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Glass Formation is Controlled by Kinetics

Glass-forming liquids are those
that are able to “by-pass” the
melting point, T,

Liquid may have a “high viscosity”
that makes it difficult for atoms of
the liquid to diffuse (rearrange)
into the crystalline structure

liquid

Jf
supercooled.’

liquid K

Liquid maybe cooled so fast that it
does not have enough time to )
crystallize 5
glass,’

L 4
.~

Molar Volume

Two time scales are present
— “Internal” time scale controlled

by the viscosity (bonding) of
the liquid Temperature

— “External” timescale controlled
by the cooling rate of the liquid



Glass : undercooled liquid with high viscosity

The higher the structural relaxation, the closer it moves toward a “true” glass.

ideal \
glass

N \ Confiyurationally
glaSS \‘ . Frozen \\:Crystal

Viscosity (log )

T« T, T,
Temperature (T)

A solid is a materials whose viscosity exceeds 10146 centiPoise (10'? Pa s)

cf) liquid ~102 poise



Definition of a glass ?

Tmicro & Texp K Trelax

Time scale separation between microscopic,
experimental, relaxation; the system is out
of equilibrium on the experimental time

scale.
(ct. S.K. Ma, Statistical Physics)

Microscopic time: time for events at sub-atomic distance and duration
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* Kinetic Nature of the Glass Transition
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-Ideal glass:

Tg(r3) Te(ry) Tery) Te
Tg depends on the rate at which the Specific Volume (density)
liquid 1s cooled. Ty(13)< Tg(ry)< Ty(r)) of the glass depends on the
ifr; <, <r time at a given T< T,

* Glass —» exited state -(sufficient time)— relax and eventually transform to
crystalline ground state



e Thermodynamics for glass transition

~ not thermodynamic nature
~ close to second order phase transition

mm) at T, — G changes continuously.

— V, H. S changes continuously.

— First derivatives of G (V. S, H) are continuous at T

(oG dG) 0G
I | { | H:G—I{_]!

9P/ ; vor/ , oT/

— a, C, kyChanges discontinuously.

— Second derivatives of G (o, p. C,) are discontinuous at T

c [ 0H ) 1oV 8 —1(aV)
‘P = | arpm | A= =] = | an)
P \or/, v\aT/, vV \oP/;
Heat capacity Coefficient of Compressibility
at constant P or V thermal expansion at constant T or S

¢ The glass transition is ‘pseudo’ second-order phase transition.

And the transition depends on Kinetic factors. 6



Entropy (V, S, H)

Viscosity

continuous

Specific heat

Free energy

(o Cp Ky)

discontinuous

()

T,
I~
i

TK T9 Tm

Temperature

Schematic of the glass transition showing the effects of
temperature on the entropy, viscosity, specific heat, and

free energy. T, is the crystallization onset temperature.




Q1: Theories for the glass transition



Theories for the glass transition

A. Thermodynamic phase transition

* Glass transition
H,V,S:continuous CIO a; Kt @ discontinuous
— by thermodynamic origin, 2" order transition

But, 1) Tg is dependent on thermal history of sample.

— If 2" order transition,
V.H.S T, is not changed by kinetic factor.

liquid

v :
B — il ' B
T(13) Te(1y) Te(1) j
Tg depends on the rate at which the Specific Volume (density)
liquid 1s cooled. Tg(r;)< Ty(r,y)< Tglr) of the glass depends on the

ifr;<n<rn time at a given T< T,



e Thermodynamics for glass transition

~ not thermodynamic nature
~ close to second order phase transition

mm) at T, — G changes continuously.

— V, H. S changes continuously.
— First derivatives of G (V, S. H) are continuous at T

(G 0G ) 0G )
| | (_| H:G—T{_J

\oP/ ; \aT/ » T/ 5

— a; C, kyChanges discontinuously.

— Second derivatives of G (a, B, C)) are discontinuous at Ty

[ 0H ) 1(aV) —1(aV)

p=\| =) a:_.'._} =
\aT‘jp \"\an V\-(?Pf;

Heat capacity Coefficient of Compressibility
at constantP or V thermal expansion atconstantT or S

¢ The glass transition is ‘pseudo’ second-order phase transition.

