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A MQTIVATION and OBJECTIVE

A STRATEGY and METHODS

A DATA DIGGING and ANALYSES
Viscosity: data

Crystal growth rates: models and data
Nucleation time-lags: experiments and data
lonic Conductivity: experiments and data

A RESULTS
I Diffusion coefficients calculated from:

crystal growth rates U , nucleation time-lags t,
viscosity h, conductivity s, direct self-diffusion

measurements (for Li, O and Si) and calculated
effective diffusion coefficients.

A CONCLUSIONS
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A The diffusion processes controlling crystal nucleation and
growth in complex glass forming liquids (e.g. oxides) have been
a subject of intense debate and controversy but are still
unknown. For example:

- Does the Stokes-Einstein or Eyring (SE) equation
breakdown? i.e. is there a decoupling between Dy
calculated by the SE equation and D at:

Ty= 1.3:1.2T,2

log,, D

T

Which moving units control crystallization? Single atoms or
IS it a cooperative movement of i mo |l ec @l e s o
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taIIization theories typically contain a transport
and a thermodynamic term:

I(T) = (K/I 3) €D, Cexp(- W' /ksT)
U(T) = (KBl ) (D, G1- exp(- DG/k.T]

transport thermodynamic

Most authors use viscosity data and the SE / E




2 Federal () from Zanot g™
University 3
of Bahia

OBJECTIVE

A Our objective is to shed light into the
previous questions by comparing 6 types
of diffusion coefficients in Li,0QSiO,
glass:

A calculated from crystal growth rates, D,
from nucleation time-lag, D;, from
viscosity, Dy, conductivity D and
calculated effective D40 ;S

Awith directly measured self-diffusion
coefficients, D

S?

cation-
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¥

@ Silicon
@ Oxygen

Crystalline Silica (Quartz, Sand) Silica Glass
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A Glass: non-crystalline solid that presents
glass transition phenomenon
A

M. L. F
Nascimentol.
Mat Educ 37
(2015137154

Volume

Glass transition
temperature
definition Ty | |

volume variation : : -
with temperature. T T
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A We measured, collected and analyzed
extensive literature data on crystal growth
rates, nucleation, time-lag, viscosity and
self-diffusion coefficients In a wide
temperature range - between the glass
transition and the melting point - of
Astoi ¢chi glassdsthatc O

1) nucleate in the volume:

A Lithium disilicate: Li,0Q@SIO,
1) only nucleate at surface:

A Silica: SIO,
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1. Data Digging &
Analysis of 6 Kinetic
Processes

Crystal growth, viscous flow, conductivity, nucleationlégand
seltdiffusion coefficients, plus effective diffusion coefficient
last is theoretical...)
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m  Experimental data
—— VFTH:log, ,h=A+B/(T- T)

A=-2,66234;8 = 3432,53748T = 490,70698) ¢’ = 0,02515
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CRYSTAL GROWTH
DATA ANALY SIS

(The best fittings are shown by a red line)
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1) Normal (N) >

Il) Screw Dislocations (SD)

Ill) Surface Nucleation (2D)
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............ pgmpm C=
Ill) Surface Nucleation (2D) u(T)=

Only one adjustable parameter for all: |
' 2D: unknown surface energy g
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TIME LAG DATA
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A Aviodeld glass that shows nucleation in
volume {0 3

[OURNAL OF

ONGSNESOUDS| N Fixed Temperatureg

tangent =N,,/t = |

Fokin, Zanotto,
Yuritsyn & Schmelzelk » time
352(2006) 2681  t 4

Collingashchiev _ 3 1
| = nucleation rate [m 3s ]
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Classical Nucleation Theory has many problems about
the pre-exponential factor N, diffusion mechanisms
(D)), the dependence of surface energy o=qr,T),
metastable phases (DG,) etc...

D & W' § . _16p §
| =N, —-€ex W =
|2 %kTg 3DGy

A In this work we will S|mple assume that diffusion for crystal
growth and nucleation are near the same. We fixed N,
and | as feasible parameters.

