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Abstract

For blends of a poly(methyl methacrylate) (PMMA) and a poly(vinylidene fluoride-co-hexafluoro acetone) [P(VDF-HFA)], we examined
phase behavior and crystalline melting (Tm) and glass transition (Tg) temperatures. In the range 130–1608C, which is a miscible one-phase
region between their lower critical solution temperature (LCST:Tc ¼ 2208C; fc > 0.5) andTm ( > 1208C) of P(VDF-HFA), simultaneous
measurements of transient tensile stressj(t) and birefringenceDn(t) were conducted via elongational flow opto-rheometry (EFOR) on the
blends under uniaxial elongation at constant Hencky strain rates. The stress optical coefficientC(t)( ; Dn(t)/j(t)) increased monotonically
with increasing volume fractionfP(VDF-HFA) of P(VDF-HFA) in the blend. Molten PMMA/P(VDF-HFA) blends in the one-phase region
appear to follow the stress optical rule withC(t) obeying the simple additivity:C(t) ¼ CP(VDF-HFA)fP(VDF-HFA) þ CPMMAfPMMA with the suffices
being relevant to each component. The value ofC(t) extrapolated tofP(VDF-HFA) ¼ 1 yielded CP(VDF-HFA) ¼ 6.5 3 10¹9 Pa¹1. The C(t) vs
fP(VDF-NFA) behavior suggested thatC(t) can be zero for the (97/3) blend or the addition of only 3% P(VDF-HFA) to PMMA makes the blend
non-birefringent. Thus, P(VDF-HFA) can be an optimal modifier when PMMA is used as a high-technology optical material, e.g., optical
discs and lenses.q 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Poly(vinylidene fluoride-co-hexafluoro acetone)
[P(VDF-HFA)] [1] and poly(methyl methacrylate)
(PMMA) is an interesting combination for preparing
partially miscible blends of a lower critical solution
temperature (LCST) type. Because P(VDF-HFA) exhibits
positive birefringence while PMMA has a small negative
birefringence, the blends may be a non-birefringent one-
phase material at a certain composition. Hahn [2] and
Inoue [3] reported for a PVDF/PMMA blend at 20/80
composition that such behavior was certainly the case. To
explore this possibility of P(VDF-HFA)/PMMA blends, we
examined their phase behavior, including composition
dependencies of the glass transitionTg and melting tempera-
tureTm of P(VDF-HFA) crystallites. In particular, by using
recently developed elongational flow opto-rheometry
(EFOR) [4] which enabled us to perform simultaneous mea-
surements of transient tensile stressj(t) and birefringence
Dn(t) as a function of timet under uniaxial elongation with

constant Hencky strain rates«̇0, we tested the validity of the
stress–optical rule, [5] and looked for the P(VDF-HFA)
content where the stress optical coefficientC(t)( ;
Dn(t)j(t)) may vanish. On the other hand, if the blends are
in a two-phase state, the contribution of form-birefringence
of the segregated domains may prevail even when the con-
trast factor of the two components are negligible [6].

2. Experimental

The miscibility of PMMA and P(VDF-HFA) was exam-
ined by temperature-modulated differential scanning calori-
metry (TMDSC) [7,8], cloud point observation, optical
microscopy and dynamic mechanical spectroscopy. As the
results, we constructed on LCST type phase diagram withTg

andTm vs the volume fractionfP(VDF-HFA) curves. Then, we
conducted simultaneous measurements ofj(t) andDn(t) via
EFOR [4][6] on the blends in the miscible state from 130 to
1608C under uniaxial elongation by varying the tensile
strain rate«̇0 from 0.1 to 1.0 s¹1 to determineC(t). For
comparison, steady and dynamic shear viscosities were
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also determined on a cone-and-plate type rheometer
(Rheometrics Dynamic Analyzer RDA II) within angular
frequenciesq of 0.1 to 100 rad/s or shear ratesġ of 0.001
to 1.0 s¹1. The details were described elsewhere
[4][9][10][11].

The blends tested were composed of a PMMA withMn ¼

56 000 andMw/Mn ¼ 1.5 and a P(VDF-HFA) with 8 mol%
HFA content, Mn ¼ 52000 and Mw/Mn ¼ 2.5. The
molecular weights were determined on a gel permeation
chromatograph (Tosoh HLC-803D) for,0.1 (wt%) THF
solution with polystyrene elution standards. The test speci-
mens were prepared by casting from,10 wt% THF solu-
tion, dried at 508C in vacuum for more than 7 days and
annealed at 1608C ( . Tm) usually for 2 h. For TMDSC
(TA Instruments, TA2920) measurement the annealed spe-
cimen was quenched in liquid nitrogen and subjected to the
test in a nitrogen stream with the modulation amplitude and
period of 6 0.58C and 60 s, respectively, under a constant
heating rate of 108C/min. Cloud points (Td) were deter-
mined on quenched specimens by raisingT at a heating
rate of 18C/min and observing changes in the intensities of
transmitted light from a He–Ne gas laser sourse.

