
Definitions of the Terms “Transition,” “Relaxation,” and “Dispersion”

The term “transition” refers to a change of state induced by changing the temperature
or  pressure.  The term “relaxation”  refers  to  the  time required  to  respond to  a  change in
temperature or pressure. It also implies some measure of the molecular motion, especially
near a transition condition. Frequently an external stress is present, permitting the relaxation
to be measured. For example, one could state that 1/e (0.367) of the polymer chains respond
to an applied stress in 10s at the glass transition temperature, providing a simple molecular
definition.

The term “dispersion” refers to the emission or absorption of energy—that is, a loss peak—at
a transition. In practice, the literature sometimes uses these terms somewhat interchangeably.

In fact the term “glass transition” refers to the temperature in which ordinary glass softens
and flows. (Glass is an inorganic polymer, held together with both covalent —Si—O—Si—
bonds and ionic bonds.) The viscosity–temperature relationship of glass is shown in below. A
criterion sometimes used for Tg for both inorganic and organic polymers is the temperature at
which the melt viscosity reaches a value of 1 X 1013 poises (1 X 1012 Pa. s) on cooling.

Viscosity–temperature relation of a soda–lime–silica glass. Soda–lime–silica glass is one of
the commonly used glasses for windows and other items.

THEORIES OF THE GLASS TRANSITION

The basic experimental behaviour of polymers near their glass transition temperatures was
explored in the preceding phenomenological description.  Tg was shown to decrease steadily
as the time allotted to the experiment was increased. One may raise the not so hypothetical
question, is there an end to the decrease in  Tg as the experiment is slowed? How can the
transition be explained on a molecular level? These are the questions to which the theories of
the glass transition are addressed.

The following paragraphs describe three main groups of theories of the glass transition: free-
volume theory, kinetic theory, and thermodynamic theory. Although these three theories may
at first appear to be as different as the proverbial three blind men’s description of an elephant,
they really examine three aspects of the same phenomenon and can be successfully unified, if
only in a qualitative way.

THEORIES OF THE GLASS TRANSITION
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The Free-Volume Theory

As first developed by Eyring and others, molecular motion in the bulk state depends on the
presence of holes, or places where there are vacancies or voids. When a molecule moves into
a hole, the hole, of course, exchanges places with the molecule, as illustrated by the motion
indicated in Figure. (This model is also exemplified in the children’s game involving a square
with 15 movable numbers and one empty place; the object of the game is to rearrange the
numbers in an orderly fashion). With real materials, this figure must be imagined in three
dimensions.

A quasi-crystalline lattice exhibiting vacancies, or holes. Circles represent molecules; arrow
indicates molecular motion.

Although this figure suggests small molecules, a similar model can be constructed for the
motion  of  polymer  chains,  the main  difference  being that  more  than one “hole”  may be
required to be in the same locality, as cooperative motions are required. Thus, for a polymeric
segment to move from its present position to an adjacent site, a critical void volume must first
exist before the segment can jump. The important point is that molecular motion cannot take
place without the presence of holes. These holes, collectively, are called free volume. One of
the most important considerations of the theory discussed below involves the quantitative
development of the exact free-volume fraction in a polymeric system.

Tg as an Iso–Free-Volume State

In  1950 Fox and Flory  studied  the  glass  transition  and free  volume of  polystyrene  as  a
function of molecular weight and relaxation time. For infinite molecular weight, they found
that the specific free volume, vf, could be expressed above Tg as 

……...(1)

where K was related to the free volume at 0 °K, and αR and αG represented the cubic (volume)
expansion coefficients in the rubbery and glassy states, respectively. (The linear coefficients
of expansion are 1/3 of the volumetric values.) Fox and Flory found that below Tg the same
specific  volume–temperature  relationships  held  for  all  the  polystyrenes,  independent  of
molecular weight. They concluded that (a) below Tg the local conformational arrangement of
the polymer segments was independent of both molecular weight and temperature and (b) the
glass transition temperature was an iso–free-volume state. Simha and Boyer then postulated
that the free volume at T = Tg should be defined as …….(2)



A schematic diagram illustrating free volume as calculated by Simha and Boyer.

