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To discuss some relevant
findings on N
deeply undercooled liquids in the last

60 years; as well as the validity and
utility of the CNT.
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) The CNT: Theory and tests In the last
60 years
a) the diffusion mechanism ?
b) surface energy = f (T, size)?
c) metastable phases ?
d) what Is next ?

) How useful CNT Is ?
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Undercooling low viscous liquids followed by isothermal crystallization

Treatment of glasses at deep undercoolings i direct measurement of |

" liquid

supercooled
liquid

Conf. Entropy

gla}
glass-ceramic
e—
Zero# T T >
9 M Temperature
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Temperature of crystallization:63°C Temperature of crystallization:63°C
DT=6min. Surface nucleation DT=4min. Internal nucleation
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Terms

A Homogeneous: spontaneous formation
from the melt; composition of the melt and
crystal are the same.

A Heterogeneous: nuclei form on some

'‘foreign' surface: impurities, crucible wall,
bubbles, seeds, etc.

could be possible do not form nuclei (and if there are n
eterogeneities), crystallization can be avoided.
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Definitions
Gibbs free energy: G=H - TS

dG=HC8 gT+&98 gp
cHT =p  cHP

Go —-SaéLo =

CHT = CHP +

dG=-TdS+ PdV

?fi’f

4

auG o The chemical potential is the
£170 work done when the number

Chemical potential: m=
QUN PT particlesN changes by one.
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Model - Gibbs (1878)

Particles of the new phase have the
properties of the bulk phase with the
exception of large surface-to-volume
ratio. Macroscopic thermodynamic
qguantities (surface energy s, pressure P,

volume V) are used for their description.

a:. ambient phase (liquid)
b: new phase (droplet)

m <m: N h o mo p lenstgfloctuations (lifeless) |
m>m:fi het er owhitlagos after excedding

critical size Ya. FrenkeKinetic Theory of Liquid$955) Dove

Yakov ll'ich Frenkel (1894952), Soviet physig

©
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Capillary Approximation:
G(n) = nmy,+ 4pr<s

DG = - n(m,- M) + 4pr2s

I.I-FL'*I-}-;

Homogeneous Formation

quid Droplets

General Formulation:
G, =nym,

G, = (ny-n)m,+ G(n)

where G(n) Is the thermodynamic
potential of a cluster of n atoms

DG =G,- G, =G(n) - nm,

The most general and precise definition

3
DG(r ) =- 4%Dm+4przs

J. W. GibbsThe Collected WorRs(1928)




J. W. Gibbslrans. Connecticut Acad. Arts. 8¢f1875) 16348

V. Ox mne Equinisrivy or HETEROGENEOUS SUBSTANCES.
By J. WiLLaerp Gisss.
** Die Energie der Welt ist constant.
Die Entropie der Welt strebt einem Maximum zu."
Cravsivs.*

Tur comprehension of the laws which govern any material system
is greatly facilitated by considering the energy and entropy of the
system in the variouns states of which it is capable.  As the difference
of the values of the energy for any two states represents the com-
bined amount of work and heat received or yicelded by the system
when it is brought from one state to the other, and the difference of
"0

t ?
(d @ denoting the element of the heat received from external sources,

entropy is the limit of all the possible values of the illt(‘j_"l‘:l]/

and ¢ the temperature of the part of the system receiving it,) the
varying valnes of the energy and entropy characterize in all that is
essential the effects producible by the system in passing from one
state to another.  For by mechanical and thermodynamic con-
trivances, supposed  theoretically perfect, any sapply of work and
heat may be transformed into any other which does not differ from
it either in the amonnt of work and heat taken together or in the

t

external relations of a system that its energy and entropy are of

. ; QL .
value of the integral . But it is not only in respect to the

predominant importance. s in the case of simply mechanical sys-
tems, (snch asarc discussed in theoretical mechanies,) which are capable
of only one kind of action upon external systems, viz., the perform-
ance of mechanical work, the function which expresses the capability
of the system for this kind of action also plays the leading part in
the theory of equilibrinm, the condition of equilibrinm being that
the variation of this function shall vanish, so in a thermodynamie
system, (sneh as all material systems actually are,) which is capable of
two different kinds of action npon external systems, the two funetions
whieh express the twofold capabilities of the system afford an almost
equally simple criterion of cquilibrium,

*Pogg. Ann. Bd. exxv (1865), S. 400; or Mechanische Warmetheorie, Abhand.

J. W. Gibbslrans. Connecticut Acad. Arts. S¢f1877) 34324

IX. O~ mne Equinirivy or HETEROGENEOUS SUBSTANCES,
By J. Wineary Gruss,

(Continued from puge 248).

THE CONDITIONS OF INTERNAL AND  EXTERNAL EQUILIBRIUM 1FOR
SOLIDS IN  CONTACT WITIHH FLUIDS WITIHI REGARD To ALL POSSIBLE

STATES OF STRAIN OF THE SOLIDS,

Ix treating of the physical properties of a solid; it is necessary to
consider its state of strain, A\ hody is =aid to be strained when the
relative position of its parts is altered, and by its state of strain is
meant its state in respect to the relative position of its parts. We
have hitherto considered the equilibrium of solids only in the case in
which their state of strain is determined by pressures having the
same values in all directions about any point.  Let us now consider
the snbjeet without this Hmitation.

