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ABSTRACT

Thie paper reports an investigation of the sensitivity of predicted values for the
critical oooling rates for glass formation (R,) to bvoth model and material
parameters. The values of Rg to form glassy 8102 and Ge0» were calculated by
avoidance of the nose of the (isothermal) TTT curve, as well as by a more rigorous
method, based on crystallizgation statistios, which takes into account the cumulative
orystallization during <the ocoling path. It is shown that the simplified (TTT)
approach consistently overestimates R, but provides estimates of Re within about an
order of magnitude of thoese given by the exact treatment. Material parameters which
affect both nucleation and - growth rates, such as, thermodynamic driving force for
crystallication and interfacial energy can have a significant effect on Re. The
implications of the present findinge for previous studied are discussed.

iNTRODUCTION

Kineti¢ treatmente of glass formation based on the general theory of transformation
kinetio# /1,2, e.g./ have been used exténsively to predict the ocritical ¢ooling
rates (Ro) for forming metallio and inorganio glasees. In many cases, significant
approximations are employed - both in the model ussd to relate the volume fraction

cryltlllized; X, to the nucleation and c¢rystal growth rates and in the values of
these kinetic parameters for specific materials.

This article reporte an investigation of the critioal cooling rates to form glassy
8102 and Qe0; and the dependence of predicted values of Rg on both theoretical
models - by means of an exact treatment of crystallization etatistics vs. the
avoldance of the nose of the TTT curve - and on material parameters - interfacial
free energy and the variation of thermodynamic driving force with temperature.
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INFLUENCE OF THEORETICAL MODELS ON THE CALCULATION OF X

ITT METROD: The simplest approach to the evaluation of glase-forming ability ie via
the use of Time-Temperature-Transformation (TIT) diagrams. Buch diagrams present
the times required to produce a given volume Iraction of orystals, X, as a function
of temperature. The oritical 000ling rate for glass formation is taken as that
cooling curve which is tangent to the nose of the TTT diagram corresponding to a

predetermined (oritioal) value of orystallinity.

For small volume fraotions orystallised, with time independent nuoleation (1,) and
growth (U) rates, X can be caloulated by the Avrami expression /1{/:

4

X = (113)10-Ua*t (1)
where t {s the alnpnﬁd time. I, may be expressed as /%/
I = KT/n exﬁ(—K'-ualT-&Gz) H (2)

Q

vhere K and X' are constants, T is the absolute temperature, n is the viscosity, 6]
‘18 the Turnbull ratio (related to the orystal-liquid interfacoial energy) and A0 the |

thermodynamic driving force for crystallization.

!
o

Materiale with 1low values of melting entropy (AS£¢2R) usually exhidit a norlnléi

growth mechaniem; and the growth rate is given by /4/:

K" . 1AG |
U = e [1-exp (- ETI)] (3)

vhere K" i# a material constant and R 1s the gas constant. By combining equs. (1.3) !
and using appropriate values for the material constante, one may obtain the TPT f

curve and R, for any degree of crystallinity.

The driving force A0 may be ocaloculated for a constant difference between the é

specific heats of liquid and orystal, ACy:

AG = -rfasf[(1-rr)(1-7)-vrr1ncrr)] (4)

vhere Tp 48 the melting point, TraT/Te, y= bcp/ﬂﬂf and AS8¢ is thes entropy of

fusion.

CRYSTALLIZATION STATISTICS: An  exaot desoription of the volume fraction
transformed, as well as numbers and gsize distributions of crystale, in a bdody
subject to an arbitrary thermal history wvas provided by Hopper et al.:- /%/. Thie
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technique, knawn g4 Crystallisation statisticy, divides +¢p, heat treatmens into o
large aumber of smaller tewperature steps. At any one tempersture the
trtnlfornatinn ahlruuteriltln- of the *ample arg determined by summing the
individua} i1sotherma} trunurornation behavior Occurring during each of the Preceding
gteps. Vith thige Approach, the volume fraction Crystallized ot the time ty 12

J;
X(t,) ® l-axp(- T ;-‘-'- Ioi(ti)ria(tj.ti)ét)' (5a)

i=1

Iot(ty) 14 the teady state nucleation fraquancy At time t1 and 1y &iven by eqgn.

