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ABSTRACT:

Miscibility and crystallization were studied for two binary blends of polytetrafluoroethylene (PTFE)

with poly(tetrafluoroethylene-co-10 mol % hexafluoropropylene) (FEP) and poly(tetrafluoroethylene-co-2 mol % per-
fluoropropylvinyl ether) (PFA), using DSC and X-Ray diffractometry. In FEP/PTFE blends, FEP and PTFE compo-
nents were separately crystallized to form their own crystallites, while in PFA/PTFE blends, PFA and PTFE compo-
nents were cocrystallized to form PTFE-type crystallites incorporating tetrafluoroethylene segments of PFA and PTFE.

The crystallization behavior in both blends is discussed in terms of chemical structure, molecular weight, crystallization

rate, blending method (how the two components are blended) and comonomer concentration.
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Polytetrafluoroethylene (PTFE) is a polymer with
good thermal stability up to 720 K, excellent chemical
resistance to many solvents, low surface energy, and
good electric insulation.! However, PTFE used indus-
trially is generally required to have high molecular
weight (for example, Teflon 3170 has an average
number molecular weight, M,, of about 3.6 x 10%)
enough to avoid excess crystallization, but the high
molecular weight results in the high melt viscosity,
and hence special processing technology such as pow-
der sintering and paste extrusion is required to reform
PTFE powders, for example, into sheets. To overcome
the above undesirable properties of PTFE, fluorinated
copolymers of tetrafluoroethylene (TFE), such as poly-
(tetrafluoroethylene-co-hexafluoropropylene)  (FEP)
and  poly(tetrafluoroethylene-co-perfluoroalkylvinyl
ether) (PFAVE), have been developed. These copoly-
mers are semicrystalline polymers and their melt vis-
cosities are in general lowered by the introduction of
comonomer, compared with those of PTFE, allowing
their molding by usual melting extrusion and injection
molding technologies.

Recently, scientific interest has been paid to misci-
bility and crystallization in binary polymer blends.? In
particular, it is important to clarify how and why mis-
cibility and crystallization occur in semicrystalline
polymer/semicrystalline polymer blends. Miscibility
and crystallization behavior has been investigated

for several binary blends of PTFE with perfluorinated
TFE copolymers.>”” Runt et al.® studied miscibility
and crystallization for binary blends of PTFE (Teflon
3170) with poly(tetrafluoroethylene-co-perfluoropro-
pylvinyl ether) (trade name Teflon PFA335, but sim-
ply called PFA in this paper), using dynamic mechan-
ical (DM) spectroscopy and differential scanning
calorimetry (DSC), where the perfluoropropylvinyl
ether (PVE) content of the PFA was 1-2mol %. DM
spectra as a function of temperature showed two peaks
labeled « and B, which were related to reorientational
motion of long segments above the glass transition
temperature () and room temperature crystal—crystal
transition,® respectively. o relaxation existed as a sin-
gle peak near 403 K for neat PTFE (100% PTFE), and
with increasing PFA content, moved to ~373 K of
neat PFA, which suggests that PTFE and PFA compo-
nents mix in both amorphous region and molten state.
The DSC curves for neat PTFE and neat PFA showed
one melting and one crystallization peak in the heat-
ing and cooling processes, respectively. In PEA/PTFE
blends, there were two melting and two crystallization
peaks, originating from PTFE and PFA, except for a
very rapid crystallization condition under which only
one melting peak was observed. From these results,
they concluded that in the PFA/PTFE blends, PTFE
and PFA components mix in the amorphous region
but crystallites are separately formed under most crys-
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tallization conditions. Using DSC and X-Ray diffrac-
tion, Pucciariello et al.*3 carefully investigated misci-
bility and crystallization behavior for binary blends of
perfluorinated polymers, PFMVE2/PTFE, FEP/
PTFE, and FEP/PFMVEn blends, where PFMVEn
means poly(tetrafluoroethylene-co-perfluoromethyl-
vinyl ether) containing n mol % perfluoromethylvinyl
ether (MVE) comonomer and in their studies
PFMVEn of n=2, 4, 6 and 10mol % were used.
The hexafluoropropylene (HFP) content in FEP was
I mol%. In both PFMVE2/PTFE and FEP/PTFE
blends, the two components were separately crystal-
lized, showing no sign for cocrystallization. Crystalli-
zation behavior for FEP/PFMVEn blends is instruc-
tive. In FEP/PFMVE2 blends, cocrystallization
occurred, regardless of the blending ratio, but two dif-
ferent crystallites separately formed in other FEP/
PFMVEn blends with n = 4, 6, and 10. The crystalli-
zation thus depends on the comonomer content. We
reported the miscibility and crystallization of PFA/
PTFE blends, using DSC, DM and X-Ray diffractom-
etry,® where PVE content in PFA is about 2 mol %.
PTFE and PFA components mixed and cocrystallized
in the amorphous region. Clearly, some discrepancies
are recognized on the crystallization in previous re-
ports, especially for PFAVE/PTFE blends.

