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Compatibilization of immiscible polymer blends (PV/PVDF) by the
addition of a third polymer (PMMA): analysis of phase morphology and
mechanical properties
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Abstract

Compatibilization of the immiscible polycarbonate (PC)/polyvinylidenefluoride (PVDF) pair by a third homopolymer, i.e. polymethyl-
methacrylate (PMMA), was studied in relation to phase morphology and mechanical properties of the polyblends. Scanning electron
microscopy showed a more regular and finer phase dispersion when the original PMMA content in PVDF exceeded 20 wt.%. The premixing
of PVDF with ca. 40 wt.% PMMA also had a beneficial effect on mechanical properties, such as ultimate tensile strength, elongation at break,
and notched impact strength. All these experimental results are consistent with the interfacial activity of PMMA in the PC/PVDF blends.
© 1999 Elsevier Science Ltd. All rights reserved.

Keywords:Polymer blends; Polymethylmethacrylate; Polycarbonate

1. Introduction polymers as result of non covalent although strong (e.g.
ionic) interactions between the constitutive polymers
Most polymer blends of commercial interest are multi- through the interface [25].
phase materials as a result of the thermodynamic immisci- Hobbs et al. have observed a substantial compatibiliza-
bility of the constitutive components. The usually high tion upon the addition of a third polymeric component
immiscibility of polymer pairs results in gross phase separa- immiscible with each of the blended polymers but selected
tion and poor interfacial adhesion, which requires these for a relatively low interfacial tension with each of them.
polyblends to be compatibilized. This situation explains The criteria for compatibilization are spreading coefficients
why interface engineering has been a major research topicso that the additive is selectively localized at the interface of
in the polymer blend area for the last decade [1,2]. the original two-phase polyblend [26]. As an extreme case
The most general strategy for improving the compatibil- of this third strategy, the compatibilization agent is comple-
ity of immiscible polymers is the use of block or graft copo- tely miscible with the two components of the binary blend
lymers, whose one block is identical or at least miscible with [27].
one blend component, and the second constituent block is The major limitation of the first strategy is the very
identical to/or miscible with the second blend component. limited availability of block copolymers, that are anyway
Depending on the molecular parameters, this type of copo- costly materials. The reactive blending can only be contem-
lymers exhibit interfacial activity and reinforce the interface plated when the polymers to be blended can be modified by
[3-19]. functional groups mutually reactive and stable under the
The implementation of “reactive blending” has been a processing conditions [23,24,28]. These prerequisites are
major progress in the blends compatibilization, as the in situ not fulfilled in the specific case of polycarbonate (PC) and
formation of the polymeric surfactant may significantly polyvinylidenefluoride (PVDF) blends, as no parent block
improve the economy of the blends processing [20—24]. or graft copolymer can be made available, and the appro-
In an alternative strategy, Fleischer and Koberstein have priate functionalization of these polymers is not straightfor-
reported on the effective compatibilization of immiscible ward. In this work, polymethylmethacrylate (PMMA) has
been considered as a potential compatibilizer for the PC/
* Corresponding author. PVDF polyblends, as PMMA is known to be miscible
E-mail addressrierome@ulg.ac.be (R! deme) with PVDF [29-31] and compatible with PC [32—-34]. In
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Table 1
Main characteristics and origin of the polymers used in this study

Polymers Abbreviation Commercial Source Molecular weight ~ M,/M, Tgb (°C) Density (g cm?)
designation M,(10~%) 230 the 80/20C
Polycarbonate PC Makrolon 3103 Bayer 258 1.7% 150 1.09
Polymethylmethacrylate ~ PMMA Diakon ICI 60 1.6 118 1.08
Polyvinylidenefluoride PVDF Solex 10N Solvay 125 1.8 —45 1.7

#Determined by SEC with a polystyrene calibration.
® Determined by dynamic mechanical analysis (DMA) at 1 Hz.
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Fig. 1. (A) Frequency dependence of the dynamic viscosity &t@8% PC, PVDF and PMMA. (B) Frequency dependence of the dynamic viscosity & 235
for PYVDF/PMMA blends.
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Table 2

