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ABSTRACT: The miscibility of random fluorinated tetrafluoroethylene copolymers is investigated by
differential scanning calorimetry (DSC) and X-ray diffraction (XRD). In particular, mixtures composed
of poly(tetrafluoroethylene)-co-(hexafluoropropylene) (FEP) containing 1 mol % of comonomer and poly-
(tetrafluoroethylene)-co-(perfluoromethylvinyl ether) (PFMVE) containing from 2 to 10 mol % of comonomer
have been examined. The miscibility has been found to depend more upon the difference in the defect
(counit) concentration between the two components than upon the blend composition and the crystallization
conditions.

Introduction

Polymer blends have gained an increasing interest in
both industrial and scientific fields. These studies are
largely concerned with amorphous/amorphous1,2 or amor-
phous/semicrystalline blends,3-5 and just a few studies
concern semicrystalline/semicrystalline polymer blends,
for example, those of different grade polyethylene,6-10

poly(vinylfluoride) and poly(vinylidenfluoride),11-12 vi-
nylidenfluoride-trifluoroethylene copolymers,13 poly-
(tetrafluoroethylene) and poly(tetrafluoroethylene-co-
perfluoro-n-propylvinyl ether).14 Nevertheless, the blends
in which both components are semicrystalline are
particularly important for either the large diffusion of
semicrystalline polymers or the way in which the
crystallinity of one component influences the crystal-
lization of the other. In particular, the possibility that
the two components crystallize together in a single-
crystal lattice (cocrystallization) is very important. It
is a rare phenomenon, since it requires close matching
of chain conformations and of lattice symmetry and
dimensions, in addition to similar crystallization kinet-
ics.

For crystalline homopolymer-copolymer or copolymer-
copolymer blends, it has been shown that the phase
behavior strongly depends on the difference in counit
concentration, as well as upon the blend composition
and the crystallization conditions. For example, some
authors reported that linear and branched poly(ethyl-
ene) do not produce cocrystals at all compositions9,15-17.
On the other hand, Galante et al.18 showed that linear
and branched polyethylenes are able to cocrystallize,
depending upon the closeness of the crystallization rates
of each component, the copolymer composition and
molecular structure, and the crystallization conditions.
For blends of poly(vinylidenfluoride) and poly(vinyliden-
fluoride-co-tetrafluoroethylene), it was reported that
cocrystallization depends on the difference in -CF2-
CF2- defect; only if such difference is low can cocrys-

tallization take place at all compositions and tempera-
ture. Otherwise, it strongly depends on crystallization
temperature;19,20 a similar behavior is observed for
blends of poly(vinylidenfluoride) and poly(vinylidenfluo-
ride-co-trifluoroethylene).13

In a previous paper,21 we investigated the phase
behavior of binary crystalline blends obtained by melt-
mixing of random fluorinated copolymers of tetrafluo-
roethylene, i.e. with hexafluoropropylene at 1 mol %
comonomer (FEP copolymer) and perfluoromethylvinyl
ether at 2 mol % comonomer (PFMVE copolymer). Study
by differential scanning calorimetry (DSC) of melting,
crystal-crystal transitions, and crystallization indicates
the occurrence of cocrystallization for almost all com-
positions and all investigated experimental conditions.

In the present work, we extend the previous study to
other blends in order to define the most important
parameters governing the possibility of cocrystallization.
Blends composed of FEP (1 mol % comonomer) and
PFMVE at comonomer concentrations in the range 4-10
mol % have been characterized to evaluate the influence
of the difference in defect content on the phase behavior
of the blends. The polymers used for the blend prepara-
tion are both crystallizable and readily undergo crystal-
lization from the melt in the pure state. Their melting,
crystallization, and crystal-crystal transitions (when
present) are sufficiently different to allow discriminating
univocally the occurrence or not of cocrystallization.22-26

The study has been performed by differential scan-
ning calorimetry in order to detect the presence of single
or multiple transition at melting, crystallization, and
polymorph transitions.