(2). rlttj,tij is the value of the radii at time ty of cryntais Nudleated at time
t1 and g SXpressed a9

8pproximate 7T treatoent and the exact Rethod of Crystallization statistics. For
G0y, -the Turnbdul) ratio, a was taken gag .39 and 9.44 (cnrfespnnding.
Fespectively, to Nucleation barriers #or Ye 8 of 40 kT and 6¢ )7 at AT, . p.2);
wvhile for 8102, a vam taken as .2.50 anda ¢.%9 (again) Corresponding to hucleation
barrierg of 49 kT and 69 kT at AT, « 0.2). It ig seen that the treatment of 8lase
formation Ueing TTYT analyeis Consietent)y Overestimatey Re (as BXpected); dut that
criticail Cooling rateg ostimated using TTT analyeie are typinally wvell within an

L 1

order of Bagnitude o Re values obtained Using the exact treatment ¢
crystallization Btatinstics.

49 X7 60 k7 4¢ kT 60 kT
TTT 3.0 x 18-3 1.2 x 1p-4 20 0.8
Crystat 4.7 x 19-4 1.6 x 1g-5% 5 g.1
ITT(r") 3.8 x 19-3 1.2 x 1p-4 29 9.8
Crystat(r®) 2.1 x 19-3 1.7 = t9-5 7 0.1
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Figure . 4 Log (eritioal oooling rate) versus gamma for B103-1ike material and
two different values of the Turnbull ratio (alpha).
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Pigure 2. Reduced driving Torce for crystalliization versus reduced undercooling for
various values of gamma and for the Hoffman approximation.

159



Also shovn in Table | are eritical cooling rates calculated with and without
consideration of the finite size of the critical nucleus. It is seen that for swall

(but reasonable) values of the nuoleation barrier, neglect of the finite size of the

- eritical nucleus leads to underestimates of Rgs while for larger (but reasonable)

valuss of the nucleation barrier, the finits size of the critical nucleus has 1ittle
sffect on R,.

EFFECTS OF MATERIAL PARAMETERS ON Re

Next, the sensitivity of predicted values of R, to changes in physical parameters
vhich affect both the nucleation and growth rates will be explored. Fig. 1 shows
the predicted values of Ro to form vitreous 810> as a function of Y for G = #.% and
9.6. A survey of the literaturs indicates that for a wide variety of materials,
@<y<2. It is seen that Ry for g = #.% ig larger than that for a= 9.6 by a factor
of 508-10,000, depending on ths value of Y « It is almo seen that increasingy

leads to lover predicted critical cooling rates, and that the dependence of Ry, ony
is greater for larger values of Y .

The large undercooling approximation for AQ originally suggeeted by Hoffman /6/
yielde predicted critical ¢ooling rates intermediate between thoge cbtained using
Y= 1.5and vys 2.8 in eqn. (4). This is reasonable in light of the AG/A He ve. 87T,

relations shown in Fig. 2. As seen there, the Hoffman approximation gives AG values
Which are intermediate between those for Y= 1.5 and v« 2.9 at all AT,..

In cases vwhere the nucleation barrfier is exceptionally large, as for the a = 8.6,

Y = 2.9 case with 8107 (nucleation barrier = {11 kKT at ATr = 0.2), the nucleation
rate is very small and the grovth rate by comparison is quite large. Under these
¢ircumstances, a single nucleation event effectively crystallizes the sample
(behavior expected for fluid melts like metals, but predioted here for Bi02 with the
agsuned large nuoleation barrier). In contrast, when the assumed nucleation barrier

.19 exceptionsdlly emall (a2s 11 k? at ATp = @.2), crystallization on cocoling at Ry 1

dominated by the formation of coplous nuolei which do not grow significantly during
oooling. The nucleation barrisrs at which these 1limiting behaviors ars observed
(111 kT and 11 kT at ATyp = 9.2) are unreasonably large and gemall, respectively; but
their ‘consideration does {llustrats the range of transformation behavior associated
vith changes in the nucleation barrier.