Viscosity and viscosity ratio for PC, PVDF, PMMA and homogeneous PVDF—PMMA blends of various compositio?, @35 %)
Viscosity * (Pa s) Viscosity ratiagpd npmvarvor)

PC 4020 -

PVDF 2600 1.55

PMMA 950 -

20 PMMA/80 PVDF 2170 1.85

40 PMMA/60 PVDF 1620 248

60 PMMA/40 PVDF 1100 3.65

80 PMMA/20 PVDF 1140 3.53

the extreme, PMMA might behave as a common “solvent” 2 mm thick plates prepared by compression molding at
for PC and PVDF in the melt. 22C°C.

In a previous article, the ability of PMMA to decrease the A Jeol JSM-840 A Scanning Electron Microscope (SEM)
PC/PVDF interfacial tension and to improve the PC/PVDF was used to observe fracture surfaces prepared at the liquid
interfacial adhesion has been investigated [35]. Briefly, the nitrogen temperature.

PC/PVDF interfacial adhesion is steadily improved by the  Image analysis was carried out using a Sun Sparc 10

premixing of PVDF with increasing amounts of PMMA. working station equipped with a visilog noenis software

This improvement tends however to level off when the (France).

PMMA concentration in PVDF exceeds 35 wt.% PMMA.

In parallel, the interfacial tension between melted PC and

PVDF is decreased down to a plateau value when PVDF is 3. Results and discussion

premixed with ca. 40 wt.% PMMA. These observations are

thus consistent with the interfacial activity of PMMA in PC/ 3.1. Effect of blend composition

PVDF blends. o .
This article deals with the beneficial effect that PMMA  The frequency dependence of the dynamic viscosity at

can have on the phase morphology and the mechanical prop235C for PC, PVDF and PMMA is shown in Fig. 1(A).
erties of these polyblends. According to Cox and Merz [36], these plots are equivalent

to shear viscosity versus shear rate plots. The polycarbonate

viscosity is high and essentially independent of frequency

untii 50rad s In contrast, the viscosity of PVDF

decreases upon increasing the frequency, so that the viscos-
The main characteristics of the polymers used in this Iy ratio for these two polymers at 235 changes with the

study are listed in Table 1. Blends were prepared by mixing Shear rate. In the whole frequency range (0.5-500 ra s

the polymeric components in a Brabender mixing chamber PMMA is much less viscous than PC and PVDF atZ35

(Plasti-corder) at 23€, for 8 min, the rotation speed being which explains that the PV.DF viscosity decreasgs with the

50 rpm. PC was first added and melted under mixing for PMMA content (at least until 60 wt.% PMMA) at high shear

3 min, followed by the addition of PMMA and PVDF. 'aes (50-100) and 235C (Fig. 1(B)).

Samples of PC, PVDF/PMMA and PC/PMMA/PVDF The viscosity and viscosity ratio for PC, PVDF, PMMA

blends were prepared by compression molding at’@20 and_(lPVDE—PMMA) blends at 236 and a shear rate of

for 5min and then quenched at room temperature still 60 S~ are listed in Table 2. _ _

under pressure. The polymers were previously dried over- According to a semi-empirical relationship by Wu [37],

night in a vacuum oven at 120 for PC and 76C for the phase inversion in a binary two-phase polyblend occurs
PMMA. at a composition that depends on the viscosity ratio (Eq.