'Rostlslav YakovZeldovich  Richard
Kaischew Becker

Josiah W. GibbsMax Volmer |wanStranski
Turnbull
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SixX DIFFERENT DIFFUSION
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COEFFICIENTS uf 1o
D from viscous flow: @ Eyring Equati

D from D = U  a— (for normal or scre
growth: U f[]__ exd- DG/ RT)] dislocation growth)

D from D :SkBT NernstEinstein
conductivity: ° N,e°| Equation

D from time- lag: @O I;B(';'zllrg?

D..ion - Measured seldiffusion coefficients}
1 1

D = =
Doef felct i V€. X
)
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A 2. Results for
Li2()("28iC)2

M. L. E Nascimentoy. M. Fokin,E. D. Zanotto,A. S. Abyzov Dynamicprocessesn a
silicateliquidfromabovemeltingto belowthe glasstransition J. ChemPhys 135(201)
194703




Federal

unversP)IFFUSIVITY? Li ,OQSIO, uffx-m

of Bahia

T(K)

2000 1500 1000 500
_8 rrrrrrrjrrerarrv T T T T T T T T T T T

-10 -

-12

-14 4

-16 4

log,,D (m2/s)

\ ]
5 L/

-20 -

22 - T : -

m .

| ' | ' | ' | ' | ' | ' | '
6.0x10° 8.0x10° 1.0x10° 1.2x10° 1.4x10° 1.6x10° 1.8x10° 2.0x10°

1T (K™Y




Federal L| 20 QS | 02

university. DIFFUSIVITY?
of Bahia Dy Dy, for T> 1.1T,

T (K) D, <DylowT

2000 1500 1000 500
-8 eI ————————— : :

-104

-12

-14 -

-16 -

-18 4

log,,D (m2/s)

0 | Breakdow s
| atl.aT,? °

22 4 T -

m .

| ' | ' | ' | ' | ' | ' | '
6.0x10" 8.0x10° 1.0x10° 1.2x10° 1.4x10° 1.6x10° 1.8x10° 2.0x10°

UT (K™




Federal Li ,OQ@SIO,
university [)|FFUSIVITY3

of Bahia Dy, ® D,% D" for T> 11T
T (K) D,>Dy>Dy,>D, low T
2000 1500 1000 500
-8 T ———————— : : :
) T I
104 D T D,,D, & D6 s
Li ] U» =h
A\A\A
-12 S o< \A =l = ® DU
N \ —Dh:kBT/I h
”é {| # D, Beier & Frisc
E 164 14| © D, Takizawaet al
S e D : Sakaiet al
(@)) @]
O -18- 2 . _
- & D : Kawakamiet al
220 - .QIZ;O: Takizawaet al
: o D : Sakaiet al]
24 T , < -
J — 1 ' 1 ' 1 — T T T 1

6.0x10" 8.0x10° 1.0x10° 1.2x10° 1.4x10° 1.6x10° 1.8x10° 2.0x10°

UT (K™




Federal Li ,OQ@SIO,
university [)IFFUSIVITY4

of Bahia et e
n 5310283 kK. T :
T(K) e e gDS —_B Si
2000 1500 1000 500 e ne .
K J — : :
g1
-10 - : - ~
N ELi _ Dy, Dy, DO s D&
| \A\A
-12 4 ! ~ - .
: \Aﬂm : * by
. 2 A ]|[——Dz=kT/ h
’U? -14 + : D 1 . .
NE ! s || 4~ D, :Beier & Frisch
E 164 E 1| © D,: Takizawaet al
S ! e D _: Sakaiet al
(@)} 1 O
O -18- I = * )
— _ : . [| ¢ D :Kawakamiet al
: . : A
20 5 !.Q[;O. Takizawaet al | D,
; o D_: Sakaiet all
22 - T - ! ~e -
| ' : | ' | ' | ' II ' | ' |