Ity 2 are the rectangular co-ordinates of a point of a solid
body in any completely determined state of strain, which we shall
call the state of' reference, aid @, y, z, the reetangular co-ordinates of’
the same point of the hody in the state in which its properties are the

subject of disenssion, we may regard .o, g, z as functions of ') 3/, 2/,

the form of the functions determining the second state of strain,
For brevity, we may sometimes distingnish the variable state, to
which @, y, z

late, and the constant state (state of reference), to
which ) o/, &' velate, as the strained and the wnstrained states; bhut
it must he remembered that these terms have reference merely to the

change of form or strain determined by the functions which express

the relations of i, y, z and .7, 4/, 2, and do not imply any particular
physical properties in cither of the two states, nor prevent their
possible coincidence.  The axes to which the co-ordinates .,

iy, z, and
2y 7 relate will he distinguished as the axes of Y| Y, Z, and

Y Z0 Tt is ot necessary, nor always convenient, to regard

these systems of axes as identieal, hut they shonld he similar, i. e,

)

capable of superposition.
The state of st
valnes of the differential cocflicients of e, y, and z with respeet to

vin of any element of the body is determined by the

o'y ', and 25 for changes in the values of )y, 2z, when the differential
coeflicients remain the same, only eanse motions of translation of the
TrANS, CoNN. Acan., Vo IT1 14 May, 1877,
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o © ® ° ° Classical Problem:
e ® o ® & ¢ Droplet in Contact
o © o ®o © ® with Vapor
° o o ©
o ©
Let us define: D Y = DG,,
__dpr®

Y DG(r)=- me+4pr23 =- gprSDGV +4pr“s

I.I-F[:I-}‘F
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o © o Classical Problem:
e © 00 O @ Droplet in Contact
o ¢ O o @ with Vapor
© ~ 0o
° o @
o ©

4 3 > e Surface tension = Free Energy
=- 3 pr-DG, +4pr-s unit area of interface

/

Free energy change per unit volume
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0 o™ ‘ol Classical Problem:
e Oxo 070 @ Droplet in Contact
o ® O/'OO \o\’ with Vapor
° 5 ©
o ©

4 4 ) Surface tension = Free Energy
= - gpr DGV +4pr-s — unit area of interface

/

Free energy change per unit volume
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Q0 o Classical Problem:
e 0° 00 ¢ Droplet in Contact
e 0900 .
© %50 with Vapor
e © ~o e
o ©

4 3 5 Surface tension = Free Energy
= - 5 pr DGV +4pr-s — unit area of interface

Free energy change per unit volume
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G. Tegze, T. Pusztai, L. Grandsy, Sci. Eng. 413414 (2005)

Interaction of Droplets: Close Up
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I'. = critical nucleus size

< >

DG" = activation barrier to nucleation

Work for nucleous formation

[T > I
Droplet radius
.......................... ‘ ‘ [B(r):_ ﬂ-prs[x;\/ +4pr28
P gpr Y 3

u[-‘pir};:
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DG =- gpr3DG\, +4pr°s

*

_-2s _
, S0 rcritical‘ DGV =T

* 16p $
DGepitical =
critical 3( )2

:DG*

uFI:Ir}ﬁ':




uFl:Ir}&:

e Work Formation Spherical
Nucleus

Universit

of Bahia

Embrios lower than r" are
instable; that higher than r” are
stable and tending to grow.

I

Thomson-Gibbs Equation:

*

r=-—

2S

DG,

Barrier to Nucleus Formation:

DG =

16p S
3DGy;




y; e \Work Formation Cubic

University
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The same Initial considerations about theory, plus:

DG(r) = - DG, + 6a’s

3
o 4 DG*:SZSZ
DG, DG
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The growing clusters preserve a constant shape: the
equilibrium shape.
Clusters consisting of N atoms such that N >> n" are

removed from the system and replaced by N single atoms
In order to keep a stable droplet.

The nucleation process is considered as a series of
consecutive bimolecular reactions (scheme of Leo Szilarg
followed by LadislalrarkasMaxVolmerRichardBecker\Werne
DOring and lwanStranshi ,

Ar+Ag? Ay Les szilard (1898
A +A 2 A 1964, Hungarian
Americanphysicist
andinventor




Given:

Z.. conycentration of clusters consisting of n atoms
v, " attachment rate of one atom to a cluster of n atoms
v, : detachment rate of one atom to a cluster of n atoms

dz,
dt
The net flux |, of clusters of size n could be defined as:

_ .t - + -
= V- 1Zn- 1~ Vn Zn - Vh Zn + Vn+1Zn+1

| n— V- 1+Zn- 1~ Vn Zn
dz,

Then:

In' In+1

Zn_g Y L=l =14

Under conditions of steady state:

|- steady state nucleation rate which does not depends on
size
Z. . steady state concentration of clusters of n atoms

uFl:Ir}ﬁ':




The scheme of Leo Szilardis best described by the system
of equations:

| — +Z Z 3i
0= V1 4~ Vo 4 n
Vi
_ _ V-
+. +
Vi Vo
5 VoV32 Vv,

IO = Vn+Zn = Vi1 Zn+1
Vl V2 2 V Richard Becker (1887
1955, Germarphysicist

_ 5 VoV32 W,
lo= V1741 273% "N-1

V1V22 VN 1

N1 w2 v ﬂ_l
lo=41Q é— 23
=8V Vi V2 2 Vi1

General Expression for the
Nucleation Rate

uF(:Ir}&: R. Becker, W. Dorirdnn. Phys24 (1935)
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R. Becker, W. Dorirdnn. Phys24 (1935)
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Becker u. Diring, Kinetische Behandlung der Keimbildung usw. 719

it i

A

Kinetische Behandiung der Keimbildung
in iibersdttigten Ddmpfen

Von R. Becker und W. Déring

(Mit 8 Figuren)

Einleitung und Ubersicht

Die ,Keimbildung in wbersattigten Gebilden“ (z. B. die Nebel-
bildung in iihersiittigtem Wasserdampf) wurde erstmalig von Volmer
und Weber?) einer quantitativen Behandlung zuginglich gemacht.
Zu jeder Ubersittigung gehort eine bestimmte kritische Tropfchen-
groBe der neuen Phase von der Art, daB der Dampf nur gegeniiber
solchen Tropfchen iibersattigt ist, welche groBer sind als das kritische
‘Tropfchen. Gegentiber kleineren Tropfchen ist der Dampf dagegen
untersittigt. Zur Nebelbildung ist es also erforderlich, daB zunichst
einmal durcheine typische Schwankungserscheinung ,Keime®, d.’h.