2. Experimental

Stress—strain curves were recorded with an Intsrom (1)):
universal tensile tester (model DY 24) at a tensile rate of 0
20 mm min’, and yield strengthd,, MPa), ultimate tensile 5~ = 122(
strength ¢, MPa) and elongation at breakry, %) were
reported as average values for at least five samples. wheren; and 7, are the viscosities for the phases 1 and 2,
Charpy impact tests were carried out at room temperaturerespectively;6, and 6, are the volume fractions of these
with a 20J hammer and notched samples. The impactphases at the phase inversion.
energy was the average value for five samples of 50 mm For the type of mixing chamber and the mixing rate
length, 6 mm width, and 2 mm thickness, the notch depth (50 rpm) used in this study, the maximum shear rate was
being 0.35 mm. estimated at approximately 60°s From Eq. (1) and the
Samples for tensile and impact testing were cut out from data in Table 1, the phase inversion (thus the dual-phase

0.29
ﬂ) : )

m
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Table 3

Composition at phase inversion (vol. Fraction PC)
Blends Opc

PC/PVDF 0.48

PC/(80 PVDF-20 PMMA) 0.49

PMMA

PC/(60 PVDF-40 PMMA) 0.51

PC/(40 PVDF-60 PMMA) 0.54

PC/(20 PVDF-80 PMMA) 0.54

continuity) should occur abpc = 0.48 for the PC/PVDF
blends and atdpc in the range of 0.49-0.54 when the
PMMA content in PVDF is increased from 20 to 80 wt.%.
(Table 3).

Jordhamo et al. have however questioned the validity of
the semi-empirical Wu'’s equation [38], and proposed an
exponent of 1 instead of 0.29 to the viscosity ratio. This
disagreement is of course as important as the viscosity
ratio is different from 1. In this study, as the PC/PVDF
viscosity ratio at 238 does not change too much with
the PMMA content in PVDF (maximum by 2.3; Table 2),
the phase inversion is predicted to occur in a comparable
composition range for all the PC/(PVDF/PMMA) blends,
whatever the equation used (Table 3).

The SEM observation of fracture surfaces is a qualitative
way to confirm the phase morphology of polyblends.
Figs. 2(a)—(d) and 3(a)—(h) illustrate the fracture surfaces
for PC/PVDF blends and for PC/(PVDF-PMMA) blends

Fig. 2. Micrographs of fracture surfaces for different blend compositions of PC/PVDF (wt/wt.%), (a) 20/80, (b) 40/60, (c) 60/40 and (d) /80/20.
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Table 4

Phase morphology of the PC/PVDF blends as analyzed by ¢ékiiaction of PC

PC/PVDF Extraction time (days) Shape after extraction Wt. % extractéd PC Solvent aspect Conclusions

20/80 15 Intact 0 (20) Transparent Dispersed morphology
40/60 15 Partially disintegrated 40.5 (40) Cloudy solution Co-continuous morphology
60/40 15 Partially disintegrated 62 (60) Cloudy solution Co-continuous morphology
80/20 15 Totally disintegrated 96 (80) Very cloudy solution Dispersed morpholoty

#Theoretical values in parenthesis.

containing 20, 40 60, and 80 wt.% PC. The phase morphol- premixing of PVDF with increasing amounts of PMMA
ogy changes from dispersed phases of PC (Fig. 2(a)) to andoes not basically change the phase morphology of the
apparently co-continuous morphology ( Figs 2(b) and (c)) as co-continuous 40/60 and 60/40 PC/PVDF blends, as the
the PC content is increased at the expense of the (PVDF/(PC + PMMA) extraction is complete within the limits of
PMMA) component. Although SEM provides a 2-D obser- experimental errors (Table 5). As a rule, the wt.% nonex-
vation of a 3-D situation, the phase inversion reasonably tracted polymer slightly exceeds the theoretical PVDF
seems to occur between 40 and 60 wt.% PC (i.e. in the content, which more likely indicates that a small part of
43-65 vol% PC range). PC definitely forms the continuous PMMA is not extracted from PVDF. For the 60/40 (80—
phase of a dispersed type morphology when used at20) PC/(PVDF-PMMA) blend, the residual solid fraction
80 wt.%. In order to confirm this preliminary investigation is much smaller than expected as a result of the very prob-
of the phase morphology, selective extractions of one poly- lematic separation of the solid residue from the CHCI
meric component by a suitable solvent were carried out. In solution.

