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Objectives 

 

To discuss some relevant 

findings on crystal nucleation in 

deeply undercooled liquids in the last 

60 years; as well as the validity and 

utility of the CNT.  
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Nucleation & Crystal 

Growth Rates 
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Outline  

i) 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 ? 

 

ii) How useful CNT is ?                 
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CNT Gallery 

Researchers 

Gustav Tammann Iwan Stranski Yakov Frenkel 

Rostislav Kaischew Yakov Zeldovich David Turnbull 

Josiah W. Gibbs 

Max Volmer 

Ladislau Farkas 

Richard Becker 
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Conf. Entropy 

Tm Tg Temperature 

liquid 

supercooled 

liquid 

glass 

glass-ceramic 

Undercooling low viscous liquids followed by isothermal crystallization 

Treatment of glasses at deep undercoolings ï direct measurement of I  

Zero# 

Basics 
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Temperature of crystallization:63°C 

DT=6min. Surface nucleation 

Temperature of crystallization:63°C 

DT=4min. Internal nucleation 

Nucleation in PDMS 
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Nucleation Definition 

Terms 
Â Homogeneous: spontaneous formation 

from the melt; composition of the melt and 

crystal are the same. 

Â Heterogeneous: nuclei form on some 

'foreign' surface: impurities, crucible wall, 

bubbles, seeds, etc. 

If could be possible do not form nuclei (and if there are no 

heterogeneities), crystallization can be avoided. 
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Experimental Classical 

Procedures 
Â Traditional procedures 

in heat-treated glasses 

to obtain kinetic 

information 

time 
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Painting of Alenka 

Dvorza Lasic 

Homogeneous 

nucleation in 

papayaôs seeds 
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CNT: Some 

Thermodynamics 

Definitions 
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The chemical potential is the 

work done when the number of 

particles N changes by one. 
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Classical Capillary 

Model - Gibbs (1878) 

Josiah Willard Gibbs (1839 ð 1903), American physicist 

Particles of the new phase have the 

properties of the bulk phase with the 

exception of large surface-to-volume 

ratio. Macroscopic thermodynamic 

quantities (surface energy s, pressure P, 

volume V) are used for their description. 
a: ambient phase (liquid) 

b: new phase (droplet) 

ma < mb: ñhomophaseò density fluctuations (lifeless) 

ma > mb: ñheterophaseò, which grow after excedding 

critical size 

Yakov Il'ich Frenkel (1894 ð 1952), Soviet physicist  

Ya. Frenkel, Kinetic Theory of Liquids (1955) Dover. 
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Homogeneous Formation 

of Liquid Droplets 

r 

n 

General Formulation: 
G1 = nVmV 

G2 = (nV-n)mV + G(n) 

where G(n) is the thermodynamic 

potential of a cluster of n atoms 

DG = G2 - G1 = G(n) - nmV 

The most general and precise definition 
Capillary Approximation: 

G(n) = nmliq+ 4pr2s 

DG = -n(mV- mliq) + 4pr2s 

P, T, nV 

() sp+mD
p

-=D 2
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4
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4
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r
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J. W. Gibbs, The Collected Works 2 (1928) 
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CNT : Basics 

Classical Problem: 

Droplet in Contact 

with Vapor 

Let us define: Dm/V = DGV 

() sp+Dp-=sp+mD
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sp+Dp-=D 23 4
3

4
rGrG V

Free energy change per unit volume 

Surface tension = Free Energy per 

unit area of interface 

Classical Problem: 

Droplet in Contact 

with Vapor 

CNT : Basics 
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sp+Dp-=D 23 4
3

4
rGrG V

Free energy change per unit volume 

Surface tension = Free Energy per 

unit area of interface 

Classical Problem: 

Droplet in Contact 

with Vapor 

CNT : Basics 
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sp+Dp-=D 23 4
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Free energy change per unit volume 

Surface tension = Free Energy per 

unit area of interface 

Classical Problem: 

Droplet in Contact 

with Vapor 

CNT : Basics 
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Courtesy of László Gránásy  

G. Tegze, T. Pusztai, L. Gránásy, Mat. Sci. Eng. A 413-414 (2005) 

CNT : Basics 
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rc = critical nucleus size 

DG*  = activation barrier to nucleation 
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Droplet radius 
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Work Formation Spherical 

Nucleus 
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instable; that higher than r* are 

stable and tending to grow. 
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Thomson-Gibbs Equation: 

Barrier to Nucleus Formation: 
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Work Formation Cubic 

Nucleus 

The same initial considerations about theory, plus: 

r 
a 

DG(r) = - a3DGV + 6a2s 
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Rate of Nucleation: Classical 
1. The growing clusters preserve a constant shape: the 

equilibrium shape. 