Substitution of the quantity ……..(3)

leads to the relation ………..(4)

In  the  expressions  above,  v  is  the  specific  volume,  and  v0,G  and  v0,R  are  the  volumes
extrapolated to 0 K using αG and αR as the coefficients of expansion, respectively. Based on
the data, Simha and Boyer concluded that ……..(5)

Equation  (5)  leads  directly  to  the  finding  that  the  free  volume  at  the  glass  transition
temperature is indeed a constant, 11.3%. This is the largest of the theoretical values derived,
but the first.  (It should be pointed out that many simple organic compounds have a 10%
volume increase on melting.) Other early estimates placed the free volume at about 2%. The
use of αG in equation (2) results from the conclusion that expansion in the glassy state occurs
at nearly constant free volume; hence αGT is proportional to the occupied volume. The use of
αRTg arises from the less exact, but simpler relationship

…………(6)

The quantities  K1 and  K2 provide a criterion for the glass temperature, especially for new
polymers or when the value is in doubt. This latter arises in systems with multiple transitions,
for example, and in semicrystalline polymers, where Tg may be lessened or obscured. 

The relation expressed in equation (5), though approximate, has been a subject of more recent
research. Simha and co-worker found equation (5) still acceptable, while Sharma et al. found
αR - αG roughly constant at 3.2 x 10-4 deg-1.

The WLF Equation

Polymers are softened and flow at temperatures near and above Tg. Flow, a form of molecular
motion,  requires  a  critical  amount  of  free  volume.  This  section  considers  the  analytical
relationships  between  polymer  melt  viscosity  and  free  volume,  particularly  the  WLF
(Williams–Landel–Ferry)  equation.  The  WLF  equation  is  derived  here  because  the  free
volume at Tg arises as a fundamental constant.

Early work of Doolittle on the viscosity, η, of nonassociated pure liquids such as n-alkanes
led to an equation of the form  …………(a)



where A and B are constants and v0 is the occupied volume, and as before vf is the specific
free volume. The Doolittle equation can be derived by considering the molecular transport of
a liquid consisting of hard spheres. An important consequence of the Doolittle equation is
that it provides a theoretical basis for the WLF equation. One derivation of the WLF equation
begins with a consideration of the need of free volume to permit rotation of chain segments,
and  the  hindrance  to  such  rotation  caused  by  neighboring molecules. The  quantity  P  is
defined as the probability of the barriers to rotation or cooperative motion per unit time being
surmounted. An Arrhenius-type relationship is assumed, where ΔEact is the free energy of
activation of the process: …………(b) 

of course, 

P increases with temperature.

Next the time (“time scale”) of the experiment is considered. Long times, t, allow for greater
probability of the required motion, and  P  thus also increases. The theory assumes that  tP
must reach a certain value for the onset of the motion, and for the associated transition to be
recorded:

……….(c)

hence …………(d)

Equation  (d)  equates  the  logarithm of  time  with  an  inverse  function  of  the  temperature.
Taking the differential obtains …………(e)

and the relationships become clearer: an increase in the logarithm of time is equivalent to a
decrease in the absolute temperature. This must be understood in the context of the time–
temperature relationship for the onset of a particular cooperative motion.

The quantity ΔEact is associated with free volume and qualitatively would be expected to
decrease as the fractional free volume increases. It is assumed that 

…………(f)

where  B΄ is a constant and  f  is  the fractional  free volume.  Noting the similarity  of form
between equations (f)  and (a),  we take  B΄ as  equal  to  B.  Then, instead of the Arrhenius
relation, we have  

…………(g)

The quantity tP still remains constant for the particular set of properties to be observed (not
necessarily Tg):  

…………….(h)



Taking the differential, ……………(i)

which states that a change in the fractional  free volume is  equivalent  to a change in the
logarithm of the time scale of the event to be observed. 