the case of complete extraction, the parent phase is contin- Fig. 2 shows that the dispersed domains are smaller in
uous. If the original sample is not at all disintegrated as size when PVDF is the dispersed phase rather than PC. This
result of the complete extraction of one phase, the two observation may be explained, at least partly, by the differ-
phases are co-continuous. When the selective extraction ofence in the melt viscosity of these two components, as the
one phase remains uncomplete, this phase is at least partlymore viscous PC (dispersed) phase is more resistent to
dispersed [39,40]. In the specific case of the PC/PVDF and break-up than the PVDF one during melt mixing at Z35
PC/(PVDF-P MMA) blends, PC and PMMA can be selec- [41].

tively dissolved by CHGl The major observations are The neat dispersed PC/PVDF blends show a phase
reported in Table 4 and Table 5 for the two series of blends morphology typical of highly immiscible polymers, with
under consideration. The 20/80 and 80/20 PC/PVDF blendsvery large, coarse and irregular dispersed domains (Figs.
have a typical phase dispersed morphology. Indeed, the2(a) and (d)). More regular and finer dispersion is observed,
20 wt.% PC of the former blend cannot be extracted at all, when 10 wt % PMMA is premixed with PVDF in the 20/80
whereas the 20 wt.% PVDF are collected as so small frag- and 80/20 PC/ PVDF blends. Indeed, the average particle
ments upon dissolution of PC in the latter blend that their size is then reduced up to four times (see Figs. 3(a)—(f)).
separation from the CHgbolution is quite a problem. The  Typical emulsification curves are shown in Fig. 4 for the
co-continuity of the phases in the 40/60 and 60/40 PC/PVDF 20/80 and 80/20 PC/PVDF blends added with PMMA.
blends is close to 100% as the PC extraction is complete It is worth comparing the average diameter observed for
within the limits of inaccuracy because of contamination of the dispersed domains to predictions based on various
the extraction solution by faint PVDF fragments. The models. For newtonian polymers in a simple shear flow,

Table 5
Phase morphology of the PC/(PVDF—PMMA) blends as analyzed by ¢€ékiaction of PMMA and PC

PC/(PVDF-PMMA) Extraction time Shape after extraction Wt. % Solvent aspect Conclusions
(days) nonextracted
polymer (PVDF}

40/60 (80-20) 15 Partially disintegrated 52 (48) Cloudy solution Co-continuous morphology
40/60 (60—40) 15 Partially disintegrated 38.5 (36) Cloudy solution Co-continuous morphology
40/60 (40-60) 15 Partially disintegrated 25 (24) Cloudy solution Co-continuous morphology
40/60 (20-80) 15 Partially disintegrated 13 (12) Cloudy solution Co-continuous morphology
60/40 (80—20) 15 Partially disintegrated 24 (32) Cloudy solution Co-continuous morphology
60/40 (60—40) 15 Partially disintegrated 25.5 (24) Cloudy solution Co-continuous morphology
60/40 (40-60) 15 Partially disintegrated 17.5 (16) Cloudy solution Co-continuous morphology
60/40 (20-80) 15 Partially disintegrated 8.5 (8.0) Cloudy solution Co-continuous morphology

2Theoretical values in parenthesis.
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Fig. 3. Micrographs of fracture surfaces for different blend compositions of PC/(PMMA-PVDF) blends of various compositions. (a) 20/80 PC/(10PMMA—
90PVDF), (b) 20/80 PC/(20PMMA—-80PVDF), (c) 20/80 PC/(40PMMA—-60PVDF), (d) 80/20 PC/(10PMMA-90PVDF), (e) 80/20 PC/(20PMMA—-80PVDF),
(f) 80/20 PC/(40PMMA—-60PVDF), (g) 40/60 PC/(40PMMA—-60PVDF), (h) 60/40 PC/(40PMMA—-60PVDF).

