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ABSTRACT

Employing classical nudleation theory and published viscosity and thermodynamic
data, the temperaturss of maximum homogeneous orystal nucleation rate, Tmaxs, &re
computed for twelve glass-forming systems. Two distinot classes of glasses could be
ldentified. Type ! glasees ars characteriged hy 1low reduced glass transition
teaperature, Igr = T‘{Tm. and Tpax 3 Tgr- These glasses possess short transient
nucleation tives at Tpgax. TYPs 2 glasses have high Tgr, Tpax<Tgr. and transient
times are very long at Tmex- TYpe | glasses usually exhibit homogeneous nucleation,
vhile typs 2 do not. It is hypothesized that the latter observation f{e due to the
long transient nuclesation times at Tpgy for type 2 glasses. This hypothesis {o
analysed for & prototype oclass 2 systenm, godium disilicate glase. it 1»
demonetrated that traneient nucleation effeots are not respongible for the non-
observability of homogeneous nucleation in this case.

INTRODUCTIORN r

Yor a numbar of glass oompositions, large underooolinge are possible with a
tolerable amount of surface crystallization in evidence. Under these circumsiances,
homogeneous nuclsation oan be explored. A number of such experiments have been
performed: and homogenecus nucleation has been detected in only a small percentage
of the systens studied.

In the preeent work, we report a trend in the resulte of the last experiments.
Homogensous nucleation has been reported for ocompositions . with relatively low
reduced glass transition temperature, and wvhose (predicted and observed) temperature
of maximum nucleation rate 1lise above TIg4. In contrast, homogeneous nucleation has
not been reported for inorganic glasees for which the (predicted) temperature of
maximum homogeneous nuoleation rats falls dalov Tg,. Ve suggest that transient
nuoleation effects are regponsiVle for the laock of observability of homogeneous
nuolestion in the latter compositions, and analyse this hypothesis in detail.

LOCATION OF BTEADY BTATE MAXIMUM NUCLEATION RATE

The steady state nucleation rate, acoording to Classical Theory, may be written
as /1/, -

I1° = --;:%)— exp (~W*/RT) ' (1)

W
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In ¥q¢ (1), C 4s & conetant, T is the temperature, 1n i¢ the viscoaity, R is the gas
constant, and W* {g the dulk free snergy required to form s orltinnl nucleus, whioch
for spheriocal nuclei is given by -

3
W = iﬁi__ l ‘ (2)

3(AG) 2

0 denotes the 1liquid-orystal surface energy and AQG s the bulk-free energy
difference between liquid and orystal.

The temperature at which the nuoleation rate is maximum can bde obtained by
solving the equation 41°0/4T « §. If a reduced temperature, Ty, is defined as Tp =
T/Tm. where Ty is the melting temperature, and £ ig the entropy of fusion in units
of R, then the temperature of maximum steady state nucleation rate may be found as
the solution of Bg. (3).

3
(I'Tof/Tr)z 3 ‘
vhere o
- InT
g % ZTr(l + Y r) (4)
ﬂTr (I"T) "'YTr 1n Tr
h 2 (AT (1-Y) - YT¢lnT,)"2 (5)

In deriving Eq. (3), it has been agsumed <that the differenoa in specific heat
between orystal and liquid, ACp, is constant, and y E AC /a.s. (where ABg ie the
entropy of fusion). Furthermore, it wae presuned that o 1- proportional to the
enthalpy of fueion /1/ with a , the Turnbull ratio, ranging from 1/3 to 1/2.

Finally, ATy = 1-Tp. The viscosity was taken to be of the Fulcher form, (with b as
one of the viscosity parameter constants) and for the calculations presented harein,
Y was chosen as xero.

Table I seshows the thermodynamic and viscosity data employed in the
calculatione. The resulte are shown in Fig. 1, whers the reduced maximum nuoleation
temperatures are plotted vn T‘/Tm. The prediotions are given as lines or
geometrical figures rather than points. The exteneion along the absoissa
corresponds to the temperature region of the glass <¢transition while <the breadth in
the direction of the ordinate is caused by differsnces in the viscosities and heats
of fusion found by different investigators. One eshould note that twvo lines (or
figures) are given for esch material. These correspond to upper and lower bounds
for Tmax/Tm., and respectively correspond to the most common choices of a « 1/2 and
1/% for the Turnbull ratio.