6.0x10° 8.0x10" 1.0x10° 1.2x10° 1.4x10° 1.6x10° 1.8x10° 2.0x10°

UT (K



Federal Li ,OQ@SIO,
university [)|FFUSIVITY®

Of Bahla EE  TGTTLITTTTTITPTLITY .
D, = 80 kgTg :
T ' 3 DGAY]
2000 1500 1000 GO0  feeeercecencacenencsnsneansocanences
_8 """"'I"'_‘II LA B ' ' ' L ' ' ' '
_ %EA 2D T
104« : : . -
-12 TAsal 4 e D
) ﬂ\& ) U
2 A ||——Ds=kT h
@ 14 ; ' .
= D, || 4 D, Beier & Frisc
E 164 1| © D, Takizawaet al
@a ¢ D Sakaiet al
O -18- - ) _
= 1| ¢ D:Kawakamiet a
20 D_: Takizawaetal || = D,
CCLp - sakaietal]] *
oo T \ e @\%). akalet al|
| 'm : | ' | ' | ' : | ' | ' |

6.0x10° 8.0x10° 1.0x10° 1.2x10° 1.4x10° 1.6x10° 1.8x10° 2.0x10°
-1
1T (KD



log,,D (m2/s)

1T (K™Y

Li ,OASIO,
university [)IFFUSIVITYS
of Bahia 1 2 AW @
rio [No=9.78 107 m3 | D =-S—expgE—¢
0 Che' =
2000 1500 1000 500
B v AR . g=0.1584 J/rh
| P in T
: VAN g!
o ' ' D, Dy, Dy, D6 sD, , D, & D,
-12 A\A“A~ = D
\\%\A o U
2 A ||——Ds=kT h
-14 4 = . .
D, A D, :Beier & Frisc
16 4 11 © D. Takizawaet al
=) Do: Sakaliet al.
-184 - X
& D : Kawakamiet a
20 D Takizawaetal || & D,
- UL D Sakaietall| D
: : Sakaiet al
22 T o @‘909 1| = D,
m . . |
| | | | | ' | '
6.0x10° 8.0x10" 1.0x10° 1.2x10° 1.4x10° 1.6x10° 1.8x10° 2.0x10°




Federal LI ZOQSiOZ
university DIEEUSIVITY?
of Bahia log,, D, = 5.5508+ exp(- 352.4kJRT)

1T (K log;q Dy, = 18.8486+ exp(- 559.5kJRT)

3 3 3 3 3 3 .
_117.2x10 1.3x10 1.4x10 1.5x10 1.6x10 1.7x1_(i7 In the nucleatlonrange
-0 | | | ' | ' | ' c 0
T = 454C | the viscosity strongly
9 decouplesfrom crystal
-18 4 - -18 i
growth nucleationand
D,2D,°%2D, >>D, | - -
U t I h time lag experiment
194 m 1 .19 data Oxygendiffusion
- - doesnot follow D;, but
£ -20- . {20 Pu
a) A RN e D
S . < \ ' e . A U
S 214 - L P o, e a 4 -21 D,
; ‘? . ¥ 0 = D
224 - N m Yo -22 _
: N ' e D Takizawaet
LT | . ¢ D_: Sakaiet al.
-23 ' 1 ' m ' 1 ' 1 ' -23 =
1.2x10° 1.3x10° 1.4x10° 1.5x10° 1.6x10° 1.7x10°

UT (K



COMPARISON WITH U-FL‘{-I%%:
SIMULATION: MD

—— D=k T/ h0.3A
José Pedro Rino D.:MD
—+—D_: MD
—+—D_ MD
9 —0—=D
. —— D =k T/l h2.7A

10 - .%

L. G. V. Goncgalves,). P.
Rina J.  NonCryst

log, D (m'/s)

11 —
SO|idS402(2014 91-95
12
-13 T T T T T T T T T T T 1
4,0x10" 5,0x10" 6,0x10" 7,0x10" 8,0x10" 9,0x10" 1,0x10°

1T (K




Federal o

University i |.F( Y o=
of Bahia “

A 3. Results for SIO ,

Crystal growth, viscous flow, silicon and oxygerdgélfion in a
silicate glass that doemtdisplay nucleation in volume at
laboratory timscales

M. L. E NascimentoE. D. Zanotto DiffusionProcessesn VitreousSilicaRevisitedPhys
ChemGlasses48(2007 201216
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A 4. Conclusions
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1) Does the SE/ E equation breakdown at some low

enough T?
l0g,, D Ty~ 1.1—1.2Tg?

/T

1) Which moving units control crystallization? Single
atoms or is it a cooperative movement of molecules

(Deff)?
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