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ABSTRACT: Poly(buty1ene terephthalate) undergoes a reversible phase transition when subjected to a 
longitudinal stress. The temperature dependence of the critical stress is examined in terms of a mode1 of 
nucleation and growth and is related to the temperature dependence of the width in stress of the hysteresis 
loop. 

Introduction 
In a previous paper' two models were proposed for the 

reversible phase transition that occurs when poly(buty1ene 
terephthalate), PBT, is subjected to a longitudinal stress.24 
Both these models treated the equilibrium equation of 
state of PBT and were analyzed in a mean-field approx- 
imation. The principal conclusion of this work was that 
the width of the hysteresis in stress as the sample was 
cycled between a and 0 phases was predicted to vary as 
(T,  - 7')3/2, with T, the critical temperature for the phase 
transition. This conclusion applied to both of the models 
examined. In the first of these, the benzene rings of the 
terephthalate group on one chain were bound to those on 
an adjacent chain by harmonic forces. In the alternative 
model the rings were permitted to slide past each other 
in a sinusoidal force field. A comparison with the work 
of Brereton et a1.2 showed that the hysteresis did behave 
in the predicted way for temperatures below T, and that 
the model of linked benzene rings produced a better pre- 
diction of the absolute magnitude of the hysteresis than 
did the other model. While it was gratifying to observe 
such good agreement between theory and experiment, 
there was some weaknesses in this treatment. One diffi- 
culty lay in the fact that the critical stress for the onset 
of transition was observed3 to vary with temperature in 
a way not predicted in either model studied. A second 
inadequacy was the fact that all hysteresis was calculated 
to vanish sharply at  T,  in both models, whereas mea- 
surements found only a steady narrowing of the loop as 
the temperature was raised. 
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These discrepancies between experiment and the ad- 
mittedly greatly simplified model used in ref 1 suggest a 
number of improvements that might be made to obtain 
a theory with wider predictive power. For example, the 
inclusion of internal degrees of freedom of the tetra- 
methylene segment or of the terephthalate segment would 
add an additional temperature-dependent term to the free 
energy of PBT. Another likely possibility is that the 
boundary between the crystalline and amorphous regions 
of the material must be expected to contain stresses that 
would act to broaden the transition. 

A more fundamental point, however, lies in the essen- 
tially time-dependent character of the hysteretic phenom- 
enon. A hystersis measurement must always be performed 
at  a frequency greater than the reciprocal of the relaxation 
time for the process under investigation. This raises the 
question of the microscopic mechanism whereby the a - 
p transition takes place and necessitates a discussion of 
the nucleation and growth of the phase in a sample of 
a-phase PBT. 

In this paper we comment briefly on the effects of 
phonon frequencies and internal stresses and then describe 
a model for nucleation and growth in PBT. 
Phonon Frequencies 

cillators of frequencies wi cont ins  the term 
The entropy of an assembly of classical harmonic os- 

In the transition from a to (3 phase these frequencies will 
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be variously raised and lowered as the tetramethylene 
segments take on their planar zigzag form. In particular 
the low-frequency characteristic of the out-of-plane motion 
and the high-frequency characteristic of in-plane motion 
will appear. Because the total magnitudes of the forces 
acting on the carbon atoms will to some extent be un- 
changed, while only their directions are radically altered 
in the transition, we may expect the trace of the dynamical 
matrix to remain approximately constant. This trace is 
equal to the quantity 
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Nucleation and Growth 
The preceding discussion shows that neither inclusion 

of internal degree's of freedom of the tetramethylene units 
nor the distribution of stresses a t  the crystalline-amorp- 
hous interface could successfully account for the temper- 
ature dependence of the center and width of the hysteresis 
in stress. We are thus led to consider the kinetics of the 
crystal-crystal phase transition in PBT. We have carried 
out such an analysis within the context of a model of 
nucleation and growth as discussed below. 

