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Abstract

An analysis is carried out on two procedures which have been proposed for the determination of the temperature dependence of homogeneou:
crystal nucleation rates in glassy solids by using differential scanning calorimetry (DSC) measurements. The first procedure is based upon the
hypothesis that the density of nucleated particles willincrease monotonically as the reciprocal of the temperature corresponding to the maximum
crystallization rate increases. The second procedure is based on the observation that the maximum crystallization rate increases as the corre
sponding temperature grows. The validity of both procedures is assessed for glassy solids by considering two specific crystal growth models.
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1. Introduction tal procedures have been employed for the determination of
glass-forming ability of compositions, critical cooling rates
Knowledge of amorphous materials is one of the most [3-5] and for the investigation of the crystallization kinetics
active fields of research in the physics of condensed matterof glasseg6—8]. Also, DSC studies have been performed
today[1]. The great interest in these materials is largely due for the purpose of measuring homogeneous crystal nucle-
to their ever increasing applications in modern technology. ation rates in glassg9,10]. The study of the glass-crystal
Their possibilities in the immediate future are huge based on transformation has often been limited by the elaborate na-
characteristic properties such as electronic-excitation phe-ture of the experimental procedures that are employed. The
nomena, chemical reactivity and inertia, and superconductiv- increasing use of the quoted thermoanalytical techniques
ity. Therefore, the advances that have been made in physicoffers the promise of obtaining useful data with simple
and chemistry of the quoted materials during the last 40 methods.
years have been very appreciated within the research com- The utilization of thermoanalytical techniques depends in
munity. Among the different techniques used to the study of turn on the development of sound methods for analyzing
the glassy solids, the differential thermal analysis (DTA) and the experimental data. With this objective, a large number
the differential scanning calorimetry (DSC) have promoted of mathematical treatments have been proposed for analyz-
an intense theoretical and practical interest. The quoted teching DTA and DSC data. These treatments have been fraught
niques have been used extensively for the study of the ki- with controversy and have led to the formulation of many
netics of phase transformation processes and chemical re{slightly) different equations for the analysis of such data.
actions[2]. In the field of glass science, these experimen- Several of these formulations have been reviewed and crit-
ically analyzed by Yinnon and Uhimandl]. In the last
mspondmg author. Tel349-56-016-323; decade, it has been iqdicated that the previous tre_atments
fax: +349-56-016-288. have assumed a reaction rate const&iT), of Arrhenius
E-mail addressjose.vazquez@uca.es (Jaxguez). type, and an analysis was given to delineate the conditions
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under which this assumption could be used for the interpre-
tation of certain simple crystallization proces$#g].
In the present work are examined some of the standard

assumptions which have been used in the analysis of DSC

experiments performed for the purpose of measuring the
homogeneous crystal nucleation rates in the glasses. Th
procedure, which can be used for the determination of nu-

cleation rates by means of DSC experiments, described in

the literature[9], it is essentially the following. A glass
is heated isothermally (in the DSC apparatus) for a given
time period at a low temperature to promote crystal nu-
cleation. Next, the glass is subjected to a non-isothermal
heating at a constant rate to crystallize the sample, and th

non-isothermal thermogram is recorded. The procedure is

subsequently repeated using identical nucleation tempera-

ture, but different time periods. This thermal treatment will
produce a family of thermograms exhibiting different peak
temperatures of maximum crystallizatiofiy, and differ-
ent maximum crystallization rateglx/dr)|,. These varia-
tions in the quantitied, and (dx/dr)|, suggest an analysis
of the relationship between the quoted quantities and the
number of nuclei/lengthl\. In this work, the increase iN
with Tp‘l and (dx/d)|p is justified for two standard crystal
growth models, normal and screw dislocation growth, not
assuming a crystal growth rate of Arrhenius type, but under
more general conditions. Finally, as a verification example,
from data taken of literaturf9], two good linear relation-
ships have been found, both betweeNIland 7! and be-
tween Indx/df)|, and InN, for the lithium disilicate glass
nucleation.