And the transition depends on Kinetic factors. 10



Maxwell relations (Q) _ (i)
()p VN T N

— Eq. (1) & (2) should be proved experimentally.

It is found by measuring the discontinuities Ao, ACp, Ak; at the glass transition that
Eqg. (1) is almost always obeyed within experimental error, but that values for Ak;/Aa;
are generally appreciably higher than those of dT,/dP (Eq. (2)).

dT, 3 Ak
dP  Ac;

— Eqg. (1) = satisfy Eq. (2) = dissatisfy :

— Therefore, it appears on this evidence that the glass transition is
“not a simple second-order phase transition.”



Prigogine Defay Ratio

Ar; AC,
If a single ordering parameter determines — 5
the position of equilibrium in a relaxing system, TV (AaT)
: . _ Ax;AC,
If more than one ordering parameter is responsible, R = 5 > |
TV (Aay)

mm) The latter case seems to describe most glasses.

Goldstein (1973) has suggested that

“ The specific volume V  of the glass depends not only on the tempgrature,
being continuous through the transition, but also on the pressure of formation”

Jackle (1989) has shown that

AT, _ Axy oy Ty _ Ay £0(InV,)/0p,

dP Aa; dP Aa;

Additional consequence of the experimental verification,
“ Glasses prepared under high pressures have higher than normal densities
but normal entropies or enthalpies. ”

12



Homework:

Find application of value of the Prigogine Defay Ratio : R
and summary in 3 pages of ppt file.

Due date: 9 April 2018



Theories for the glass transition
B. Entropy S = ICPd InT

« Description of glass transition by entropy (Kauzmann)

1) Heat capacity — dramatic change at T,

Supercooled
liquid T<T, Cp, =C;

crystal

T>T, C

g PscL

>C,

crystal

(® high configurational degree
of freedom in S.C.L. )

TIT
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Theories for the glass transition

B. Entropy

« Description of glass transition by entropy (Kauzmann)

2) The slow cooling rate, the lower T,

— ideal glass transition temperature exist?

— YES

GRS Entropy of fusion

A4
///—5 48 cu /
gow S=[CpdInT
8 401 -
L 36| :
E 321 l - -
= | The data are plotted against in T so that
:c. j_ : & T, integrated areas under the curves yield
- 3 3 3L{§§§3‘and elass €ntropies directly, and the entropy of fusion is
i o & . .
(a) 350) 460 4§g 5(')0 55‘0 6(')0 shown shaded in the upper part of the figure.
T(K)(log scale)
Heat capacities of glassy, liquid and 15

crystalline phases of lithium acetate



Theories for the glass transition
B. Entropy

« Description of glass transition by entropy (Kauzmann)

Entropy of the liquid larger than in the crystal. Typically:

A

C

S=[CedInT

liquid ~~ |
-"' '

Kauzmann
(1948)extrapolates the

. melting

T'm

C
S,(T,,) =58,(T) +] ?adT a € {liquid, crystal}
T

Ciiquia > Corystar * €ntropy in the liquid decreases faster
with T than in the crystal.

specific heat data below

16



Theories for the glass transition
B. Entropy

« Description of glass transition by entropy (Kauzmann)

2) The slow cooling rate, the lower T,

S = ICPd InT The temperature vanishing excess entropy
is termed the “ideal’ glass transition temp.

Bl 7 Tm  T,.(Wong and Angell 1976)

-.iS.U-

o 4.0 ds

| T, >T,. aa ——0

- 3.0 g 0C

H AS; dT

c‘;:--" 2.0 Toc

J
[.0 J ‘ If Tg<T0C! Sliquid < Scrystal
1 | Adl | | v |
(b) 100 200 300 400 500 660 violating third law of thermodynamics
] AE 20| 71 MQl JH: Hrf FoIA 7t

HFC A| X|AQ| O X|2 7}K|<= AEjO| Ot =X
The difference in entropy between liquid and A=A 22l o] i o H
crystalline phases as a function of temperature

Toc: lower temperature limit to occur glass transition thermodynamically
17



 ldeal glass transition temperature (T, =Tg°)
: lower temperature limit to occur glass transition thermodynamically