2. 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. 

3. The nucleation process is considered as a series of 
consecutive bimolecular reactions (scheme of Leo Szilard, 
followed by Ladislau Farkas, Max Volmer, Richard Becker, Werner 
Döring, Rostislav Kaischew and Iwan Stranski): 

Leó Szilárd (1898-

1964), Hungarian-

American physicist 

and inventor 

A1 + A0 ª A2 

A2 + A1 ª A3 

... 

An + A1 ª An+1 

GENERAL FORMULATION AND ASSUMPTIONS 
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Zn: concentration of clusters consisting of n atoms 

vn
+: attachment rate of one atom to a cluster of n atoms 

vn
-: detachment rate of one atom to a cluster of n atoms  

1111 +
-
+

+-
-

+
- +--= nnnnnnnn

n ZvZvZvZv
dt

dZ

1+-= nn
n II

dt

dZ

The net flux In of clusters of size n could be defined as: 

Given: 

In = vn-1
+Zn-1 - vn

-Zn  

Then: 

Under conditions of steady state: 0=
dt

dZn Ý In = In+1 = I0 

I0: steady state nucleation rate which does not depends on 

size 

Zn: steady state concentration of clusters of n atoms 



LaMaV 

Federal 

University 

of Bahia 

The scheme of Leo Szilard is best described by the system 

of equations: 

I0 = v1
+Z1 - v2

-Z2  

I0 = v2
+Z2 - v3

-Z3  

+
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General Expression for the 

Nucleation Rate 

R. Becker, W. Döring, Ann. Phys. 24 (1935) 
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1955), German physicist 
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R. Becker, W. Döring, Ann. Phys. 24 (1935) 
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The ñequilibrium stateò is reached when: I0 = 0 

which means: vn-1
+Nn-1 = vn

-Nn detailed balance 

Nn is the equilibrium concentration ion or: 
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Steady State Nucleation 

Rate 
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Yakov Borisovich Zel'dovich (1914 ð 1987), Soviet physicist  
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Nucleation in melts: 

where 1/V = nV, the number 

of atoms per volume 

Steady State Nucleation 

Rate 
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Y. Zeldovich. On the Theory of New 

Phase Formation: Cavitation. Acta Phys. 

Chim. USSR 18 (1943) 1-12. 
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T. Pusztai, G. Bortel, L. Gránásy, Europhys. Lett. 71 (2005) 

The 3D-CNT Working! 

Courtesy of László Gránásy  
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Observation of number of  crystals per volume unity nV (1/m3): 

nV 

tempo 

Fixed Temperature 

tangent = nV/t = I 

I = number of  crystals per volume per time (1/m3s) 

Li 2O.2SiO2 

Measurement 

Nucleation Rate 
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Glass 28.8BaO-71.2SiO2 mol% : 

9.5h at 752oC + 22min at 815oC 

Glass 33.2BaO-66.8SiO2 mol% : 

40min at 765oC + 14min at 815oC 

20mm 
Reflected Light 

Optical Micrographies  

E. D. Zanotto, Thesis, University of Sheffield (1982) 
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Glass 28.3BaO-71.7SiO2 mol% : 

6.5h at 760oC + 22min at 815oC 

Glass 28.3BaO-71.7SiO2 mol% : 

8.0h at 760oC + 22min at 815oC 

10mm 

Optical Micrographies  

E. D. Zanotto, Thesis, University of Sheffield (1982) 
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Glass 28.3BaO-71.7SiO2 mol% : 

1.5h at 800oC 

Glass 29.9BaO-70.1SiO2 mol% : 

1.5h at 800oC 

20mm 

Transmited Ligth 

E. D. Zanotto, Thesis, University of Sheffield (1982) 

Optical Micrographies  
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nv ³ time 

Number of crystals per 

volume unity (nV) vs. time 

for glasses 28.3BaO-

71.7SiO2 and 29.7BaO-

70.3SiO2 mol %  nucleated 

at  718oC. 