X-ray diffraction measurements (XRD) have been
carried out to evaluate eventual structural changes
which may be related to the occurrence of cocrystalli-
zation.

Experimental Section
Materials. Powder samples of FEP and PFMVE were used.

Their characteristics are reported in Table 1. They were
obtained by conventional aqueous dispersion polymerization.
The comonomer concentrations ranging from 1 to 10 mol %
were determined by the infrared analytical method.27
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The blends were prepared by physically and intimately
mixing the powders, then taking them to melt at 350 °C,
holding them at this temperature for 1 min (we have verified
that longer times at this temperature do not affect the
subsequent thermal behavior), and then cooling them to room
temperature (heating and cooling were performed at 10 °C/
min, unless otherwise specified).

The blend compositions are reported as weight fractions of
FEP (wFEP).

All of the examined blends with their thermal properties
are reported in Tables 2-4.

Thermal Analysis. Thermal analysis was performed by a
differential scanning calorimeter (DSC 7, Perkin-Elmer). Runs
were performed on 5.0 ( 0.5 mg samples in a nitrogen
atmosphere. The apparatus was calibrated using the melting
temperatures of mercury (-38.9 °C), indium (156.6 °C), and
lead (327.4 °C) and their heats of fusion. Before each run, the
baseline was optimized in the suitable temperature range
(from 200 to 350 °C, from 350 to 200 °C, and from -30 to +50
°C, as required in the subsequent experiment) and subtracted
from the corresponding DSC curve. Transition temperatures
were taken as the appropriate peak temperatures in the DSC
curves and are reproducible to (0.5 °C. The heats of transition
were calculated from the peak areas by the Pyris software
running under Windows NT 3.51 on a Compaq Prolinea 5133
computer, and their uncertainty is (0.3 J g-1.

The runs were performed at 10 °C/min.
The quenching was carried out in the DSC apparatus by

cooling the sample from the melt to -35 °C at 80 °C/min.
Due to the different thermal behavior of the considered

polymers when native or melt-crystallized,22,25,26 all of the
reported calorimetric curves of neat components concern the
melt-crystallized samples.

X-ray Diffraction. Structural characterizations were con-
ducted at room temperature where all of the copolymers
involved in the blend are in the less-ordered crystalline phase
I (pseudohexagonal). The X-ray diffraction photographs were
obtained on a BAS-MS imaging plate (Fujifilm) using a flat-
plate camera with Ni-filtered Cu KR radiation (λ ) 1.5418 Å).
Nonmelted powder samples were put in a Lindemann capillary
(1.5 mm diameter). Then, the capillary was put in the DSC
pan, and the sample was allowed to melt from 200 to 350 °C
at 10 °C/min, taken for 1 min at 350 °C, and then cooled to
room temperature at 10 °C/min. At this point, the capillary
was removed from the DSC pan and mounted vertically on
the specimen in the flat-camera, using a distance sample-film
of 10 mm and an exposure time of 60 min.

The photographs were processed with a digital imaging
reader (Fujibas 1800) to obtain the patterns of intensity as a
function of 2θ. In particular, the intensity is calculated by
averaging the measurements along the equator and the
meridian. The uncertainty on 2θ is ( 0.05°.

The angular half-height widths (â) of the (100) diffraction
peak have been evaluated by the Gaussian fitting and have
been used to calculate the correlation length D of the crystal-
line domains in the directions perpendicular to the chain axes
using the Scherrer formula:

where k is a constant that is commonly assigned a value of
0.9.

Results
Thermal Analysis. In Figures 1-3, the melting,

crystallization, and crystal-crystal transition DSC curves

are reported for the examined blends. The corresponding
curves for the unblended polymers are also reported for
the sake of comparison.