Tlll

supercooled __liguid

liguid

TOC

cristal

S(liquid)-S(crystal)

TIII

HEAT CAPACITY : Cp

Toc To

inT T

(@)
(b)

Variation of (a) C, and (b) excess entropy, S depending on temp.

for glass, crystal and liquid. Ideal glass transition temp, 7. is the
temperature when excess entropy is disappeared.
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Controversies in Amorphous Solids: The Kauzmann Paradox

If we extrapolate the specific
volume of the liquid from above
Ty to temperatures much below
Tg. one must accept that at some
temperature T well above 0 K,

the specific volume. the
enthalpy and the entropy of the
equilibrium liquid would
become lower than that of the
crystal... Since the above
statement 1s not possible
(Kauzmann paradox) . two

¥, H S liquid

o

between the liquid and the glass or 2) the extrapolation to temperatures
far below T is not valid. So far no one has found the answer !!



* Kauzmann’s paradox The configurational entropy apparently extrapolates

1.0

0.2

to zero at low temperatures.

1

T

- -

-
Ethanol _»~=" ‘
«*"  Propanol ¢
- P ol

- --- G[yc@l'Ol -------- '.‘- " —
"""""" Glucose .
Lactic acid 3
I TK\ Tm \'
1 | 1 | | 1 1 1
0.2 0.4 0.6 0.8 0.9

S=S,+ %nfig

T defined by an

extrapolation of
equilibrium properties.
Not really justified.

If point defect with finite
formation energy are
present in a reference
configuration, the
extrapolation is incorrect
(Stillinger).

— Measurement of Kauzmann temp. is almost impossible.

(® very slow cooling rate — longer relaxation time — crystallization )

Homewor _Which glass has been reported as closest oneto T,?



How does thermodynamics different from kinetics?

Thermodynamics =+ There is no time variable.
says which process is possible or not and never says how long it will take.

The existence of a thermodynamic driving force does not mean that
the reaction will necessarily occur!!!

There is a driving force for diamond to convert to graphite
but there is (huge) nucleation barrier.

How long it will take is the problem of kinetics.
The time variable is a key parameter. = Relaxation & Viscosity



Kinetic Nature of the Glass Transition (cont.)

* The glass transition is not a true second order transition but only a

* An approximate but useful relationship 1s T = (2/3) Ty

* What is the origin of the kinetic nature of TG ?

pemubatlon 1s communicated to the material: change in T or P).
It 1s therefore related to whether or not the material properties (e.g
density) can preserve their equilibrium value during the

perturbation.
22



* Formation of glass during cooling

in T can lead to rapid (“instantaneous’™) molecular rerrangements.
During cooling at high temperatures. the system’s average free

times during cooling).
* At lower T. the rate of molecular motion becomes lower. The

material preserves equilibrium properties during cooling as long as
the rate of molecular|rearrangement|(required by the change in T) 1s
larger than the rate at which the|perturbation|is exerted on the

material (i.e. cooling rate).

motions become slower than the rate at which the temperature 1s
changed. The material has no longer sufficient time during cooling

to remain in equilibrium (1.e. to exhibit the equilibrium properties,
e.g. specific volume) : the relaxation time scale 1s larger than the

instantaneously to the perturbation.



Definition of a glass ?

Tmicro & Texp K Trelax

Time scale separation between microscopic,
experimental, relaxation; the system is out
of equilibrium on the experimental time

scale.
(ct. S.K. Ma, Statistical Physics)

Microscopic time: time for events at sub-atomic distance and duration ,,



The above statements explain the dependence of the measured glass
transition temperature on the rate of cooling.

A similar discussion can be applied to the effect of pressure.

The fact that the rate of molecular motion decreases with
temperature can be qualitatively explained on the basis of free
volume concepts*® (molecular motion is afforded by the existence of
higher the specific volume of the 111a'fé'1'"i'5'1m('f6'1""2'1. glven number of
molecules), the higher the free volume in the material, the higher
the rate of molecular motion.