Perfluorinated copolymer/PTFE blends are impor-
tant plastics, because they can be more easily melt-
processed than PTFE, and the blends retain mostly
the unique properties of PTFE. It is, therefore, worth-
while to clarify the miscibility and crystallization be-
havior for perfluorinated TFE copolymer/PTFE
blends. The present work clarifies the crystallization
behavior for binary FEP (10 mol % HFP)/PTFE and
PFA (2mol % PVE)/PTFE blends, using DSC and
X-Ray diffraction. X-Ray diffraction patterns were
from room temperature to 573 K. Crystallization be-
havior in the perfluorinated TFE copolymer/PTFE
blends is discussed with respect to chemical structure,
molecular weight, comonomer content, blending
method (how two components are blended) and ther-
modynamic factors.

EXPERIMENTAL

PTFE powders, FEP and PFA pellets were LDW40,
NP20, and AP201 from Daikin Kogyo Ltd. (Japan).
FEP and PFA are random copolymers, where HFP
content in FEP was about 10 mol % and PVE content
in PFA about 2 mol %.

Average number molecular weight (M,) was esti-
mated ~1 x 10° for PTFE, ~2 x 10° for FEP, and
~2 x 10° for PFA, based on transient viscoelasticity.’
Binary FEP/PTFE and PFA/PTFE blends were ob-
tained by kneading the two components in a Brabend-
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er extruder at 623 K. FEP or PFA was kneaded at
623 K in the extruder, and then PTFE powders were
added to the FEP or PFA melt and mixed until the
torque for mixing reached a constant value (for more
than 10 min). Low M,, of neat PTFE allowed this mix-
ing because of low melt viscosity. Hereafter the
blending ratio is expressed by wt %. The blends were
compression-molded into sheets 0.5mm thick at
623 K. To examine miscibility and crystallization of
the blends, the quenched blends were prepared by im-
mersing the sheet samples into chilled water to cool
them at a rate of about 30 Kmin~! after holding for
1h at 623 K, and the slowly cooled blends were ob-
tained by cooling the sheet samples at a rate of about
0.5Kmin~! from the melt.

DSC measurements were performed at a heating/
cooling rate of 10Kmin~!, using a Seiko Denshi
SSC-5000 differential scanning calorimeter, where
phase transition temperature and enthalpy change
were calibrated with In and Sn standards. X-Ray dif-
fraction patterns were recorded with a reflection meth-
od, using a Rigaku RINT2100-Ultima™ operated at a
40-kV accelerating potential and a 30-mA emission
current. CuKe radiation was used and the scattering
intensities were detected by a scintillation counter as
a function of scattering angle (26), with divergence
and scattering slits of 1° and the receiving slit of
0.15 mm. The scattering curves were almost the same
with those measured by divergence and scattering slits
of 0.5°. The accuracy of scattering angle (26) was
within £0.01° by use of a Si polycrystalline standard
at 298 K and precision was within +0.01°. X-Ray dif-
fraction patterns were taken at 323 K to 573 K, using a
Rigaku high temperature cell, temperature-controlled
by a programming controller (Rigaku, PTC-20).
Sheets of ~400um thick were used for FEP/PTFE
and PFA/PTFE blends, but powder samples were
used for neat PTFE. In the X-Ray diffraction measure-
ments, the sample was heated at 5 Kmin~! and held at
the measured temperature for 1 h. To minimize the
temperature difference between the sample and ther-
mocouple, the thermocouple was inserted into a Tef-
lon sheet set on a metal sample holder.

RESULTS

Crystallization in FEP/PTFE Blends

(a) DSC Results. Figure 1 shows DSC curves for
(a) neat PTFE, (b) neat FEP and (c) FEP/PTFE (50/
50) blend, where PTFE is a powder sample as re-
ceived, and neat FEP and FEP/PTFE (50/50) blends
are samples slowly cooled from the melt at 623 K as
described in the Experimental. In the second heating
run after melting at 623 K, PTFE (a) shows two peaks
at 294 and 303 K, and a peak near 604 K in the higher
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Figure 1. DSC curves for slowly cooled blends: (a) neat
PTFE, (b) neat FEP, (c) FEP/PTFE (50/50) blends, (d) neat

PFA, and (e) PFA/PTFE (50/50) blends. 2h and 2c represent sec-
ond heating and second cooling processes, respectively.

temperature region. The former two peaks result from
two crystal—crystal transitions of triclinic to hexagonal
transformation and of hexagonal to pseudo-hexagonal
transformation and often called the room temperature
transitions,!'? while the latter peak is caused by the
melting of PTFE crystallites. In the second cooling
from the melt after the second heating, one crystalliza-
tion peak and two room temperature transition peaks
were seen near 584 K, and at 299 and 288 K, respec-
tively. In neat FEP (b), there is seen one endothermic
peak near 539K in the second heating,!! ascribed to
the melting of FEP crystallites. The peaks correspond-
ing to the two room temperature transitions are not
shown due to low crystallinity and disordered packing
in the crystallites with the bulky HFP moiety.!? In
FEP/PTFE (50/50) blend (c), there are seen all the
peaks observed in neat PTFE and neat FEP: Two
room temperature transition peaks at 290 and 301 K
and the melting peaks at 538 and 600 K. In FEP/PTFE
blends, FEP and PTFE components are thus separately
crystallized.*?