For systems in which homogeneous nucleation has been observed, the predicted
values of Tpax typloally lie at or above Tg. The circles in the (figure represent
the experimentally determined values of Tpax/Tm for the three systems mentioned
above. For these syetems, Tmax =Tg. For those systems where homogensous nucleation
has falled to be detected (e.g., P8, B, B, NASg), the predicted values of Tpax fall
helow T‘; )
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¢ Table X. !htrno&iullic and viscosity deta for several glase-forming systenms

Ulass Tal(X) ABg(Jd/mol) A B To

1. Nap0-2Ca0-38102 KC2By 1564 87928 -4.86 4893 547

2. L1170.28102 LB2 1587 ST300 1.81 1347 59%

3. Da0-28105 BS» 1693 37000  1.83 1782 79%

4. GCelsz a 1387 15190 -9.94 17962 0

-5.89 16393 ®

5. Cal0-A1209:28102 CAS» 1826 135300 -5.8% 6759 738

--------- (1)

6. Naz0:28107 N8s 1147 35560 -#.64 2315 %41
45199

7. Li20-P20s LP 926 61708 -4.18 2090 462

, 8., Pa0sn P 8%3 21768  -4.87 987 ¢
27288

9. Ph0-8103 rs 1937 J4988 2= mvsmcaea- (2)
60429

19. B10, 8 1996 15088 -13.%51 37187 ’

-6.88 2711% ’

11. Na20-A1203:68102 NABg t 580 %5900 -8.59 21338 ¢

12. B0y P 723 22609 -5.02 3665 333

Log{n) = A + B/(T - T5), (Pa.s) (1) Log(n) = 12-%54208/T + 61909000/72

(2) Log(n) = 19-28108/7 + 19000000/72

.8 Tmax=T10
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Fig. 1! Predicted reduced temperatures of maximus nuoleation rates versus reduvced

£lase transition temperature interval (lines and geometrical figures);
experimental data (9).
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TRANSIENT NUCLEATION AT STEADY STATE MAXIMUM

Transient nucleation affecte are 8 sengitive fuireticn of temperatu-e,
increasing with decreasing temperature roughly in proportion to the viscosity.
Hence, for systems vhose predicted maximum nucleation rates fall below Tg, one might
anticipate transient nucleation effects to be important and conjecture that the non-
observability of homogeneous crystal nucleation i1in such systeme is due to the
suppression of the steady state maximum nucleation rate as g8 result of transient
effecte. Ve 1llustrate thie point in Table II, where the caloulateg /2/ traneient
times at the predicted maximum nuclesation rate are 1listed for several prototype
systems. It is observed that the transient <times for B0x and albite (NABg) are
particularly long. In the laet column ars presented the ratice of the actual
(predicted) nucleation rate after heating for n hows at Tmax to the predicted
steady state rate. This ratio is quite small even after many hours of heating, and
supports the hypothesis that the non-observability of homogeneous orystal nucleation

in these systems is a result of transiesnt effects. The plausibility of this
argurent is analyzed in more detail below.

Table II. Predicted values of Tmaxf; T (Tm!x) and i,Iomax.

SYSTEM P axr * T(Tpax) hra "1/1° (at Tyaxr after n hra)
8 8.69 5.% x 1@< 1.8 x 19-8; n = 65

NASg 0.49 2.7 x 1019 9.6 x 19-11; n = 3x109

B .64 1.0 x t@12 1.6 x 18-12; n « 9x1010
NS» 8.60 2.0 x 197 7.6 x 19~12; n = 175

P8 9.60 5.0 x 192 2.6 x 18-7, ne 70

® values obtained for o » 1/2

ANALYSI8 OF HYPOTHESIS FOR PROTOTYPE BYSTEM

There are +two factors which mitigate against the general validity of the above
explanation. The NSy composition will be chosen to illustrate these problems since
experimental data are avallable for <this material /5/. Before discussing these
data, however, it ie useful to consider the weakneses in the above argument.

First, all the above calculatione were performed for a =1/2. If one choowmas
@ 1/3, the predicted value of Trmaxy Ocours at a higher value than for -the choice
a= 1/2. Consequently, the value of the traneient time at Tpgax Will be much
emaller. For N8 glass, T = 92 seo when o «1/3, compared to 7.2x100 gec for o =
1/2. Therefore the importance of transient time effecte are critically linked to
the choice of o; and 1f a =1/3 for NSy, transient effects will be negligable.

