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SYNOPSIS

This study was conducted to examine the possibilities offered by sepiolite as a compatibilizing
agent in the incompatible blend consisting of poly (vinylidene fluoride) and polystyrene.
The effect of sepiolite on the crystalline microstructure and morphology was determined
through isothermal crystallization and spherulite growth of the system under study. The
effect of sepiolite on the compatibility of the system was also studied. The glass-transition
temperature was determined, as well as the Flory-Huggins thermodynamic interaction
parameter through two different routes: differential scanning calorimetry and inverse gas
chromatography. A parallel study was conducted for the compatible system poly (vinylidene
fluoride ) /poly ( methyl methacrylate). © 1994 John Wiley & Sons, Inc.

INTRODUCTION

Pyro-piezoelectric materials are presently gaining
increasing importance in the field of physical sensors
because they are capable of transforming mechanical
stress into electrical responses and vice versa.! As a
general rule most of these materials are inorganic,
which is the reason why practical applications pre-
sent several inconveniences derived from intrinsic
properties, such as hardness and stiffness. In addi-
tion these materials are expensive and difficult to
obtain. To obviate these drawbacks research was
conducted quite some time ago on polymeric ma-
terials with pyro-piezoelectric characteristics that
were easy to process and inexpensive while at the
same time showed good mechanical properties.
These studies resulted in the development of several
materials, among which poly (vinylidene fluoride)
(PVF;) and some of its blends and copolymers have
been specially highlighted.? Thus a new approach
was initiated to improve the pyroelectric and/or the
mechanical properties of PVF, and its blends
through the synthesis of new blends with several
polymers. This route, however, presents serious in-
conveniences as a consequence of the low compat-
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ibility of PVF, in relation to most of the other poly-
mers, which translates into a significant loss of its
electrical properties due to the difficulty or impos-
sibility for multiphasic materials to transport elec-
tric charge. This is the reason why the development
of new pyro-piezoelectric materials from PVF,
blends requires a previous compatibilization process
in the majority of cases, which may be implemented
following different methods,? one of which, com-
patibilization through finely ground inorganic fill-
ers,*? is the method of choice in this research.

Hence it is the main objective of this work to
study the effect exerted by sepiolite both on the
compatibility and the microstructure of an incom-
patible system, such as PVF,/polystyrene (PS). A
parallel study was conducted on the system PVF,/
poly (methyl methacrylate) (PMMA) to compare
the results obtained with either system.

EXPERIMENTAL

The starting materials were PVF,, kynar 720 sup-
plied by Penwalt Corp. (U.K.); PMMA supplied by
Repsol S.A.; PS, BASF product 143E; and sepiolite
(SEP) PANSIL S.A. supplied by Tolsa S.A. SEP is
a hydrated magnesium silicate with a specific surface
(BET) of 240 m?/g, Bet constant 323, Dubinin mi-
cropore volume 9.44 cm?®/g, and particle diameter

1189



1190 HERRERO, MORALES, AND ACOSTA

at 50% 7.34 um. The binary blends as well as those
containing SEP were prepared in a Brabender type
torque rheometer, using a thermoplastic mixing
chamber type W60 preheated to 473 K. Rotor speed
was set at 60 rpm; 10 min of mixing were enough to
generate a steady-state response, indicating uniform
dispersion of the components.

Isothermal crystallization and melting were mea-
sured with a Perkin-Elmer differential scanning
calorimeter, type DSC-7. The samples were heated
to 220°C at which temperature they were maintained
for 10 min in order to destroy their thermal history,
and then they were rapidly cooled to their crystal-
lization temperature, T,, at a rate of 350°C/min.
Finally melting was recorded at a heating rate of
5°C/min.

The glass-transition temperature, T,, and non-
isothermal crystallization were determined with a
Mettler differential scanning calorimeter, type TA
4000. The samples were held at 220°C for 10 min
and rapidly cooled to —100°C, their thermograms
being recorded at a rate of 10°C/min.

Spherulite growth was followed over a Jenaval
light microscope coupled to a Hot Stage Mettler
FP82. The samples were maintained in the molten
state at 220°C for 10 min and then rapidly cooled
to the prefixed crystallization temperature, where
the measurements were recorded.

The mechanodynamic tests were conducted in a
Metravib viscoelasticimeter applying the forced vi-
bration technique under stress-compression.

RESULTS AND DISCUSSION

Effect of SEP on Microstructure and Morphology
of PVF,/PS and PVF,/PMMA Systems

One of the currently widely used approaches in the
determination of the microstructure of semicrystal-
line polymers is the study of their crystallization
kinetics considering that the kinetic parameters to
be determined are closely related to the microstruc-
ture of the material. In case the material under study
is a polymeric blend, the resulting microstructure
will be both a function of the underlying polymer
types and their thermodynamic compatibility. If one
of the polymers is of a semicrystalline type, the ki-
netic parameters obtained from the kinetic crystal-
lization study will be influenced by the nature of the
polymers and the degree of their compatibility.®!°
The problem becomes even more complex when a
finely ground filler is incorporated into the blend
(such as SEP in our case). This filler may prove to
be active or inactive in the crystallization process.