The melting endotherms for the blend FEP/PFMVE4
(Figure 1A) show a dominant peak at a temperature
decreasing upon increasing PFMVE4 content in the
blend, being always located at temperatures lower than
the melting of unblended FEP (Table 2). Anyway, there
is evidence of a second small endotherm, strongly
increasing upon increasing PFMVE4 content, at tem-
peratures slightly below that of neat PFMVE4 melting
peak, but corresponding to the lower temperature
portion of PFMVE4 endotherm.

Also, the blend FEP/PFMVE6 (Figure 1B) shows a
main melting peak occurring at decreasing tempera-
tures on increasing the content of PFMVE6, and another
smaller peak located at a temperature slightly below
than that of neat PFMVE6 (Table 3). However, the
temperature of the higher melting peak is less affected
by the blend composition than in the previous case; in
fact, it decreases to a lesser extent as a function of the
low-melting component content. The trend of the lower
peak temperature is similar to that observed for the
blend FEP/PFMVE4, being always slightly below than
in the neat polymer. Anyway, this peak is more intense
than in the previous case.

In contrast, for the blend FEP/PFMVE10 (Figure 1C),
a peak can be observed corresponding to the melting of
unblended FEP but not dependent upon the blend
composition. Nevertheless, this peak presents a very
long tail toward the low-temperature range, which
appears as a well-defined shoulder at wFEP ) 0.75. It is
worth noting that the peak corresponding to PFMVE10
melting is very broad (it has a very large temperature
interval) and is scarcely appreciable even in the un-
blended component, due to its poor crystallinity.

As far as crystallization is concerned, for the blend
FEP/PFMVE4 (Figure 2A), a largely dominant exotherm
is observed always at temperatures lower than that of
crystallization of unblended FEP and decreasing with
increasing PFMVE4 content. A very small exotherm
appears starting from wFEP ) 0.50 at higher tempera-
tures than that of the peak of crystallization of neat
PFMVE4, whose peak slightly decreases (1 °C) on
increasing PFMVE4 content, and it is always higher
than that of neat PFMVE4.

As for melting, the crystallization curves of FEP/
PFMVE6 (Figure 2B) blend also show a dominant
exotherm occurring at higher temperature and a smaller
peak at lower temperatures, increasing in extent and
decreasing in value on increasing PFMVE6 content.
Also, the higher temperature peak increases on increas-
ing PFMVE6 content. The higher peak temperature is
less affected by the blend composition than that in the
blend with PFMVE4, the lower is always above the
crystallization temperature of neat PFMVE6.

For the blend FEP/PFMVE10 (Figure 2C) at each
composition, one crystallization peak is observed at
about the same temperature as that in unblended FEP.
As for the melting, the crystallization peak of PFMVE10
is not appreciable.

Last, let us consider the crystal-crystal transitions.
We wish to remind the reader that for melt-crystallized
PTFE two crystal-crystal transitions take place close
to room temperature corresponding to the triclinic-
hexagonal and hexagonal-pseudohexagonal transi-
tions.28,29 For FEP copolymers, they are shifted toward

Table 1. Samples Used in the Preparation of the Blends

sample comonomer comonomer content (mol %)

FEP CF2dCF(CF3) 1
PFMVE2 CF2dCF(OCF3) 2
PFMVE4 CF2dCF(OCF3) 4
PFMVE6 CF2dCF(OCF3) 6
PFMVE10 CF2dCF(OCF3) 10

D ) kλ/â cos θ
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lower and lower temperatures on increasing the comono-
mer content, merging to only one at higher counit
concentrations,30 whereas for the PFMVE copolymer,
only one transition is observed at lower temperatures,
which disappears for comonomer contents larger than
4 mol %.22

For the blend FEP/PFMVE4 (Figure 3A), a three-peak
pattern can be detected which is strongly dependent on
the blend composition, i.e., a very small peak (at wFEP
) 0.75, it is just a poorly detectable shoulder), increasing
in extent on increasing the PFMVE4 content, and
decreasing in temperature from about -9 to -12 °C, a
main peak from about 5 to 3 °C, and a very small
shoulder from about 16 to 11 °C, decreasing on increas-
ing PFMVE4 content.