. Tropfchen von eben jener kritischen GriBe entstehen. Die Haufig-

keit solcher Yv{or;g‘iinge'ist nach dem Zusammenhang zwischen Entropie
) Ayt ’
und Wahrscheinlichkeit proportional zu e *7 , wenn man mit 4y,
die zur reversiblen Erzeugung eines solchen Tropfchens erforderliche
Arbeit bezeichnet. Die Volmersche Berechnung ist im folgenden
§ 1 kurz wiedergegeben. Die dabei noch unbestimmt bleiberide Pro-
portionalitatekonstante K [in unserer GL (5)] wurde fiir den Fall der
Tropfehenbildung durch eine kinetische Betrachtung von Farkas?
berechnet, deren Ergebnis wir (in § 2) unter Verwendung einer durch-
sichtigeren Rechenmethode vollauf bestitigen kénnen. Der Nachteil
der Rechnungen von Farkas, sowie der im Anschluf daran durch-
gefihrten Betrachtungen von Stranski und Kaischew?) liegt darin,
daB diese Autoren die elementaren Gleichungen des kinetischen

Ansatzes, deren jede sich auf Verdampfen und Kondensieren eines
—— ax -

1) M. Volmer u. A, Weber, Ztschr. f. phys. Chem. 119. §.277. 1926
M. Volmer, Ztschr. f. Elektrochem. 35. S. 555. 1929.

2) L. Farkas, Ztschr. £ phys. Chem. 125. 8. 236. 1927,

3) R.Kaischew u. I N. Stranski, Ztschr. f. phys. Chem. B. 26. S.317.
1934; 1. N. Stranski u. R. Kaischew, Phys. Ztschr. 26. §. 393. 1935.
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The Aequilibrium stlgtlOeodo |

which means: Va1'Nnp.1=V, N, detailed balance

N, Is the equilibrium concentration ion or:

Vi =

" f2pmigT

v, = i
surfarcs, , n Sh-1




0 .
P, =P, ex% 8 The  vapour  pressure in
ckgThy = equilibrium with cluster of size n

P=P, exp%‘eZS_V*B The real vapor pressure in
ckgTr 2 system
Vo P, e2sval i;ﬁ
VrJ1r+1 P ékBT (%n r =’
VuVi2 Y, ngS 3/4pv2éi§e1 1 @
W2 vi, gt | 3 TR Y Y

N 3 5 Né 5 3 2@8. . 23
e qn-¥gang” o0
1 ¢Vvh In" 2 Tadl In" 2 2 gen + n
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DG(r):—p(r ) s@ge¢8- 22878 u
ger = or +p
nV:ﬂpr?’;DG\, :Zf
3 r
€30 2/3 o o
DG(n):DG @%78 - 2%7
gen = ¢n -y
VoV 2 V. eDG(n)@
+2 +3 +n :expé ’ ( )l\)
ViVs 2 Vi g é Kgl {
eDG(n)@
Nn:NleXFb—' ( )U
é KeT ¢
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Steady State Nucleation
Rate

%1 w2 v, @ expDG(n)/kg T
a AT + l\;l@
n=16Yn V1 V22 V.10
n ? - 2/3 Ozp I:éﬂ
~1 DG €4ang AN ¢f =
@rFexp‘.—@BgeTg - Z%TO:IUdn =
1 kel gen = on @ 1, 1
1% foc eand® angf 3 A
@ fiexA &%, 0 - 2&;aidn O
v 3 n + n
ne 1780 ES ; s _| ocm)
‘e A - L/ N
1 éx;* 60 |eDG* (n_ n* 2}] g—’ , \\
@—+exp?é—8ﬁex ] (dn )’ *
Vn ?(BT o TkBT 3(n*) 1\,’ /// J \ \\




Steady State Nucleation
Rate

. e "
g =V GZ;expé bG
8 kgT

where v,* =V and Gis the Zeldovich factor: G= 1 D
n | 3pkgT

Nucleation in melts:

(@ e

« _4p a DGp 0
V = | voexms 2
V ¢ kgl ¥

oo (DHLDT)

- > [ ~_3 Where 1/\V = n,, the number
8pVImyksls of atoms per volume

LY
Wy
C Yakov Borisovich Zel'dovich (191087), Soviet physici
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Y. Zeldovich On the Theory of New
Phase~ormationCavitationActaPhys
ChimUSSRL8(19431-12

uF(:Ir}ﬁ':