To investigate how the melting and crystallization
behavior change with thermal treatments, we per-
formed DSC measurements for two samples, which
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Figure 2. DSC curves at the second heating at 515 to 615K
for (a) quenched and (b) slowly cooled FEP/PTFE blends.

had undergone different thermal histories; one was
quenched from the melt and another was slowly
cooled (see the Experimental section). Figure 2 shows
DSC heating curves at 515 to 615K for FEP/PTFE
blends (a) quenched and (b) slowly cooled from the
melt. In the quenched blends in (a), the melting peak
of PTFE crystallites near 600 K gradually moved to
lower temperatures to become smaller, as FEP content
increased, and the melting peak was split into two
peaks at FEP contents of 50 and 75%. Another peak
due to the melting of FEP crystallites appeared near
540K in the blends, to become gradually larger, as
FEP content increased, but the peak temperature
scarcely changed with FEP content. The melting peak
of PTFE crystallites near 600 K split into two in the
quenched blends with 50 and 75% FEP content. This
suggests two PTFE crystallites. This splitting is not
visible for the slowly cooled blends in (b), where
two melting peaks were seen near 600 and 540 K, cor-
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responding to the melting of PTFE and FEP crystal-
lites, respectively. As FEP content increases, the
600 K peak moves to lower temperature and becomes
smaller, while the 540K peak becomes larger but
peak temperature is almost independent of FEP con-
tent. The thermal behavior of the slowly cooled blends
is quite similar to that of quenched blends, except for
splitting of the 600 K peak.

The melting temperature for FEP crystallites,
T (F), and that for PTFE crystallites, 7y, (P), were de-
termined as each peak, and enthalpy changes, AH,,(F)
for FEP crystallites and AH,,(P) for PTFE crystallites,
were obtained from peak areas. In slowly cooled
blends, T, (F) was 540K, almost independent of
FEP content, while 71,(P) was proportional to FEP
content and decreased from 604 K in neat PTFE to
593K in FEP/PTFE (95/5) blend. In the quenched
blends, changes in T,(F) and T},,(P) were almost the
same as in slowly cooled blends, except for split peaks
in the 50 and 75% FEP blends.

AH,(F) and AH,,(P) were dependent on FEP con-
tent. For PTFE crystallites, change of AH,(P) with
FEP content is approximately expressed in the whole
blend range as

AHy(P,x) = [AH,(P,0)/100] - (100 — x), (1)

where x is FEP content in wt % and AH,,(P, x) is AH,
at a given x for PTFE crystallites. The slope of eq 1,
—AHy(P,0)/100 was —0.78Jg~! for the slowly
cooled blends, and —0.66Jg~! for the quenched
blends. For FEP crystallites, a similar equation,

AHn(F,x) = [AHy(F, 100)/100] - x, 2)

is valid for slowly cooled blends and the
AH,(F,100)/100 was 0.18 Jg_l, where AH,(F,x)
is AH,, at a given x for FEP crystallites. For quenched
blends, the slope of the AH,(F, x) vs. x curve changed
with x. The slope was almost constant and 0.23Jg~!
for x more than 75% FEP, but decreased with decreas-
ing x at less than 75% FEP. This suggests lowering of
crystallization rate of FEP component due to PTFE.
PTFE and FEP components are miscible in the
amorphous region and in the molten state.'> However,
the present DSC results reveal that FEP and PTFE
crystallites are separately formed from the melt mix-
ture of FEP and PTFE. When the melt mixture is
quenched, it can be conjectured that during quenching
from the melt, especially for 50 and 75% blends,
PTFE crystallites are formed and PTFE crystallites in-
corporating FEP segments are produced, to form two
types of PTFE crystallites in the quenched blends,
and finally, at 520K, FEP crystallites are formed.
On the second heating for the FEP/PTFE (75/25)
blend (Figure 2a), an exothermic peak is seen at high
temperature of the 590 K peak, and the 598 K peak ap-
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pears, which suggests that after PTFE crystallites in-
corporating FEP segments melt, recrystallization of
PTFE crystallites may take place and PTFE crystal-
lites, together with those produced during quenching,
melt at 598 K. On slow cooling, first PTFE crystallites
are formed and FEP crystallites are produced. This
seems reasonable, because the rate of crystallization
for PTFE is considered to decrease with the FEP com-
ponent and different cooling rates may cause different
crystallization behavior.

