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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,j and glass transitioriTg) temperatures. In the range 130—1Gpwhich is a miscible one-phase
region between their lower critical solution temperature (LCEJ+= 220°C; ¢, = 0.5) andT, ( = 120°C) of P(VDF-HFA), simultaneous
measurements of transient tensile strggsand birefringenceAn(t) were conducted via elongational flow opto-rheometry (EFOR) on the
blends under uniaxial elongation at constant Hencky strain rates. The stress optical co&f{ig{entAn(t)/o(t)) increased monotonically
with increasing volume fractiok ppr-Hra) 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 willit) obeying the simple additivityC(t) = Cppr-Hra® pevor-HEa) + Crumad pvma With the suffices
being relevant to each component. The valu€@) extrapolated t@ppypr.Hray = 1 Yielded Gypr.Hea) = 6.5 X 10~°Pal. TheC(t) vs
@ pvor-nen) DENAVIOTr suggested th@(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 lense® 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

constant Hencky strain rateg, we tested the validity of the
stress—optical rule, [5] and looked for the P(VDF-HFA)
content where the stress optical coefficie@{(t)( =
An(t)e(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

composition that such behavior was certainly the case. To The miscibility of PMMA and P(VDF-HFA) was exam-

explore this possibility of P(VDF-HFA)/PMMA blends, we
examined their phase behavior, including composition
dependencies of the glass transitigyand melting tempera-
ture T, 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 stre¢g and birefringence
An(t) as a function of timé under uniaxial elongation with

* Corresponding author.

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 diagramTyith
andTr, vs the volume fractio pypr.Hra) CUIVeES. Then, we
conducted simultaneous measuremenigfand An(t) via
EFOR [4][6] on the blends in the miscible state from 130 to
16C°C under uniaxial elongation by varying the tensile
strain rateg, from 0.1 to 1.0 s to determineC(t). For
comparison, steady and dynamic shear viscosities were
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300 and then cut into disks of 25 mm diameter and 0.8—
2.0 mm thickness to be mounted on the rheometer.
250
3. Results and discussion
200 150
0 One Phase o 3.1. Thermal and phase behavior
g 1501 Tm’,cal. ] 148 g The phase behavior of the blends is summarized in Fig. 1,
K 'Y , T i in which Tq, T4 and T, are plotted against volume fraction
2 JooF» Tmhobs v J146 2 dpyorren Of P(VDF-HFA). Clearly, the blends exhibit
& ‘!\. Tg v » & LCST-type phase t_)eh_avior._Apov‘r'a_; (_s 220°C; ¢, =
-\ 1144 0.5) the blends exist in a liquid—liquid two-phase state.
sof N . = The solid curve labeled witfTy is a theoretical spinodal
RN - curve based on the Flory—Huggins theory [12] taking the
ok = 3~ . free energy parametgras an adjustable parameter assigned
~ S as [13][14];
1 1 1 1 X= 0.016—525/RT (1)
50 0.2 0.4 0.6 0.8 1
’ ) ) ’ whereR is the gas constant aridthe absolute temperature.
Volume fraction of P(VDF-HFA) The value ofy at 160C was estimated to be- 0.045. For

Fig. 1. A phase diagram of the PMMA/P(VDF-HFA) blends, representing the _b_lends of two P_(YD_F-HFA) I’!Ch (20/80 and 30/70) com-
phase dissolution temperaturgg(solid circles), melting temperaturds, positions, the equilibrium melting temperature% were
(triangles) and glass transition temperatufgs(squares). The solid line ~ determined by Hoffman and Weeks analysis [15]. e
represents the binodal curve calculated using the Flory—Huggins expressionclearly exhibits a tendency of melting point depression,
and the dashed line is the Fox equationTgrof a homogeneous mixture. implying the two components are miscible, as pointed out
earlier by Nishi and Wang [13] on the PVDF/PMMA blend.

also determined on a cone-and-plate type rheometerHowever, the theoretical melting point depression predicted
(Rheometrics Dynamic Analyzer RDA II) within angular by using the interaction parametgrdetermined for the
frequenciess of 0.1 to 100 rad/s or shear ratg¢sf 0.001  cloud point curve was too small as compared with the
to 1.0s' The details were described elsewhere observed depression, as shown by the dotted line labelled
[4][9][10][11]. T, cal. in Fig. 1.

The blends tested were composed of a PMMA wilin= In any case, below, the blends of P(VDF-HFA) rich
56 000 andw/Mn = 1.5 and a P(VDF-HFA) with 8 mol%  composition may exist in a liquid/crystalline two-phase
HFA content, Mn = 52000 andMw/Mn = 2.5. The state, whereas PMMA-rich blends exist in a liquid or glassy
molecular weights were determined on a gel permeation Single-phase state depending, respectively, Torbeing
chromatograph (Tosoh HLC-803D) fer0.1 (wt%) THF above or belowTy of the blend. Therefore, th&, vs
solution with polystyrene elution standards. The test speci- composition curve of the miscible blends can be well
mens were prepared by casting frenl0 wt% THF solu-  approximated with Fox Eq. (2) [16] :
tion, dried at 50C in vacuum for more than 7 days and —1_
annealed at 16€ ( > T,,) usually for 2 h. For TMDSC 9" = (Worna/ TG +)+ (Wovor — Hea)/TGhvor - Hen)
(TA Instruments, TA2920) measurement the annealed spe- (2)
cimen was quenched in liquid nitrogen and subjected to the where Wp, with PA = PMMA or P(VDF-HFA) is the
test in a nitrogen stream with the modulation amplitude and weight fraction andT,,, the glass transition of the pure

period of = 0.5°C and 60 s, respectively, under a constant polymer PA [, = 389 K andTgP(VDFfHFA) = 257K). In
heating rate of 1W/min. Cloud points Ty) were deter- Fig. 1, the dashed curve is tfg VS ¢ pyprHea) CUrVE cal-
mined on quenched specimens by raisih@t a heating culated by Eq. (2).
rate of 2C/min and observing changes in the intensities of
transmitted light from a He—Ne gas laser sourse. 3.2. Elongational flow birefringence