Measurement Nucleation 

Rate 

E. D. Zanotto, Thesis, University of Sheffield (1982) 
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E. D. Zanotto, Thesis, University of 

Sheffield (1982) 
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A special feature in melts is the peculiar temperature dependence 

Steady State Nucleation Rate 

ö
ö

÷

õ

æ
æ

ç

å
-öö

÷

õ
ææ
ç

åD
-º

Tk

W
n

Tk

G
vI

B
V

B

D
*

expexp0

At high temperatures the 

nucleation rate goes to 

zero because of 

decreasing droplet 

formation (low W* ). At 

low temperatures the 

viscosity h becomes too 

large and the nucleation 

rate goes to zero because 
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V. M. Fokin, unpublished results 
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In Resume: CNT 

Â There are two contributions to the energetics of nucleation: 

 
Thermodynamics: free energy 

changes associated with crystal 

formation (W* ) which envolves: 

Surface creation barrier (s) 

Volume creation driving force (DGV) 

Kinetics: energy barrier 

associated with moving material 

to create/grow nuclei (DGD, 

where 'D' refers to diffusion) 

E
n

e
rg

y 

Kinetics 

Barrier 

Driving 

Force 

metastable 

stable 
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The CNT : Assumptions 

ÅHomogeneous nucleation of the stable phase 

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

DG0(T) 

ÅInterfacial energy is independent of nucleus size (R) and temperature, s 

= s0 

Transport  Thermodynamic  
molecular rearrangements  

controlled by viscous flow; 

breakdown of SE? 

s = s (R,T)? 

DG(T)= DG(R,T) 
2

3
0
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K
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R. Becker, W. Döring, Ann. Phys. 24 (1935) 
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P. F. James: Advances in Ceramics 4 (1982) 

Using experimental I (T), h(T) and DG (T) gives  ln (Ih/T) vs. 

1/(TDG2) should be straight lines: 

Intercept = K 
 

Slope = s0 
3 2
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m
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2
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CNT: Assumptions 

Peter James (c. 1940 - 2005), English materials science engineer 



LaMaV 

Federal 

University 

of Bahia 

800 900 1000 1100 1200 1300 1400 1500 1600 1700

0

1x10
4

2x10
4

3x10
4

4x10
4

5x10
4

6x10
4

7x10
4

D
G

 (
J
/m

o
l)

T (K)

  Turnbull

  Hoffman

  Borisova

700 800 900 1000 1100 1200 1300

0,0

5,0x10
3

1,0x10
4

1,5x10
4

2,0x10
4

2,5x10
4

D
G

 (
J
/m

o
l)

T (K)

  Turnbull

  Hoffman

  Burgner & Weinberg
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m
T

T
m

H
G

DD
=DTurnbull 

The expressions  of Turnbull and Hoffmann bound the experimental DG  

2
m

T

TT
m

H
G

DD
=D

John Drake Hoffman 

(1922-2004), 

American chemist 

Hoffman 

Comparison of measured Gibbs 

free energies DG and 

approximations of Turnbull and 

Hoffman for L2S and diopside in 

wide range of temperatures. 

Li 2OÖ2SiO2 

CaOÖMgOÖ2SiO2 
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Tests of CNT 

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.  

 

David Turnbull (1915-2007), American physicist 
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only 2 oC! 

D. Turnbull, J. Chem. Phys. 20 (1952) 

Liquid metals (1950ôs) 

Homogeneous nucleation 

rates in liquid mercury. 
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     Straight lines: 

× Pre-exponential 7 o.m. 

higher than predicted 

 

 

 

    

 Discrepancy eliminated by 

 force fitting a  + s(T)  

      

(discuss latter)  

log (I .h/T ) vs. undercooling for liquid Hg. 

K. Kelton, Sol. State Phys. 45 (1991) 

Kenneth F. Kelton, American mathematician and physicist 
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Droplet technique: 

isothermal nucleation 

rates of unfractionated 

linear polyethylene 

The pre-exponential constant 

was 12 orders of magnitude 

 larger than theoretical value 

Increased to 3 oC! 