2. Nucleation, crystal growth and volume fraction
transformed

The theoretical basis for interpreting DTA or DSC results
is provided by the formal theory of transformation kinetics
[13—-20] This theory is largely independent of the particular
models used in detailed descriptions of the transformation

mechanisms, and supposes that the crystal growth rate, n‘b

general, is anisotropic. This rate in any direction can be then
represented in terms of the principal growth velocities,

(i = 1,2 and 3) in three mutually perpendicular directions
[21]. In these conditions the one dimensional growth in an
elemental time, ¥, can be expressed agt’) dt’, and this
growth for a finite time isf;ui(t’) dr’.The volume of a region
originating at timer = 7 (r being the nucleation period) is
then

t
ve =g[] f ui(r') dr
P

where the expressiof; fT’ui(t’) dr'condenses the product
of the integrals corresponding to the values of the above
quoted subscrigtandg is a geometric factor, which depends
on the dimensionality and shape of the crystal growth, and

1)
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therefore its dimension equation can be expressed as
[g] =[L1>" ([L]isthelength

Defining and extended volume of transformed material and

eassuming spatially random nucleati@i,22], the elemental

extended volume fraction in terms of nucleation frequency
per unit volume]y(z), is expressed as

t
(1_[/ ui(t) dt/) dr

bearing in mind the relatiormd= (1—x) dxe and integrating

dxe = v Iv(v) dr = gly(7) (2

Che resulting expression, one obtains

—Inl—x) =g 3)

t t
f Iy(7) []‘[ [ ui (1) dt’] de
0 i JT
wherex is the true volume fraction transformed.
When the crystal growth rate is isotropig; = u, an
assumption which is in agreement with the experimental
evidence, since in many transformations the reaction product
grows approximately as spherical nodul23], Eq. (3)can
be written as

' ' m
—In(1—x) = g/ Iy(7) |:f u(t) dt/:| dr
0 T

wherem is an exponent, which depends on the dimension-
ality of the crystal growth.

With the aim of interpreting the thermal experiments used
for crystal nucleation rate determinations, two assumptions
must are made, which appear to be in accord with the exper-
imental conditions, which are used in the above-mentioned
experiments. First, it is considered that all nucleation is com-
pleted prior to crystal growth. If the temperature region in
which nucleation is non-negligible is narrow (which is usu-
ally the case for homogeneous crystal nucleation) and/or
sufficiently large non-isothermal heating rates are used, then
one can ensure that there is virtually no nucleation occur-
ring during the non-isothermal heating. Also, since in many
lass systems the crystal growth rates are extremely small at
nucleation temperatures, one can often assume that the vol-
ume fraction crystallized during the isothermal nucleation
step is virtually zero (se€ig. 1) [19]. Thus, the condition
of “site saturation'[24,25]is physically realistic.

Second, it is assumed that only one transformation mech-
anism occurs, namely, homogeneous crystal nucleation. It is
known that many glasses which exhibit homogeneous crys-
tal nucleation also surface crystallize. However, it can be
indicated, according to the literatui@, that by proper con-
trol of particle size one can suppress surface crystallization,
and thus one can study bulk nucleation.

When the first assumption is consideréd. (4) can be
written as

—In(1 - x) = gN" [/
0

(4)

t

u(t’) dt/:| (5)
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where I, = f;;"uo exp(—E/RT)dT, according toEq. (6)
By using the substitutioy = E/RT the integrall, can be
evaluated as the sum of the alternating seli26€3

O Dk + 1]
S(¥p, yo) = [—ey yzz();—kJr)} (10)
k=0

Nucleation, IV
Crystal Growth, U

Yo

ILu

l where it is possible to use only the first term, without making
any appreciable error, obtaining

+
|
|

‘ —FE
~ 1—yp.—2 _ -1
Ip ~ ugER te ™%y 2 = uoRTE exp(R—Tp) (11)
TNo T if it is assumed thally <« Tp, so thatyg can be taken as

Fig. 1. Schematic representation of the temperature-dependent rates ofmfm'ty' This assumption is Justlflable for any heatmg treat-

nucleation and crystal growth, when the quoted processes occur in separate:ment thf_it begins at a temperature W_here the crystal growth
stages. is negligible, i.e., belowly (glass transition temperature) for

most glass-forming systenii$1].
Substitutingeq. (11)into Eq. (9) the logarithmic form of

N" being the number of nuclei/(length) and where the . . ;
resulting expression may be written as

integral has been evaluated between 0 &grgince there is
no nucleation periody = 0.