particle breakup is expected to occur when the sheardiameter and values calculated from Eq. (3) over a wide
forces that deform the droplets exceeds the interfacial range of polymer viscosities and interfacial tensions for
forces. On the basis of this force balance, Taylor [42— low contents of dispersed phases16%). As particle
44] proposed to calculate the size of stable drops in dilute coalescence was not taken into account in Egs. (2) and
newtonian system by Eq. (2). Several authors have also(3), the predicted diameter must be considered as the
discussed the effect that the viscosity ratio can have onlower limit value. Serpe et al. [46] further developed
the phase morphology of melt processed binary blends. Inthis type of equation by using the blend viscosity rather
the case of polyamide/rubber blends, Wu [45] observed than the matrix viscosity and by considering a term of
that the smallest particles were formed when the viscosity composition, thus coalescence effects (Eqg. (4)). Using this
of the constitutive polymers were comparable=€ 1). He modified viscosity ratio, Serpe confirmed Wu'’s equation for
also reported a good agreement between the final particlePE/PA6 blends.
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Fig. 3 (continued
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where,y, , is the interfacial tension between components 1
and 2,74 is the viscosity of the dispersed phasg, is the
viscosity of the matrix gy is the viscosity of the blend\ is

the viscosity ratio £ n4¢nm) ¢ volume fraction of the

Table 6

Interfacial tension between PC and PMMA/PVDF blends of different
compositions at 22C

Matrix v12 (dyn/cm?)
PVDF 45+ 0.6
20 PMMA / 80 PVDF 3.0+ 0.5
40 PMMA / 60 PVDF 1.2+ 0.5
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Fig. 4. Average particle diameter versus the PMMA content of the mixed PVDF/PMMA phase, for (A) the 80/20 PC/(PVDF—PAMMA) blends. (
(B) the 20/80 PC/(PVDF—PAMMA) blendsr(> 1).

dispersed phasebg) and the matrix ¢,) andy is the shear ~ during yielding and/or fracture, thus resulting in poor
rate. mechanical properties. A previous article has reported that
The particle diameters were calculated from Egs. (3) and the PC/PVDF interfacial adhesion was improved by the
(4) and compared to the experimental values in Fig. 4. As addition of PMMA, that concentrated preferably in the
previously mentioned and in agreement with Refs. [47,48] PVDF rich phase, but also migrated to the PVDF/PC inter-
the shear mixing rate was estimated at 60", sand the face [35]. Measurement of the tensile properties of the PC/
related viscosities and viscosity ratios are available in PVDF blends is another way to estimate how far interfacial
Table 2. The interfacial tensionyg, , have been measured adhesion, and thus the compatibilization effect, are
by the imbedded fiber retraction method [49] as reported in improved by the addition of PMMA to PVDF. Tensile prop-
Table 6. erties, particularly the elongation at breadg, are indeed
The particle diameters calculated by Wu’s equation (Eqg. very sensitive to the strength of the interface, and they are
(3)) are much smaller than the experimental values, consis-routinely measured to evaluate the efficiency of compatibi-
tently with the fact that particle coalescence is not consid- lization techniques [53,54]. The ultimate mechanical prop-
ered in Eg. (3) and with a non negligible content of the erties @, €,) and the yield strengtho() of PC/PVDF
dispersed polymer (20 wt.%). Except for the neat PC/ blends are reported in Figs. 5(A) and (B).
PVDF blends, the particle diameters calculated by the Fig. 5(A) shows that the elongation at break,is drama-
Serpe equation are in better agreement with experimentaltically decreased in the whole composition range of the PC/
values, particularly in Fig. 4(B). The poor fitting of experi- PVDF blends compared to neat PC and PVDF. The depen-
mental theoretical data might, at least partly, result from dence of the yield and ultimate tensile strength on the blend
coalescence during compression molding at °@2@or composition also shows a negative deviation with respect to
5 min [50-52]. Nevertheless, Egs. (3) and (4) cannot predict the additivity rule (Fig. 5(B)). This general observation is
the sharp decrease in the particle diameter which occursconsistent with a weak interfacial adhesion in the PC/PVDF
upon addition of small amounts of PMMA (20 wt.%) to blends.
PVDF, as the viscosity data are not changed very signifi-
cantly. This observation more likely emphasizes the bene- 3.2.2. PC/(PVDF/PMMA) ternary blends