For the blend FEP/PFMVE6 (Figure 3B), a peak with
a small shoulder at higher temperature, both decreasing
in extent and values on increasing PFMVE6 content,
are present.

Last, for the blend FEP/PFMVE10 (Figure 3C),
independently upon composition, the typical two-peak
pattern of FEP is apparent. However, the peaks appear

broader and less resolved on increasing PFMVE10
content. The peak temperatures are nearly the same as
those in unblended FEP.

Returning to Tables 2-4, we wish to consider the
values of the heats of transition. They are generally
located between those of the unblended components and
are strongly affected by the blend composition, decreas-
ing on increasing PFMVE content.

In a previous paper,21 for the blend FEP/PFMVE2,
we have shown that melting and crystallization curves
present for each composition a single peak, located at
an intermediate temperature between those of the neat
components. Also, the crystal-crystal transitions are
characterized by a main peak at temperatures between
those corresponding to the crystalline transitions of the
neat components. For the blends with higher contents
of FEP, the peak corresponding to the hexagonal-
pseudohexagonal transition of FEP can be detected;
however, it is very small and shifted to lower temper-
atures than that in pure FEP.

In Table 5,the calorimetric indexes of crystallinity,
Ic(DSC), evaluated as ∆Hm/∆Ho

m, where ∆Hm is the heat

Table 2. Heats and Transition Temperatures of the Blend FEP/PFMVE4

composition (weight
fraction of FEP, WFEP) Tt (oC) ∆Ht (J g-1)a Tm (oC) ∆Hm (J g-1)a Tc (oC) ∆Hc (J g-1)a

FEP-PFMVE4
1.0 4.8 16.6 9.1 318.8 62.2 299.7 54.9
b 7.3 17.1 8.3 321.7 61.5
0.75 -9.4c 4.5 15.8 6.3 284.5c 317.5 40.1 268.9c 299.7 44.5
b -8.8c 4.2 15.6c 5.8 284.3c 316.0 38.6
0.50 -9.7 3.2 12.3c 4.2 283.5 314.8 28.5 268.8 294.2 28.5
b -11.7c 3.2 12.1c 4.1 283.5 315.5 31.6
0.25 -11.7 3.2 11.3c 1.8 282.8 311.2 18.3 267.8 289.7 14.3
b -1.2 11.3 1.0 280.8 306.0 17.2
0.0 -13.2 1.2 287.8 14.3 262.3 15.7

-14.7 0.8 288.0 14.4
a Total heat of transition. b After quenching. c Very small shoulder of the main peak.

Table 3. Heats and Transition Temperatures of the Blend FEP/PFMVE6

composition (weight
fraction of FEP, WFEP) Tt (oC) ∆Ht (J g-1)a Tm (oC) ∆Hm (J g-1)a Tc (oC) ∆Hc (J g-1)a

FEP-PFMVE6
1.0 4.8 16.6 9.1 318.8 62.2 299.7 54.9
b 7.3 17.1 8.3 321.7 61.5
0.75 4.2 15.5 6.6 267.0 317.7 50.2 251.8 299.5 56.5
b 3.5 16.6 5.7 265.8 315.7 46.3
0.50 3.3 15.0 4.7 266.5 315.7 34.4. 252.3 297.8 35.8
b 4.1 14.6 4.9 265.8 317.5 36.9
0.25 3.5 12.4 1.7 266.5 314.0 13.8 252.8 299.5 19.5
b 2.33 12.9 1.22 266.0 314.5 16.0
0.0 269.0 11.8 244.5 12.4

271.0 13.9
a Total heat of transition. b After quenching. c Very small shoulder of the main peak.

