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The phase diagram of polytetrafluoroethylene is enlarged by differential scanning calorimetry to
include the concentration of hexafluoropropylene comonomer units. The two transitions near 292

and 303 K in the homopolymer move to lower temperatures and apparently become one at small con-
centrations. Analysis of the data yields 295 K for the temperature and 13.2 J/g for the heat of tran-
sition of an infinitely large homopolymer crystal. The heat of transition associated with the formation
of a crystal defect is 0.021 eV. The qualitative features of the transition can be accounted for by a
mean-field model which involves two order parameters corresponding to planar units and helix reversals.
This model yields two transitions which move closer together and to lower temperatures with increas-
ing comonomer concentration. Decreasing lamella thickness will have a qualitatively similar effect.

INTRODUCTION

Polytetrafluorethylene exhibits a phase diagram with four
solid phases and the melt'. At one atmosphere, melting
occurs near 600 K and solid--solid crystal transitions near
292% and 303 K34, The latter affect the specific volume®*®
dielectric constant’, heat capacity®, n.m.r. spectrum®,
modulus of longitudinal ultrasonic waves'®, and spectro-
scopic properties!! of the polymer. In the low temperature
phase, the crystal is well ordered in a structure which is
probably triclinic'?. At 292 K, the structure changes to
hexagonal and the structure develops some disorder which
arises from a mechanism that rotates the atoms about the
molecular axis. This mechanism keeps the molecular axis
unchanged. At 303 K, the hexagonal cell dimensions increase
and the disorder increases corresponding to an increased
angle of rotation of the atoms about the molecular axis'%
The main mechanisms of rotation which have been pro-
posed are the introduction of reversals of the hand of the
helical molecules and planar zig-zag units!">'3718,

In this article, the phase diagram for these transitions is
extended to include the concentration of hexafluoropropy-
lene units in copolymers of tetrafluoroethylene (TFE) and
hexafluoropropylene (HFP). Previous measurements have
shown the systematic influence of the concentration of
these units on the melting temperature!® but, the solid—solid
transition has been observed at only one comonomer con-
centration®®. The present data were obtained by differential
scanning calorimetry (DSC) for comonomer concentrations
covering a range of 0 to approximately 6.9 CF3 branches per
hundred main—chain carbon atoms. Thermodynamic infor-
mation about the transition in copolymers is determined
from the DSC data. A model of the order—disorder transi-
tions is developed and solved numerically. There have been
earlier attempts at developing such a model. One?!, which
had only one order parameter, led to aphysical results because
an unrealistic energy representation was adapted. A more
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recent effort has the formal possibility of including more
than one disordering mechanism®%. However, this was not
pursued and the effects of coupling between the mechanisms
was not observed. The present theory is a mean-field model
which involves two order parameters. It yields two transi-
tions over some ranges of the parameters and one in others.
It also exhibits results in qualitative agreement with experi-
mental observations of the effect of parameters such as
comonomer concentration. Aspects of both the experi-
mental and theoretical work have been reported previously®.

EXPERIMENTAL

Random copolymers of TFE with HFP!%20 were crystallized
from the melt to produce the samples. Long periods of
most had been measured previously by small-angle X-ray
diffraction®® and those for the new samples were measured in
the same manner. Comonomer concentration values, X,
which had been provided by the manufacturer and others
which have been estimated by interpolation of unit cell
dimensions'® were revised according to improvements in the
analytical methods®®. For those samples used previously,
the sample numbers are those given in reference 10. The
molecular weights, M,,, of the copolymers varied from

5.2 x 104 to 2.6 x 103, implying two or more folds per
molecule for the long periods observed. The polytetra-
fluoroethylene molecular weight was an order of magnitude
greater.