In previous, it was concluded that the expansion in the glassy state occurs at constant free
volume. (Actually, free volume must increase slowly with temperature, even in the glassy
state.) The coefficient of expansion increases at  Tg, allowing for a steady increase in free
volume above Tg. Setting αf equal to the expansion coefficient of the free volume, and f0 as
the fractional free volume at Tg or other point of interest, the dependence of the fractional free
volume on temperature may be written 

…………(j)

where T0 is a generalized transition temperature. Equation (i) may be differentiated as

…………..(k)

Substituting equation (j) into (k),  

………..(l)

Cross-multiplying yields …..(m)

……..(n)

Dividing by αf yields  ………(o)

Consider the meaning of Δ ln t: ……(p)

where AT is called the reduced variables shift factor (1–3). The quantity AT will be shown to
relate not only to the time for a transition with another time but also to many other time-
dependent  quantities  at  the  transition  temperature and  another  temperature.  The  most
important of these quantities is the melt viscosity. The theoretical form of the WLF equation
can now be written:  

…………(q)

Or in log base 10 form, it is

……(r)



Equations (q) and (r) show that a shift in the log time scale will produce the same change in
molecular motion as will the indicated nonlinear change in temperature.

The  derivation  leading  to  equations  (q)  and (r)  suggests  a  generalized  time  dependence.
Before proceeding with an interpretation of the constants in these equations, it is useful to
consider the derivation originally presented by Williams, Landel, and Ferry. 

Beginning with the Doolittle equation, equation (a), they note that for small vf,

………(s)

where v0 + vf is the specific volume, and equation (s) provides a quantitative definition for f.
Equation (a) may now be written in terms of the melt viscosity,

………(t)

Subtracting conditions at T0 (or Tg), 

……..(u)

………..(v)

The viscosity is a time (shear rate)-dependent quantity, 

………(w)

Note that by equation (p), this leads directly back to equation (k). Thus equations (q) and (r)
follow directly from the original Doolittle equation, although in a somewhat more limited
form. Now the constants in equation (r) may be evaluated. Experimentally, for many linear
amorphous polymers above Tg, independent of chemical structure,

………(x)

where T0 has been set as Tg. (For T0 equal to an arbitrary temperature, Ts, about 50°C above
Tg, the constants in the WLF equation read

………..(y)

in an alternately phrased mode of expression.) Comparing equation (x) with (r), we have

……….(z)
…….(a1)



Here, three unknowns and two equations are shown, which can be solved by assigning the
constant B a value of unity, consistent with the viscosity data of Doolittle. Then f0 = 0.025,
and αf = 4.8 X 10-4 deg-1.

The value of αf may be verified in a rough way through equation (5). Here, if the free volume
is constant in the αG region, then αR - αG ≈ αf. The value of αf  = 4.8 X 10-4 deg-1 leads to a
temperature  of -38°C,  a  temperature  at  least  in  the range of  the  Tg’s  observed for  many
polymers. Sharma et al. found αf = 3.2 X 10-4 deg-1.

The finding of f0= 0.025 is more significant. It assigns the value of the free volume at the Tg

of  any  polymer  at  2.5%.  This  approximate  value  has  stood  the  test  of  time.  Wrasidlo
suggested a value of 2.35%, based on thermodynamic data, in relatively good agreement with
the WLF value. For numerical results, it must be emphasized that the WLF equation is good
for the range Tg to Tg + 100. In equations (x) and (y), T must be larger than Tg or T0. Its power
lies  in  its  generality:  no  particular  chemical  structure  is  assumed  other  than  a  linear
amorphous polymer above  Tg.  For a generation of polymer scientists  and rheologists,  the
WLF equation has provided a mainstay both in utility and theory.

An Example of WLF Calculations

The WLF equation, equation (x), can be used to calculate melt viscosity changes with 
temperature. Suppose a polymer has a glass transition temperature of 0°C. At 40°C, it has a 
melt viscosity of 2.5 X 105 poises (P) (2.5 X 104 Pa· s). What will its viscosity be at 50°C?

First calculate ηg:  

Polymers often have melt viscosities near 1013 P at their glass transition temperature, 1.03 X 
1013 P in this case.