To analyze such complex behaviour, an overall
isothermal crystallization study was carried out,
based on Avrami’s equation'':

X(t) =1—exp(—Kt") (1)

where X (t) is the weight fraction of material crys-
tallized at time ¢, K is the overall kinetic rate con-
stant, and n is the Avrami exponent dependent on
the type of nucleation and on the geometry of grow-
ing crystals. The values of n and K were obtained
for each crystallization temperature from the graphic
plot of log{—In[1 — X (¢)]} versus log t.

In order to simplify the study the isothermal ki-
netics of the systems under study'? was examined
for three compositions and one crystallization tem-
perature, that is, the samples PVF,/PMMA (90/
10), PVF,/PS (90/10), and PVF, (95/5). The
other compositions, crystallized at other tempera-
tures, agree with the conclusions reached in the dis-
cussion below.

Figure 1 shows the effect produced by PMMA
and PS on the kinetic rate constant of PVF, in the
presence or absence of SEP. It was observed that in
the absence of SEP the kinetic rate constant of PVF,
increases with increasing the PMMA concentration
in the blend, yet diminishes at higher PMMA con-
centrations. In contrast, when SEP is present, the
crystallization rate constant consistently diminishes
as a function of increasing PMMA concentration.
In the case of PS the opposite occurs: in the absence
of SEP the crystallization rate constant diminishes,
yet increases for high PS content. In the presence
of SEP, however, the overall crystallization rate
constant increases proportionately to a PS content
increase.

When studying the effect of SEP on the PVF,
crystallization rate constant, in its pure form as well
as in its respective blends (Fig. 2), it can be seen
that SEP acts in the same way as PMMA: at low
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Figure 1 Effect of the PMMA or PS content on the
isothermal overall kinetic rate constant K of the systems
crystallized at 453 K.
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Figure 2 Effect of the SEP content on the isothermal
overall kinetic rate constant K of the systems crystallized
at 453 K.

SEP portions the crystallization rate constant of
PVF,; increases, but begins to diminish continuously
with medium SEP concentrations. The rate constant
shows the same behaviour, when SEP is incorpo-
rated into the PVFy;/PS system. In the PVF,/
PMMA system, however, SEP incorporation causes
the rate constant to diminish inversely proportion-
ate to SEP concentration.

This behaviour can be explained in terms of dou-
ble action exerted by SEP. On the one hand it acts
as a nucleating agent, and on the other it has a com-
patibility effect. The presence of SEP in the PVF,/
PMMA system would then be expected to increase
the PVF, crystallization rate constant proportionate
to increasing the SEP portion, as a function of its
nucleating nature. The failure of this effect to occur
is interpreted as a loss or masking of the surface
activity of SEP as a consequence of specific inter-
actions taking place between the filler and the poly-
meric system. The effect of SEP on the PVF,/PS
system can be interpreted in terms of the same cri-
teria.

Regarding the growth geometry of the different
systems, it is safe to assume it is independent of T,
as well as being independent of the PMMA, PS, and
SEP concentrations (Fig. 3) demonstrated by the
practically constant values of Avrami’s exponent n.

To study the nucleating and compatibilizing
character of SEP in the isothermal crystallization
of PVF, and/or its blends, spherulite growth of the
PVF; portion in the different systems was examined.
Insight into the effects produced by the individual
components on spherulite growth and the nucleation
density of PVF, was gained in this study. In light
of these data the nucleating and compatibilizing
character of the components can be established.

The spherulite growth rate of any crystalline
polymer is governed by the Turnbull-Fisher
equation '? applicable to monoatomic substances:
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G=Goexp(_]$[?5 )exp(—kA; ) (2)

where G, is a constant, T, the crystallization tem-
perature, and k the Boltzmann constant. A¢* rep-
resents the free energy required to form critical size
nuclei from the melt. AF* stands for the activation
energy required to transport crystallizable units
through the liquid-crystal interface.

When the crystalline polymer is in the molten
state together with a second polymer acting as a
diluant, the equation transcribed above adopts the
following form:

U* O.ZTmln ¢2
K,

- (3

In Gy TAT)f (3)

where G, is the preexponential factor including the
temperature independent factors, and T, = T, — C,
C being a constant. f is a correction factor that
takes into account the dependence of the thermody-
namic heat of melting with the crystallization
temperature!® and is calculated by means of the
expression f = 2T./(Tg + T.), T being the equi-
librium melting temperature of the semicrystalline
polymer. U* represents the sum of the activation
energies for chain motion crystallizable and non-
crystallizable molecules in the melt; K, stands for
the nucleation factor whose value is fundamentally
related to the free energy necessary for the formation
of the critical size nuclei.