The specific heats were measured in the range of ~100—
400 K using a scanning calorimeter (DSC—2)?°, The samples
were run against a sapphire reference of nearly equal heat
capacity (52 mJ/K at 300 K) on a sensitive range (4.18 or
8.36 mJ/s) and usually at a heating rate of 10 K/min. By
replacing the sample with another sapphire standard of
similar weight and rerunning under the same conditions, the
sample specific heat could be calculated from the difference
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Figure 1 Specific heat, Cp. as a function of temperature {heating)

and comonomer concentration. The scale at right applies to the
sample with 6.9 CF3/100C. Each succeeding curve is displaced
vertically by 0.2 J(gK}

in power displacements together with the known specific
heat of sapphire?®. Usually an interval of 50 degrees was
scanned before stopping to record the isothermal baseline.
Displacements were measured from a linear interpolation of
these baselines. The instrumental calibration of the power
was made by scanning a sample of gold over the range of
interest using 30 K intervals. The displacement sensitivity
was found to be only slightly temperature dependent, increas-
ing by 1% in 118 degrees. Scanning rate and recorder chart
drive speed were well correlated and required no correction.
Temperature corrections for the scale reading and for
scanning lag were made according to published recommen-
dations?”. The equilibrium scale corrections were obtained
from the solid—solid transition (at 122.4 K) in cyclopentane
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and the melting transitions of n-heptane, n-octane, water,
p-nitrotoluene, and indium metal. Corrections at other tem-
peratures were obtained from an interpolation formula. The
estimated uncertainty of the polymer sample temperature is
1-2 degrees which considers both the repeatability of the
standards and the appreicable gradient across the sample.

EXPERIMENTAL RESULTS AND DISCUSSION

The specific heats, Cp, of representative samples are shown
in Figure 1, where each curve is displaced vertically by

0.2 J/(gK). Backgrounds were drawn under the transition
peaks by extrapolating with a smooth curve from below and
above the transition region. These were subtracted from the
Cy curves to give the typical peaks shown in Figure 2. The
area under such curves is taken as the transition heat, Ak,
and the corrected?” peak temperature as the transition tem-
perature*. Note that for X > ~1 only one transition can be
resolved.

Several heating and cooling rates were used to yield the
results given in Table I. Any correlation between transition
temperature and rate® is apparently masked by experimental
errors in the present measurements. Therefore, only the
rate of 10 K/min was used to obtain the results given in
Table 2. For all the samples, the average difference between
the heating and cooling transition temperatures is 0.8K.
This value is subject to a 2K standard deviation which is
primarily a result of the very broad nature of the transition
and uncertainty in the background. Hence, the average of
the heating and cooling results is used as the estimated tran-
sition temperature. (This assumes that the small hysteresis
effects are equal for heating and cooling). Similarly, the
heating and cooling results for the heat of transition dif-
fered little and the average is given in Table 2.

*  The small endotherms near 330 K are associated with the glass
transition and depend on annealing time as well as the amorphous
fraction
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Figure 2 Typical curves obtained by subtracting backgrounds such
as those shown in Figure 1. The area under these curves is taken as
the heat of transition. The upper curve (A) is for sample 2A and the
lower (B} for 2Q of Table 2. Both are for data obtained during
heating
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In order to investigate the effect of crystallinity on the
heat of transition, sample 2 was prepared in three forms
(sample 2A, 2 and 2Q of Table 2) by changing the rate of
cooling from the melt. The results for 2A and 2Q are the
ones shown in Figure 2. Clearly, the transition is associated
with the crystals just as it is in the homopolymer. Thus, the
phase diagram of polytetrafluoroethylene can be eniarged
to encompass CF3 concentration as shown in Figure 3. As
noted, phase IV can be resolved only for small concentra-
tions and thus appears to exist over only a narrow range of
temperature, pressure'®, and composition. X-ray diffraction®
shows that the structure of both the high temperature phase
I and the low temperature phase II of the copolymer are
similar to those of the homopolymer, except that CF;
groups introduce a longitudinal disorder which gradually
increases with their concentration. X-ray diffraction also
shows only one transition for higher concentrations of CF;
groups. At the transition, the observed changes in long
period (~5%) are within the limits of experimental error.