Figure 3 shows second heating DSC curves in the
room temperature range for (a) the quenched and (b)
slowly cooled blends. In neat PTFE, there are seen
two peaks near 294 and 303 K, irrespective of thermal
treatment. In the quenched blends, the 294 K peak al-
most disappears at FEP content larger than 95%, while
in the slowly cooled blends, the 294 K peak is still
seen in the 95% FEP blend. These phenomena are ex-
plained by a disordering of PTFE crystallites with the
bulky HFP units in FEP component. There is a signif-
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Figure 3. DSC curves at the second heating at room temper-
ature for (a) quenched and (b) slowly cooled FEP/PTFE blends.
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icant difference in DSC curves between the quenched
and slowly cooled blends: Shifts of the 294 and 303 K
peaks with the addition of FEP are larger in the
quenched blends than in the slowly cooled blends.
In slowly cooled blends, the peak temperature,
Tho4x, decreased in proportion to FEP content, from
294 K for neat PTFE to 280 K for the 90% FEP blend,
while in the quenched blends, from 294 K for neat
PTFE to 269 K for the 90% FEP blend. The lowering
of Tryk and T3p3x with FEP content suggests the
PTFE crystallites is somewhat disturbed by the FEP
component but the orderliness in the crystallites ap-
pears to increase by annealing (slow cooling). Enthal-
py changes, AHy4x and AH3p3 for 294 K and 303 K
transitions, respectively, decrease as FEP content in-
creases, satisfying the following equations,

AH294K(X) = AH294K(0) . (100 — X)/IOO
and
AH3p3k(x) = AH303x(0) - (100 — x)/100,

respectively.

Thus PTFE crystallites are formed separately from
FEP crystallites. A transition exists near 278 K in neat
FEP with 1 mol % HFP, and in FEP/PTFE blends, this
transition is seen in addition to two room temperature
transitions of neat PTFE. Our neat FEP did not show
room temperature transition on DSC curves, due to
high HFP content of 10 mol %.

(b) X-Ray Diffraction Results. Figure 4 shows X-
Ray diffraction patterns at room temperature for neat
FEP quenched from the melt and neat PTFE powders.
A sharp peak is observed at a scattering angle (20) of
17.76° for neat FEP and at 18.04° for neat PTFE, both
assigned to (100) reflection. The spacing of (100) re-

Intensity (arb. unit)

12

Figure 4. X-Ray diffraction patterns for neat FEP, neat PFA,
and neat PTFE at room temperature. FEP and PFA were quenched
from melt.
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Figure 5. X-Ray diffraction patterns of FEP/PTFE blends at
room temperature: (a) quenched blends and (b) slowly cooled
blends. FEP content of each blend is shown.

flection (dq0) was estimated as 4.99 A for neat FEP,
and 491A (a=5.67A) for neat PTFE, consistent
with literature values (a = 5.75A for FEP'*1¢ and
5.66 A for PTFE’). A broad halo peak appeared
around 16°, from the amorphous region. These char-
acteristics are also seen for all FEP/PTFE blends.
Figure 5a and b show X-Ray diffraction intensity
vs. 260 curves at room temperature for (a) quenched
and (b) slowly cooled FEP/PTFE blends, respective-
ly. In quenched blends in (a), one sharp peak is seen
near 260 of 18° for neat PTFE, corresponding to the
(100) reflection and as FEP content increases, the
18° peak moves to lower angles and height decreases,
and at FEP content >90%, the peak skips to 17.8°
(and to 17.76° for neat FEP). When FEP content is
75%, the peak splits into two peaks near 17.8° and
18°, due to FEP and PTFE crystallites, respectively.
In the slowly cooled blends in (b) this splitting is more
distinctly seen. This supports that PTFE and FEP crys-
tallites are separately formed in FEP/PTFE blends.
Figure 6 shows plots of djoo vs. FEP content, where
dioo(F) and d;po(P) represent (100) spacings of FEP
and PTFE crystallites, respectively. In this figure,
the dypo(F) and djgo(P) are read simply from the pat-
terns. When FEP content is between 50 and 90%,
the plots have data points of both dio(F) and
di00(P). In the quenched blends, d19o(P) of PTFE crys-
tallites increases in proportion to FEP content but in
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Figure 6. Plots of d-spacing of (100) reflection (d}qp) at room
temperature versus FEP content for FEP/PTFE blends: O, slowly
cooled blends; @, quenched blends; (O) and (®) indicate value
corresponding to weak shoulder peak position of each diffraction
pattern. F and P in parentheses indicate values related to FEP and
PTEE crystallites, respectively.