We assume that a nucleus of the /3 phase is formed once 
the stress applied to the a phase reaches a certain value. 
The high degree of anisotropy in polymer crystals pre- 
cludes a spherical shape for such a nucleus. A cylindrical 
or rectangular shape may be assumed since we require that 
whole chain segments traversing the crystallite thickness 
be included in the nucleus. I t  makes little difference for 
our subsequent analysis whether the formed nucleus of the 
/3 phase is cylindrical or rectangular. Consequently we take 
the nucleus shape to be a rectangular parallelpiped whose 
height equals the lamellar width L.  In the a and b di- 
rections, the nucleus width is x and y, respectively. The 
number of chain segments in the nucleus is then given by 
x y / A ,  where A is the cross-sectional area per chain in the 
/3 phase. 

Both the a! and /3 phases are taken as prefectly ordered. 
The change in free energy due to the formation of the /3 
phase nucleus is then assumed to be given by 

AF = (-SAAL + A V ) x y / A  + 2u(x + y ) L  (3) 
where S is the applied stress, AL is the increase in chain 
length due to formation of the /3 phase, AV = V, - V,, with 
V, and V, being the average free energy of a chain in the 
a and P phases, respectively, and u is the surface energy 
density of the wall separating the two phases. If this 
nucleus succeeds in reaching a critical size it will grow 
freely afterwards. In this model - S A M  + AV < 0, while 
u > 0. The critical size is determined by maximizing AF, 
yielding critical x and y given by 

The curvature of the logarithmic function then leads to 
the conclusion that the entropy component defined in eq 
1 is likely to increase as the spread of frequencies increases 
and hence as the a - 0 transition proceeds. This adds 
to the free energy an additional term linear in the length 
L of the chain. The effect is thus identical with that of 
an additional applied stress proportional to the tempera- 
ture T. The critical stress for the a - 0 transition is now 
predicted to decrease linearly with T in the range in which 
this argument is valid. A comparison of this prediction 
with the observations of ref 3 indicates that while there 
is sufficient agreement to give some credibility to our 
hypothesis, the clear deviations from linearity of the ex- 
perimental results shows that other effects must be pres- 
ent. 

Stresses at the Crystal Surface 
An implicit assumption of the mean-field theory is that 

the tension is equal in all the chain segments of a crys- 
tallite. One must expect this to be a source of error in the 
theory. In the crystallization process the boundary of a 
lamella will be determined by a balance between two op- 
posing forces. On one hand, the crystalline arrangement 
has a lower free energy than the amorphous conformation, 
and this will tend to make the crystal grow at the expense 
of the amorphous regions. On the other hand, the physical 
restrictions of chain length and entanglement limit the 
extent to which this can occur. One must consequently 
expect to find that even in equilibrium each chain s e b e n t  
that traverses a lamella will be subject to a stress. While 
the detailed consequences of these stresses cannot be 
calculated in a mean-field model, one may nevertheless 
make some qualitative statements about their effect on the 
stressstrain curve. Although the critical temperature of 
different regions of a crystallite will remain approximately 
unchanged, the critical stress will now be a function of 
position. That is to say, the actual stress S(r)  acting on 
a chain will differ from the average stress S by some 
function s(r) representing the stress introduced in that 
particular chain during the process of crystallization. The 
observed strain will then no longer be the value AL(S) 
predicted for the ideal model, but will be given by 

(AL[S + s(r)] d2r 
r/  AL= f d2r  

with the integral proceeding over the two-dimensional 
surface of the lamella normal to the chains. The observed 
stress-strain curve is thus a convolution in the stress di- 
rection of the predicted curve for an ideal crystal with the 
distribution of local stresses. 

Surface stresses are thus capable of accounting for the 
observed finite slope of the stress-strain curve for tran- 
sitions occuring below T,. They cannot, however, simply 
account for the temperature dependence of the critical 
stress. 

( 4 )  

and the maximum free-energy change, AF*, is given by 

Because the transition probability is proportional to exp- 
(-AF*/k,T), with kB being the Boltzmann constant and 
T the temperature, it follows that for this transition to be 
observable, AF* cannot be too much larger than kBT. If 
a transition rate of the form vo exp(-AP/kBT) is assumed, 
with vo being an attempt frequency of the order of a 
phonon frequency, vo - l O I 3  Hz, then for the transition 
to be observable, we must have AF* = pkBT, where p 5 
30. Then it follows from eq 5 that 

A V  4u2L2 s*,, = - + - 
AAL PkBTAL 

where S*,, is the critical stress for the a to /3 transition. 
After the nucleus succeeds in growing to the critical size, 
it is then most probable that the whole lamellar crystallite 
makes the transition to' the /3 phase. 