ficial effect of PMMA, which decreases;, to the point In parallel to the investigation of the compatibilization
where the particles coalescence is significantly slowed activity of PMMA in the PC/PVDF binary blends, it is
down and in a finer phase dispersion is stabilized. desirable to analyze the main physico-mechanical proper-
ties of the PVDF/PMMA blends. The degree of crystallinity
3.2. Mechanical properties and the melting temperaturé&,() of PVDF were measured
by DSC as shown in Figs. 6(A) and (B). An S-shaped curve
3.2.1. Neat PC/PVDF blends is a good description for the dependence of the PVDF crys-

In non compatibilized blends of immiscible polymers, the tallinity on the PMMA content (Fig. 6(A)). Beyond approxi-
interfacial adhesion is usually not strong enough for stress tomately 60 wt % PMMA in PVDF, all these blends are
be efficiently transferred from one phase to another one amorphous. In contrast, the melting temperature of PVDF
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Fig. 6. (A) Crystallinity of PVDF versus the PMMA content in PVDF.
(B). Melting temperature of PVDF versus the PMMA content in PVDF.

Fig. 5. (A) Dependence of the elongation at break on the PC content for the
PC/PVDF blends. (B) Dependence of the yield and ultimate tensile strength jncreases continuously from-40°C with the PMMA
content and exceeds the testing temperature at approxi-

mately 10 wt.% PMMA contents. Thus when the PVDF/
linearly decreases when the PMMA content is increased up PMMA blends become predominantly amorphous [56—-58].

on the PC content for the PC/PVDF blends.

to 60 wt.%. Figs. 6(A) and (B) also confirm that the melting
properties of PVDF in the PVDF/PMMA blends are not
significantly modified by mixing these blends with PC,
except for a smaller crystallinity at low PMMA contents

(<40 wt.%) (Fig. 6(A)).

the PMMA content in the PMMA/PVDF binary blends.

Therefore, it is not surprising that both the yield and the
ultimate tensile strengths start to decrease when PMMA is
added with PVDF. This is the typical response when a liquid
or a rubbery diluent (PVDF) is added to a glassy polymer

(PMMA). However, tensile strengths pass through a mini-
Fig. 7(A) shows how the elongation at break depends on mum and then increase on further addition of PMMA. This

behavior is consistent with a strengthening effect caused by

Blends containing 20—40 wt % PMMA are ductile, whereas crystallization of PVDF and, vitrification of the amorphous

PMMA and PMMA/PVDF blends containing 60 wt.%
PMMA and more are typically brittle.

to explain the main characteristic features of Fig. 7, it is
worth noting that the glass transition temperatufig) (

phase. Conversely, the elongation at break is very small for

glassy PMMA and polyblends containing up to 40 wt.%
Fig. 7(B) illustrates the dependence of the ultimate and PVDF. Upon further addition of PVDFJj falls in the
yield strengths of the PMMA/PVDF blends on the blend range of the testing temperature aagdincreases rapidly.
composition. These data are in a qualitative agreementHowever, the tendency is reversed when PVDF starts to
with observations reported by Noland et al. [55]. In order crystallize.

Tensile properties of 20 PC/80 (PMMA—-PVDF) blends
versus the PMMA content in PVDF are shown in Figs. 8(A)
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and (B). Upon dispersion of 20wt.% PC, the tensile
strengths at the yield point and at break for PVDF (Fig.
7(B)) merge to a unigque value (45 MPa; Fig. 8(A)).
However, when PVDF is premixed with PMMA, 20 wt.%
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versus the PMMA content in PVDF for the 20/80 PC/(PVDF-PMMA)
blends.

observed when the PMMA content in PVDF is 50 wt.% and
higher, thus when the dispersed phase becomes amorphous
and glassy. Although slightly improved by the addition of
PMMA, the tensile strengtho{, and o) of these ternary

PC have essentially no effect on the tensile strength of theblends (Fig. 9(A)) is basically independent of the PMMA

PVDF/PMMA binary blends (comparison of Figs. 7(B) and
8(A)), which is an evidence for the PC/PVDF compatibili-
zation by PMMA. Similarly, 20 wt.% PC make PVDF
completely brittle (Fig. 8(B)). When PVDF is mixed with

content of the dispersed phase.