I1I
®A30BBIE TIEPEXO/IBL. MOJIERYJIAPHAA OISIKA

10
K TEOPHU OGPA30BAHNA HOBON MA3LI.
HABUTALWA*

K puTiyecKnil 3apombI HOBOL (haskl (T'm66c) mpescrapaser cofoi axrusn-
PpoBaHHI KOMILIEKE (Ilepexomioe COCTOAHME) CHCTEMEL. [|BUKEHHE CHCTEME] Iepes
nepexofHoe COCTOSHHE ABIAETCA Pe3ylAbraToM dayKkTyauit H HOCHT XapaxTep
GpOYHOBCKOTO [BIKEHUA B COOTBETCTBHH C teopueil pamepca @ B mpoTmBOmO-
AOAHOCTH HHEPIMOHHOMY ABH/KEHHIO B TEOPHUH XHMHIECKUX Dearruil Oitpuura.
CoOTHOMEH e MEKY CKODOCTHI0 (BEPOATHOCTLIO) MNPAMOro H oGpaTHOTO IpoIec-
¢a — poCTA W YMeRbIeHHA 3apOfBINIA — OMPEJelstercs u3 YCTOBUA CTAaIdo-
HAPHOCTH PABHOBECHOIO DACHPEeleHliA, II0 UPUBOJNT K YDABHEHNIO THHA
Qypre—Dura (TEILIONPOBOTHOCTH MIH muddysuym) B cTeprue HepeMeloTo
ceueHms WV B LOTOKe MepemMenioil ckopoctn. Bennumaa xoahummenta udpdy-
3HKM YCTAHABIMBACTCA COLOCTABICHHEM C MAKPOCKOIIIECKON KMHETHKOMH naMe-
HEMTIA BapogHileil, me paccMarpusarouiei dayrryamun (cp. oimmreiinoso
npumencive sakona CToKca K mudpysun). PaccanTeBacTes CTANHOHAPHAS CKO-
pocTh 06DABOBAKA BAPORKIIeH (TMCiLO 3apofiiieil Ha Ky6. canTHMETpP B CeKYyH-
&y TpH fanmoM Tepeckimesnun). [l KoMJGHCAIME TTApa PesyIbIathl He OTiu-
4aTca OT (POJLMEPOBCKUX.

B cayuae KABHTALWM REIKOCTH MaIOH yHPYTOCTH Iapa upu f0abLIOM 0TPH-
naTexbHOM JIABJIEHHH CKODOCTH 00PABOBAHUA sapofibiliell onpemeiAeTcHs BA3-
KOCTHIO JKUJIKOCTH (@ He 6@ CROPOCTHIO McmapeHus:, kax moxarain Jlepmer). Ama-
MOTHIHLM METOLOM MOMKET GHTH PACCMOTPEHA KPUCTAJIMBAINA PasbaBicIoro

. pactsopa, I[ie CKOPOCTE obpasopanna 3apofHiia olpegexserca gaddysuei. Ha

ocHOBe TPHOTIAREHHOTO Peulels HeCTALIOHAPHOTO YPABICIHA PACCMATPIUBAOTCH
3QBICHMOCTD BOPOATIOCTH KABHTALMH OT JAMTEABHOCTH IPMTOMKEHUA OTpHLA-
TeNbHOTO [aBicHusa (pPasphBAIOLIETO SKUKOCTH yeunua) m obnema obaactiu,
B KOTOpOil HMEeT MeCTo OTPHIATeIbHOEe AABMEHIe. Ionyrmo mamarawres same-
waHnst K TeopHE rerepodasuux Quykryarui Dpenxend.

§ 1. fpmenye Kapmrammu OPeCTaBIseT B HACTOALICE BDPEMI 3HAYHTE. TLIIEIHR
TeXHATeCKHA HITEPBC MPesKae BCET0 B CBA3M ¢ PA3PyIICHIeM MaTepHalloB H 3Hep-
FOTHTECKHMH TOTEPAMA, KOTODPbC BOBHUKAKRT B THIDABIMIECKHX MRIINHAX,
BHHTAX CYI0B H T. I. HPI HOBHIIEHHH CKODOCTH.

MeemeqoBanne KaBATATEH eCTeCTBEHAO PAcHafaeTcd HA HECKOMbKO HAlpan-
JeHM:

a) B IPEINOTOACINH OTCYTCTBIH KABHTAIML OMpejleTenne LOIA CKOPOCTH
JKATKOCTH W II0JS JIABJCHI B PACCMAaTPHBAEMOM arperare, B 0Cc0OCHHOCTI ONpe-
meselne MOCTHTAGMBIX OTPHITATETIbhHBIX fapTeHuil (pas3pEHBAIOIINX YCILTHIL),
BpeMenn UX JIeHCTBHA, Pa3MepoB obaacTeil 0TPULATEILHOTO MABMHUA,;

* KypHad dKCiepUMEHTANbHOIl N reopernyeckoil puamku, 1942, v. 12, sam. 11/12, ¢. 325~
538.
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"

Observation of number of crystals per volume unity n, (1/md):

Fixed Temperature
t P Li ,0.2Si0,

tangent m,/t = |

.

>
tempo

| = number of crystals per volume per time (1/m°s

u[-‘pir};:
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Glass 2.8.8I'3a0-71.28i02 mol%: Glass 33.2Ba0-66. 88|O2 mol%:
9.5h at752°C +22min at815°C 40min at765°C +14min at813C
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E. D. Zanottd hesis, University of Sheffi¢l®82)
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=
Glass28.3Ba0O-71.7Si0O, mol%: Glass28.3Ba0O-71.7Si0O, mol%:

6.5h at 760°C +22min at815C  8.0h at 76(°C + 22min at815°C

o
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E. D. Zanottd hesis, University of Sheffi¢l®82)
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o N -'/;.- A R se 5o
Glass 28.3Ba0O-71.7Si0, mol%: Glass 29.9Ba0-70.1Si0, mol%:
1.5h at800°C 1.5h at80(PC

Transmited Ligt

E. D. Zanottd hesis, University of Sheffi¢l®82)
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Measurement Nucleation

" Rate
4L 718 °C -
~ ‘ n, 3 time
e 3L -
=
;52- 21 99.7H 28-3A 1 Number of crystals per
'E,, i g é | volume unity (ny) vs. time
< / . for glasses 28.3BaO-
. § 1 717Si0, and 29.7BaO-
s | 70.3Si0, mol % nucleated
O
;EC-U;""M | - | aa71sC
5 10 15 20 25

t lhours)  E D. Zanottdhesis, University of Sheffi¢l®82)
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E. D. Zanotto, Thesis, University of
Sheffield1982
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THE EFFECTS OF AMORPHOUS PHASE SEPARATION
ON CRYSTAL NUCLEATION IN BARIA-SILICA
AND LITHIA-SILICA GLASSES

Edgar Dutra Zanotto, M.Sc.

