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Free Volume and Tg

In aplot of volume versus temperature through the glass transition, the thermal expansion goes through a
pseudo-second order transition as reflected in a change in the slope. The transition point is the glass
trangition. The glass transition is sensitive to the rate of cooling as show in the second figure below.
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From L. H. Sperling, "Introduction to Physical Polymer Science, 2'nd Ed."
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From L. H. Sperling, "Introduction to Physical Polymer Science, 2'nd Ed."

Schematically, we can consider an extension of the cooling curve for the melt (elastomer) regimeto low
temperatures, below the observed glass transition. If such an extrapolation of measured values was
conducted to absolute 0, a difference in volume for a glass and amelt cooled at an infinitely slow rate could
be estimated. The extrapolated differencesin volume between a glass and the extrapolation of the melt curve
is called the free volume. The free volume is associated with the space between moleculesin asample.
Eyring (US Nobe Laurete 1950's) was the first to deal with the concept of free volume and it is partly a
basis for Eyring rate theories which are exponentia rate laws dependent on the ratio of an activation energy
and thermal energy in the argument of the exponential. Eyring first postulated that viscosity (and the glass
transition) could be described by such activation energies through the use of free volume.
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From L. H. Sperling, "Introduction to Physical Polymer Science, 2'nd Ed."

Consider the expansion of a glass from absolute O (top curve in above figure at low temperature). It was
first postulated (by Flory-Fox and Simha Boyer) that the glass expands at constant free volume, i.e. that
glassy expansion, which is much weaker than melt/rubber thermal expansion, involves expansion of the
occupied volume of the sample at constant free volume. The occupied volume is the volume actually
occupied by the molecules.

Thisleads to the Simha/Boyer proposition that the glass transition occurs at a constant value of the
difference between the thermal expansion of the melt/rubber and the thermal expansion of the glasstimesthe
temperature. When this value reaches about 0.113 the glass transition is observed. This means that the

glass transition occurs at afixed value of free volume.

Second, consider the expansion of the extrapolate melt/rubber line from absolute 0. It was postul ated that
melt/rubber expansion was primarily due to free volume expansion. The thermal expansion of the
melt/rubber times the temperature also seems to reach afixed value at the glass transition of about 0.164.
This can be used as a second way to describe the glass transition

Statistical calculations of the entropy can also be used to determine the basis of the glass transition aswas
donefirst by Gibbs and DiMarzio. The entropy of a glass can be calculated from the partition funciton and
the dependenc of the entropy with temperature can be used to predict atrue second order transition at about
50 degrees below the observed glass transition. There are severa problems with the free volume (knetic)
approach, especially when compared with the thermodynamic approach of Gibbs-DiMarzio. Oneisthat the
Kinetic approach predicts a negative entropy as seen in the following plot. Thisis called the Kautzman
paradox. Sperling's book (figure references) and Ferry's book, Viscoelastic Properties of Polymers, are
good starting references for theories of the glass transition.
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From L. H. Sperling, "Introduction to Physical Polymer Science, 2'nd Ed."

The Williams-Landau-Ferry (WLF) equation for the thermal dependence of the viscosity of polymer meltsis
an outgrowth of the kinetic theories based on free volume and Eyring rate theory. The probability of motion
of molecules per unit time, P, is associated with an Arrhenius relationship involving an Eyring activation
energy E and the thermal energy, kT: P = exp(-E/KT). P increases with temperature. The total probability in
time"t" isPtand In Pt =-E/KT + Int. If "In Pt" reaches a specified value for flow, or motion of molecules,
then -E/KT +Int = C, where C is a constant associated with flow (for instance). Then it can be said that In t
= C + E/KT. Here time isinverse to temperature (time temperature superposition).

The activation energy, E, depends on the amount of free volumein asample, E/KT = B'/f, wheref isthe
fraction free volume and B' is a constant. More free volume isrelated to alower activation barrior.

Consider flow at a ground state time, tg, and ground state or reference temperature Tg. A "shift factor”, ar
can be constructed to reflect the differencein In's of two times associated with two temperatures, t and t

associated with T and T, Inap =Int - Inty = D In t. The time associated with the shift factor, ar isthetime
allowed by some experiment. In aflow experiment, the viscosity is proportional to such atime. (i.e.
viscosity isinverseto the shear rate in asimple shear experiment.) Then, In ar = In(h/hg).

DInt=B'(1f - Ufy) wherefg isthe fraction free volume at a reference temperature such as the glass
trangition temperature and f is the free volume at atemperature of interest. The free volume at a temperatur
eof interest, f, is given by free volume theory (above) asf =fg + as (T - Tg). On substitution and
rearrangment we have a WLF like eguation,

Inar =-{(B/fg)(T - To)}/ {fo/as + (T - To)} ={Cy (T - Te)}{Co + (T - Tp)}.

C, and C, can be calculated from free volume theory or measured experimentally. Both depend on the
definition of T If Inisreplaced with the base 10 log and T = Tg then C; =17.44and C, =51.6 . These
values which are commonly used indicate that the free volume of aglassy polymer at Ty is 2.5% of the total
volume.

The WLF equation is one of the most successful results of polymer theory. An example of the power of the
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WLF approach is shown in the figure below:
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From J. R. Fried, "Polymer Science and Technology"
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