Table 4. Heats and Transition Temperatures of the Blend FEP/PFMVE10

composition (weight fraction
of FEP, WFEP) Tt (oC) ∆Ht (J g-1)a Tm (oC) ∆Hm (J g-1)a Tc (oC) ∆Hc (J g-1)a

FEP-PFMVE10
1.0 4.8 16.6 9.1 318.8 62.2 299.7 54.9
b 7.3 17.1 8.3 321.7 61.5
0.75 5.3 17.7 2.9 318.2 37.6 301.3 28.4
b 5.2 17.8c 3.1 318.2 32.5.
0.50 5.7 18.0 3.6 320.3 28.0 301 31.4
b 5.50 17.6 3.3 319.3 28.8
0.25 5.50 17.7 1.8 320.3 14.2 301 16.9
b 5.7 17.8 1.3 319. 15.3
0.0 225.0 2.32 206.3 5.7

231.6 1.02
a Total heat of transition. b After quenching. c Very small shoulder of the main peak.
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of fusion of the neat components and of the blends and
∆Ho

m is the heat of fusion of a perfect crystal of PTFE31

corrected at the equilibrium melting temperatures of
copolymers,26,32 are reported for the unblended copoly-
mers and for the blends with wFEP ) 0.50.

Another important condition to be fulfilled in order
to have chance of cocrystallization is the closeness in
the crystallization rate between the components in the
mixture.

As proposed by Galante et al.18 the onset of the first
exothermic peak in the DSC curves of crystallization,
obtained by cooling at 10 °C/min, taken as the temper-

ature To at which the peak starts to deviate from the
baseline, may be identified with the crystallization rate
of the sample, since it reflects the behavior of the most
rapidly crystallizing entity.33 In Figure 4, we report To
as a function of PFMVE composition in the blend. For
the blend FEP/PFMVE2, the difference in the crystal-
lization rates of the pure components is smaller than
in the other cases, and at the same time, the decrease
in To of the blends, upon increasing the concentration
of PFMVE, is larger than those in the other cases.

X-ray Diffraction. In Figure 5, the X-ray diffraction
photograph taken with a plate camera at a distance

Figure 1. DSC melting traces recorded at 10 °C/min for melt-
crystallized (at 10 °C/min) blends at the following composi-
tions: (A) FEP/PFMVE4 at wFEP ) 1.0 (a), 0.75 (b), 0.50 (c),
0.25 (d), and 0.0 (e); (B) FEP/PFMVE6 at wFEP ) 0.75 (a), 0.50
(b), 0.25 (c), and 0.0 (d); and (C) FEP/PFMVE10 at wFEP ) 0.75
(a), 0.50 (b), 0.25 (c), and 0.0 (d).

Figure 2. DSC crystallization traces recorded at 10 °C/min
for melt-crystallized (at 10 °C/min) blends at the following
compositions: (A) FEP/PFMVE4 at wFEP ) 1.0 (a), 0.75 (b),
0.50 (c), 0.25 (d), and 0.0 (e); (B) FEP/PFMVE6 at wFEP ) 0.75
(a), 0.50 (b), 0.25 (c), and 0.0 (d); and (C) FEP/PFMVE10 at
wFEP ) 0.75 (a), 0.50 (b), 0.25 (c), and 0.0 (d).
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film-sample of 10 mm is reported for FEP. According to
the literature,34,35 an intense reflection (100) located at
about 2θ ) 18° is observed. The X-ray diffraction
photographs of PFMVE copolymers, according to the
literature,36 are very similar and are not reported.

In Figure 6, we report the X-ray diffraction profiles
of intensity as a function of 2θ in the range from 10° to
22° for the unblended copolymers and for the melt-
crystallized blends with wFEP ) 0.50, read through a
digital imaging reader from photographs such as that
of Figure 5. From the Gaussian fitting of these curves
(after the subtraction of the amorphous halo), the half-
height widths â have been calculated and are reported

in Table 5 (similar results are obtained through the
Lorentz fitting and are also reported in Table 5). The
value of â increases for the neat copolymers, on increas-
ing the comonomer content. For the blends, the values
of â increase on passing from that with PFMVE2 to that
with PFMVE10. The correlation lengths D of the
crystalline domains, in the direction perpendicular to
the chain axes, follow, as expected, the same trend.