Table 1 Effect of scanning rate on the peak transition temperature
Transition
Long Scanning temperature, Kt
Comonomer*  period rate
Sample concentration (nm) {deg/min)  Heating Cooling
20% 0 600est. 1,25 296.2 293.3
0 600est. 25 296.1 2919
0 600est. 10 294.0 2928
1 1.8 51 0.62 257.7 257.4
1.8 51 5 258.5 255.8
1.8 51 10 258.0 256.8

* CF3 per 100 main-chain carbon atoms

For the lower temperature transition of sample 20 and the only
resolved transition of sample 1
f The sample used in reference 16 of the maint text

The high pressure phase HI of the homopolymer is modified
by the rotational disorder introduced by the CF3 groups in
the copolymer?.

The average transition temperatures were found empiri-
cally to depend on the parameters of the model to be pre-
sented: copolymer composition and long period, /, modified
by the degree of crystallinity, x. Fitting the data yielded the
following equation:

T;=295+1-(20+2)X +(3.5+0.6)X2 —

(0.21 £ 0.06)X3 — (304 £ 68) (1/x/)+ (1273 + 360) (1/x])?

(1)

The standard deviation is 1.7 K, which is comparable to the
experimental value. This fit yields 295 K as the transition
temperature of an infinitely large perfect crystal. Figure 4
is a more detailed plot of transition temperatures versus
composition than that given in Figure 3 and shows the

Figure 3 Phase diagram for TFE—HFP copolymers

Table 2 Transition temperatures, heats of transition and sample characteristics
Long Transition temperature, Kt Heat of Degree
Sample Comonomer* period transition of
number concentration {nm) Heating Cooling Average (J/9) crystallinity
20% 0 600 est 294.0 292.8 293.4 11.01 78
21 0 92 290.5 285.4 288.0 5.82 41
14 0.8 50 277.7 275.1 276.4 711 67
1 1.8 51 258.0 256.8 257.4 5.75 52
2A 25 59 255.0 2527 253.8 5.24 36
2 2.5 50 248.1 247.1 2476 3.44 30
20 2.5 34 246.8 2445 2456 3.72 29
3A 3.4 41 245.2 244.0 2446 3.43 33
3 3.4 36 241.4 239.6 240.5 2.89 28
15 3.4 21 2446 243.6 2441 4.39 3
4 3.8 53 2448 245.6 2452 3.85 40
5 3.8 48 2442 2426 243.4 3.92 38
16 3.8 37 242.7 2416 2422 2.97 31
6 3.8 40 2456 243.8 244.7 5.63 40
40 3.8 29 2346 239.8 237.2 3.39 29
7 4.2 35 238.2 239.2 238.7 444 31
8 46 45 2443 244.1 244.2 4.10 34
9 46 41 2414 241.2 241.3 4.14 35
10 46 35 240.8 2422 2415 4.14 33
10Q 46 27 236.0 238.3 237.2 3.06 31
1 4.9 34 239.8 2389 239.4 3.47 25
23 6.9 32 238.0 236.0 237.0 2.21 24

* CHj3 per 100 main-chain carbon atoms

Tt For the lower temperature transition of sampies 20 and 21 and the only resolved transition of the copolymer samples

t The sample used in reference 16 of the main text
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Figure 4 Average transition temperature as a function of CF3
concentration

general non-linear nature as well as the x dependence at
constant X. The higher order terms could arise from the
model to be presented. However, they might also arise either
from the interaction of the defects at higher concentrations,
or from preferential rejection of the comonomer units at
higher concentrations. (i.e., the comonomer unit concen-
tration in the crystal, X, is unequal to X. In this article,
we assume X = X.)