Bearing in mind that a linear heating raf, is usually
employed in non-isothermal experiments, tliee: 7o+ Bt,
whereT, is the initial temperature of the thermal treatment Moreover, it should be noted that the change offrwith
and therefore ti= dT/8, and Eq. (5) can be rewritten in B is negligibly small compared with the change oirand

INN=Inp—InT2+ % +IN[EuoRg”™ ™Y (12)
p

exponential form as therefore it is possible to obtain
E
T m InN =In g+ — + constant (13)
x=1—exp{—g |:r/ u(T/)dT/i| RTp
mTo an identical expression to that given in the literat{ixe].
=1- exp[—g(rl) ] (6) Thus, for constant heating rate, the logarithm of the num-

ber of nuclei should be inversely proportional to the tem-
perature corresponding to the maximum crystallization rate.
However, there is one potential difficulty with the use of this
development, since this method makes the assumption that
u(T) is of Arrhenius type, which may not be justified un-
der all conditions. Bearing in mind this fact we analyze the
relationshipsN = f1(T;1) and N = f2[(dx/di)|p)] under
more general conditions.

withr = N/B, Nbeing the number of nuclei/length. It should
be noted thakEq. (6)is a general expression of the volume
fraction crystallized for all possible values of tmexponent,
which, as is well known, depends on the dimensionality of
the crystal growth.

The crystallization rate is obtained by deriving the volume
fraction crystallized with respect to time, and substituting
in the resulting expression the exponential function by its
value given inEq. (6) results in

dx m m—1
a - gmpr (1 — 1" (D) ) In this section it is analyzed whethidmust increase with

. L . ) T-1in all cases. If the density of nucleated particles always
The maximum crystallization rate is found by making P y P y

2.1. Analyzing the relationship between N al’gjl

Px/di2 = 0, yielding increases with increasirig *, then dv/d7,, * should always
' be greater than zero. Bearing in mind that N/, results
M) =—(m—-1+ -1, (0==— 8
(p) mg (’" + Bu? p) (“ d;) ® dN dr dT, , dr
T =B =Ty~

where the subscript p denotes the quantity values corre-

sponding to the maximum crystallization rate. which imply that &/d7, < 0 in general. Therefore, this lat-
By assuming an Arrhenian temperature dependence forter hypothesis must be tested. First, with the aim of consid-
u(T), Eqg. (8)becomes ering the bulk crystallizatiofq. (8) becomes

u

m_ L 4. ED s_ 1 p
(rlp™ = mg (m 1+RT§ Mp) (9) (rlp) = (2+ﬂu%1p) (14)
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by usingm = 3 and the geometric factgr= 4sx/3. It should If the viscosity is of Fulcher formy = exple + y/(T — To)],

be noted that by an inspection Bf. (14)it is clear that the wherea andy are constants, then{dn ;7,,)]/dT2 <0,and
specific temperature dependence of the crystal growth ratea sufficient condition ford, < 0 is that [d(In Hp)]/dT2

will affect the conclusion. However, the choice of a specific 0. However, the latter condition is not generally val|d and

temperature dependence forwill be deferred until later.  thus one must examine specific crystal growth models. For
Accordingly, taking the derivative dtq. (14)with respect normal growth
to Tp, one obtains

—S(Th —

o1 N @2\ g H:l—exp[M] _ 1 Se-SW/T
3 _ 2 1Ml ), [y TP =l r
T u u u
P P P —1- Aexp(——) (22)

~ 3% 2up (15) r
whereSis the entropy of fusion in units of the gas constant
and T, is the melting temperature. One may easily obtain
hat

Given thatl, > 0,323 > 0 and, therefore, ddT
must be of equal sign that the right side ef|. (15)The
above-mentioned right side one may write as the sum of