The fact that the material is not in equilibrium below Tg because it
did not have sufficient time to reach the equilibrium configuration

.............................................................................................................................. ranssnssssnssnnnnnas

(S) and density. therefore energy or enthalpy (H) during cooling

25



Volume, V

Theories for the glass transition

C. Relaxation behavior

Glass

| T, = fictive temperature, T,

Undercooled

- .-
-

Crystal

Liquid

/

thermodynamic property 7

Tgo Tf = Tq

Tm

T

r i

Liquid: enough time scale for atomic redis-
tribution with respect to temp. change
— equilibrium state

S.C.L: thermodynamically metastable
with respect to crystalline
— considering atomic configuration,
enough time scale for atomic
redistribution
— equilibrium state

If time scale is not enough,
SCL transform to glass.

thermodynamicproperty  Atomic configuration of glass

: try to move to equilibrium state
— relaxation behavior

26



A

' T, = fictive temperature, T,  Liquid

/

Theories for the glass transition

Undercooled
Liquid

C. Relaxation behavior

-
-
- -

Volume, V

Crystal

At high temp. (SCL + Liquid)

Liquid is characterized by equilibrium amorphous structure

A J

T T,=T, Tw T
metastable to crystalline in SCL.

Below glass transition: frozen-in liquid

veeeneeeses e T I e (2)
becomes comparable withithe time scale for atom/molecule arrangement:

— If (1) > (2) == liquid // (1)~(2) =% glass transition// (1) <(2) =% glass
(A concept of glass transition based on kinetic view point)

(property of liquid-like structure suddenly changes to that of solid-like structure)

mm) understanding of glass transition from viewpoints of relaxation
27



C. Relaxation behavior If cooling rate become fast, glass transition

can be observed in liquid region in case of

V.H.S slow cooling rate.
liquid

* Specific volume V;<V,<V,
- max. difference: ~ a few %

» Fast cooling — lower density structure
— higher transport properties

* If sample is held at glass transition range

| | (during heating), its configuration will
To(r3) Te(r2) Te(ry) change toward equil. amorphous structure.

Tg depends on the rate at which the

liquid 1s cooled. Tg(r;)< Tg(ry)< Tg(ry)

ifr; <r,

= “Relaxation behavior”

<1 In fact, many properties of glass changes

depending on relaxation behavior.

0O



C. Relaxation behavior

e In glass transition region, properties change with time.

* Process of relaxation behavior: stabilization
(equilibrium amorphous structure) —— closely related to glass property

V.H. S Keep temp.
liquid

» depending on cooling rate,

specific volume I or 1

glass smaller volume
I

larger volume

Te(,) Te(r,) 29



Relaxation from initial volumes above and below the equilibrium volume

A

< Specific volume

m
o

V'’

T

»
»

Temperature

Variation of volume with time form initial volumes above and below the equil. volume

L * relaxation kinetics

V* time

/ > n
.

30



Viem® mot ™)

C. Relaxation behavior

% Correlation between structural relaxation time and cooling rate

q=-dT/dt : cooling rate
Q : activation energy of viscous flow

KT,” /Q
AtT,, 7, ~( )
|
L/‘/
B I
7’ |
anl 7 |
S0F T Pid 1
! .8 e I
g2 1
B ? l/’ J
*’/ /,’?'
- ”’ X ’/ Im
G, = t’
R //‘/ -
/7
Ct/
. G
85
L 1 ! 1 1 1 1 1 1 1
500 1000
T (K}

<Specific volume of PdCuSi>

- different glass state G,, G, according
to different cooling rate

- relaxation (G,—G,)

- high cooling rate
(greater frozen-in structural disorder)
— short relaxation time
— high T,
— low viscosity, high diffusivity
great specific volume & internal energy



Determined from DSC up-scan

overshoot in heating process
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When the Kinetics become fast enough to allow

the sample to regain metastable equilibrium
Heating rate dominant or cooling rate dominant?

Temperature T (a.u.)