In the same table, we also show the diffractometric
crystallinity indexes, Ic(RX), calculated as the ratio
between the area below the crystalline peak and the
total area.

They are in a sufficient agreement with the calori-
metric crystallinity indexes, Ic(DSC), for FEP, PFMVE2,
and for the blends, whereas for PFMVE4, PFMVE6, and
PFMVE10, the first ones are higher. This discrepancy
may be justified by the uncertainty on the value of ∆Ho

m
and, more importantly, by the fact that in the evaluation
of the calorimetric index the correction due to finite
lamellar thickness is not taken into account. It is
negligible for FEP and PFMVE2 (and, as a consequence,

Figure 3. DSC scans recorded at 10 °C/min for melt-
crystallized (at 10 °C/min) in the region of crystal-crystal
transitions for blends at the following compositions: (A) FEP/
PFMVE4 at wFEP ) 1.0 (a), 0.75 (b), 0.50 (c), 0.25 (d), and 0.0
(e); (B) FEP/PFMVE6 at wFEP ) 0.75 (a), 0.50 (b), and 0.25 (c);
(C) FEP/PFMVE10 at wFEP ) 0.75 (a), 0.50 (b), and 0.25 (c).

Table 5. Angular (2θ) Half-Height Width (â) of the 100
Diffraction Peak, Apparent Crystallite Length (D) in the

Direction Perpendicular to the Chain Axis, and
Crystallinity Indexes Evaluated from the Experimental

X-ray Diffraction Profiles (IC(RX)) and from the DSC
Curves (IC(DSC)) for the Examined Samplesa

sample â (deg) D (Å) Ic(RX) (%) Ic(DSC) (%)

FEP 0.46a 0.48b 175a 168b 68a 82b 76
PFMVE2 0.53 0.55 146 152 44 53 38
Blend WFEP ) 0.50
FEP/PFMVE2

0.44 0.48 168 190 53 71 53

FEP+PFMVE2 0.48 0.52
PFMVE4 0.53 0.54 157 149 34 50 18
Blend WFEP ) 0.50
FEP/PFMVE4

0.49 0.50 164 161 52 60 43

FEP+PFMVE4 0.47 0.51
PFMVE6 0.56 0.61 144 132 33 34 15
Blend WFEP ) 0.50
FEP/PFMVE6

0.49 0.53 144 152 43 59 42

FEP+PFMVE6 0.47 0.54
PFMVE10 0.79 0.97 102 83 17 26 3
Blend WFEP ) 0.50
FEP/PFMVE10

0.50 0.56 144 143 42 56 35

FEP+PFMVE10 0.47 0.54
a The â values of the peak of the X-ray diffraction profiles

obtained by summing the experimental profiles of the neat
copolymer samples are also reported. a The data in these columns
are Lorentz fitted. b The data in these columns are Gaussian fitted.

Figure 4. Dependence of the crystallization temperature, To,
as defined in the text, on composition for blends of FEP with
PFMVE containing different comonomer contents: (1) FEP/
PFMVE2, (2) FEP/PFMVE4, (b) FEP/PFMVE6, and (9) FEP/
PFMVE10 blends. Crystallization was carried out by cooling
at 10 °C/min from the melt.
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for the blends, since they all contain FEP) due to their
very high lamellar thicknesses, but not for the other
samples.

Discussion

Before beginning the discussion about the blends
examined in this work, we wish to briefly remind the

reader of the conclusions drawn from the calorimetric
investigations on the blend between FEP and PFMVE2.21

The presence of only one calorimetric peak (melting,
crystallization, and crystal-crystal transitions), inter-
mediate between those of the unblended components,
strongly supports the occurrence of miscibility in the
crystal state (cocrystallization).