- d?(In Hp) 1| .4 (dH, d?H,
two terms: 72 ) _ —H; 1 H, 1 (d_Tp> deD (23)
1 l/lp Ip 3,2 p p
A= ——|1-—5— — 3rilyup (16) _ ) o
4nfp ug B up Taking the first and second derivative of the functidp,
and with respect taly, gives
. dH,
(. wp\ b &y _ = BT, 2(Hp — 1) (24)
Ay = — -— -5 17 P
2 471,3( “p ) BuZ @7 dn
an
It should be noted that the sign of both terms must be deter-
mined, and thus, the sign of the tedn can be analyzed by d_b; = BT‘3(Hp 1)(51-';1 -2 (25)
substituting inEq. (16)the values of term$up/u§)(1p/ﬂ) d7;s

andip/up, given inEq. (14) yielding SubstitutingEgs. (24) and (25nto Eg. (23)the following

uplyt expression is obtained
Ay = ———8rvp — 4vp + 3) (18)
2 2
dN ) _ pr-sp-2y, — 1)@T - 28
wherevy = (r1p)3. Given that both, anduy are positive d7? =BTy Hy “(Hp — D(BT, ™ — 2Hp)
quantities, and the quadratic form®3 — 4rvp + 3 is pos- B
itive for all real values ofv,, the termA; is, in general, = —ABTp‘SHp_Z [exp(——)]
negative. Tp
The algebraic sign o4,, however, depends on the specific o« B 2|1 Aex B (26)
crystal growth model which is selected. Nevertheless, a fairly Tp P T,

general condition may be extracted for whigh < 0.The

term A, can be written as follows: Moreover, by defining the quantity within bracestq. (26)

. s . asg(zp) = 9(B/Tp), theng(zp) has a minimum value af, =
_ 1 lpupup—up 1 Ip d (@) (199  S+In2 and also, one finds that the above-mentioned mini-
27 anp up  Puy  4nBupdlp mum value isg(zp) = S — 1+1In2 = S5 —0.307. According
to Eq. (26) if S > 0.307, [P(In Hy)]/dTZ < 0, which in
turn proves that the term, < 0. Hence, one may affirm
that, for a material with viscosity of Fulcher form, and nor-
mal crystal growth, the termriT, is negative, and there-

All three of the standard crystal growth models (normal
growth, screw dislocation growth, and surface nucleated
growth) are of the fornj11]

u(T) = uon *H (20) fore dv/d7,; ! will be positive and the density of nucleated
whereug is a constant; is the viscosity, anél is some func-  Particles will increase withf;"*. _ _ .
tion of temperature. By substitutiriq. (20)into Eq. (19) Nevertheless, most of the non-metallic materials itk
one obtains 0.307 exhibit normal crystal growth behavior, but do not ex-
1 . hibit homogeneous crystal nucleation behavior. As examples
4 Lo d |7 (dHp/dTp) — ny“Hp(dnp/dTp) we quote, according to the literatui@7], Si0, and GeQ,
2= 4n up dTp nEal which haveS values of 0.9 and 1.31, respectively. On the
5 other hand, it has been observed that the reduced homoge-
_ 1 Ip d*(In Hp) d=(In np) (21) neous crystal nucleation temperaturBs= T/ Tr, of all in-
T Amup | d72 d72 organic glasses which nucleate homogeneously are in excess
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of 0.5. From the definition of the quantity = STn/Tp, ac- First, the behavior ok(Tp) = X, will be analyzed ag)
cording toEg. (26) and considering the(p value for which increases. This result will be used in subsequent studies.
the functiong(zp) takes the minimum value, one concludes By considering bulk crystallization an@ = Tp, Eq. (5)
that becomes

, S S 4 \Y3 T
Trp= Z_E) =57mz> 0.5 (27) h(xp) = [—In(L — xp)]3 = <?) r/n uw(DHdT  (31)

or § > 0.69. In other words, iff < 0.69, then the minimum  Taking the derivative oEq. (31)with respect toT,, and

value ofg(z) would fall well below the nucleation regime.  assuming thal, depends om, gives