It is necessary to reduce the stress to induce a transition 
back to the a phase. In a similar manner we find a critical 
stress S*,, for transition from 0 to a given by 
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where A ’ is the average cross-sectional area of a chain in 
the CY phase; in PBT it is the case that A’ > A .  The 
hysteresis width, A S  = S*,, - S*,, is therefore given by 
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In practice, however, experimental measurements usually 
involve determination of the force exerted on a sample of 
known initial cross section, and so the first term of the 
right-hand side of eq (8) must be omitted. Even if this 
were not the case, the contribution from this term would 
not be significant because the difference between A and 
A’ in PBT is very 

The temperature dependence of A S  is thus readily ob- 
tained once that of u is known. Although it  is generally 
accepted that u decreases with increasing temperature T, 
there is no well-developed method by which the variation 
of u with T i s  determined. In the nucleation and growth 
model for polarization reversal in ferroelectrics, it is be- 
lieVeda that u 0: P2, where P is the polarization and u is 
the interfacial energy density between the nucleus of re- 
versed polarization and the rest of the crystal. It is 
tempting to propose a similar quadratic dependence of u 
on the order parameter difference for the CY - P transition 
in PBT; this would be inappropriate, however, because the 
interchain interaction in PBT is of short range and lacks 
the long-range dipole component of a ferroelectric material. 
One would expect the surface energy density u to be pro- 
portional to the interchain coupling energy, since it is this 
coupling energy that is radically reduced at the interface 
between the CY and p phases. The temperature dependence 
of u is thus determined by the temperature dependence 
of the interatomic interaction energy between atoms on 
adjacent chains in a single PBT phase. If the equilibrium 
positions of two such atoms are denoted by RIO and Rjo, 
and the deviation from these positions by u, and u,, re- 
spectively (R, = RCO + uC, R, = R,, + u,), then 

where 3N is the number of normal modes in the system, 
M the atomic mass, q and X refer to the phonon wave 
vector and branch, respectively, wqx is the phonon fre- 
quency, and 

Here nqx is the phonon occupation number, and the broken 
brackets denote thermal averaging. For T D  < T < TM, with 
T D  and T M  denoting the Debye and melting temperatures 
respectively, ( E q x )  = kBT, and 

(Eqd = hwqx[(nqx) + 1/21 

The interatomic interaction energy between atoms i and 
j may be written 

(11) 

where V(Rio - Rj0) < 0, since the interaction is attractive, 
and k is a constant. Straightforward evaluation of ( (ui - 
uJ2) gives 

V(Ri - Rj) = V(Ri0 - Rjo) + ‘/k((~i - ~ j ) ~ )  + *.-  

We can assume that upon the formation of a 0 nucleus, 
the coupling between nearest-neighboring atoms on op- 
posite sides of the wall separating the a and 0 phases 
changes from V(Ri - Rj) to an average value of zero. 
Consequently, we take u, multiplied by some characteristic 
area, to be given by -V(Ri - RJ as given by eq 11. Then, 

l o o t  

- . - 
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Figure 1. Hysteresis in stress for the a - p transition in PBT 
plotted as a function of temperature. The solid dots are exper- 
imental results taken from ref 2, while the solid curve represents 
the results of our calculations. 

it follows from eq 11 and 12 that 

where c1 and cp are adjustable positive constants such that 
c1 > c2T,. From eq 8, the temperature dependence of the 
hysteresis width in PBT is given by 

A S  = (a - b q 2 / T  (13) 
where a and b are constants satisfying a > bTM and related 
to c1 and c2 by 

u(T)  = ~1 - cZT 

The requirement that a > bTM is due to the fact that I V(Ri 
- Rj)l decreases linearly with increasing temperature far 
below the melting point but drops rapidly in the vicinity 
of the melting temperature. 

The variation of AS with T as predicted by eq 13 for the 
choice 

agrees very well with experimental measurements of 
Brereton et a1.2 as shown in Figure 1. The above choice 
of a and b satisfies the condition that a > bTM and cor- 
responds to a value of u of 2 X J m-2 at  room tem- 
perature for p - 30, giving a critical-size nucleus of about 
18 chains. 