As a rule, the same qualitative observations are reported
for ternary blends of a co-continuous two-phase mor-
phology (Figs 10(A), (B) and 11(A), (B)) as for those with

more than 20 wt.% PMMA, the elongation at break is a dispersed phase morphology. In the absence of PMMA,

remarkably increased, consistently with an improved inter- the interface is weak and the ternary blends are brittle. The

facial adhesion. Beyond 40 wt.% PMMA in PVDF, a transi- addition of 20 wt.% and more interestingly 40 wt.% PMMA

tion from a ductile to a brittle-like behavior is observed as to PVDF improves the ultimate mechanical properties of the

was the case for the neat PVDF/PMMA blends (that form 40/60 and 60/40 PC/(PVDF—PMMA) blends. The compati-

the matrix of the 20 PC/80 (PVDF/PMMA) blends) in this bilization efficiency of PMMA in PC/PVDF blends is thus

composition range. convincingly supported by the general improvement of the
In the case of the reverse composition for the ternary mechanical behavior, and the usually observed transition

blends (80PC/20(PVDF-PMMA)), (Fig. 9(B)) brittleness from brittle to ductile blends.

is observed to dominate in absence of PMMA. Addition

of 20 wt.% PMMA to PVDF remarkably increases the elon- 3 3 Charpy impact strength properties

gation at break, once again in line with an improved inter-

facial adhesion. Although the ductile behavior persistsinthe  The Charpy impact strength confirms the brittleness of

whole PVDF/PMMA composition range, some decrease is the PC/PVDF blends in the whole composition range
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Fig. 9. (A) Yield ultimate tensile strengths versus the PMMA content in F19- 10. (A) Yield and ultimate tensile strengths versus the PMMA content
PVDF for the 80/20 PC/(PVDF—PMMA) blends. (B) Elongation at break N PVDF for the 40/60 PC(PVDF-PMMA) blends. (B) Elongation at break
versus the PMMA content in PVDF for the 80/20 PC/(PVDF-PMMA) ~ Versus the PMMA content in PVDF for the 40/60 PC/(PVDF-PMMA)
blends. blends.