Hence, it appears that for those inorganic materials which 1/3 1

exhibit normal crystal growth one can anticipate that the % - <4_”) [dh(xp)} |:1 i + ru(T, )} (32)

density of nucleated particles will indeed increase . d7p 3 dxp pdTp P
Furthermore, it should be noted that many of the glassy |f one substitutes int&Eq. (32)the expression of rddTp,

systems which nucleate homogeneously do not obey a nor-given inEq. (15) one obtains

mal crystal growth law, but a screw dislocation growth mech-

anism, as lithium disilacate gla§a8], and for this type of ~ dxp 367)~2/3 dh(xp) ]t 1

mechanism the sign of the function?féh H1p)]/d7,? must a7, ~ (36m) dxp Br2I2

be analyzed. Aside from a constant factor, which may be . . .2

ignored, one has 9 |:(1_ ”_2@) p (iip B @) I_pz] (33)
Hy = (AT)H 28) up B ) up up | uy

It should be noted that, as it has been demonstrated in
Section 2.1 the second term in the square brackets on the
right side ofEq. (33)is always negative (for normal or screw
dislocation growth). Regarding the first term in the brack-
ets one substitutes into the quoted term the expression of
uplp/ﬁug giveninEq. (14)and consideringg. (31) one has

whereH1 andH, are the temperature-dependent terms in the
growth rate expressions for screw dislocation and normal
growth, respectively, and T = Ty, — T. Taking the second
derivative of the logarithmic form oEq. (28)with respect

to Tp, bearing in mindEq. (23) and substitutindg=q. (28)
into the resulting expression, one obtains

@Hypy <di) _( . m) S

3
d?H, dHy\? =P —pd

_ 2 p p 2 (xp)] (34)

) ) _ By analyzing the sign oEqg. (33)it is clear that dp/d7p <
which, according tdq. (23) may be rewritten as 0 whenii, < 0. However, forip, > 0, the algebraic sign of
5 d2(In Hip) ) 2d2(ln Hp) the first term i_n the square bracketskex. (33)erends on

gz Hy | (ATp) —az 1 (30) whetherh(xp) is greater than or less than unity, according

P P to Eqg. (34) By consideringEg. (6) and the relationship

-1 .. . . .
and given that the term fdin Hp)]/dTp2 has been proved to dN/dT;* > O it is clear thatx, is a decreasing function of

be negative, then it follows that {dn Hip)]/dTZ < 0 and -(rgx(/ldet)| 522;?;;222'22 IEQC’EI::; :1123 [Ign(g:gzrs :; SE?OV,\; g::s
therefore the termi, < O for a screw dislocation growth p P - BY

mechanism. of considerations oEqgs. (33) and (34)it will be demon-

Finally, as a summary of the present analysis one may af- strated thah(x) can never exceed unity for ariy, values,

firm that the materials with normal crystal growth or screw Ligr]zrigf;‘:’jc:;gzﬂgﬁég T)Zi %IdeTS/aTug; F(lirzt, ; m_)us;t))e
dislocation growth, which fulfill the appointed conditions, and taking limits inEq (381)yields pu-€.. Ip 0
verify dr/dT, < 0, accordingly (z}J/dTp‘1 > 0 and, there- ’

fore, the density of nucleated particles will increase with 3

increasingZ, . 3 {1 - [T'!@TO (h(Tp))] }

=1-=
B

bearing in mind that for sufficiently smallp, u(7y) — O,
then, by using L'Hospital’s rule, one obtains

2.2. A study on the variation in N with (dx/df)| 1 ( im Ip) ( i itp) (35)
Tp—To Up
It is pointed out in the literaturg9] that the quantity
(dx/dn)|p increases with the number of particles nucleated.
Therefore, it is interesting to research if this fact is a general
result of merely a consequence of the specific systems, which lim @ _ B lim up
have been studied. To—To Up To—To lip
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and according t&q. (35) limz,— 7, [2(Tp)] = 1. Thus,h(x)
initially does not exceed unity. Hence - h(xy) is initially
zero, and consideringq. (33) dxp/dT}p is negative initially.