DISCUBSION

The results presented in Table 9 indicate that the TTT method yislde reasonadls
(order-of-magnitude) estimates of the oritical cooling rate for glass formation.
The method effectively assumes that the ocrystallization kinetice are AF rapid at
tenpsraturee above the nose of <the TTT curve as at the nose and neglects
crystaliization at temperatures below the noss. SBince the times at temperatures
around the nose, Ty (within tens of Centigrade degrees for typical oxide systems)
should be most important, assusing that cooling must take place in the time of the

nose cver the full temperature range between Tv and Ty gives rige to the TTT method
overestimating R,.
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In & related study, two of the authors have showvn that use of the additivity model
overestimated Ry by less than an order of magnitude /7/. In <the additivity model,
the transformation rate dX/dt is a wseparable function of T and X /B/. It is only
valid when the nuoleation and growth ourves substantially overlap or vwhen site
saturation ocours /7/. Despite the approximations used in the TTT and additivity
models, values of the oritical cooling rates caloulated using these and the =more
precise orystallization statistice model all agree to within an corder of magnitude.

The strong sensitivity of Ry to variations in a and Y can be understood 1f one
refers to eqns, (1-4), a influences the extent of crystallization (and henoce Rp) in
two manners. 8ince I, « exp(-a®), emaller values of a produce larger nucleation
rates at all temperatures and thus larger X. Thie tends to increase Ry. Almso, for
smaller @ the nucleation curve shifts +to higher temperatures producing a larger
overlap ¢f nuocleation and growth curves. This feature also increases X {(in cooling
experimente), and thus Rg;. Hencs, bdoth effects of decreasing a contribute to
enhancing the magnitude of R,. Increasingly higher values of Y decrease the

thermodynamic driving force (Fig. 2) which in turn leads to diminished magnitudes
for 1,5, U and consequently R,.

The caloulations presented in the present paper were oarried out to i{llustrate the
effecte of theoretical models and material parameters on the coritical cooling rate
for glass formation. Thay were not intended to provide precise predictions for Ry,
since such calculatione would necessitate the uss of sccurate thermodynamio dats, as
well as the inclusions of other effects (such as transient nucleation). In fact, a
primary purpose of this work wae to assess the effect of the uese of imprecise data
on predicted oritical cocling rate values. On the whole, it was found that R, 1ie
strongly sensitive to changes in the input parameters investigated in this study,
and is to a large degree insensitive to the theoretical model ugmed.

ACKNOWLEDOMENTS

The authors wish to express their gratitude to the Jet Propulsion Laboratory, the
Division of Microgravity Soience and Applications of NABA, and the Air Force Office
of Scientific Research for the financial support of this work. E. D. Zanotto also
acknowledges Capes/Fulbright for a fellowship support.

REFERENCES

t{. Uhlmann D. R. // J. Ron-Cryet. Bolids. 1972. Vol. 7, P. 377-348.

2. Zanotto E. D. and Oallardi A. // J. MNon-Cryst. Bolide. 1988. Vol. 184,
accepted.

James P. F. /] J. Non-Cryst. Bolide. 198%. Vol. 73, P. 517-548.

Uhlwann D. R. Advances in Nuoleation and Cryestallization in Olasses. ACS. Pud.
5. 1972. P. 91-11%,

5. Hopper R. ¥., Bcherrer G. ¥. and Uhlmann D. R. // J. Non-Cryst. 8olids. 1974.
VO].. 15| P; "5-62-

Hoffman J. D. f/ 4. Chem. Phys. 1958, Vol. 29, P, 1192-1193.

Veinberg M. C. and Zanotto E. D. // Phys. Chem. Glasses. 1988, luhuittad.
MacFarlane D. R. // J. Non-Cryst. Bolids. 1982. Vol. 53, P. 61-72.

> Wl

B - On

I 3axas1030

......