the slowly cooled blends, the increase becomes less.
The different slope is explained as follows: During
quenching from the melt, FEP component perturbs
the formation of PTFE crystallites and makes PTFE
crystallites disordered, leading to the larger doo(P)
in quenched blends. On slowly cooling, however,
PTFE crystallized without incorporating FEP, to pro-
duce more ordered PTFE crystallites. The djgo(F) of
FEP crystallites is almost independent of FEP content
and thermal history. Since FEP crystallites are formed
after the crystallization of PTFE during cooling from
the melt, the crystallization may not be so affected
by PTFE, resulting in no dependence on FEP content,
as seen from DSC. Consequently, X-Ray diffraction
indicates the presence of two separated crystallites,
FEP and PTFE crystallites in the present FEP/PTFE
blends, well consistent with the conclusion by DSC.
For a more information on crystallization, we pre-
formed X-Ray diffraction measurements at different
temperatures at 323 to 573 K. Figure 7 shows varia-
tion in X-Ray diffraction patterns with FEP content
for slowly cooled FEP/PTFE blends (a) at 323K
and (b) at 573 K. At 323K, the (100) reflection peaks
for the blends are seen as two peaks around 17.7 and
17.9°, which originate in FEP and PTFE crystallites,
respectively, and a broad amorphous peak appears
around 16°. These three peaks are resolved as follows
and are drawn as broken curves in the figure. Each re-
solved peak was assumed to obey a pseudo-Voigt
function as a linear combination of Lorentz and Gauss
distribution functions. The three resolved peaks were
obtained by the best fit of the sum of the three peaks
to the experimental curve, using the Davidon—Fletch-
er—Powell optimization method.!”?° The area for each
peak was calculated as the sum of small trapezoids. At
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Figure 7. X-Ray diffraction patterns of FEP/PTFE blends at
(a) 323K and (b) 573 K. Solid curves are observed patterns and
dotted curves are resolved peaks.

323K (Figure 7a), the three peaks appear in FEP/
PTFE blends, which come from FEP and PTFE crys-
tallites and the amorphous phase, respectively. As
temperature elevated, the peak from PTFE crystallites
became relatively larger, and that from FEP crystalli-
tes was inversely smaller. At 573 K above the melting
temperature of FEP crystallites (539 K determined by
DSC) (Figure 7b), the peak from the FEP crystallites
completely disappeared, but that from the PTFE crys-
tallites existed and the amorphous peak was consider-
ably larger (especially at FEP content 100, 95 or
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90%). At 323 K (a), the PTFE peak becomes relatively
smaller with increasing FEP content, and FEP and
amorphous peaks, are inversely larger. This was seen
at all temperatures between 323 and 523 K (figures not
shown), but at 573 K, the FEP crystallites completely
disappear for all blends, indicating that FEP crystalli-
tes completely melt at 573 K, independent of PTFE
crystallites. In neat FEP, only the amorphous peak is
seen. A PTFE peak distinctly exists at 573 K below
the melting temperature of PTFE (604 K). Our equip-
ment, did not allow the measurements above 573 K.
These temperature-dependent X-Ray results show that
PTFE and FEP crystallites are formed separately, in-
dependent of the FEP/PTFE blend.

Figure 8a shows variation in djo(F) and dj0(P)
with FEP content in slowly cooled FEP/PTFE blends
at different temperatures. djpo(F) and djpo(P) are al-
most independent of FEP content, and d}o(F) is larger
than dy9o(P). In Figure 9, d)po(F) and d;oo(P) are plot-
ted as a function of temperature for all blends. At each
FEP content, d;oo(F) of the FEP crystallites increases
in proportion to temperature, and temperature varia-
tion scarcely depends on FEP content, except for the
25% FEP blend. The thermal expansion coefficient
of the (100) spacing in FEP crystallites was estimated
as 6 x 107*. In the 25% FEP blend, the plots were
concavely curved, deviating largely from the data
for the other blends, presumably due to large PTFE
content. PTFE crystallite, the d,9o(P) did not change

PTFE content / wt%
100 80 60 40 20 O

| FEP crystallites
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Figure 8. Plots of (a) d-spacing (dyop) and (b) half-width of
the (100) reflection peak versus FEP content for FEP/PTFE
blends at O and @, 323K; A and A, 373K; [0 and W, 473K;
V and V¥, 523 K; 4, 573 K. Open symbols and solid lines repre-
sent data for FEP crystallites, and closed symbols and broken lines
represent data for PTFE crystallites.
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Figure 9. Plots of djo vs. temperature at various FEP content
for FEP/PTFE blends as indicated in the figure. Open symbols
and solid curves represent data for FEP crystallites, and closed
symbols and broken curves represent data for PTFE crystallites.

by FEP content, but djgo(P)-temperature plots are
somewhat curved for all FEP. Thus thermal expansion
coefficient of the (100) spacing in PTFE crystallites is
dependent on temperature. PTFE crystallites undergo
the room temperature transitions of triclinic (13/6
helices of CF, chain) to hexagonal (15/7 helices) at
294K and of hexagonal to pseudo-hexagonal at
303K, and as temperature increases beyond 303 K,
the pseudo-hexagonal structure may become more
disordered, due to of right- and left-handed helices
in one CF, main chain.'” The temperature-dependent
thermal expansion coefficient for djp(P) may be ex-
plained by progressive decrease in orderliness of mo-
lecular packing in the crystallites with temperature.

