The Glass Transition and the Glassy State

The “ Amorphous State” of Matter is one where the structure does
not exhibit trandational order on any significant length scale.

From a structural viewpoint, amorphous solids (non-crystalline
solids, glasses) and liquids are identical. i.e. they are characterized
by anon-periodic spatial arrangement of molecular units.

At sufficiently high temperatures, Brownian motion prevents the
orderly packing of molecular units into an ordered crystalline state
since kKT >> intermolecular energies (stable states are the liquid and
at even higher temperatures, for small molecules, the gas state).
Asaliquid is cooled, in some instances it solidifies by crystallizing,
In others it becomes a solid amorphous material.
The important questions to address are therefore:

— How do we differentiate liquid to glass from liquid to crystal

phase transformations ?

— What preventsaliquid from crystallizing ?



Experimental Evidence: Dilatometry V=1(T,P)
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Experimental Evidence: Calorimetry C = f(T)
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Liquid to Crystal Transition vs. Liquid to Glass Transition

o Crystallization (liquid to crystal transition) is defined from a
thermodynamic standpoint by a number of changes in the materials
properties at the transition temperature T

— achangein enthalpy (alatent heat of crystallization DH.)

— achangein specific volumeor density (V «,V o,ra,I¢)

— achange in isobaric coefficient of thermal expansion (a., a,)
— achange in isothermal compressibility (b:, b,)

— achange in heat capacity Cppy, Cpp,

« Such changesin material properties at a phase transformation is
characteristic of what one calls aFirst Order Phase Transformation.

e Liquidto Glass Transition is also atransition from the liquid to the
solid state. What can be said about the characterisitic changesin
state functions (r or V , H) for the liquid to glass transformation?



Ehrenfest Classification of Phase Transitions

* First Order Phase Transition at T+:
— Giscontinuous at T+
— First derivatives of G (V, S, H) are discontinuous at T-
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— Second derivativesof G (a, b, C)) are discontinuous at T+

C :aé_Hb a;ia@_\/d B:-_l@/b
" 89T o, VeyTa, V €9Pg;

— Examples: Vaporization, Condensation, Fusion, Crystallization,
Sublimation.



» Second Order Phase Transition at T+
— Giscontinuousat T+
— First derivatives of G (V, S, H) are continuous at T+
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— Second derivatives of G (a, b, C)) are discontinuous at T+
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— Examples: Order-Disorder Transitionsin Metal Alloys, Onset of
Ferromagnetism, Ferroelectricity, Superconductivity.



The Glass Transition isnot a true second order phasetransition
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T depends on the rate at which the Specific Volume (density)
liquid is cooled. T(r3)< T(rp)< Tg(ry) of the glass depends on the
Ifry<r,<r,; timeat agiven T< T,



Kinetic Natur e of the Glass Transition

e Theglasstransition is not atrue second order transition but only a
“pseudo” second order phase transition
— 1) the glassis not an equilibrium phase (i.e. its properties
depend on time)
— 2) the glass transition temperature depends on the rate at which

It iIsmeasured. The glasstransition will therefore be defined
over arange of temperatures and pressures.

» An approximate but useful relationshipis Tg = (2/3) Ty,

* What isthe origin of the kinetic nature of T5 ?
The answer to this question is associated with the time scale for
“relaxation of the structure" (return to equilibrium after a
perturbation is communicated to the material: changein T or P).
It istherefore related to whether or not the material properties (e.g
density) can preserve their equilibrium value during the
perturbation (cooling for example).



« AthighT, molecular motion in the liquid isvery fast and achangein T
can lead to arapid (“instantaneous’) change in chain conformation,
required for the volume to adjust itself to the new temperature. During
cooling at high temperatures, the system’s average free energy is always
minimum (i.e. the liquid is at equilibrium at all times during cooling).

 Atlower T, conformational changes occur more slowly. The material
preserves equilibrium properties during cooling as long as the time scale
needed for the change in conformation (required by changein T) isless
than the time scale over which the perturbation is exerted on the material.

* At some temperature (which we will denote as T,), the rate of
conformational changes becomes lower than the rate at which the
temperature is changed. The material has no longer sufficient time during
cooling to remain in equilibrium (i.e. to exhibit the equilibrium properties,
e.g. specific volume) : the relaxation time scale is larger than the
experimental time scale, the material does not respond instantaneously to
the perturbation.



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

e Thefact that the rate of molecular motion decreases with
temperature can be qualitatively explained on the basis of free
volume concepts (conformational changes are afforded by the
existence of empty spaces between molecules (free volume) and by
the ease to overcome the free energy barrier to rotation around
single bonds). The higher the temperature, the larger the thermal
energy and the higher the free volume in the material, thus, the
higher the rate of conformational changes.

o Thefact that the material isnot in equilibrium below Tg because it
did not have sufficient time to reach the equilibrium configuration
(S) and density, therefore energy or enthalpy (H) during cooling
explains why the specific volume decreases with time at agiven
temperature T < T (phenomenon of physical aging of glasses).



Crystallization vs. Glass Transition
Why some liquids can form both glasses and crystals!!!

o Sofar, we have treated crystallization and glass transition as
separate events which do not interfere with one another. A number
of materials, when cooled from the liquid state undergo aliquid to
glass transformation, others always crystallize, while some can do
both depending on the conditions.

 |f thetime scale over which aliquid is cooled islong enough to
allow the optimum (most stable) chain conformation to form and to
allow these chains to pack with three dimensional translational
order, the material will crystallize.

 If the cooling processis so fast that the most stable chain
conformation does not have sufficient time to form or if the chain
contains too many defects (tacticity, branch points, regio defects or
too many different local configurations, etc..) then the polymer will
not crystallize upon cooling but will eventually become glassy as
the temperature reaches the glass transition temperature.