For EFOR, the annealed specimen was molded on a hot-
press at 190–2408C for 0.5–3 min, cut into strips of
appropriate size (usually,0.1–0.43 7.0 3 60 mm3). In
each EFOR run a sample strip set at a desired temperature
between 150 and 1708C was annealed in situ for 90 s before
starting the run. For shear viscosity measurements the
annealed specimen was molded at 170–2008C for 3 min,

and then cut into disks of 25 mm diameter and 0.8–
2.0 mm thickness to be mounted on the rheometer.

3. Results and discussion

3.1. Thermal and phase behavior

The phase behavior of the blends is summarized in Fig. 1,
in which Td, Tg andTm are plotted against volume fraction
fP(VDF-HFA) of P(VDF-HFA). Clearly, the blends exhibit
LCST-type phase behavior. AboveTc ( > 2208C; fc >
0.5) the blends exist in a liquid–liquid two-phase state.
The solid curve labeled withTd is a theoretical spinodal
curve based on the Flory–Huggins theory [12] taking the
free energy parameterx as an adjustable parameter assigned
as [13][14];

x ¼ 0:016¹ 52:5=RT (1)

whereR is the gas constant andT the absolute temperature.
The value ofx at 1608C was estimated to be¹ 0.045. For
the blends of two P(VDF-HFA) rich (20/80 and 30/70) com-
positions, the equilibrium melting temperaturesTm

0 were
determined by Hoffman and Weeks analysis [15]. TheTm

0

clearly exhibits a tendency of melting point depression,
implying the two components are miscible, as pointed out
earlier by Nishi and Wang [13] on the PVDF/PMMA blend.
However, the theoretical melting point depression predicted
by using the interaction parameterx determined for the
cloud point curve was too small as compared with the
observed depression, as shown by the dotted line labelled
Tm

0 , cal. in Fig. 1.
In any case, belowTm

0 , the blends of P(VDF-HFA) rich
composition may exist in a liquid/crystalline two-phase
state, whereas PMMA-rich blends exist in a liquid or glassy
single-phase state depending, respectively, onT being
above or belowTg of the blend. Therefore, theTg vs
composition curve of the miscible blends can be well
approximated with Fox Eq. (2) [16] :

Tg¹ 1¼ (WPMMA =TgPMMA þ )þ (WP(VDF ¹ HFA)=TgP(VDF ¹ HFA))
(2)

where WPA with PA ¼ PMMA or P(VDF-HFA) is the
weight fraction andTgPA

the glass transition of the pure
polymer PA (TgPMMA

¼ 389 K andTgP(VDF ¹ HFA)
¼ 257 K). In

Fig. 1, the dashed curve is theTg vs f {P(VDF-HFA) curve cal-
culated by Eq. (2).

3.2. Elongational flow birefringence

From the thermal and phase behavior of the blends, we
see that in the temperature range from 130 to 2208C on the
molten blends are a one-phase liquid at all compositions,
and hopefully the PMMA-rich blends may form a one-phase
homogeneous glass even below theTgs.

To test this expectation, we conducted EFOR tests

Fig. 1. A phase diagram of the PMMA/P(VDF-HFA) blends, representing
phase dissolution temperaturesTd (solid circles), melting temperaturesTm

(triangles) and glass transition temperaturesTg (squares). The solid line
represents the binodal curve calculated using the Flory–Huggins expression
and the dashed line is the Fox equation forTg of a homogeneous mixture.
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involving simultaneous measurements of tensile stressj(t)
and birefringenceDn(t) on the molten blends of 100/0
(PMMA) to 60/40 composition in the miscible state of
(Tg, Tm , ) 150–1708C ( , Td of the blends). Fig. 2
summarizes the results: (a) the elongational viscosity

hEðtÞ ; jðtÞ/«̇0 and birefringenceDn(t) vs time t for
PMMA and the PMMA/P(VDF-HFA) 70/30 blend
measured at 1608C with the dotted experimental results
(determined on EFOR) and solid lines being the
three times transient shear viscosity 3h(t) at a constant