Thesis Presented for the Degree of
Doctor of Philosophy of
The University of sSheffield

Department of Ceramics, Glasses and Polymers
The University of Sheffield March, 1982
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5x10°

teady State Nucleation Rate

) Aspemal feature in melts is the peculiar temperature dependence

2N 0.1Ca0.3SiQ

3

Nucleaton Ratet (1/m".s)

. | © vyex

a W
T YT €

- O:00O

At high temperatureghe
nucleation rate goes to
Zero because  of
decreasing droplet
formation (low \W*). At
low temperatures the

viscosity h becomestoo
large and the nucleatio

440

uFl:Ir}&:

T T T T T T T
480 500 520

TemperatureT (°C)

T
540

. | rategoesto zerobecaus
>% of transportdifficulties

V. M. Fokinynpublished result
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Thermodynamics: free energy
changes associated withcrystal | T \ e

formation (\W*) which envolves:
Surface creation barrier (S)

Kinetics
Barrier

Volume creation driving force (DG, 5

R U S

LIJ . .
Kinetics: energy barrier Driving
associated with moving material Force

. : stabl
to create/grow nuclei (DGp, | [ T tiin, ANNE
where 'D' refers to diffusion) i :
>
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R. Becker, W. Doririgan. Phys24 (1935

AHomogeneous nucleation of the stable phase

ADriving force near to that of a stress free macroscopic crystal; DG(T) =
DG(T)

Alnterfacial energy is independent of nucleus size (R) and temperature, S

Transport  Thermodynamic
molecular rearrangements
controlled byiscous flow / l s =s (RT)?
2 3
breakdown of SE kBT W* _ Ksg DG(T)= DG(RT)

DO
3p | DGZ

I.I-F[:I-}‘F




Using experimental | (T), h(T) and DG (T) gives In (Ih/T) vs.
1/(TDG?) should be straight lines:

x ng g = aDH Intercept = K

DG& 3\/NAVm2 Slope = s,

(the unknown parameter)

© P. E James Advancesn Ceramicgl (1982




Driving FOICe umorake ormdlt

(19222004)
American chemis

2,5x10
—— Turnbull
2.0x10 - —— Hoffman
S 1.5x10 - —— Burgner & Weinberg
= =
S, 1,0x10 - Turnbull
8 soad| || OASIO,
0,0 ‘ \ ‘ \ ‘ \ ‘ \ ‘ \ ‘ \
700 800 900 1000 1100 1200 1300
710 T (K) Hoffman DG =
6x10' - —— Turnbull
. 5x10' - —— Hoffman
2 wad - —— Borisova Comparisorof measuredsibbs
3 30 free energies DG and
R 20 . . approximation®f Turnbulland
61 CaOMMgOQSIio, SR
3 = st Hoffmarfor L,S anddiopsidein

800 900 1000 1100 1200 1300 1400 1500 | 16‘00 1700 W|derangeof tempera‘tu res
T(K)

C The expressions dtirnbulandHoffmanrbound the experiment@at

uf1em
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David Turnbull (192907), American physicist

Homogeneous nucleation in supercooled liquid
metals

1948-50: Vonnegut, Turnbull and others: droplet
technique for liquid metals.

The maximum undercoolings were measured and by
making certain assumptions the nucleation rates were
estimated.

uFl:Ir}ﬁ':
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only 2 °Cl!

Homogeneousucleation
ratesin liquidmercury

uFl:Ir}ﬁ':

gul d met al

- Hg
> al- ®experimental data
w L
B
-
~ 16
l:;l
9 "
— 0.8
OO 1 1 1 | ] 1 |
70 74 78 BZ 86

Undercooling, AT (K)

D.TurnbullJ. Chem. Phy20 (1952




Kenneth F. Kelton, American mathematician and ph

LiYgul d met a

15

Straight lines:
x Pre-exponential 7 o.m. 141
higher than predicted

Log( I-q/-r]

Discrepancy eliminated by— |
force fitting a + s(T)
11

(discuss latter)

10 " I 1 I
1.00 1.MNM 1.02 103

108 /T(AT)®

1.04

log (I.h/T ) vs.undercooling for liquidg
u[-‘pir};':

K.-KeltonSol. State Phygl5 (1991)




Pol ymers .(196

et

\TRTUTE SPIRITUS,
08

Droplet technique:
Isothermal nucleation
rates of unfractionated
linear polyethylene

nuclei cm.? sec.)
=
o

13.5
Increased to 3 °Cl!

The pre-exponential constant 130 [
was 12 orders of magnitude
larger than theoretical value

log | + aF*, /2381 (I -

Homogeneousucleationrate in | |
1.02 1.04 1.06 1.08 - 1.10 1,12 1.14
polyethylene 104 TIA Ty

ufx ,f;_ . F. Gornick, J. D. Hoffmémg. Eng. Cherb8 (1966
=T« _alVia




Gla,,ssy metallic alloys
(1970-8 O €s—)

,
L_ FeqoNigoP4Beg
28|
. . . = I
The linear portion with s = L
gives pre-exponentia on ]
factor 20 o.m. larger thar 3 F
predicted. 24}
i °
20 | I -
5 6 7 8 9
2 ' 20 2
Log(l xh)vs. YDG?T for Fe,Ni, >, ,Bs 10 T( AGV)

R. S. Tiwary, J. C. Claus, M. VonheimemdifialSci. EnégS (1982)
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Ralf Muller, German glass researc

SiC-ground surfaces of cordierite
glass, fractured and annealed at
980AC, 30 min in vacuum.