The half-width at half-maximum of the (100) re-
flection peak is correlated with orderliness of molecu-
lar packing in the crystallites. In Figure 8b, half-
widths for the separately formed FEP and PTFE crys-
tallites are plotted against FEP content and tempera-
ture. At each temperature, the half-width for the
FEP crystallites abruptly increases from that of neat
FEP, as PTFE component is blended, and at 25%
FEP (75% PTFE), decreases to the initial value. The
half-width becomes larger with temperature but at
25% FEP, appears unchanged with temperature. For
PTFE crystallites, the half-width is distinctly (about
40%) smaller than that of FEP crystallites, and hardly
dependent on FEP content or temperature, although it
shows some temperature dependency for blends with
FEP content of 90-95%. Orderliness of molecular
packing is larger in PTFE crystallites than in FEP
crystallites, which explains the different behavior of
the two crystallites with temperature and blending
ratio.

Crystallizations in PFA/PTFE Blends
(a) DSC Results. Figure 1 are DSC thermographs
for slowly cooled neat PTFE (a), neat PFA (d), and
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Figure 10. DSC curves at second heating at 515 and 615K
for (a) quenched and (b) slowly cooled PFA/PTFE blends.

PFA/PTEFE (50/50) blend (e). In the second heating,
there are seen two room temperature transition peaks
at 300 K and 604 K for neat PTFE, and corresponding
peaks at 281 and 584 K for neat PFA, and 290 and
598 K for PFA/PTFE (50/50) blend. In cooling after
the second heating, room temperature transitions and
crystallization peaks are observed, corresponding to
those in the heating. Figure 10 shows the second heat-
ing DSC curves in the melting temperature range for
the PFA/PTFE blends quenched, (a), and slowly
cooled, (b), from the melt. In the quenched blends
(a), the melting peak shifts to lower temperatures, as
PFA content increases and when PFA content is more
than 50%, splits into two peaks.® The low and high
temperature peaks mainly come from the PFA and
PTFE crystallites, respectively, and between the two
peaks, an exothermic peak due to recrystallization is
observed, as in the FEP/PTFE blends (Figure 2a). In
the slowly cooled blends (b), the melting endotherm
is seen as a single peak, for all blend ratios, although
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Figure 11. Plots of PFA melting temperature (7},) and melt-
ing enthalpy (AH),) vs. PFA content for slowly cooled PFA/PTFE
blends.

a very small peak appears near 560 K. The melting
peak becomes smaller and moves to lower tempera-
tures, as PFA content increases. The small 560 K peak
can be an annealing peak caused by slow cooling from
the melt,'>?° because the peak is depressed in the
quenched blends. The melting endotherm appeared
as a single peak even when DSC was scanned at the
heating rate of 1 Kmin~!. The single peak in the slow-
ly cooled blends suggests that PFA and PTFE compo-
nents are cocrystallized.

In Figure 11, melting temperature (7y,) and enthal-
py change (AH,) are plotted against PFA content for
slowly cooled blends. T, gradually increases with
PTFE content but the plots deviate convexly from a
straight line, while the AH,,—PFA content curve is
slightly concave, suggesting interactions between
PTFE and PFA chains. The —OCF,CF,CFj5 side chain
of PVE units in PFA may be not incorporated into the
PTFE crystallites,'>? although the TFE segments of
PFA may be incorporated into PTFE crystallites.
The side chain cause disordered packing in the PTFE
crystallites, resulting in lower melting temperature
with the addition of PFA, although the melting tem-
perature is also correlated with lamellar thickness.

Figure 12 shows DSC curves in the room tempera-
ture transitions range between 250 and 315K for
PFA/PTFE blends (a) quenched, and (b) slowly
cooled, from the melt. The two room temperature
transition peaks are seen at 294 and 303 K for neat
PTFE. The 294 K peak moves to lower temperature
and becomes smaller with PFA content, but is clearly
observed even in neat PFA, contrary to that in FEP/
PTFE blends, owing to the small content of PVE co-
monomer in PFA (2mol %). The shift to lower tem-
perature with the addition of PFA is larger in
quenched blends than in slowly cooled blends. The
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Figure 12. DSC curves at the second heating in the room tem-
perature range for (a) quenched and (b) slowly cooled PFA/PTFE
blends.

growth rate of PTFE-type crystallites, cocrystallized
from the PFA/PTFE melt, may becomes slow with
PFA.” and in the quenched blends, more disordered
crystallites may form. As molecular packing in the
crystallites is more disordered, the transition tempera-
ture is more lowered. In slowly cooled blends,
AH>ux AH303x decreased from 131J g_l for neat
PTFE to 2.5Jg~! for neat PFA for the same reason
above.

