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e Thermodynamics for glass transition

~ not thermodynamic nature
~ close to second order phase transition

mmp at T, — G changes continuously.

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

(G dG ) BG‘
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= 4 I
\aP/ \ aT--"p \aT/
— a; C, K;changes discontinuously.
— Second derivatives of G (o, P, C)) are discontinuous at Ty
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a =
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¢ The glass transition is ‘pseudo’ second-order phase transition.

And the transition depends on Kinetic factors.
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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.



Theories for the glass transition

A. Thermodynamic phase transition

 Glass transition
H,V,S:continuous C, ar Kyt discontinuous

— by thermodynamic origin, 2" order transition

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

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

liquid
4 ? liquid

glass og

v .
> ' =
Tg(13) Te(ry) Te(ry) T.
Tg depends on the rate at which the Specific Volume (density)
liquid is cooled. Tg(ry)< Tg(r,y)< Tglr) of the glass depends on the

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



Volume structural relaxation

VOLUME

TEMPERATURE —— >

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

Volume changes in glass upon varying cooling and rcheating rates

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



Fragility ~ extensively .use to figure ou.t Ii(i|uid dynamics and glass properties
corresponding to “frozen” liquid state

< Quantification of Fragility > m = dlog,(T) _dlogz(T)
d(T, /T)| . d(T, /)|

g.n 9

a Strong liquid vs. Fragile liquid  Slope of the logarithm of viscosity, 1
(or structural relaxation time, t ) at T,

» Strong glass-forming liquid

— covalent bond of SiO, 12

— small difference of Cp between SCL

Strong
and glass at T (small difference of structure)

Intermediate
sl (Moderately

— SCL: relatively low entropy Strong)

* Fragile glass-forming liquid

Log (viscosity in Pa-s)
w
I

— non-directional bonding
(Van der waals bonding)

— large difference of C, at T, -3

Somewhat
Fragile

Fragile

(relatively large free volume)

— SCL: relatively high entropy 60 . . 02 0-4T i 06 08 10
g




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

It is found by measuring the discontinuities Ao, ACp, AK; at the glass transition that
Eq. (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, g Ak,
dP Ao

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

— Therefore, it appears on this evidence that the glass
transition is not a simple second-order phase transition.
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If a single ordering parameter determines —
the position of equilibrium in a relaxing system,

If more than one ordering parameter is responsible, =
mm) The latter case seems to describe most glasses.

Goldstein (1973) has suggested that

Jackle (1989) has shown that

AT, _ Axy oy Ty _ Ay £0(INV,)/ 0,

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. ”



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

e Description of glass transition by entropy (Kauzmann)

1) Heat capacity — dramatic change at T,

Cop
Supercooled
liqUid T < Tg CPgIass ~ CPcrystal
G’P:; @ T>T, Cp >C
’%;3/4/* et g I:)SCL I:)crystal
. crystal ( *." high configurational degree

of freedom in S.C.L. )

TIT




Theories for the glass transition

B. Entropy

e Description of glass transition by entropy (Kauzmann)

2) The slow cooling rate, the lower T,

— ideal glass transition temperature exist?

— YES

R Entropy of fusion

f/// ff{/viéliieu//
s S=[CpdInT

The data are plotted against in T so that
integrated areas under the curves yield

T

© 24 o Crystal . . . .
- b sLiquidandglass €Ntropies directly, and the entropy of fusion is
i s E . .
(a) 350 460 4§n 5['}0 5510 6(’)0 shown shaded in the upper part of the figure.
T(K)(log scale)
Heat capacities of glassy, liquid and 10

crystalline phases of lithium acetate



Theories for the glass transition
B. Entropy

e Description of glass transition by entropy (Kauzmann)

Entropy of the liquid larger than 1n the crystal. Typically:

S=[CedInT

liquid "~
.'/ i

Kauzmann
(1948)extrapolates the

specific heat data below
melting

"Tr.'.
80T ) = a8.{T) 4 / %(I'T a € {liquid, crystal}
Jr

Cliquid = Caysta  €Dropy in the liquid decreases faster with T
than in the crystal




Theories for the glass transition

B. Entropy
e 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.

E . Ty T:,, T,. (Wong and Angell 1976)

25.0_
of 4.0\ dS

t cal T, > Ty as — >0
e dT
5 2.0
R ‘ If Tg<T0C! Sliquid < Scrystal
| |

(b) 100 200 300 violating third law of thermodynamics

AE=Zmo 7|2H 7§d: Z0i S=oM A=
. . N HFE A| X|A 9| O X|E 7}K|= AEJO|OF =X

The difference in entropy between liquid and SHEAL 2| 2o] oA = SO H
crystalline phases as a function of temperature

Toc: lower temperature limit to occur glass transition thermodynamically
12



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

TI'I'I

.\'iIIJ(’i't'fff”("l ,__._ii-tﬂl—itl

liguid

TO C

(']'!,\'!t!;

TI]]

Sliquid)-S(crystal)