If one assumes in parallel with the model to be presented
that the heat of transition decreases linearly with X and is
independent of temperature, one can write the following
expression for the observed heat of transition, Ak, of a
copolymer crystal:

Ahy/x=AHY (1 — AX) (2)

In this equation, AH ? is the heat of transition of an infinitely
large homopolymer crystal. The factor A4 represents the ratio
of the heat of transition associated with the formation of a
crystal defect to AH (t) The heat of fusion of the present
samples was measured and used in an equation analogous to
equation 2%° to yield the values of x given in Table 2. The
greatest observed value of 72.3 J/g for an unsintered sample
of the homopolymer was used as the heat of fusion of an
infinitely large homopolymer crystal. The previously
determined?” effect of the comonomer units was used after
correction for the revised comonomer concentrations® and
the relatively smaller effect of the fold surface was neglected.
Fitting equation 2 to Ak,/x and X yields:

Ahylx=(13.2 % 0.9)(1 — 2.8X) (3)

The standard deviation is 1.7 J/g and the maximum devia-
tion is 2.8 J/g. The value of 13.2 + 0.9 J/g for AH? agrees
reasonably well with estimates which can be made on the
basis of measurements of the homopolymer®16:21:30:31  The
value 2.8 corresponds to ~0.02eV per defect or 0.45 kcal/
mol of defects, a result which is of the same order as that for
the melting transition?® (after correction for the revised®
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comonomer concentrations). On the basis of an elastic
model for the defect energy®, it is plausible that this is of
the same order as the defect energy of the melting transition.
In the elastic model, the defect energy depends on the shear
modulus and the change of that modulus from phase I1 to
phase I is of the same order as that from phase I to the
melt32, Of course, some caution must be exercised in attemp-
ting to account for the defect transition energy on the basis
of an elastic model. Also note that the value, 2.8, is subject
to uncertainty not only from the fitting but also from the
background uncertainties in curves with such small heats of
transition as those in Figure 1.

THEORY

As mentioned previously, there is a body of experimental
evidence that indicates that the solid—solid transitions in
polytetrafluoroethylene near 292 K and 303 K are associated
with increased rotational disorder around the molecular
axis'! 18, A small rotation of a helical monomer unit can
convert that unit to a planar unit; a larger rotation can re-
verse the helical sense of the unit. The simple model which
is presented below allows a helical unit to be converted to a
planar unit or to change its helical sense.

A polytetrafluoroethylene lamellar crystal is idealized as an
assembly of NV rodlike molecules each containing # monomer
units which occupy nV sites of a lattice. Each monomer unit
can exist in a right-handed helical, left-handed helical, or
planar state. When all nV units are in right- or left-handed
helical states, the crystal is in its ground state. Introduction
of planar or helical units of opposite sense will raise the
potential energy of the crystal.

The total number of monomer—monomer pair interactions
in the crystal is zaN/2 where z is the coordination number
of the lattice. The four types of pair interactions and their
energies, €;, are shown in Table 3. Although there are both
intra- and intermolecular interactions, these will be represen-
ted by an average value in what follows. The formally com-
plete expression can be recovered by replacing ze by
(Zinter€inter T Zintra €intra) etc. in the equations to be
derived.

In the mean field approximation, the probability (joint)
of an , j pair is equal to X;X; where the X’s are mole frac-
tions. In this approximation, the potential energy (£) of
the crystal relative to the ground state is

E = (2nN/2) [X3e) +2X (X + X1 )ez + 2Xp XL e3](4a)

Xp+XR+XL=l (5)
where Xp,, Xg and X are the mole fractions of planar, right-
handed helical, and left-handed helical units, respectively.

One of the concentration variables can be eliminated by
introducing order parameters o and f3:

Table 3 Types of pair interactions and their relative energies

Interaction™ Energy
RL €3
RPor LP €3
PP €]
RR or LL 0

* R = right handed helical unit, L = left handed helical unit, and
P = planar unit
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Figure 5 Fraction of right-handed, XR, left-handed, X, and planar
units, Xp, as a function of the reduced temperature. The values of
0y, 07 and g are 0.2, 0.21 and 3, respectively

Xp=0;Xp - XL=a (6)
Xr=(1+a-p)/2 @)
XL=(1-a-p)2 (8)

Now, assuming €3 # 0, the potential energy can be expressed
as

E = (2nNe3[2) {20, + 26(1 — oy + [(1 - B)? — 2] /2}

(4b)
where

o1=€1/e3and 03 =€ /€3 9)