J. Appl. Phys. 107, 123529 (2010)



J. Appl. Phys. 107, 123529 (2010)

Heating and cooling rate controlled by DSC

Heat Flow Endo. Up (a.u.)

| crystallization
: peak onset

T™ T

f 40 | R ML ——r—r—r —— -
£ . q,=2Kis el
S an ] 684 * g ]
< 30 1 -
© < oes2] 7Ny ]
6 1 ] b\ '.’.l- ~ .\‘-‘ 1
S 20: g 680 . '. ‘:,:.’ .“ ;
> 678 S - ‘,,.f /\«,
= 10: sis 0.1 1 i //' :
o' Cooling Rate (K/s) L : 1
.g 0 ] - -\=r-"-"‘£'

Ll —--q_=0.05KIs 1
S —-—q_=0.10Ks ]
2 setq.= 0.25 Kis -
(18 - -q.=1Kis . 1
"6 —q.=2Kis zr58 Scu15.6Nl12.8AI10 3Nb2 8
o T ————— ————— ——
L 550 600 650 700 750

(%)
Z
c

Temperature (K)
Heating rate constant

q,=q.= 0.10 K/s

q,=q,.=0.05K/s

Heat Flow Endo. Up (a.u.)

--------------------

Temperature (K)

Heating rate>cooling rate

550 600 650 700 750

----

overshoot 1

40 —— T

1 —9.=0.25Kis(a,=q.)

] ~~-9=005Ks(q,>q) supercooled
309 U 9=2Ks(azq) liquid

: overshooting region

-
o
U Y

Heat Flow Endo. Up (J/g-atom K)
N
o

Temperature (K)

ESPark Research Group

600 650 700



Volume structural relaxation

VOLUME

TEMPERATURE —— >

(a) slow cool; fast reheat
(b) medium cool; medium reheat
(c) fast cool,; slow reheat

Volume changes in glass upon varying cooling and rcheating rates

34
(Adapted from: Fundamentals of inorganic glasses. A K. Varshneya, Academic Press, 1994)



Second derivatives of G

Coefficient of expansion

(or specific heat)

Complex relaxation effect in the transition region

3/3’: cooling faster than heating

1/1°: heating faster than cooling ™\

Volume (or enthalpy)

DR SR e
T, T, T, Temperature

T, Temperature

35



Temperature Dependence of Liquid Viscosity

the larger the average size of the holes and the larger the energy
of the molecules, the easier the molecule move past oneanother,
the lower the resistance to flow.

(P



Glass transition defined by typical viscosity n. Arbitrary but
convenient

] 8  Ca0O-Al203 (64.5 wi%h)
13 - A Y203-A1203 (YAG)
1 [i © ZnCI2 (E&A)
. O CKN (Macedo ot coll)
m 3 B ZBLAN20 (CTM)
';‘ 9 ; 2 tri-alphaNB (Plazek)
. = 1,2diPhenylBenzene -
37 s TieserszTes Arrhenius plot:
§ 5+ © GeO2 (K&D) y
> E + S5i02 (F&P)
= 311 5 205 (o log(time) or
L 4 £ x 2 (M&C) - .
] A propanal
P A popndl log(viscosity)
] H toluene
-3- o versus 1/T.
-5 - ' . g - . Methylcyclohaxane
0 2 4 g B 10 * PoeEsH

1000K/ T

Similar behaviour for relaxation times obtained using different methods (dielectric
relaxation. NMR) . o relaxation time T,
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Fragility

% Fragility ~ ability of the liquid to withstand changes in medium range order with temp.

~ extensively use to figure out liquid dynamics and glass properties
corresponding to “frozen” liquid state

Angell-plot (Uhlmann)

< Classification of glass >

Strong network glass : Arrhenius behavior 1408 ¢ m.oXylene
Ea 12 © m.o-Fluorotoluene
I 1 =1,exp| RT ] 7 e Chlorobenzene
'S 0P8 ¢ Toluene
Fragile network glass : Vogel-Fulcher relation % g I o o-Terphenyl
— 1 ex [L] § " o K+B*CI
= 770 p T-T 2 o K+Ca2*NO,
0 — . ﬂ
g4
. . .y O
< Quantification of Fragility > 2
0
m_dlogn(T) _dlogz(T) .
d(T,,/T)| . d(T,/T) ok

g.n

Slope of the logarithm of viscosity, n (or structural relaxation time, 1) at T,



Log (viscosity in Pa-s)

T Increase

12 10%2~104 poise
or LR
Intermediate
61 (Moderately
Strong)
3 |
0
Somewhat
Fragile
-3
éFragile
-6 e
0.0 0.2 0.4 0.6 0.8 1.0