(b) X-Ray Results. In Figure 4, the X-Ray diffrac-
tion pattern at room temperature for the quenched neat
PFA is shown together with that for PTFE. In neat
PFA, the (100) reflection peak is observed at 20 of
17.92°, which is slightly lower than that for neat PTFE
(18.04°). The spacing (dypp) of PFA crystallites is es-
timated to be 4.95 A and thus, the hexagonal a axis, a,
is 5.71 A, which is consistent with the literature value
(5.68 A).!>1° The amorphous halo peak is seen around
26 of 16°. Figure 13 shows variation of the (100) re-
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Figure 14. Plots of d o at room temperature vs. PFA content
in PFA/PTFE blends: O, slowly cooled blends; @, quenched
blends.

flection peak with PFA content at room temperature
for slowly cooled PFA/PTFE blends. In contrast to
FEP/PTFE blends (Figure 5), patterns for all the
blend ratios appear composed of a single peak, indica-
tive of cocrystallization of PFA and PTFE compo-
nents. When PFA is less than 50%, the peak position
is almost unchanged with PFA content, but as the PFA
content increases beyond 50%, the peak gradually
shifts to lower angles to become smaller and broader.
This is more easily understood from Figure 14, which
shows data for quenched blends. dj¢ for the quenched
blend (broken curve) are larger than that for the slow-
ly cooled blend (solid curve), except for 50% PFA,
consistent with the conclusion that the blend has time
enough to form PTFE crystallites not incorporating
—OCF,CF,CF;5 side chain of PVE units. At 50%
PFA, d,y for the slowly cooled blend is larger than
that for the quenched blend, due to lowering of the
transition temperature with PFA (see Figure 12), be-
cause at 323 K, at which all the blends are in the pseu-
do-hexagonal state, djgo—PFA content curve is smooth
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Figure 15. X-Ray diffraction patterns at 563 K of PFA/PTFE
blends. Solid curves are patterns and broken curves, resolved
peaks.

in the whole PFA content range (see also Figure 16b).

Figure 15 shows the X-Ray diffraction patterns at
563 K for PFA/PTFE blends. The samples were slow-
ly cooled from the melt at 623 K to room temperature
prior to the measurements. All patterns were resolved
into two peaks around 16° and 18° using the curve fit-
ting method described already. The 18° peak is as-
signed to the (100) reflection of PTFE-type crystalli-
tes, and the 16° peak is attributed to a halo from the
amorphous region. As PFA content increases, the
(100) reflection peak shifts to lower angles but ap-
pears as a single peak at any PFA content. Similar
measurements were done at 323-563 K. The tempera-
ture 323 K is above the crystal—crystal transitions tem-
perature and 563 K is below the melting temperature
of neat PFA. As temperature was elevated, the (100)
reflection peak gradually shifted to lower 26, from
17.9° at 323 K to 17.4° at 563 K, but appeared as a sin-
gle peak at all temperatures. These results support the
formation of cocrystallites from PFA and PTFE in the
blends at any blend ratio.

Figure 16 summarizes the parameters for the (100)
reflection derived from the curve fitting. Figure 16b
depicts plots of djoo vs. PFA content at different tem-
peratures. dyo appears larger at PFA higher than 75%,
but dg is rather independent of the blend ratio at all
temperatures, as with FEP/PTFE blends in Figure 8a.
Temperature dependence of djgo is shown in
Figure 16a. As temperature increases, djoy at each
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PTFE.

blend ratio concavely increases, from 4.94 A at 323
K to 5.09A at 563K in PFA/PTFE (50/50) blend.
This temperature dependence is similar to that in sep-
aratedly formed PTFE crystallites in FEP/PTFE
blends (Figure 9). Therefore, in PFA/PTFE blends,
PFA and PTFE components are cocrystallized, per-
haps incorporating TFE segments of both compo-
nents, to form PTFE-type crystallites. Figure 16c¢
shows variation of the half-width with PFA content
in PFA/PTFE blends at different temperatures. The
half-width is almost independent of temperature, but
increases with PFA, in contrast to FEP/PTFE blends
(Figure 8b): In FEP/PTFE blends, the half-width of
the separately formed PTFE crystallites was 0.07°, al-
most independent of FEP content, but in PFA/PTFE
blends, half-width changed from about 0.07° in the
25% PFA blend to 0.16° in neat PFA. The —OCF>,-
CF,CF; side chain in PFA may be not incorporated
in the PTFE crystallites and as the result, and may
be located outside the crystallites.!>'%20-22 This may
cause disordered packing in the crystallites, which ex-
plains increase in (100) half-width by addition of
PFA.

DISCUSSION
Compatibility in the Amorpohous and Molten States
Solubility parameters § of component polymers

were calculated with the same as by Pucciariello et
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al.,’ using 8 = p((XF;)/M), where p is the density of
the polymer (and 2.3 g/cm? for all component poly-
mers), F; is the molar attraction constant (values in
ref 23 were used), and M is the molecular mass of
the component repeating unit. For the copolymers, §
of the comonomers were summed with their molar
fraction. § for PTFE, FEP (10 mol % HFP), and PFA
were all about 5.3 (calem™>)%°, which suggests a
good compatibility for FEP/PTFE and PFA/PTFE
blends. The compatibility of the two components in
these blends was confirmed experimentally by dynam-
ic mechanical (DM) studies and that for both FEP/
PTFE'"? and PFA/PTFE>® blends; the « relaxation at-
tributable to a cooperative segmental motion in the
amorphous region above ng“‘26 is seen as a single
peak over all blend ratios.