Crystal size ~500um.

R. Muller, V. Fokin, E. D. ZandttdlorCryst. Solids
274 (2000)
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Homogeneous Nucleation
In Silicate Glasses

a‘ " suieien —~\
- - NazoacamSIOZ »' -~.‘ “"

e A .\ A i
Veryfewsilicateglassesspontaneouslylisplay i
iInternalhnomogeneousucleation(+surface

I.I-FL'*I-}-;

>

Li ,OQSIO,




—
'

(9]
'

B, TS,

log, I _(m’s")
|
|
Z
0
X%
>
oy
o

| : |
0.58 0.60

|
0.62

quply Undercooled Oxide
Glasses (1970-2 0 0 0 O

Fokin, Kalinina &
Filipovich; Neilson &
Weinberg; Rowlands,
Gonzalez-Oliver,

Zanotto & James;
Hishinuma &
Uhlmann; and others
have tested CNT
using direct
measurements of
homogeneous

nucleation rates In
glasses In wide
temperature ranges.

Logl versusT for oxide glasses.
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Oxide Glasses

University
of Bahia _ , .
G. F. Neilson, M. C. Weinbé&rdgyonrCryst. Solid84 (1979)
P. F. James, E. G. Rowlany/s. Chem. Glass28 (1979)
C. J. R. Gonzal&diver, P. F. Jamek,NorCryst. Solid8839 (1980)
E. D. Zanotto, P. F. Jamkd\NonrCryst. Solid404 (1988)
50 T I T ] T ) I I I il 0T & T i 9 | | i o e S S 3
i BS, | h 5 NC,S; |
45-— - AO: ——-
= 150 ;
B L 1 | .
L0 351 =
F | | | 1 1 1 1 1 L i 7]
40 42 L, L6 48 30  EEN | PRI DR (N ‘lw { U] S (N (e SOV Al (L
120 125 130

(1/AG2T )x1012

In(l h/T) vs.(DG 2T) for BS..

uFl:Ir}ﬁ':

(1/AG2T ) x 1012

In( h/T) vs. (IDG2T) forNCS..
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a =s3NAV2 /DH,,

Varying DG,

Results
Silicate a Discrepancy
Glasses DC,=0 DCo® | in | a (0. M)
BS, 0.51- 0.56 13- 32
LS, 0.44 - 0.48 16 - 36
NC,S, 0.39-0.41 15 - 55
N,CS, 0.43-0.47 25 - 55
B,TS, 0.40 - ? 26 - ?

Reduced surface energy, a , was fit to give best T dependence.
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Heterogeneous Nucleation

Observation of number of crystals per surface unity ng (1/m¥):

1 el |

-

N Fixed Temperature

\

- = Na,0.2Ca0.3SiG §

SRS va—'
F\\‘v“-(

giis.;.;

tangent gt = I

time
| = number of crystals per surface per time (1/nm¢s)

ufc1em




Heterogeneous Nucleation

The CNT equation theory remais the same!!!!

Kinetic Barrier Thermodynamics Barrier

D a
Considering:D =, b2 @xp3 DGp
G
with D = 8!
3p |

I.I-F[:I-}‘F




Heterogeneous Nucleation

M. L. F. Nascimenibhesis, Federal University of Sao C48064)
Optical Microscopy

Force Atomic Microscopy

micron

Diopside glass polished with cerium
oxide aB2(C / 2h

ufc1em




Heterogeneous Nucleation

R. Muller, V. Fokin, E. D. ZandttdlorCryst. Solid274 (2000)

i,

M- Cordieritecrystalsnucleatécht fracturedsurface, (Ng © 107 unr2) m Cordieritesurface
thermallytreatedat 30 min under960 AC. fracturedthermallytreatedat (980°C,

30min)in vaccumBar=500 um.
ufc1em
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DG (Thermodynamigs= Turnbull or Hoffmann
DG, (Kinetics)= via Stokes-Einstein
h = viscosidade

homogeneous nucleation

ny = number of crystals-per unity volumd.,,
heterogeneous nucleation

ns = number of crystals-per unity surfate ¢

CNT Calculus
In 1, h/T=A- (16p 8V.2/3)(L/TDG?Y homogeneous
InIch/T=A- (16p 8V,%3)(1/TDG?)Y heterogeneous
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lvan Gutzow, Bulgarian physicis

A Using s,the CNT describes the temperature
dependence, but not the magnitude of I(T).

A Possible problem: diffusion mechanism
(breakdown of SE?)

o
ufc1em
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) The CNT: Theory and tests In the last
60 years
a) the diffusion mechanism ?