Sinceh(xp) decreases ag, decreases and bearing in mind

the above-mentioned decreasexgfwith the increase of

Tp itis clear thath(xp) will become less than unity. There-
fore, h(xp) has a maximum value of unity, and according to

Eq. (31)the largest value ok, is 1 — e~ ~ 0.632. Once
having established that(xp) < 1, it is relatively simple to
demonstrate thalx/dr)|, must increase with. Taking the
derivative ofEq. (31)with respect to an arbitrary, then one
finds

1/3
B _ (VT ity = B
ar ~\3) W dx

or
. dx 4\ 13 5 ru
X = — = —_— —

dr 3 n
Now by considerind=g. (36)for T = Tp, allowing Tp to be

a function ofr, and taking the derivative dtq. (36)with
respect ta, one obtains

% - il e Pup + ritp ruph”% % (37)
dr 3 h n w2 dr | dr

By substituting intoEq. (37)the value of dp/dr given in
Eq. (32) yields

dr 3 e G 3

P \ear, v 1) |6

(36)

(38)

Moreover, the maximum crystallization rate is found by
making dx/dr2 = 0, and, therefore, taking the derivative

of Eq. (36)with respect to time and makiriy = T, leads to

d?h h'%i
o Eh_ Wip 39)
dx2  (4m/3)Y3pru3

If this expression oh” is substituted irEq. (38)one may
write that

- 1/3
T -3(F) s (40)

dr 3

Since »’ > 0 for all Tp, and it has been shown that

1 — h3(xp) > 0, then dyp/dr > 0, the result which was to
p p

be demonstrated. Thus, it has been demonstrated that one® —

expects(dx/dr)|p to be an increasing function &f for most

systems. By considering bulk crystallization and taking the

derivative ofEq. (5)with respect to time fol" = T}, gives a
relationship betweeidx/dr)|, andr of which logarithmic

form one may write as

T
In (dx/dn)ly =In 47 + 3Inr + Inup + 2 In/ "u(T) dT

To
T 3
- 4—7T |:r/ pu(T) dT]
3 To

If one substitutes intoEq. (41) the value of the term
[rszpu(T) d713, given in Eq. (14) the following relation-
ship is obtained

"(5)

(41)

=Indx —2InB+3INN +Inup +2In1iy,

p
1 iply
—=12
3 ( + ﬁu%)
where it should be noted that(ihx/ds)|, is a function of
the logarithm of the density of nuclei.

(42)

3. Justifying by an example the variationsin N with
Tt and (dx/dd)lp

Although Eq. (13)predicts a linear increase of the loga-
rithm of the density of nucleated particles w'ﬂgl, how-
ever, from an inspection d&q. (14) such a simple relation-
ship is not at all apparent. In order to assess the dependence
of N upon Tp—l, Eq. (14)has been applied to the nucleation
and crystallization of LiO-2SiO;, glass in the temperature
region quoted in the literatur®]. In this sense, the loga-
rithmic form of Eq. (14)may be written in the explicit form
of InN as

InN = Inﬂ——ln4n—ln1p+ In[

(43)

By considering the maximum peak temperatufe,, for
samples nucleated at identical temperature, but different
times, the logarithm of the density of nucleated particles
(normalized) can be expressed as

NY 1, 2—[d@Y)/dT]Iplp
In (E) = In(l1p/Ip) + 31N 5— [d()/dT]l1pl1p

whereN;andlyp are, respectively, the values Nfandlp, for
above-mentioned maximum peak temperature.

Bearing in mindEq. (20) where the viscosityy, is of
Fulcher form andH is a function of temperature given by
Eqg. (22) one obtains

Tp Tp
/ n tHAT = uoe_“/ e V/(T-To) (1 — pe BT)
T To

0
dT = uge (11 — Aly)

(44)

(45)

If it is assumed thafpy <« T, T — To = T, then the integral
I, becomes
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Tp
I — / o +B)/(T=To) g
To

By using the substitutions1 = y/(T — Tp) and y»
(y + B)/(T — Tp), and by consideringg. (10)with the re-
strictions imposed to this equation, the integrialsand I,
can be written as