(Fig. 12). Indeed, the ductility of PC (90 kJ 1) and PVDF PMMA has no chance to improve the impact strength of
(65 kJ m? is rapidly lost when these two polymers are the ternary blends (Fig. 13), as PVDF becomes rapidly brit-
melt blended (less than 10 kJ '/ except for the 80/20  tle upon the addition of 20 wt.% PMMA (Fig. 14). The co-
PC/PVDF blend). Fig. 13 shows the notched Charpy impact continuity in the 40/60 and 60/40 PC/(PVDF—-PMMA) tern-
strength for ternary blends PC/(PMMA-PVDF) of a ary blends (Fig. 15) does not basically change the situation
dispersed phase morphology. The addition of PMMA, observed in Fig. 13. The comparison would suggest that a
which is intrinsically brittle (impact strengts 5 kJ m ), randomly dispersed phase morphology is a favorable
to the 80/20 PC/PVDF binary blend increases the impact although not sufficient condition to impart toughness to a
strength particularly when 40 wt.% PMMA is mixed with  polymeric material [60]. Clearly the conclusions on the
PVDF. The same general curve is also observed for theeffect of PMMA on the PC/PVDF binary blends are at
reverse PC/PVDF composition (20/80), although the effect variance depending on the properties measured, i.e. tensile
is comparatively faint. When PC is the matrix (80%), the properties or Charpy impact strength. The origin for this
addition of PMMA improves the impact strength whatever discrepancy has to be found in the deformation speed,
be the PVDF/PMMA composition. An improvement in the which is fast in the impact testing and comparatively slow
interfacial adhesion between the dispersed phase and the P@hen tensile properties are measured. The possible relaxa-
matrix is thought to be responsible for this beneficial effect, tion of the inclusions at low deformation speeds, can
as the intrinsic ductility of PVDF is lost when mixed with account for the plane strain permitting the failure ductility.
PMMA (Fig. 14). This explanation is supported by the At high speeds, this relaxation cannot occur leading to
observation by Kunori and Ceil [59] that the PC ductility brittle failure in thick samples [61].
is adversely affected by the addition of 2 wt.% PS as aresult The results reported in this article confirm that the
of the weak PC/PS interfacial adhesion and possibly of a addition of a two-phase polymer blend by a third polymer
coarser phase morphology. miscible to one blend component and compatible to the
When PVDF is the matrix (80 wt.%), the addition of second one may be a valuable strategy for the blend
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compatibilization. Compared to the use of block or graft
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PMMA in PC/PVDF blends is the migration of PMMA
from the PVDF phase to the interface. The driving force
for this migration may be identified by analogy with the
well-known observation that the free surface of miscible
blends is enriched with the component of the lower surface
tension [62—64]. This phenomenon occurs provided that the
free energy for setting up a composition gradient in the
surface region is more than compensated by reducing the
surface tension to a minimum. Quite similarly, the interfa-
cial tension of PC/PVDF immiscible blends can be lowered
by creating a PMMA/PVDF composition gradient on the
PVDF side with accumulation of PMMA at the interface.
The prerequisite is of course that the new PC/PMMA inter-
facial tension is smaller than the original PC/PVDF one. So
the energy gained in substituting favorable (enthalpic) inter-
actions for unfavorable ones at the interface must be higher

copolymers as interfacial agents, this strategy requiresthan the energy cost associated with the rupture of favorable
however a larger amount of the additive. This drawback interactions in the bulk of each phase.

may be largely compensated by the availability and the

lower cost of a homopolymer (or random copolymer)

This condition is fulfilled in the PC/(PVDF—PMMA)
system, as e.g. the PC/PMMA interfacial tension (0.6 dyn

compared to block or graft copolymers. The basic assump-cm™?) is smaller than the PC/PVDF one (4.5 dynch

tion for explaining the compatibilization efficiency of
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and PVDF/PMMA blends.
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Fig. 15. Charpy impact strength versus the PMMA content in PVDF for
PC/(PVDF-PMMA) blends.

which is highly immiscible to this component. The accumu-
lation of PMMA at the PC/PVDF interface may have a
favorable effect on the conformational entropy in the inter-
facial region. Indeed, two immiscible polymers, such as
PVDF and PC, have to minimize their mutual interpenetra-
tion, and accordingly have a (more) collapsed conformation
in the vicinity of the interface [65]. This is the primary cause
for a weak interface in immiscible polymer blends. In case
of substitution of PVDF by PMMA, conformations more
favorable to molecular interpenetrations across the interface
might develop in line with the PC/PMMA compatibility and
account for the strengthening of the interface.

Finally, there is a direct analogy between the two-phase
ternary blend analyzed in this study and the three-phase
ternary blends investigated by Hobbs et al. [26]. The only
difference is the miscibility of two of the three components,
thus one of the three interfacial tensions which is zero. As in
this study, the interfacial tension between primary com-
ponents (PC and PVDF) is higher than that between PC
and PMMA, the spreading coefficient (given Bycpyor—
YPC/IPMMA — YPVDFIPMMA — 39) is pOSitiVe, which is indeed
predictive of interfacial activity.

4. Conclusions

This work has confirmed that immiscible PC/PVDF poly-
mer blends could be compatibilized by the addition of a
third polymer, PMMA. This polymeric additive has been
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deformation, does not systematically conclude much
improved performances. This observation is not a negative
evidence for the blends compatibilization, but might merely
indicate that PC is not an ideal toughening agent for PVDF
(or PVDF/PMMA one phase blends) and viceversa.
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