& <2 CNT Discussions in

University

= Tucson (1987)

Edgard Zanotto, Michael Weinberg & Donald Uh

¥ v‘x'

Pt Tests of CNT avoiding the use of h (via SE)




el \Working Hard 1n Sunny
Brazil!

of Bahia

Summer 2000




el A RIgorous Test for the
Transport Mechanism

of Bahia
More rigorous test of CNT, using induction periods, t
rather than viscosity, to account for the transport term:

st

NP crystals

time

One can fit independently measured values of I, t and
DG to this equation to obtain A @nd s

|. Gutzow, D. Kashchiev, | AvrardoMonrCryst. Solid§3 (1985
M. C. Weinberg, E. D. ZangtttNorCryst. Solid4.08 (1989

uFl:Ir}ﬁ':




Mic@aeWeinberq19412003, Americarchemist

M. C. Weinberg, E. D. Zandtt®&onrCryst. Solidd.08 (198

S % Toi Vi 5
\\
© @\
= N\
3 . ® g
— aol- :
S~ L " ®
= i = i
E : v Li,ozsio,
- 35— % i © James
i __127_ ® Fokin et al ]
I 1
30— o\
] \\ 25 .
—l PR | P | i 1. 1 L1 3 | - 1 2 : 2I2 ‘ 2_I_3 . 2‘4
2.2 2.4 2.6 2.8 3.0 : X .
12 2
(1/AG°T) .10 107/ TAG
Nucleation plots for Li,0QSiO, Nucleatiorplotsfor LI,OQSIG, glasse
glassesusingviscosities usinginductionperiods

ufc1em



redeal | Jsing induction periods

University
mhet instead of viscosity
T T T T T T T
Lo _
L P
X . T
Al Y - L T T T Y T T T
E 2Na,0 Cal 3510,
4::-..- T, . _
N o . "“1..__““‘““
i B o= T Tonan
e c i o 4 _}‘ﬂ_
- o 6= ""““--..;, —
b Na,0-2Ca0 35i0, 1 2 \\
5 29 = E Hﬂ‘aﬂ
o -
28 = ‘:'“ —
| I l I | | el : : J 1 L | L 1
23 - a 55 = ¢ 77 TE &0 84 ag
0% TATE K™% 0% TAT?, K7
Nucleatiorplotsfor NaOOCaa3sio,  Nucleatiorplots for 2N2O@a@3Sio;
glassesusinginductionperiods glassesusinginductionperiods

u[-‘pir};:
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A Using s,andt bothtemperature
dependence and magnitude are not
described by CNT!

A Let us thentests =s(R)
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) The CNT: Theory and tests In the last
60 years

b) surface energy =f (T, size)?




Federal Richard Chace Tolman (1-&8318) ,
University American mathematical phyS|C| _. ¥ 4

of Bahia

It is possible to assume a size g' :
dependent surface energy. To a first = . "

‘%“fis;-

approximation one can use Tol man¢. . RAE
equation for s(R) and rederive CNT

S(R) = SO%+ 2do

where 2d has the order of a molecular distance.

But one has now two unknown parameters: s, and d.
R. C. Tolmad, Chem. Phy4.7(1949

uFl:Ir}ﬁ':
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Crystal nucleation rates of a |
Li,OQSIO, calculatedby CNT
ChO and CD. , and Z 2} cbi
modificationswith one (CDL) o
and two (CL2) adjustable < o}
parametersExperimentadlata T o e e e R g 7
of P F James

~ 1

T (K)
CD1 CD? S. Manrich, E. D. Zanot@ramical (1995)

I(} R_ 660 | ?(l)O | 74;0 ' ?8IO | 820




Tests with

ity

Other Oxide

Sati Manrich,

G I aS S eS Brazilian materials |

scienceengineer

. Na0.2Ca0.3Sid
CaO.SiQ BaO.ZS@
12}
cp2
= o lep co2 S
‘v -~ ng DADOS .\ =
T ol = o1 wf. . e - 5
. . DADOS coz T [ o .ﬁL €
: EXPS. " 24 e O{
Bl 3 = _
ot L cD1 -
- S 2
S O} s = -1} g
-14r T o OF 2 o
3 o L ’ > <
o CNT e i CNT
“13'1‘ / -44r
2“’ ',/ ]
-20’ A L A 1 A L i
1010 1050 1090 1130 1170 zz‘- A ~45r
‘ T {K) ) 950 1030 ‘ : 1
T (K 790 830 870 910 950

T (K)

Calculatechucleatiorratesby CNT

o
uf e

S. Manrich, E. D. Zanott@ramicatl (1995).
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A The discrepancy between experimental and
theoretical | decreases considerably with
CD, and CD,, but the temperature
dependence is no longer described by CNT!
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) The CNT: Theory and tests In the last
60 years

b) surface energy =f (T, size)?




v The surface energy size
== and temperature effects?

Gupta, Weinberg & Mott,
Atlanta, USA 1992

o
ufc1em




Federal
Universi
of BahiaS

(T) for L,S, B,S, N,CS;,

A A

0.14 “—— e
680 T(K) 780

Ba0.2Si0,
& i 1
= - Te o
~ | ! o
3 0.10 ClE 2 .DQO
7p) ' i
R ——
820 T (K) 1020

Temperature dependencesof

uFl:Ir}ﬁ':
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=
o

0.08
NCSs 7 |
1:" |5|t;I
o
‘:.'I‘]

0.07 L—a s

FF' 1 i j
720 760 8007 (K)

L. Granasy, T. Pusztai, P. F. JaRlegs. Chem. Glassd8C (200




MI r}llym am |n S (T) and S (-I-)>O’>

1

A Fitted s(T) dependence arises from 2
factors: the temperature dependence of
surface energy for a planar interface,
ds,/dT, and the size dependence of

surface energy

A Curvature & temperature dependent
surface energy

uFl:Ir}ﬁ':
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Temperaturedependence
of surfacetension, s (T),

L

- c.160
used to fit CNT to g
}—

nucleation data of LS,
and effectivetemperature

using a radiusdependent «=*
surfacetensions (R).