HEAT CAPACITY : Gy

Toc Ty

nT 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
T¢. 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

Y, 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 .

to zero at low temperatures. S=S, + §/ ]
config

bt
@
T

a3 Ethanol _e*"7
[ I dano "' ’
AS., .e===""_Propanol ’
04}k am- Glycerol _ __ ___.. :‘-,c ]
""""""" Glucose .
Lactic acid 3
0.2 NN e 9
I TK\ Tm \'
0 1 | 1 1 | 1 1 1
0 0.2 0.4 0.6 0.8 0.9

g —>

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 )

H: TKo]| 7} 71710]3t B4 2 B uE 72 £9QUX]? (PPTZ X&)



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



Volume, V

F

Theories for the glass transition

C. Relaxation behavior

| T, = fictive temperature, T,  Liquid

Undercooled
Liquid

(lass

Crvstal

i

T," T:= T;I T T

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.

thermodynamic property 7  thermodynamic property Atomic configuration of glass

: try to move to equilibrium state
— relaxation behavior

17



A

| T, = fictive temperature, T, Liquid

Theories for the glass transition

Undercooled
Liquid

C. Relaxation behavior

-
-
-
e

Volume, V

Glass

Crystal

At high temp. (SCL + Liquid)

Liquid is characterized by equilibrium amorphous structure

metastable to crystalline in SCL.

Below glass transition: frozen-in liquid

evemees e e ST . (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
18



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

o If sample is held at glass transition range

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

Tg depends on the rate at which the

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

ifr;<r,<r

= “Relaxation behavior”

In fact, many properties of glass changes
depending on relaxation behavior.



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

larger volume

Te(1;) Te(ry) 20



Relaxation from initial volumes above and below the equilibrium volume

A

< Specific volume

m
o

y

T1 Temperature

»
»

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

L  relaxation kinetics

V* time

/ > r2
ry

21



C. Relaxation behavior

% Correlation between structural relaxation time and cooling rate

2
kTg / Q q=-dT/dt : cooling rate
AtT, 7 ~( )
9 g b Q : activation energy of viscous flow
- different glass state G,, G, according
] | L// to different cooling rate
- |
S0 Tat "," :
— g -~ | =
st | 7 | - relaxation (G,—G,)
N ' -7
T L : L . .
. ' - high cooling rate
L 2
(greater frozen-in structural disorder)
T . | — short relaxation time

500 I t I ‘IGEEIG — hlgh T
g
Tl . . . . . .
<Specific volume of PdCuSi> — low Vlsco.s!ty, high d'fo.SW'ty
great specific volume & internal energy



overshoot in heating process

When the Kkinetics become fast enough to allow

the sample to regain metastable equilibrium

Heating rate dominant or cooling rate dominant?

a cooling
q{:i
H{q{:i} e e . T ._:‘._..-. -
glassy X
state a T~ supercooled
H{q } 1 _ ._._._.—.—.:-.":-. - . » »
ci liquid region

b

Determined from DSC up-scan

L ;C .T.f
/ (C8 - CY)dTy = / (C,y — C9)dT

equilibrium liquid
on long time
scales

\

1i .
T »  supercooled

liquid region

A
Z

vi
Tf

Temperature T (a.u.)

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

Enthalpy H (a.u.)

p

specific heat capacity C (a.u.)



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

Heating and cooling rate controlled by DSC
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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 7\
I s

Volume (or enthalpy)

SRR DR e |
T, T. T, Temperature

T, Temperature
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d. viscosity

* Another definition of glass transition;
* Viscosity (10'° centiPoise= 107213 Pa s)
* most glass forming liquid exhibit high viscosity.
 In glass transition region, viscosity suddenly changes.

— Fragility concept: Strong vs Fragile

12

<— high temp.

Stron lass : Arrhenius behavior
Pt g9

— 7, expl=2]
n=rn, RT

ol Strong

Intermediate
(Moderately
Strong)

— Oxide glass ex) SiO,, GeO,

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

Log (viscosity in Pa-s)
W

S what

ragile _ B
3 n=r1, eXp[ﬁ]
Fragile 0
_6 1 - - ]
&0 T 53 e e 0 lonic system, organic materials

Tg/T



Theories for the glass transition

A. Thermodynamic phase transition

e Glass transition

H,V,S: continuous C, oy K;: discontinuous
— by thermodynamic origin, 2" order transition
— In fact, it appears on some evidences that the glass R= AKTACPZ
transition is not a simple second-order phase transition. TV(Aay)
B. Entropy

* Heat capacity — dramatic change at Tg

e Description of glass transition by entropy (Kauzmann)

S=[CpdInT

— The slow cooling rate, the lower T, — Ty or T,°

— Measurement of Kauzmann temp. is almost impossible.

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

27



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'*"% poise) at T,
* most glass forming liquid exhibit high viscosity.
 In glass transition region, viscosity suddenly changes. (ragile glass)
— Fragility concept: Strong vs Fragile
. Viscous flow — Several atomistic model |* absolute rate model

e free volume model

« excess entropy model