For EFOR, the annealed specimen was molded on a hot-
press at 190-24C for 0.5-3 min, cut into strips of From the thermal and phase behavior of the blends, we

appropriate size (usually-0.1-0.4X 7.0 X 60 mnt). In see that in the temperature range from 130 to°’€26n the
each EFOR run a sample strip set at a desired temperaturenolten blends are a one-phase liquid at all compositions,
between 150 and 170 was annealed in situ for 90 s before and hopefully the PMMA-rich blends may form a one-phase
starting the run. For shear viscosity measurements thehomogeneous glass even below Ths.

annealed specimen was molded at 170-=0fdr 3 min, To test this expectation, we conducted EFOR tests
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Fig. 2. (a) Double logarithmic plots of elongational viscosjft) = o(t)/¢, and birefringencesn(t) vs timet for PMMA and PMMA/P(VDF-HFA) 70/30
blend at 166C. The solid curves are the three times transient shear viscagity at a constant shear raje= 0.001 s* (determined on RDA II); (b) double
logarithmic plots ofo(t) andAn(t) against Hencky straia = &4-t (with £, = 1 s7%) at 160C for the 90/10, 80/20, 70/30, and 60/40 blends; and (c) the stress
optical coefficienC(t) (= An(t)o(t)) vs o(t) with o = 1 s~* at 160C obtained from the same data shown in Fig. 2b. For PMMA [17] the absolute value of
reportedCpyma = — 0.2 X 107° Patis indicated with the arrow.

involving simultaneous measurements of tensile sts€égs ne(t) = o(t)/ég and birefringenceAn(t) vs time t for
and birefringenceAn(t) on the molten blends of 100/0 PMMA and the PMMA/P(VDF-HFA) 70/30 blend
(PMMA) to 60/40 composition in the miscible state of measured at 16C with the dotted experimental results
(T, Tm <) 150-170C ( < Ty of the blends). Fig. 2  (determined on EFOR) and solid lines being the
summarizes the results: (a) the elongational viscosity three times transient shear viscosity(t} at a constant
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Fig. 3. Plots ofC(t) ( = An(t)/a(t)) vs P(VDF-HFA) volume fractiomb pr.
wen for all the single-phase blends obtained at 150, 160, anéCL7the

solid line indicates Eq. (3)C(t) = Cpyor-Hra@pvor-+ra) + Crmma® pvma
with a literature value [17] ofCpyma = —0.2 X 107°Pa’l, yielding
Coornra) = 6.5 X 107 Pa™ at ¢ pyornray = 1.

rate of ¥ = 0.001 s* and zero-shear viscosity;8 (deter-
mined on RDA ll); (b) plots ofg(t) and An(t) against
Hencky straine = &4t (with , = 1 s7%) at 160C for the
blends of 90/10, 80/20, 70/30, and 60/40 composition; and
(c) the stress optical coefficie@(t)( = An(t)/a(t)) vs a(t)
collected again witls, = 1 s * at 160C from the same data
shown in Fig. 2b. For PMMA, we see that(t) exhibits a
tendency of so-called strain-induced hardening [18] that is
upward deviation from the&g-independent portion of the
ne(t) curves (which is often referred to as the linear region),
as shown with an arrow for the curve witl3 = 1.0 s in

Fig. 2a. On the other hand, for the PMMA/P(VDF-HFA)
70/30 blend, the strain-induced hardening is rather sup-
pressed andg(t) and/ora(t) increases more slowly with
increasing P(VDF-HFA) content, as seendift) vs & plots

in Fig. 2b.

For ordinary homopolymer gels, the coincidence between
ng(t) and time development ofs8t), the so-called extended
Trouton rule [19] is generally valid. In the 70/30 blend, the
difference between the early stageygft) and 3;(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]Cfyma =
—0.2x 107°Pa?, for which the absolute value is indicated
with the arrow. From Fig. 2c we see that &) vs o(t) plot
of each blend is independent (), implying that the single
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present PMMA/P(VDF-HFA) blend in the miscible, single-
phase state. Thus, the simple additivity may hold Ang)
is given by:

3)

Then if U(t) = UPMMA(t) = OP(VDF-HFA)(t)v the Simple additiv-
ity may hold also for the stress optical coeffici€ft) which
thus reads:

C(t) = An(t)/o(t) =CppE — HEA)PPIVDE — HEA) + Crmma PPMMA

(4)
where Cpyprrra) @and Cpywa 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 extrapolatio€{J to ¢ pvoe-
HFA) = 1 leads to the value drp(VDF.HFA) =6.5X% 10_9 Pa_l.

The C(t) vs ¢pwor-Hra) 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 1T 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].

0 0
AN(t) = ANpypr — HFA) PRVDF — HFA) T ANPMMA PPMMA
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