The configurational partition function for the crystal is

z= Qafexp[-E@p/KT] (10)
B

where £ is the number of configurations available to the
crystal for a given value of («, ) and kT has its usual signi-
ficance. The sum is over all possible values of & and 3, but
as is customary we replace the sum by its maximum term.
This procedure is equivalent to equating the Helmholtz free
energy, A = —kTInZ, to the generic term in the partition
function and then minimizing the free energy with respect
to « and f:

oA 0A
— ] =0and —] =0 (11)
oa /| 4 a8/,

The number of configurations §2 available to N planar
units, Vg right-handed helical units, and Ny left-handed heli-
cal units is a trinomial coefficient:

(nN)! (12)

Q=q%p ———
T N Nr! V!

or

In§2 = —nN [XplnX,, + XglnXg + X InXy, — Xplng] (13)

where g is the degeneracy of a planar state relative to a
helical state. Lattice models with degenerate states are
commonly referred to as Potts models®®. Recently, there has
been an upsurge of interest in Potts models because they
appear to exhibit a first order phase transition in three
dimensions for ¢ > 3373, Physically, what is implied by
g > 1 for the present system is that the entropy of a planar
state is greater than that of a helical state, or equivalently,
the ‘width’ of the potential energy well of a planar state is
larger than that of a helical state.

Minimization of the free energy yields the following
equations for a and f§:

B=1 — acoth(e/ 7’) (14)
a2 =(1-p) — (28/9)*
exp ET: [(B—1)+2B01 +2(1 —206)0,] (15)

where T is a dimensionless or reduced temperature defined
by

T = kT/(ze3/2) (16)

Note that these equations are satisfied by the physically
correct values of @ and 8 at low and high temperatures. Thus,
at low temperatures there are molecules in either the left-

or right-handed state only (« = *1 and 8 = 0). At high tem-
peratures, all states including the g degerate planar ones are
equally populated («=0and 8= g/q + 2).

COMPUTATIONAL RESULTS AND DISCUSSION

Figure 5 depicts a typical behaviour of X, Xg, and X
(resulting from the behaviour of & and f) as a function of
temperature. Arbitrary values of o1 = 0.20, 6; = 0.21 and
q = 3 were chosen. As a function of T, the fractional con-
tent of the various units proceeds in three stages. At low
values of T, all are in the same helical state, in this case the
right-handed one. As T increases some of the right-handed
units are transformed into planar units. A further increase
in T results in the appearance of left-handed helical units.
Finally a discontinuity occurs in the equations after which
XRr and Xy are equal and slowly increase while X}, decreases
slowly to the high temperature equilibrium values. The
assumption of an initially all left-handed state does not
change the results.

Figure 6 shows the heat capacity curve corresponding to
the parameters in Figure 5. (The heat capacity, 0£/3T, is
reduced by nVk. Comparison of the two figures shows the
correspondence of the peak in the heat capacity curve to the
rapid conversion of helical units to planar units. The in-
crease in the heat capacity preceding the discontinuity is
associated with the appearance of left-handed helical units,
and the discontinuities in the two figures correspond
exactly. The first peak in the heat capacity is associated
with a planar transition, while the second one is caused by
helix reversals.

The word ‘transition’ is used loosely here. For the set
of 61, 07, and g used in Figures 5 and 6, the first transition
is neither first nor second order whereas the second transition
is second order (finite discontinuity). So, although Figure 6
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Figure 6 Reduced heat capacity corresponding to the fractions in
Figure 5§

appears qualitatively similar to the experimental heat capacity
curve, the similarity is not exact because the experimentally
observed transition at 292 K is generally believed to be first
order. However, the similarity becomes stronger as q is
allowed to increase because the transition begins to take on
the character of a first order phase transition. Figure 7
illustrates the effect of ¢ on the shape of the heat capacity
curve. Increasing q increases the peak height of the first
transition markedly and decreases the height of the second
transition in a less pronounced manner. Large values of g
also move the two transitions closer together in temperature.