F. Gornick, J. D. Hoffman, Ind. Eng. Chem. 58 (1966) 

Polymers (1960ôs) 

Homogeneous nucleation rate in 

polyethylene.  
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The linear portion with s0 
gives pre-exponential 
factor 20 o.m. larger than 
predicted. 

R. S. Tiwary, J. C. Claus, M. Vonheimendhal, Mat. Sci. Eng. 55 (1982) 

Glassy metallic alloys 

(1970-80ôs) 

Log (I  x h) vs. 1/DG2T for Fe40Ni40P14B6 
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SiC-ground surfaces of cordierite 

glass, fractured and annealed  at 

980ÁC, 30 min in vacuum.  

 

Crystal size ~ 500 µm. 

R. Muller, V. Fokin, E. D. Zanotto, J. Non-Cryst. Solids 

274 (2000) 

Surface Nucleation 

in Silicate Glasses 

Ralf Müller, German glass researcher 
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Very few silicate glasses spontaneously display 

internal homogeneous nucleation (+ surface) 

Na2OÖ2CaOÖ3SiO2 

Li 2OÖ2SiO2 

Homogeneous Nucleation 

in Silicate Glasses 
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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. 

Log I  versus T for oxide glasses. 

Deeply Undercooled Oxide 

Glasses (1970-2000ôs) 
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Oxide Glasses 

BS2 

ln(I  h/T) vs.(1/DG 2T) for BS2. ln(I  h/T) vs. (1/DG 2T) for NC2S3. 

NC2S3 

G. F. Neilson, M. C. Weinberg, J. Non-Cryst. Solids 34 (1979) 

P. F. James, E. G. Rowlands, Phys. Chem. Glasses 20 (1979) 

C. J. R. Gonzalez-Oliver, P. F. James, J. Non-Cryst. Solids 38-39 (1980) 

E. D. Zanotto, P. F. James, J. Non-Cryst. Solids 104 (1988) 



LaMaV 

Federal 

University 

of Bahia 
Results 

mm HNAV Ds=a /3 2

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

Varying DGV 

Silicate 

Glasses 
a 

DCp=0   DCp
exp 

Discrepancy  

in Imax (o. m.) 

BS2 0.51- 0.56 13 - 32 

LS2 0.44 - 0.48 16 - 36 

NC2S3 0.39 - 0.41 15 - 55 

N2CS3 0.43 - 0.47 25 - 55 

 B2TS2 0.40 - ? 26 - ? 
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Heterogeneous Nucleation 

Observation of number of crystals per surface unity nS (1/m2): 

IS = number of crystals per surface per time (1/m2s) 

Na2O.2CaO.3SiO2 
nS 

time 

Fixed Temperature 

tangent = nS/t = IS 
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Optical Microscopy 

Force Atomic Microscopy 

Diopside glass polished with cerium 

oxide at 820oC / 2h 

M. L. F. Nascimento, Thesis, Federal University of São Carlos (2004) 

Heterogeneous Nucleation 
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µ-Cordierite crystals nucleated at fractured surface, 

thermally treated at 30 min under 960 ÁC.  
(NS º10-7 µm-2) m-Cordierite surface 

fractured thermally treated at (980ÁC, 

30min) in vaccum. Bar = 500 µm. 

R. Muller, V. Fokin, E. D. Zanotto, J. Non-Cryst. Solids 274 (2000) 

Heterogeneous Nucleation 
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Summary CNT 

DG (Thermodynamics) = Turnbull or Hoffmann 

DGD (Kinetics) = via Stokes-Einstein 

h = viscosidade 
 

homogeneous nucleation 

nV = number of crystals per unity volume Ý IV 

heterogeneous nucleation  

nS = number of crystals per unity surface Ý IS 
 

CNT Calculus  

ln IV h/T = A - (16ps3Vm
2/3)(1/TDG2)Ý homogeneous 

ln IS h/T = A - (16ps3Vm
2/3)(1/TDG2)Ý heterogeneous 
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Summary 

Â Using s0 the CNT describes the temperature 

dependence, but not the magnitude of I (T). 

 

Â Possible problem: diffusion mechanism   

              (breakdown of SE?) 

Ivan Gutzow, Bulgarian physicist 
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i) 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 ? 

 

ii) How useful CNT is ?                 
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CNT Discussions in 

Tucson (1987) 

 

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

Edgard Zanotto, Michael Weinberg & Donald Uhlmann 
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Working Hard in Sunny 

Brazil! 