For the blend FEP/PFMVE4, the dominant peak
(melting, crystallization, and crystal-crystal transi-
tions) is strongly dependent on the blend composition,
decreasing in value on increasing the lower melting
component. In contrast, the lower temperature peak
detected in the same curves, which cannot be due solely
to the PFMVE4 in the blend, is located at lower
temperatures than that in neat PFMVE4. The lowering
of the main melting peak may be interpreted by assum-
ing that the more disordered chains of PFMVE4 inhibit
the crystallization of FEP. This would be confirmed by
the lowering of the temperature of the dominant crys-
tallization peak observed on increasing PFMVE4 con-
tent in the blend. The decrease in melting point is due
to miscibility in the melt state. Nevertheless, in order
for partial cocrystallization to take place, not only the
higher melting peak should be shifted to lower temper-
ature but also the lower one should be shifted to higher
temperatures. This behavior would be conducive to the
production of a unique intermediate peak. In contrast,
in our case, the lower melting peak is shifted at even
lower temperatures than those in neat PFMVE4. On the
other hand, the lower crystallization peak, when present,
is much higher than that in neat PFMVE4. Such an
increase may be due to chain extension caused by
blending, which facilitates easier nucleation.37 But why
in the calorimetric curves is the melting peak of
PFMVE4 at lower temperature than that in the neat
polymer, whereas the crystallization one is higher? This
behavior may be explained by assuming that the low-
melting peak could correspond to poor crystals of
PFMVE4 (those crystallizing in the tail of the exother-
mic peak), whereas the best one melts at higher tem-
perature, i.e., in the same region of FEP. Their fusion
would occur in lower temperature tail of the dominant
peak.

The results concerning the blend FEP/PFMVE6 show
a similar, but less pronounced trend, in that the mutual
influence of two components is weaker. The lowering of
the main melting peak can be explained by taking into
account the disturbance induced by PFMVE6 on the
crystallization of FEP. On the other hand, the slight
increase of the exothermic peak (crystallization of
PFMVE6) may be attributed to the chain extension
caused by blending, as for the blend with PFMVE4.

For the blend FEP/PFMVE10, the high melting tem-
perature peak is scarcely or not affected by the blend
composition. This shows that the poorly crystalline
PFMVE10 has no influence on the crystallization of
FEP. Moreover, the peaks corresponding to PFMVE10
are hardly detected.

The investigation on the crystallization rate supports
the above considerations. In fact, as for polyethylenes,18

the lowering in the crystallization rate obtained when
the difference between the individual To’s of the com-
ponents are the lowest could be taken as an indication
for cocrystallization, as shown by the other reported
results. In the other cases, the difference in To values
of the blend components is larger, and a negligible
influence of PFMVE component on the crystallization

Figure 5. X-ray diffraction photograph taken with a flat-plate
camera (distance film-sample 10 mm) for FEP.

Figure 6. X-ray diffraction profiles of intensity as a function
of 2θ read from photographs such as that of Figure 5. (Top)
FEP. (Middle) (a) PFMVE2, (b) PFMVE4, (c) PFMVE6, and
(d) PFMVE10. (Bottom) Blends with wFEP ) 0.50 (a) FEP/
PFMVE2, (b) FEP/PFMVE4, (c) FEP/PFMVE6, and (d) FEP/
PFMVE10.
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kinetics of FEP is observed. This is in agreement with
the smaller and smaller degree of cocrystallization
observed on increasing the difference in the defect
content of the two components in the mixture.

The calorimetric curves of either melting or crystal-
crystal transitions obtained on reheating at 10 °C/min
the samples quenched from the melt to -35 °C are very
similar to those obtained after crystallization at 10 °C/
min; therefore, they are not reported. Nevertheless, in
each case, the calorimetric traces are broader and less
resolved, in agreement to what was obtained for other
blends.12

Our results show that FEP and PFMVE copolymers
are able to produce cocrystals only when the difference
in comonomer content is very low.