It is not necessary for g1 # 0 to observe two transitions;
if 01 = 05, two transitions are still obtained when o and 07
are sufficiently small. The important condition for the ob-
servation of two transitions is that the energy differences
le3 — €1l and le3 — €, | be large. This ensures good separa-
tion between the planar and helix reversal states. (Note that
if a1 and o are relatively large compared to unity, the re-
versal transition will precede the planar one.) If the energies
are not sufficiently separated, the two transitions couple
into one. One transition results for rather wide ranges of
the parameters in the present model. Unfortunately, be-
cause of computational difficulties, the equations cannot be
solved for values of the parameters which would move the
two transitions close enough together to yield the experi-
mentally observed ratio of the homopolymer transition tem-
peratures of 1.04.

GENERALIZATION OF MODEL TO COMONOMER UNITS
The model can be generalized easily to include comonomer
units. Let X equal the mole fraction of co-units (e.g. CF3)

so that

XptXptXp+X=1 (17)

330 POLYMER, 1980, Vol 21, March

Each co-unit is assumed to produce a defect in the crystal
and the defect energy is denoted by eq. The concentration
of co-units is assumed to be low enough so that defects can
be considered to be isolated and defect-defect interactions
can be ignored. In this case, a term equal to Xeq must be
added to equation 4 for the crystal potential energy and
equation 12 becomes

(nV)!

(18)
Np! NR! N ! Ny!

Q=qu

Since X is a constant, we can still describe the system in
terms of the order parameters a and § and now

Xg=(1—X+a—pB)2 (19)

Xi=(1-Xta-—-0)/2 (20)

Minimization of the free energy with respect to « and f8
yields two equations similar to equations 14 and 15. The
new & and f§ equations can be obtained from 14 and 15 by
replacing unity everywhere in these two equations by 1-X.
The defect energy €4 does not appear.

Introduction of co-units into the model causes several
changes in the calculated heat capacity curves as illustrated
in Figure 8. Crystalline defects raise both the potential
energy and entropy of the low temperature crystal. Conse-
quently, transition temperatures are lowered and the heats
of transition are reduced. Also, the two transitions move
closer together.

The effects of co-units described above will be increased
further by the increase of unit cell dimensions with como-
nomer concentration?, Qualitatively, the €; associated with
the various pair interactions will be reduced and the numbers
of reversed and planar units, at any temperature will increase.
Physically, this will result in a lowered transition temperature.

30
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Figure 7 Reduced heat capacity for various values of planar state
degeracy, q, with o1 and g5 equal to 0.2 and 0.21, respectively.
{b) corresponds to Figure 6 with q=3; (a) q=4; and for (¢} g=2
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The same effect will result from the increase of unit cell
dimensions with decreasing lamella thickness>”. In both
cases, these effects are in qualitative agreement with the data
in Table 2.

CONCLUSIONS

When the phase diagram of polytetraflucroethylene is en-
larged to encompass CF3 concentration, the two solid—solid
crystal transitions near 292 and 303 K move to lower tem-
peratures and apparently become one at small concentra-
tions. Thus, phase IV exists over only relatively small
ranges of temperature, pressure and composition. Analysis
of the data for the single transition yields 295 K for the tem-

perature and 13.2 J/g for the heat of transition of an infinitely

large homopolymer crystal. The heat of transition associated
with the formation of a crystal defect is 0.02 V.

The qualitative features of the solid—solid crystal transi-
tions can be accounted for by an order—disorder model
which contemplates the introduction of planar units and
helix reversals as the disorders. A mean-field model which
involves two order parameters yields two transitions over
some ranges of the parameters. These transitions move
closer together and to lower temperatures with increasing
comonomer concentration. Decreasing lamella thickness will
have a qualitatively similar effect. Pairs of other types of
disorders (e.g., rotation of the molecular stem as a whole)
would yield qualitatively similar results. More experimental
work is needed to identify the disorders with more certainty.
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