M.O. Prado 

Miguel Prado 

Summer 2001 

Summer 2000 
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More rigorous test of CNT, using induction periods, t, 

rather than viscosity, to account for the transport term: 

One can fit independently measured values of I , t and 

DG to this equation to obtain Aô and s0 

ö
ö

÷

õ

æ
æ

ç

å

D

s
-

t
=

2

3
0

GT

KA
I exp

'

A Rigorous Test for the 

Transport Mechanism 

I. Gutzow, D. Kashchiev, I Avramov, J. Non-Cryst. Solids 73 (1985) 

M. C. Weinberg, E. D. Zanotto, J. Non-Cryst. Solids 108 (1989) 
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Nucleation plots for Li2OÖ2SiO2 glasses 

using induction periods. 
Nucleation plots for  Li2OÖ2SiO2 

glasses using viscosities. 

M. C. Weinberg, E. D. Zanotto, J. Non-Cryst. Solids 108 (1989) 

Michael Weinberg (1941-2002), American chemist 
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Nucleation plots for 2Na2OÖCaOÖ3SiO2 

glasses using induction periods. 
Nucleation plots for  Na2OÖ2CaOÖ3SiO2 

glasses using induction periods. 

Using induction periods 

instead of viscosity  
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Summary 

Â Using s0 and t  both temperature 

dependence and magnitude are not 

described by CNT! 

 

Â Let us then test s = s(R) 
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i) 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 ? 

 

ii) How useful CNT is ?                 
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 It is possible to assume a size 

dependent surface energy. To a first 

approximation one can use Tolmanôs 

equation for s(R) and rederive CNT  

where 2d has the order of a molecular distance.  

But one has now two unknown parameters: s0 and d.  

R. C. Tolman, J. Chem. Phys. 17 (1949) 

1

0

2
1

-

ö
÷

õ
æ
ç

å d
+s=s

R
R)(

Richard  Chace Tolman (1881-1948), 

American mathematical physicist 
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Crystal nucleation rates of 

Li2OÖ2SiO2 calculated by CNT, 

CD1 and CD2. , and 

modifications with one (CD1) 

and two (CD2) adjustable 

parameters. Experimental data 

of P. F. James. 

S. Manrich, E. D. Zanotto, Cerâmica 41 (1995). 

Test for L2S 

1

0

2
1

-
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CD1 CD2 
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Tests with 

Other Oxide 

Glasses 

Calculated nucleation rates by CNT. 

CaO.SiO2 
BaO.2SiO2 

Na2O.2CaO.3SiO2 2Na2O.CaO.3SiO2 

S. Manrich, E. D. Zanotto, Cerâmica 41 (1995). 

Sati Manrich, 

Brazilian materials 

science engineer 
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of Bahia Summary 

Â The discrepancy between experimental and 

theoretical I  decreases considerably with 

CD1 and CD2, but the temperature 

dependence is no longer described by CNT! 
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i) 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 ? 

 

ii) How useful CNT is ?                 
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The surface energy size 

and temperature effects? 

Gupta, Weinberg & Mott, 

Atlanta, USA 1992 
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s (T) for L2S, B2S, N2CS3 

s
 (

J
/m

2
) 

T (K)  

BaO.2SiO2 

s
 (

J
/m

2
) 

T (K)  

s
 (

J
/m

2
) 

T (K)  

Li 2O.2SiO2 

L. Granasy, T. Pusztai, P. F. James, Phys. Chem. Glasses 43C (2002) 

Temperature dependence of s. 
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Minimum in s(T) and s(T)>0? 

Â Fitted s(T) dependence arises from 2 

factors: the temperature dependence of 

surface energy for a planar interface, 

ds0/dT, and the size dependence of 

surface energy  

 

Â Curvature & temperature dependent 

surface energy 
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Temperature dependence 

of surface tension, s(T), 

used to fit CNT to 

nucleation data of L2S, 

and effective temperature 

dependence of s found 

using a radius dependent 

surface tension, s(R). 