Tg/T T 39



Fragility
Strong liquid vs. Fragile liquid

« Strong glass-forming liquid

— covalent bond of SiO,

— small difference of C, between SCL and glass at T

(small difference of structure)

— SCL.: relatively low entropy

- fragile glass-forming liquid

— non-directional bonding
(vVan der waals bonding)

— large difference of C, at T,

(relatively large free volume)

— SCL.: relatively high entropy

Log (viscosity in Pa-s)

12

Intermediate
(Moderately
Strong)

Somewhat
Fragile

Fragile

0.2 0.4 0.6

0.8

1.0



Viscosity variation of liquid during cooling

No clear relationship btw viscosity variation of liquid vs GFA!

0.20 ———F—————T—— T
® Nigg sNbyg 5 Tg/ T=0.55
A TigoZr1oCusePdy4 & ;
0.15 F v TigplrioCuszoPdsg p -

¢ Vit106a
€ Zrgg Ti;CuygNigAly,
P ZrgoNiscAly e

0.10 | @ ZrgNiy,

* ZrgoPlog

® CugpZrogTing

@ Cugylrgg
0.05F + CugeZrysAlg

-

Viscosity (Pa.s)

0.00 i | 1 i 1 1 1 i 1
0.40 0.45 0.50 0.55 0.60 0.65

Tg/ i} Kelton et al. NATURE COMMUNICATIONS |
5:4616 | DOI: 10.1038/ncomms5616




d. viscosity

* Another definition of glass transition;
* Viscosity (10'° centiPoise= 101213 Pa s)
* most glass forming liquid exhibit high viscosity.
* In glass transition region, viscosity suddenly changes.

— Fragility concept: Strong vs Fragile

12

<+— high temp. P Strong glass : Arrhenius behavior

— eX[Ea]
n=1, pRT

ol Strong

Intermediate
(Moderately
Strong)

— Oxide glass ex) SiO,, GeO,

Log (viscosity in Pa-s)
W
||

- fragile glass : Vogel-Fulcher relation
- deviation from simple Arrhenius behavior

S what

ragile . B
3 n=1, eXp[—T T ]
Fragile 0
-6 | . . .
i 55 3 e e 7 — lonic system, organic materials



* Free volume model

Free volume — excess volume originated from thermal expansion
without phase change in liquid

atomic 0

volume
*

Probability exp(Ax_)

s

average free volume

atcg? |5

defect free volume .
volume fluctuation shear strain

e V*: activated volume for molecular movement — crucial role for flow

==p Critical step in flow = opening of void of some critical volume
for atoms to move by an applied stress or thermal activation

== redistribution of free volume (Kinetic viewpoints)



Free volume - explanation of glass transition through free volume

- hard sphere model (thermal oscillation)

» Total volume: occupied by spheres (V

OCC)
parts where atoms can move freely

— permitting diffusion motion
— free volume

* Transport of atom: voids over critical volume (by free vol. redistribution)

* As temp. decrease, V,will decrease in liquid.

On the other hand,

* Free vol. in glass is relatively independent of temp. than that of liquid.

— free volume — frozen-in (not happen to redistribution of free vol.)

44



Theories for the glass transition

A. Thermodynamic phase transition

e Glass transition
H,V,S: continuous C, ap Ky : discontinuous

— by thermodynamic origin, 2" order transition

Ax A
— In fact, it appears on some evidences that the glass R = K1 sz
transition is not a simple second-order phase transition. TV(Aay)
B. Entropy

e Heat capacity — dramatic change at Tg

e Description of glass transition by entropy (Kauzmann)

S = .[de InT | — The slow cooling rate, the lower T, —Tgor TgO

— Measurement of Kauzmann temp. is almost impossible.

((® very slow cooling rate —longer relaxation time —s crystallization )
45

#1



Theories for the glass transition
C. Relaxation behavior

Below glass transition: frozen-in liquid

— If (1) > (2) == liquid // (1)~(2) == glass transition// —

(A concept of glass transition based on Kinetic view point)
: property of liquid-like structure suddenly changes to that of solid-like structure

d. viscosity
» Viscosity (10'° centiPoise= 101213 Pas) at T,
» most glass forming liquid exhibit high viscosity.