Th—To)2 [ —
Il:(p 0) exp 14 j|
12 L Tp— To
and
Ty —To)?2 [-— B
Izz(p 0) exp (y + )]’
y+B | To—To

respectively, and accordinglq. (45)becomes

Iy = uge™*(Tp — To)?
1 —

Lreelnw) - wraeel
14 To—To y+ B

= upe (T — To)*(Fp — Gp), with

exp[—(y + B)}

—(y + B)

J

(46)

 y+B

Gp

I
On the other hand, by considering the reciprocal quantity of 2 In-2 =21n

crystal growth ratey— = ugtnH=1, the term du~1)/dT

is written as
du™ g i (dn _,dH
ar "o (dT Tar

and bearing in mind the above-mentioned Fulcher form for
the viscosity and the functioH given byEq. (22) the last
expression becomes

dw™b

g7 | =t ey N (Ty = To) [~y + B(Hy " — D]

p

thus the product [drl)/dT]hOIID in Eq. (44)can be ex-
pressed as

dw™b
dr

Ip — eV/<Tp*TO) Hr;l

p

x[—y + B(Hy* — D](Fp — Gp) (47)

According toEgs. (22) and (46)f B is large Hp‘l ~ 1,
therefore—y + B(H,* —1) ~ —y and F, > Gy, which en-
tails Fp — Gp ~ Fp and accordingly [¢«~1)/dT]plp = —1.
Bearing in mind this fact, the second term on the right side
of EqQ. (44)is zero, and according t&q. (46)the logarithm

of the density of nucleated particles (normalized) is written
as

In <ﬁ> =2In
N

+y[(Tp — To) ™t = (T1p — To) ™Y

T]_p - TO

(48)
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This expression, obtained froEq. (14) allows to evaluate
In(N/N1) for different peak temperatures and by means of
a representation IN/N;) versus the reciprocal of reduced
peak temperature to verify the variationhhwith Trjl.

Also it is possible to assesses the dependende gfon
(dx/dn)|p In this sense, if the density of nucleéNp, corre-
sponds to a maximum peak temperatdrg, according to
Eq. (42) the logarithm of the maximum crystallization rate
(normalized) can be written as

dx/dr N I
nM =3In— +|nﬂ +2|n_p
(dx/d)|2p N> U2p Iop
L (el taplep (49)
3B\ up Uzp

Bearing in mindEqg. (20) the above quoted expressions of
the functionsy(T), andH(T) and the hypothesis of lardg
the term In(up/uzp) of Eq. (49)becomes

N2 = y[(Tap— To) ™ — (Tp — To) Y] (50)

I/t2p

Moreover, according t&q. (46) the third term ofEq. (49)
is written as

(Tp — To)?Fp
(Top — To)?Fap
T, — To _ _
=4In- " 4 2y[(Top — To) ™ — (Tp — To) ™}

T To

2p —
(51)

On the other hand, given that= du/dr = —u? d(x~1)/dr,
the termuplp/ﬁu;‘; of Eg. (49)can be expressed as
plp . d™h
,314% TP T

p

and consideringeq. (47) if B is large (above-mentioned
hypothesis) the fourth term on the right sidekd. (49)is
zero, according to the following expression

1

1 (uplp  uzplap
3p u% ”%p

1
— éy[ey/(Tp—To) Fp _ e)//(sz—To) sz] =0

(52)

Finally, bearing in mindegs. (50)—(52)he logarithm of the
maximum crystallization rate (normalized) becomes

(dx/dp) N 1 1
— = =3In— 4+ 3y[(Tpp — T¢ — (Tp — T¢
@/ D)lzp nN2 + 3y[(T2p — To) (To — To) 7]
T, — To
+4InL——2 53
Top—To (53)

when theB parameter is large. This expression, obtained
from Eq. (14) permits to evaluate l6flx/dr)|p/ (dx/d)|2p]

for different peak temperatures and by means of a repre-
sentation of logarithm of the maximum crystallization rate
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Table 1
Values normalized corresponding to the functiondlland In (dx/d|, for LiO2-2Si0; glass, calculated from the peak temperatures, by Usog (48)
and (53) respectively