M. C. Weinberg, S. Manrich, E. D. Zanotto, Phys. Chem. Glasses 33 (1992) 

s(T) 

s(R) 
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To decouple size and 

temperature effects, we took into 

account the size dependence of 

surface energy using the Tolman 

equation. 
V. Fokin, E. D. Zanotto, J. Non-Cryst. Solids 265 (2000) 

Vladimir Mikhailovich Fokin 

(n. 1946), Russian physicist 
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V. Fokin, E. D. Zanotto, J. Non-Cryst. 

Solids 265 (2000) 
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(NC2S3 glass). Thus, reasonable values of d may be chosen 

so that s0 decreases with temperature, in line with theory. 
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ds0/dT versus 2d for 

Li2OÖ2SiO2 (1, 2) and 

Na2OÖ2CaOÖ3SiO2 (3). 

Kinetic barrier estimated 

from induction times (2, 

3); and viscosity (1). 

V. Fokin, E. D. Zanotto, J. Non-Cryst. Solids 265 (2000) 
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Summary 

 

Â The assumption that s = s0 is probably mistaken, 
but with Tolmanôs s(R), the CD-CNT does not 
describe the temperature dependence of the 
experimental nucleation rate I . 

 

Â Fitted +s(T) > 0 reflects s(R,T) dependence! 

 

Â  Let us look for other alternatives, for instance, 
the initial precipitation of metastable phases, a 
common phenomenon in phase transformations 
in metals... 
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i) 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 ? 

 

ii) How useful CNT is ?                 
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Last talk of the day in sunny 

Florianópolis, Brazil (1996) 

Tucson (1999) 

Metastable Phases? 
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2) Even studies focusing on direct techniques, 

such as XRD and TEM were controversial. 

M. F. Baker, T. Wang, James, J. Mat. Sci. Lett. 6 (1987) 

P. F. James, S. R. Keown, Phil. Mag. 30 (1974) 

J. Deubener, R. Bruckner, M. Sterniztke, J. Non-Cryst. Solids 163 (1993) 

P. C. Soares Jnr. MSc Dissertation, UFSCar (1997) 

L. L. Burgner, Lucas, M. C. Weinberg, P. C. Soares Jnr., E. D. Zanotto, J. Non-Cryst. Solids 255, 

274 (1999, 2000) 

1) Indirect techniques have been used, e.g.: 

SAXS, dielectric relaxation, Raman and XPS, 

which contribute for the uncertainty 

3) Metastable phase precipitation may depend on the 

exact glass stoichiometry, purity and thermal path. 

Experimental Evidences 



LaMaV 

Federal 

University 

of Bahia 

Soares Jnr et al. (2003) 

investigated the early 

and intermediary stages 

of crystallization of LS2 

glasses by TEM /SAD. In 

all samples, treated from 

2.5 to 120 h at 454̄ C, L2S 

and LS (metastable) 

were clearly indexed by 

SAD.  

P. C. Soares Jr., E. D. Zanotto, V. Fokin, H. Jain, J. Non-Cryst. Solids 331 (2003) 

Himanshu Jain, Materials 

Science Engineer 

Paulo Cesar Soares Jr., 

Brazilian Chemical Engineer 
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Small volume fraction 

crystallized a 
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o
C (h)

Estimated a in L2S 

glass at 454̄ C.  

Nucleation rate data 

from Zanotto (1982) 

and growth rate 

measured with TEM.  

(JMAK equation for 

elongated crystals) 
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P. C. Soares Jnr, E. D. Zanotto, V. Fokin, H. Jain, J. Non-Cryst. Solids 331 (2003) 
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TEM provided clear evidence of a second 

phase, LS, which nucleates concurrently with the 

stable phase L2S in a L2S glass heated at Tg for long 

times.  

There was no evidence of heterogeneous 

nucleation of L2S on the top of LS. Therefore, this 

mechanism cannot explain CNT's failure for this 

particular glass, but may, perhaps, partially explain 

for others! 

Summary 

See e.g.: M. Roskosz, M. J. Toplis, P. Bensson, P. Richet,  J. Non-Cryst. Solids 351 (2005) 

Pascal Richet, French physicist 
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i) 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 ? 

 

ii) How useful CNT is ?                 
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What Shall We Do 

About CNT? 

Peter James, Michael 

Weinberg & Edgar 

Zanotto at Vaduz, 

Liechtenstein (2000) 
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A New Discovery! 

 Mutant Crystals 
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Crystals in Na2OÖ2CaOÖ3SiO2 

Glass 
the backyard effect 