Fig. 2. (a) Double logarithmic plots of elongational viscosityhE(t) ¼ j(t)/«̇0 and birefringenceDn(t) vs time t for PMMA and PMMA/P(VDF-HFA) 70/30
blend at 1608C. The solid curves are the three times transient shear viscosity 3h0(t) at a constant shear rateġ ¼ 0.001 s¹1 (determined on RDA II); (b) double
logarithmic plots ofj(t) andDn(t) against Hencky strain« > «̇0·t (with «̇0 ¼ 1 s¹1) at 1608C for the 90/10, 80/20, 70/30, and 60/40 blends; and (c) the stress
optical coefficientC(t) ( ; Dn(t)/j(t)) vs j(t) with «̇0 ¼ 1 s¹1 at 1608C obtained from the same data shown in Fig. 2b. For PMMA [17] the absolute value of
reportedCPMMA ¼ ¹ 0.2 3 10¹9 Pa¹1 is indicated with the arrow.
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rate of ġ ¼ 0.001 s¹1 and zero-shear viscosity 3h0 (deter-
mined on RDA II); (b) plots ofj(t) and Dn(t) against
Hencky strain« > «̇0·t (with «̇0 ¼ 1 s¹1) at 1608C for the
blends of 90/10, 80/20, 70/30, and 60/40 composition; and
(c) the stress optical coefficientC(t)( ; Dn(t)/j(t)) vs j(t)
collected again witḣ«0 ¼ 1 s¹1 at 1608C from the same data
shown in Fig. 2b. For PMMA, we see thathE(t) exhibits a
tendency of so-called strain-induced hardening [18] that is
upward deviation from thė«0-independent portion of the
hE(t) curves (which is often referred to as the linear region),
as shown with an arrow for the curve witḣ«0 ¼ 1.0 s¹1 in
Fig. 2a. On the other hand, for the PMMA/P(VDF-HFA)
70/30 blend, the strain-induced hardening is rather sup-
pressed andhE(t) and/orj(t) increases more slowly with
increasing P(VDF-HFA) content, as seen inj(t) vs « plots
in Fig. 2b.

For ordinary homopolymer gels, the coincidence between
hE(t) and time development of 3h(t), the so-called extended
Trouton rule [19] is generally valid. In the 70/30 blend, the
difference between the early stage ofhE(t) and 3h(t) profiles
seems to be rather larger than that for PMMA. At present,
we are not sure whether the difference is true or just an
artefact.

For PMMA we employed a literature value [17] ofCPMMA ¼

¹ 0.23 10¹9 Pa¹1, for which the absolute value is indicated
with the arrow. From Fig. 2c we see that theC(t) vsj(t) plot
of each blend is independent ofj(t), implying that the single
phase blends obey the stress optical rule, although we have
obtainedDn(t) data only in a very limited time span.

Fig. 3 shows the plot ofC(t)( ; Dn(t)/j(t)) vs fP(VDF-HFA)

for the single-phase blend obtained at 150, 160, and 1708C.
The birefringence of a biphasic system usually contains a
contribution of form-birefringence of the existing domains,
which can, however, be neglected. On the other hand, if
strong nematic-like interactions prevail between the compo-
nent segments, additivity in the birefringence may not hold.
However, neither of these contributions are unlikely in the

present PMMA/P(VDF-HFA) blend in the miscible, single-
phase state. Thus, the simple additivity may hold andDn(t)
is given by:

Dn(t) ¼ Dn0
P(VDF ¹ HFA)fP(VDF ¹ HFA) þDn0

PMMAfPMMA (3)

Then if j(t) ; jPMMA(t) ¼ jP(VDF-HFA)(t), the simple additiv-
ity may hold also for the stress optical coefficientC(t) which
thus reads:

C(t);Dn(t)=j(t)¼CP(VDF ¹ HFA)fP(VDF ¹ HFA)þCPMMAfPMMA

(4)

where CP(VDF-HFA) and CPMMA are the stress optical coef-
ficients of P(VDF-HFA) and PMMA homopolymers,
respectively. The solid line in Fig. 3 was obtained by the
method of least squares, and extrapolation ofC(t) to fP(VDF-

HFA) ¼ 1 leads to the value ofCP(VDF-HFA) ¼ 6.53 10¹9 Pa¹1.
The C(t) vs fP(VDF-HFA) behavior in Fig. 3 suggests that

C(t) may vanish for the PMMA/P(VDF-HFA) (97/3) blend.
This finding may not be surprising because PMMA origin-
ally has a small negative birefringence, but it means that the
addition of only 3 wt% P(VDF-HFA) to PMMA makes the
matrix non-birefringent, while keeping the system in a
single-phase state. Zero birefringence has already attained
for the PMMA/PVDF 80/20 blend [2] and the PMMA/
P(VDF-co-trifluoro ethylene) 90/10 blend [3]. Thus,
P(VDF-HFA) is an optimal modifier of PMMA when
PMMA is to be used as a high-performance optical material
such as optical discs and plastic lenses.

In this study, EFOR measurements were carried out on
the blend with P(VDF-HFA) contents varied from 0 to
40 wt%, because the blends with more than 50 wt%
P(VDF-HFA) contents were too soft to be handled on
EFOR in the 150 to 1708C range. If we lower the tempera-
ture below this level, effects of solid/liquid phase separation
due to the crystallization of P(VDF-HFA) may prevail. This
crystallization should complicates the problem. If, on the
other hand, the EFOR test on the blend could be conducted
at a temperature above the LCST, we will face a problem of
elongational flow birefringence of complex multiphase
liquid, such as that seen in some block copolymer liquids
[20].
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