 In glass transition region, viscosity suddenly changes. (fragile glass)
—* Fragility concept: Strong vs Fragile

o Viscous flow — Several atomistic model [|* absolute rate model

e free volume model

e excess entropy model



Q2: Glass formation



Glass formation

[i I

‘ Retentionof liquid phase ' l Formation of crystallinephases |

Glass Formation results when
Liquids are cooled to below T, (T,) sufficiently fast to avoid crystallization.
Nucleation of crystalline seeds are avoided
[Growth of Nuclei into crystallites (crystals) is avoided

Liquid is “frustrated” by internal structure that hinders both events

m=) Glass Formation




Time Temperature Transformation diagram

_ Tm _Tn

Critical cooling rate R,

T [ e
"%:ﬁigpdercooled
\ Liquid

Temperature
=

12 R 3

Time

Critical cooling rate is inversely proportional to the diameter of ingot.




Electrostatic Levitation: cooling curve of Vitreloy 1 system

1000 = Cycle 3
Cycle
Cycle 1

Cycle 4

Cycle 6

Recale

Temperature (°C)

400

Time (sec)

at KRISS
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Critical cooling rates and thicknesses
for different materials

,conventional‘ _
metallic glass
B Oxide glass (ceramics)
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Critical Cooling Rates for Various Liquids

Table 3-5. Examples of Critical Cooling Rates (°C/s) for Glass Formation

Heterogeneous nucleation
contact angle (deg)

Homogeneous
Material nucleation 100 60 40
e N  N—NIE————————————————
SiO, glass* | 9x107° 1073 81072 2x107}]
GeO, glass® 3% 1073 T 3x10° 1 20
Na,0-2Si0, glass® 6 x 1073 8 x 1073 10 3x10%2
Salol 10
Water 107
Ag 101
Typical metal® ' 9 x 108 9 x 10° 101° 5 x 101°

“ After P. I. K. Onorato and D. R. Uhlmann, J. Non-Cryst. Sol., 22(2), 367-378 (1976).



4.1.3. Heterogeneous nucleation

From  ag+ —|16@aTn| |
3Ly ) (ATY

Nucleation becomes easy if : ¥ |iby forming nucleus from mould wall.

--------------

Fig. 4.7 Heterogeneous nucleation of
spherical cap on a flat mould wall.
Liquid

oSO =Yy —Vsu)!Vsi

P TT7

r Mould

e

YoM
AG o = VSAG, + Aq 75 + Asu¥sw — Asm¥w

In terms of the wetting angle (6 ) and the cap radius (r)  (Exercies 4.6)

éAGhet = {——7ZT3AGV +47zr27/SL}S(6?)§

where S(8) =(2+cos8)(1-cos8)* /4 54



S(0) has a numerical value < 1 dependent only on 6 (the shape of the nucleus)

16%7;_
L

o * * — 2 7L ¥ _—
MG =SOAG,, T TG, M AT g S
S(0)
0.5}
6=10 — S(6) ~ 10+
€ 0.4l 6 =30 — S(0) ~ 0.02
§ 6=90 — S(0) ~ 0.5
s 0.3
3
0.2
C.A}
0 15 20 30 40 50 60 70 BE Bb

8 in degrees
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Barrier of Heterogeneous Nucleation

3 3 . 3
AG* — 16727/52L . S(6) = 167[7/82L (2-3cosf+cos” 0)
3AG,; 3AG, 4
0 AGy =S(0)AG,,
* . [2-3cosé+cos’ b
m AGSub = AGhomo ( 4 j
v pe— e e —
B Vo _2-3cosé+cos ‘9=S(9)
V, +V; 4

How about the nucleation at the crevice or at the edge?
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Nucleation Barrier at the crevice

What would be the shape of nucleus and the
nucleation barrier for the following conditions?

contact angle = 90 1 %
groove angle = 60 s AGhomo

homo o homo 4 homo
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How do we treat the non-spherical shape?

VA
| | VA
- Substrate | | |
VY, - Substrate | Vv,
Good Wetting Bad Wetting

AG;ub — AG;omo VA
V, +V;

Effect of good and bad wetting on substrate
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