Sur

>

uf1em

M. C. Weinberg, S. Manrich, E. D. ZaRbtgs, Chem. Glassd8 (199

J70

I s(R)
150 S(T)
140 : . | .
690 730 770

Temperature (K)

810
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Vladimir Mikhailovich Foki & e
(n. 1946), Russian physicisft = N

To decouple size and
temperature effects, we took Into
account the size dependence of

surface energy using the Tolman
eguation.

V. Fokin, E. D. ZanotloNonrCryst. Solid265 (2000)
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I\/. Fokin, E. D. ZanotioNoRrCryst. Solid265 (2000)

it
dsoldgybecomes negative at d> 2.6 A (L,S glass) and 8A
(NC,S; glass). Thus, reasonable values of d may be chosen

so that s, decreases with temperature, in line with theory.

1,5x10™
\ o 1
| \\\\ © 3
(\I¥ N
= 5,0x10° - ) O
dsy/dT versus 2d for =
Li,OASIQ, (1, 2) and 3B n RS
NaOQCaddSio, (3). -
Kineticbarrierestimated A = ‘o
from inductiontimes (2, \ )
3); andviscosity(1). -5,0x10" - A
0 zls | 1|5 20

2d, in Angstroms
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N Summary

A The assumption that s = s, Is probably mistaken,
but with Tol ma s(ﬁ),sthe CD-CNT does not
describe the temperature dependence of the
experimental nucleation rate |.

A Fitted +s(T) > Oreflects s(R,T) dependence!

A Let us look for other alternatives, for instance,
the initial precipitation of metastable phases, a
common phenomenon in phase transformations
In metals...

ufc1em
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) The CNT: Theory and tests In the last
60 years

metastable phases
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sty Metastable Phases?
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Ry

Florianopolis, Brazil (1996)

Tucson (1999)
©
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1) Indirect techniques have been used, eg.:
SAXS, dielectric relaxation, Raman and XPS,
which contribute for the uncertainty

2) Even studies focusing on direct techniques,
such as XRD and TEM were controversial.

3) Metastable phase precipitation may depend on the
exact glass stoichiometry, purity and thermal path.

M. F. Baker, T. Wang, Jande$/at. Sci. Le®. (1987)

P. F. James, S. R. Keo®hil. Mag30 (1974)

J. Deubener, R. Bruckner, M. SterniztkéonCryst. Solid4.63(1993)

P. C. Soares JivSc Dissertatigrtd FSCar (1997)

L. L. Burgner, Lucas, M. C. Weinberg, P. C. Soares Jnr., E. DJZblootioyst. Solid255,
274(1999, 2000)
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Paulo Cesar Soares

* Brazilian Chemical Engine

Himanshu Jain, Materi

Science Enginee’

Soares Jnr et al. (2003)
Investigated the early
and intermediary stages
of crystallization of LS, 100f

1200 [r-...

glasses by TEM /SAD. In °ct 'Di_ R
all samples, treated from gyl siicate phﬁse

— S5 :
2510 120h at 454 C, L,S Metar- separation
and LS (metastable) e

: 600

were clearly indexed by |
SAD. iS50, €@ 70 80 90 SO,

Mol %
P. C. Soares Jr., E. D. Zanotto, V. Fokin, Hl.JdorCryst. Solid831 (2003
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ey Small volume fraction

University

of ahia crystallized a

40

|=9.5E12 1/m°h [12]

. . 35 U, =13.84 E-9m/h
Estimated a in LZS 1 | U =494E-9mh

MIN

glass at 454 C. 34 | T=4ssc

Nucleation rate data - | | a=100.1-exp(-p.lU,, U, t'73)) [13]
from Zanotto (1982 ]

and growth rate _ 4

measureavith TEM 9:; ]
(JMAK equation for =~ ™7
elongatedrystals) 10 -
;
0
0 | 160 | 260 | 360 | 460 | 560 | 600

time at 454 °C (h)
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10 [ ] |_S2
o

0,14 °

25 5 10 20 o 50 120
tempo a 454 "C (h)

Maximundiameteof LSandLS, asa
functionof timeat4524C.

312
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(n° casos / n® medidas)

P. C. Soares Jnr, E. D. Zanotto, V. Fokin, Hl.JdorCryst. Solid831 (2003

1’0 T '
° °
0,8 - |
e
0,6 Q O
o
® |S
® 2
I o LS
o
0.2 N
¢ o)
owod e .
T T T T : : l |
0 50 100 150 200 250 300 350

tempo a 454 °C (h)

Relativenumberof LS and L,S In
eachspecimerasafunctionoftime
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(P
|

TEM provided clear evidence of a second
phase, LS, which nucleates concurrently with the
stable phase L,S in aL,S glass heated at T, for long
times.

There was no evidence of heterogeneous
nucleation of L,S on the top of LS. Therefore, this
mechanism cannot explain CNT's failure for this
particular glass, but may, perhaps, partially explain
for others!

Pascal Richet, French physici'

Seee.g: M. Roskosz, M. J. Toplis, P. Bensson, P. RichednrCryst. Solid851 (2005
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) The CNT: Theory and tests In the last
60 years

d) what Is next ?




rederal — \Ahat Shall We Do

University

e About CNT?

Peter James, Michae
Weinberg & Edgar®
Zanotto at Vaduz,
Liechtensteii2000

)
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A New Discovery!

Mutant Crystals




Crystals in Na,0QCaO@SiO,
» Glass

the backyard effect