The temperature dependence of the difference in energy, 
AV, between the two phases is expected to be a slowly 
decreasing function of T, which we could then represent 
as AVO - cT with c << AVo/TM. Because of thermal ex- 
pansion, the area per chain is a slowly increasing linear 
function of T. Thus we expect AV/A to decrease slowly 
and linearly with increasing T. Equation 6 for the critical 
stress can thus be written as 

S*,B = (a ’ -  b’T) + A S / 2  (14) 

where the expression for A S  in eq 8 has been used, and 
a’ and b’ are treated as adjustable positive constants. 
Using eq 13 for AS, we then find that S*, can be expressed 
as 

S*,, = D, - D2T + a2/2T (15) 

a2 = 73 GPa K b2 = 0.30 MPa K-’ 
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Figure 2. Temperature dependence of the critical stress shown 
for the onset of the a - f l  transition in PBT. The plus signs are 
taken from the experimental results of ref 2, while the solid curve 
is a prediction based on the observed hysteresis width reported 
in the same paper. 

with D1 and D2 constants. 
The fact that the only term in eq 15 that  is not linear 

in T arises directly from the contribution of the hysteresis 
width A S  to eq 14 allows us to make a concrete prediction: 
the curvature of a plot of AS with temperature should be 
exactly twice that of a temperature plot of the critical stress 
S*,,. This prediction is tested in Figure 2, in which the 
experimental values of Brereton et aL2 for the critical stress 
are shown. The solid line represents half the hysteresis 
width found experimentally in the same study but with 
a term linear in temperature added to fit the line to the 
data at the two end points. The agreement is close enough 

to suggest that the nucleation and growth hypothesis may 
have some validity. 

The values of D1 and D2 used to fit Figure 2 yield a value 
of 1.2 kJ/mol per monomer unit for AV. This number is 
consistent with the requirement that - S A U  + AV be 
negative for nucleation to occur. Such a requirement 
places an upper bound on AV. The observation that the 
transition proceeds at room temperature a t  75 MPa in- 
dicates that AV < 1.6 kJ/mol per monomer. This number, 
incidentally, is considerably less then the value of 25 
kJ/mol per monomer suggested by the molecular energy 
calculation of Yokouchi et ala7 

We have examined a number of mechanisms that might 
affect the critical stress and hysteresis width for the CY - 
0 transition in PBT. While contributions to the entropy 
from changes in phonon frequencies a t  the transition and 
internal stresses caused by morphological effects may play 
some role, they do not appear capable of accounting for 
the observed temperature dependence of the critical stress. 
A model of nucleation and growth, on the other hand, 
appears consistent with the observed data in that a pre- 
dicted relation between the critical stress and the width 
of the hysteresis loop is obeyed. 
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ABSTRACT: Three descriptions of the rod orientation in the Flory lattice model for rods (generalized to 
a continuum) are compared in an athermal system with the more accurate DiMarzio model for rodlike particles 
in a continuum. The Flory-type rod orientation distribution functions yield distributions quite similar to 
the DiMarzio distribution. The Flory-type distribution function obtained from the rod orientation expression 
(y - 1) = ( x  - 1) sin 6’ can be used in the DiMarzio entropy equation at a calculational advantage to yield 
entropies which are virtually indistinguishable from the original. Flory-type nematic and isotropic entropies 
differ from the DiMarzio entropies, giving slightly different phase equilibria. A solution to the “entropy 
catastrophe” for rods is explained in terms of the improper use of a one-dimensional boundary condition in 
the third dimension. 

Introduction 
The study of liquid crystals has become quite an im- 

portant area of research in the past two decades. It is 
because of certain molecular anisotropies that a fluid 
displays liquid crystalline properties.’ One of the simplest 
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shape anisotropies resulting in liquid crystalline order is 
that of the rigid rodlike molecule or macromolecule. 
Various approaches of determining the implications of the 
impenetrability of these particles have been employed to 
model the thermodynamics of these rigid rodlike particles. 

1988 American Chemical Society 