Crystallization Behavior

Pucciariello et al.’ reported the formation of two
separated crystallites, FEP and PTFE crystallites, in
FEP (2mol % HFP)/PTFE blends. In the present
work, the same crystallization behavior occurred in
FEP (10 mol % HFP)/PTFE blends. Since FEP and
PTFE components are separately crystallized when
HFP content is 2 mol %, it is quite natural that they
are so when HFP content is 10 mol %. As for crystal-
lization behavior in PFA/PTFE blends, some discrep-
ancies are recognized in previous reports:>’ In PFA
(i.e., PVE content is 2mol %)/PTFE blends, the two
components were cocrystallized, forming PTFE-type
crystallites. Runt er al’® reported that in PFA1-2
(i.e., PVE content is 1-2mol %)/PTFE blends, the
two components are separately crystallized, although
suggesting a possibility of cocrystallizations under a
very rapid crystallization condition. Even in
PFMVE2/PTFE blends, Pucciariello et al.* reported
that PFMVE2 and PTFE crystallites are separately
formed. The content of MVE units having the —OCF;
side group in PFMVE2 was 2 mol %.

Factors determining Crystallization Behaviors

It may be necessary to investigate how crystalliza-
tion is affected by:

(1) chemical structure in PFAVE copolymers; (a)
length of perfluorosidechains, for example, —OCF;
in MVE and —-OCF,CF,CF5 in PVE, and comonomer
content in the copolymers, and (b) degree of tendency
for the comonomer units to be in blocks, in the nom-
inally random FEP and PFA copolymers. In FEP
(1 mol % HFP)/PFMVEr> blends, crystallization be-
havior changed sensitively with the value of n in
PFMVEn, where n is the comonomer content in
mol %: When n = 2, the FEP and PFMVE2 compo-
nents are cocrystallized, but when 4 <n < 10, are
separately crystallized.
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(2) how two copolymers mix at the molecular level
when the binary blends are prepared. We obtained bi-
nary FEP/PTFE and PFA/PTFE blends by kneading
the two polymers in a Brabender extruder as described
in the Experimental section. The FEP or PFA pellets
were kneaded at 623 K and then PTFE powders were
added to the FEP or PFA melts, and mixed until
torque during the mixing reached a constant value.
Sheets were obtained by compression-molding from
the melt at 623 K. In the previous work,* the binary
powder mixtures were obtained by mixing aqueous
PTFE dispersion with aqueous FEP or PFAVE disper-
sions and drying, and then, mixing. The powder mix-
tures were sandwiched between two Kapton sheets
and held at 637 K for 15 min to melt them. The differ-
ence in preparation of the blends may occasionally be
responsible for discrepancies on the crystallization be-
havior obtained.

(3) thermal history which the blends have under-
went.

(4) molecular weights of components. We used
PTFE with low M, of 1 x 10°, which is comparable
to that of FEP or PFA (2 x 10°), favoring good com-
patibility. Commercial PTFE with high M, was used,
for example, 3.6 x 10° for Teflon 3170. The differ-
ence in M, of two components plays an important role
of compatibility in amorphous and molten states,
which may occasionally affect crystallization behav-
ior.

Noguchi and Ishiwari’ investigated crystallization
behavior of FEP (5.5mol% HFP)/PFA (1mol %
PVE) blends. Isothermal crystallization rate of PFA
at 570K changed from 0.38 min~! for neat PFA to
0.6min~! for the 25% FEP blend. Spherulite growth
rate in diameter of PFA decreased from 0.0217
ums~!' for neat PFA to 0.004ums~! for the 25
mol % PFA blend. These observations indicate that
the crystallization of fluorinated copolymer blends is
significantly influenced by comonomer content and
cooling rate. It is reasonable to conclude that the ap-
pearance of two kinds of PTFE crystallites in the
quenched FEP/PTFE and PFA /PTFE blends are relat-
ed to the crystallization rate of PTFE.

CONCLUDING REMARKS

This work studies crystallization behavior for FEP/
PTFE and PFA/PTFE blends, and concludes that FEP
and PTFE components are separatedly crystallized in
the FEP/PTFE blends, but in the PFA/PTFE blends,
PFA and PTFE components are cocrystallized. We
used PTFE with low M, of about 1 x 10°. This PTFE
was a little brittle but made possible blending with
FEP or PFA by a Brabender extruder. The blends ob-
tained were not brittle and produced good sheets by
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compression molding, as with FEP and PFA. We be-
lieve that the low M, PTFE used and the results are
representative of crystallization behavior for the bina-
ry blends of PTFE having a large molecular weight
with FEP and PFA.
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