Conasider the worst case scenario for NS2 (1.e., the longest possible transient
time when a= 1/2). 1In thie situation, the nucleation rate at Tmax 19 significantly
depregsed for long periods of time, However, if one considers temperatures in
excess of Tpax, the transient times are much shorter, and steady state nucleation
rates are reached in rather reasonable time periods. On the other hand, the
magnitudes of I° at elevated temperatures are smaller than at the maximum. Thise
behavior is 1illustrated in Fig. 2. Thus, for example, at 3¢0C above Tmax (Tmax =
688K), the transient time is reduced by eeveral orders of magnitude, while the
steady etate rate is lowered by only one order of magnitude. Hence, homogeneous
nucleation, might be measured in systems with long transient times if one choogsse
the appropriate thermal path. The optimal thermal path would involve heating along

%
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the curve wvhioh desoridbes the maximum nuoleation rates at all times. This path has

besn ocalculated for N8B and for several othar systems and the results are to be
pressnted slesevhers.

Even if one does not select the optimal heating path, but chooses an isothermal
path, it may be showm that transient nuclestion sffects would not prevent one from
detecting homogensous orystal nuoleation in N82, even if a = 1/2. This may be seen
from Fig. 3. Here the ratio of the nucleation rats, at T + 780K, ¢to the steaady
state rats at T » Tpax is plotted ve. time as well as the similar ratio of crystals
formed in time. It may be cbeerved that both of these ratios are in the range of

19-1 t0 10-2 {n about 100 hrs. Therefore, if the magnitude of the steady state

nuoleation rate at Tpaxy is large enough to be observadble, then homogeneous

nucleation should be detectable in NSy glass via heating at T = 700K for about 104
houre.
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Fig. 2. Transient times and reduced steady-state nucleation rates of st.
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Fig. 3. Ratio of nucleation rate at 700K to I°__. (4)
Similar ratio of crystals formed in time ().
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EXPERIMENTAL RESULTS

Ae discuseed adbove, if 1I° {s sufficiently high, time/temperature paths asy in
principle be found which lead to observable homogeneous nucleation. For NB2 glawss,
e.g2., heat treatments at 730K for 1-2 hours should de optimum.

Crystal nucleation in a K82 glass (vith 0.3 mole ¥ 8Sby0y) was exhaustively
searched by Hishinuma /35/ at 700K for 2208 h, at 770K for 2%#h and at 828K for 146h,
For both one-step and two-gtep heat treatments, orystal growth was snough to revsal
any internal orystale if they existed. However, only surfacs orystalication was
observed.

SBinoe 700K 1is below T‘. the real transient times are expected to be ! to 3
orders of magnitude shorter than the predicted times; and thus heat treatment for
2200 b would be enough to overcome the predicted induction period of 106h. It
ghould alsc de stressed that the calculated Tt refers to the worst poseible condition
as=s 1/2, If, inetead, a= 1/3, the optimum temperature would be higher than 738X and
the transient times much shorter. Thus homogeneous nuoleation should be easily
detected. Again, the experiments at 770K and 820K for long times yielded only
surface crystallization.

Henoe transient times alone oannot explain the lack of obdservadble internal
nuoleation in N82; and one must assume that the magnitude of 10 is too low.

CONCLUSION

We have 1llustrated that the magnitude of the predicted transient time at the
temperature of maximum nucleation is a sensitive function of the ochoice for o,
For a = 1/2, transient nucleation times at Tmaxy are very long for those materiale
charaoterized by Tg > Tmax: and this feature could prevent detection of homogeneous
nucleation at Tpax. However, at 1lsast for one such system (N82), transient times
decrease rapidly with increasing temperdture; and homogensous nucleation should be
deteotable by heating at elevated temperatures (T > Tmex) for reasonable times. The
fact that homogeneous nucleation could not be defected by such experiments leads one
to conolude that the maxizum steady state homogeneous nuoleation rate in NB2 1s
small, and that the fallure to observe homogeneous nuclestion in this system is not
related to transient effects. Vhether this is a general oonclusion for this clase
of glasses must await further studies.
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