The calculation of the solubility parameters of all of
the considered polymers, using the group molar attrac-
tion constants38 has been performed in order to have a
qualitative indication of the enthalpic contribution to
mixing. The commonly used relationship δ ) F(ΣFi/M),
where F is the density of the polymer at the reference
temperature, M is the molecular mass of the polymer
repeating unit, and Fi is the molar attraction constant
in the repeating unit of the polymer, has been modified
by us, to be suitable to random copolymers, as δ ) F-
[(ΣFiA/MA)xA + (ΣFiB/MB)(1 - xA)], where the subscripts
A and B refer to each repeating unit present in the
copolymer and xA is the counit molar fraction. The
rough, but close enough, assumption (taking into ac-
count the low comonomer content in our copolymers),
that the density of the crystalline phase is the same for
all copolymers and is equal to that of the homopolymer
(2.3 g/cm3 29) is made. The calculation gives

For such polymers, where no favorable interactions
take place (such as hydrogen bonding), it has been
proposed that miscibility would be predictable if the
difference in solubility parameters is at most 0.1.39 Since
cocrystallization is an entropy-driven process,40 similar
δ values may suggest possible miscibility in the melt
state which is, in this case, indicated only for the blends
between FEP and PFMVE2 or PFMVE4. Since the
production of cocrystals can take place only from a
mixed melt, cocrystallization would be, on this basis, a
priori excluded for the other blends. However, to obtain
information about the thermodynamics of the liquid
state in the melt and to confirm the miscibility in these
blends, a work is in progress41 about the evaluation of
the interaction parameter ø, through the determination
of the depression of the equilibrium temperatures.42,43

The results obtained by X-ray diffraction support the
previous considerations. To have a quantitative indica-
tion on the possibility of cocrystals formation, in Table
5 the half-height width calculated by the Gaussian
(superscripted b column) and Lorentz (superscripted a
column) fitting of the sum of the X-ray diffraction

profiles of the neat components is reported and com-
pared with that calculated for the corresponding blend.
For the blend FEP/PFMVE2, â is lower than the value
calculated for the sum FEP+PFMVE2, and it is lower
for the other blends. This trend clearly indicates the
production of cocrystals only for the blend FEP/PFMVE2
according to the previous calorimetric results.21

Conclusions

In this work, we have studied by DSC the phase
behavior, in conditions far from equilibrium, of binary
blends obtained by melt-mixing of two semicrystalline
tetrafluoroethylene random fluorinated copolymers, i.e.,
FEP and PFMVE. In particular, we have investigated
the miscibility of FEP at a single comonomer content
and PFMVE at a variable comonomer content. Melting,
crystallization, and crystal-crystal transitions show
that, on increasing the difference in the defect content
of the two copolymers, the miscibility in the crystalline
state is hampered and so also in the melt state.
However, even when miscibility in the melt is attained,
cocrystallization is not a direct consequence, since for
cocrystallization the minimum difference of defect con-
centration is much lower than that of their mixing in
the melt state.

The analysis of the crystallization rates gives the
same indication: i.e., the closeness of the crystallization
rate of each component in the mixture controls the
extent of cocrystallization and the data indicate the
possibility of cocrystal formation only for FEP and
PFMVE2.

A simple calculation of the solubility parameters
would indicate possible miscibility in the melt up to a
difference in comonomer content of 3 mol %.

The XRD investigation gives further information
about the nature of the crystalline phases. Structural
modifications, indicative for production of cocrystals,
occur for the blend between FEP and PFMVE2.

In conclusion, the ensemble of our results confirm the
miscibility in the crystal state only for the blend FEP/
PFMVE2, previously suggested through a calorimetric
study,21 whereas in the other, the components give
crystal segregation.

Therefore, the miscibility in such blends is essentially
governed by the difference in comonomer content be-
tween the two components.
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