viscosity and thermodynamic data, assuming the Stokes-Einstein
expression, give reasonable estimates for T at the glass transition interval,
i.e. within three orders of magnitude in the temperature range of observable
transient times.

The interesting (and intriguing) observation that both the experimental and
calculated values to Tmax always lie close to Tg for homogeneous nucleation can
now be understood.

A sizeable undercooling, 1 - Tmax/Tf = 0.20 - 0.67, is necessary to induce
appreciable homogeneous nucleation [26] and thus one expects this to be of the
same order or larger than 1 - Tg/Tf, since this latter quantity varies from 0.2
to 0.5 for laboratory (time scales) experiments. Indeed, larger supercoolings
(> 0.5) ot Tmﬂx < Ty would be even more favorable for nucleation from a purely
thermodynamic point of view, since the kinetic contribution is approximately
equal for all glasses at the transition range (n = 1012 Pa.s).

The well known fact that the large majority of glasses nucleate from the
surfaces and only a few glass systems show homogeneous nucleation supports the
assumption that there is a need for high undercoolings {Tmax < Tg) for internal
nucleation. For these latter systems, however, the induction times are excessi
vely long and homogeneous nucleation cannot be observed in reasonable times.
Hence, for plasses where homogeneous nucleation can be detected one expects that
Tmax > las

1t should be stressed, however, ?hat the actual location of Tmax depends
upon the values of several parametgrs; Tmax will be higher for high wvalues of
the activation energy for viscous flow and of the ratio &CP.TEIAHf |26], where
4 Cp is the difference in specific heat between the crystal and 1liquid. Low
values of interfacial energy (or @) will also lead to high Tmax and thus favor
homogeneous nucleation.

For the purpose of this article, Fig. 3 is the most enlightening especially
when viewed in conjunction with Fig.l. It clearly shows that within the nuclea
tion temperature range, the predicted induction periods increase with reduced
glass transition temperature. For instance, T < 1 day for NC293 (Tg/Tf=0.54) and
1 > year for E201 (Tg/TF=0.77).This might explain the lack of observable homoge
neous nucleation in plasses with high values of Tg/Tf and vice versa.Another pos
sibility is that the magnitudes of the steady state nucleation rates are two low
in the range where the induction times are small i.e. for T>Tmax).UnforLunﬂtnIIy
this possibility cannot be tested at the present time dueto the inability of CNT to make

quantitative predictions.
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