Now calculate the new viscosity:  

Thus a 10°C increase in temperature has decreased the melt  viscosity by approximately a
factor of 10 in this range. The WLF equation can be used to calculate shift factors, failure
envelopes, and much more.

Factors affecting glass transition temperature (Tg)

EFFECT OF MOLECULAR WEIGHT ON Tg

Linear Polymers

Studies of the increase in  Tg  with increasing polymer molecular  weight date back to the
works of Ueberreiter in the 1930s. The theoretical analysis of Fox and Flory indicated that the
general relationship between Tg at a molecular weight M was related to the glass temperature
at infinite molecular weight, Tg∞, by ……….(i)



with K being a constant depending on the polymer. Equation (i) follows from the decrease in
free volume with increasing molecular weight, caused in turn by the increasing number of
connected mers in the system, and decreased number of end groups.

EFFECT OF COPOLYMERIZATION ON Tg

The discussion above relates to simple homopolymers. Addition of a second component may
take the form of copolymerization or polymer blending. Addition of low-molecular-weight
compounds results in plasticization. Experimentally, two general cases may be distinguished:
where one phase is retained and where two or more phases result.

One-Phase Systems

Based on the thermodynamic theory of the glass transition, Couchman derived relations to
predict the  Tg  composition dependence of binary mixtures of miscible high polymers and
other  systems.  The treatment  that  follows is  easily  generalized  to  the  case for  statistical
copolymers. Consider two polymers (or two kinds of mers, or one mer and one plasticizer)
having  pure-component  molar  entropies  denoted  as  S1 and  S2,  and  their  respective  mole
fractions (moles of mers for the polymers) as X1 and X2. The mixed system molar entropy
may be written

…….(ii)

where ΔSm represents the excess entropy of mixing

Two-Phase Systems

Most polymer blends, as well as their related graft and block copolymers and interpenetrating
polymer networks, are phase-separated. In this case each phase will exhibit its own Tg. It is
observed that two glass transitions appearing in a series of triblock copolymers of different
overall compositions. The intensity of the transition, especially in the loss spectra (E΄΄), is
indicative of the mass fraction of that phase.

EFFECT OF CRYSTALLINITY ON Tg

The previous discussion centered on amorphous polymers, with atactic polystyrene being the
most  frequently  studied  polymer.  Semicrystalline  polymers  such  as  polyethylene  or
polypropylene or of the polyamide and polyester types also exhibit glass transitions, though
only in the amorphous portions of these polymers. The Tg is often increased in temperature by
the molecular-motion restricting crystallites. Sometimes Tg appears to be masked, especially
for highly crystalline polymers. Boyer  points out that many semicrystalline polymers appear
to  possess  two  glass  temperatures:  (a)  a  lower  one,  Tg(L),  that  refers  to  the  completely
amorphous state  and that  should be used in  all  correlations  with chemical  structure (this
transition correlates with the molecular phenomena discussed in previous sections), and (b)
an upper value,  Tg(U), that occurs in the semicrystalline material and varies with extent of
crystallinity and morphology.

The Glass Transition of Polyethylene

Linear polyethylene, frequently referred to as polymethylene, offers a complete contrast with
polystyrene in that it has no side groups and has a high degree of crystallinity, usually in



excess of 80%. Because of the high degree of crystallinity, molecular motions associated with
Tg are partly masked, leading to a confusion with other secondary transitions. Thus, various
investigators consider the Tg of polyethylene to be in three different regions: -30°C, -80°C, or
-128°C.

The Nylon Family Glass Transition

Two subfamilies of aliphatic nylons (polyamides) exist: 

from diacids and dibases, and 

originating from w-amino acids. Both subfamilies are semicrystalline; of course, they form
commercially important fibers. The usually stated Tg range is Tg ≈ +40°C for polyamide 612
to  Tg  ≈ 60°C for polyamide 6; however,  Tg depends on the crystallinity of the particular
sample. N-methylated polyamides, with a lower hydrogen bonding, have lower Tg’s. As x and
y  increase  in  equations,  the  structure  becomes  more  polyethylene-like,  and  Tg  gradually
decreases. Interestingly, when x > 4, there is a characteristic mechanical loss peak at about -
130°C, again suggestive of the Schatzki motion.

