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Glasses can be formed by one of the major types of
bonding interactions found in solids.
. covalent, ionic, metallic, van der waals, hydrogen bond
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Free energy

Schematic of the glass transition showing
the effects of temperature on free energy
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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.



o derivative of thermodynamic properties
— discontinuous (C,, a, K;)

liquid
~dramatically decrease C, near T, during cooling
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~ dramatically incre:ase C, near T, during heating
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— Experimental observation during heating
because the monitoring is very difficult during cooling
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2) T, depends on thermal history.
Kinetic Nature of the Glass Transition
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Tg depends on the rate at which the Specific Volume (density)
liquid 1s cooled. Ty (ry)< T(r,)< Tglry) of the glass depends on the
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Volume structural relaxation

VOLUME

TEMPERATURE —— >

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

Volume changes in glass upon varying cooling and rcheating rates

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



Kinetic Nature of the Glass Transition (cont.)

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

perturbation is 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.



Formation of glass during cooling

At high T. molecular motion in the liquid 1s very fast and a change
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
111£1terial"1':')'1.‘ése1‘1.fes equilibrium properties during cooling as long as
the rate of molecular|rearrangement [(required by the change i 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 is larger than the

imstantaneously to the perturbation.



Definition of a glass ?

Tmicro KX 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)
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* The above statements explain the dependence of the measured glass
transition temperature on the rate of cooling.

* A sumilar 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 material (for a given 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