Variation in N with 7,71 Variation in N with (dx/d)l,

1 o (dx/dn),
Tp (K) Ty IN(N/Ny) Tp (K) T, IN(N/N2) (x/d)
958.0 1.3644 0 918.0 1.4237 0 0
953.1 1.3713 0.07796 911.4 1.4341 0.12828 0.04129
948.1 1.3785 0.15934 904.8 1.4445 0.26114 0.08346
943.3 1.3856 0.23929 898.2 1.4551 0.39885 0.12651
938.2 1.3932 0.32626 891.7 1.4657 0.53952 0.16986
933.1 1.4008 0.41541 885.0 1.4768 0.69009 0.21554
928.1 1.4082 0.50501 878.6 1.4876 0.83954 0.26016
922.9 1.4163 0.60060 872.0 1.4989 0.99981 0.30728

(normalized) versus [iV/N2), also to verify the variation  the following equation
in N with (dx/df)|p.

With the aim of representing the above-mentioned vari- |n (ﬁ) - &641_ 15.7812
ations inN with Tp—1 and (dx/dr)|p, the data correspond- N1 r

ing for the viscosity of Fulcher form and for the func- it 5 correlation coefficient = 0.9991. Thus, the linear
tion of temperaturetd, of the LpO-2Si0, glass have been 5ation inN with T, appears to be justified for the study
taken from thq Ilteratur@],ynamely:a =181y = 1347 of the nucleation behavior of lithium disilicate. It is impor-
for the viscosity; A = 27 and B . 521Tm (Tm = tant to note that the present conclusion has been drawn with-
1307 K) for the functiorH. Also, the initial temperature of making the usual and unjustified assumption tif&} is

the processTp = 595K, and two sets of peak tempera- ¢ arrhenius type.

tures, which appear imable 1 were taken from the litera- On the other hand, the logarithm of the maximum crys-
ture [9]. By using the above-mentioned data and by means ijization rate is plotted as a function of the logarithm of
of Egs. (48) and (53jhe corresponding values of M{Ny) the density of nuclei, both normalized, Fig. 3. It should

and Inf(dx/dn|p/ (dx/dp)2p], shown inTable lwere calcu- o poted that a nearly linear relationship is obtained, which
lated. Moreover, the reciprocal values of the reduced peakp s the following equation

temperatures are also listed in the quotedlle 1 The data

of the logarithm of the density of nucleated particles (nor- ,_ (dx/df)|p
malized) are plotted against the reciprocal of the reduced (dx/d)|2p
peak temperatures iRig. 2 It is observed that IV/N1) ) ] o )
can be represented as a linear functioﬂ‘pf- to a good ap- with a correlatlpn coefﬂqe_nt = 0.9998. This fact demon-
proximation. The corresponding regression straight line has Strates that a linear variation in Mwith In(dx/dr)|p also

= 0.3074|n<ﬁ) +2.3178x 1073
N>

4 ]
06 1 0.3
=
PN
3
= 0.4 - 3 027
= =
5 =
= 2
Z
02 1 £ 017
0.0 o« ‘ : : ‘ 0.0 ; : : ‘
' 0.0 0.2 0.4 0.6 0.8 1.0

136 137 138 139 140 141 142
In(N/N2)

Tt
Fig. 3. Plot of the logarithm of the maximum crystallization rate vs. the
Fig. 2. Plot of the logarithm of the density of nucleated particles (nor- logarithm of the density of nucleated particles, both normalized, and the
malized) vs. reciprocal of the reduced peak temperature and the corre-corresponding regression straight line for the lithium disilicate gliiss.
sponding regression straight line for,0-2Si0, glass.N; is the density is the density of nuclei corresponding to a peak temperature of 918K.
of nuclei corresponding to a peak temperature of 958 K. The values of The values of In{dx/ds)|p/(dx/df)|2p)] have been calculated by using
In(N/N;) have calculated by usingq. (48) Eq. (53)
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appears to be adequated for the analysis of the nucleationCYT) (project no. MAT 2001-3333) for their financial sup-
process of LiO-2Si0, glass. ports.
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