DEPENDENCE OF Tg ON CHEMICAL STRUCTURE

This section discusses the effect of chemical structure in homopolymers. Boyer suggested a
number of general factors that affect Tg. In general, factors that increase the energy required
for the onset of molecular motion increase  Tg; those that decrease the energy requirements
lower Tg.

Effect of Aliphatic Side Groups on Tg

In  monosubstituted  vinyl  polymers  and at  least  some other  classes  of  polymers,  flexible
pendant groups reduce the glass transition of the polymer by acting as “internal diluents,”
lowering the frictional interaction between chains. The total effect is to reduce the rotational
energy  requirements  of  the  backbone.  The  aliphatic  esters  of  poly(acrylic  acid),
poly(methacrylic acid), and other polymers show a decline in Tg as the number of —CH2—
units in the side group increases. At still longer aliphatic side groups,  Tg increases as side-
chain  crystallization  sets  in,  impeding  chain  motion.  In  this  latter  composition  range the
materials feel waxy. In the ultimate case, of course, the polymer would behave like slightly
diluted  polyethylene.  For  cellulose  triesters  the  minimum  in  Tg is  observed  at  the
triheptanoate, probably because of the increased basic backbone stiffness.

Effect of Tacticity on Tg
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The  discussion  so  far  in  this  chapter  has  assumed  atactic  polymers,  which  with  a  few
exceptions are amorphous. Other stereo isomers include isotactic and syndiotactic polymers.
The effect of tacticity on Tg may be significant. 

Factors affecting Tg

In  disubstituted  vinyl  polymers,  the  energy  difference  between  the  two  predominant
rotational  isomers  is  greater  for  the  syndiotactic  configuration  than  for  the  iso-tactic
configuration. In monosubstituted vinyl polymers, where the other substituent is hydrogen,
the energy difference between the rotational states of the two pairs of isomers is the same.
Thus, the acrylates in Table have the same Tg for the two isomers, whereas the methacrylates
show distinctly  different  Tg’s,  with the isotactic  form always having a lower  Tg than the
syndiotactic form.

Effect  of  tacticity  on  the  glass  transition  temperatures  of  polyacrylates  and
polymethacrylates

EFFECT OF PRESSURE ON Tg

The discussion above has assumed constant pressure at 1 atm (1 bar). Since an increased
pressure causes a decrease in the total volume, an increase in  Tg is expected based on the
prediction of decreased free volume. Tamman and Jellinghaus showed that a plot of volume
versus  pressure  at  a  temperature  near  the  transition  shows  an  elbow  reminiscent  of  the
volume–temperature plot. If the temperature is raised at elevated pressures,  Tg  will in fact
show a corresponding increase.

The results can easily be interpreted in terms of the free volume theory of Tg. In developing
the WLF equation, it was shown that the free-volume fraction at any temperature above Tg

could be expressed f = f0 + αf (T - Tg). If the free-volume compressibility is βf, then



where  Tg(0) refers to the glass transition at zero pressure. Under particular glass transition
temperature and pressure conditions, ft,p = f0 and equation  becomes

By differentiating with respect to pressure  

a relation strongly reminiscent of Ehrenfest’s (90) relation for the change of a second-order 
transition temperature with pressure, 

where the Δ sign refers to changes from below to above Tg. Several representative values of
∂Tg/∂P are shown in Table. Since Δα _ αf _ 4.8 X 10-4 deg-1, βf  ≈ Δb may be estimated. For
polystyrene, Table predicts a Tg rise of 31°C for a rise in pressure per 1000 atm.

Pressure coefficients of the glass transition temperatures for selected materials

In the above, it was demonstrated that an increase in pressure can bring about vitrification.
This  result  is  important  in  engineering  operations  such  as  molding  or  extrusion,  where
operation too close to Tg (1 bar) can result in a stiffening of the material. Thus, we may refer
to a glass transition pressure. In a broader sense, the glass transition is multidimensional. We
could also refer to the glass transition molecular weight, the glass transition concentration
(for diluted or plasticized species), and so forth.
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