The nucleation density, which determines the
number of nuclei formed for each volume unit under
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Figure 3 Effect of PMMA, PS, or SEP contents on the
Avrami exponent n of the systems crystallized at 453 K.
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the conditions imposed on the system, provides ar-
guments in favour of or against the nucleating or
inhibiting nature of the components. According to
the general crystallization theory,? the nucleation
density N, assuming the nucleation to be hetero-
geneous and the morphology to be spherulitic, sat-
isfies the expression:

pe_ 1

4
K, = = =NG®
37 pe1- X,

(4)

where G is the growth rate, K, the crystallization
rate constant, p. and p, stand for the densities of
the crystalline and amorphous phases, respectively,
X; for conversion at infinite time. K, is obtained
from the expression, K, = In 2/(t;,;)", where
t1/2 is the isothermal crystallization halftime and n
is Avrami’s exponent.

The effect exerted by the presence of PMMA or
PS on PVF,; spherulite growth is represented in Fig-
ure 4. In the presence of PMMA, the spherulite
growth rate diminishes inversely proportionate to
the PMMA concentration, that is, it shows typical
behaviour of compatible systems. In the case of
PVF,/PS blends the spherulite growth rate for each
crystallization temperature is independent of PS
concentration, which points toward the inmiscible
nature of the system, the PVF, spherulites growing
in their own melt without being affected by the
presence of PS. When 5% SEP was incorporated
into the PVF,/PMMA system, SEP did not exert
any effect whatsoever on PVF, spherulite growth.

The data obtained for nucleation density are
compiled in Table I. SEP-free PVF, was proved to
possess a lower nucleation density than the blend

Table I Nucleation Densities Values of Studied
Blend at 428 K

Composition
N 10°
PVF,/PMMA PVF,/PS SEP (Nuclei/cm?)

100/0 — — 0.659
90/10 — — 5.014
80/20 — — 3.855
— 90/10 — 0.478
_ 70/30 — 0.484
— 50/50 —_ 0.648
100/0 — 5 0.822
90/10 — 5 0.084

80/20 — 5 —

containing 5% SEP, which evidences SEP to be a
nucleating agent. In the case of the PVF,/PMMA
system the opposite occurred: in the presence of SEP
the nucleation density was lower than when absent
from the blend, which is indicative of a specific in-
teraction between SEP and PMMA or SEP selec-
tively encapsulated in PMMA, which together in-
hibit the nucleating processes.

Effect of SEP on Compatibility of PVF,/PS and
PVF,/PMMA Systems

In order to study the effect of SEP on the compat-
ibility of compatible and incompatible PVF, blends,
both the glass transitions and the Flory—-Huggins
interaction parameters of the different systems un-
der study were determined.

The most widely used general criterion® to de-
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Figure 4 Variation of the spherulite growth rate with the composition for the crystallized

temperatures examined.



termine the compatibility of a polymeric blend is
that of the T, which obviates a blend of polymers
to be compatible when it shows a single T, inter-
mediate between the values obtained for the indi-
vidual components, the position of which on the
scale varies as a function of blend composition.
When a blend is totally incompatible two glass tran-
sitions are obtained, which coincide with those ob-
tained for the individual unblended components. A
blend is partially compatible, that is, there exists a
certain degree of solubility of one polymer in the
other, when two intermediate transitions are ob-
tained within the temperature range between the
T,s of the individual components, which approach
one another as a function of blend composition.

In the determination of the glass transitions for
the different blends two distinct methods were em-
ployed: mechanical dynamic spectroscopy and dif-
ferential scanning calorimetry (DSC).

The results obtained for the PVF,/PMMA sys-
tem with mechanical dynamic analysis [Fig. 5(A)],
showed the glass transitions tend to converge with
increasing PMMA content (independent of SEP
content), which, according to the general criterion,
is indicative of a partially compatible system. This
seems to contradict in principle the specific litera-
ture on the subject, '*'®* where PVF,/ PMMA systems
are defined as fully compatible over the whole com-
positional range.

As to the different PVF,/PS compositions [ Fig.
5(B)], the Tgs calculated by means of mechanical
dynamic analysis remain practically unaltered when
varying the PS portion in the blend. Neither does

A
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the presence or absence of SEP have any impact on
this behaviour. This proves that we are dealing with
an incompatible system and that SEP does not in-
fluence this situation according to the interpretation
of the results obtained from mechanical dynamic
analysis.

T, determinations by DSC yielded partially con-
trary data to those obtained with the aforementioned
technique. The results were analyzed by means of
the models proposed by Gordon—Taylor!® and Fox, '’
which are known to be models that describe the be-
haviour of compatible blends.

When DSC-analyzed, the PVF,/PMMA blends
and their SEP composites yielded one single glass
transition each, whose value is a function of blends
composition [Fig. 6(A)], the respective tempera-
tures adjusting to the Gordon-Taylor model over
the whole compositional range, as well as for all SEP
portions incorporated. For the different PVF,/PS
blends and their SEP composites, when subjected
to DSC two glass transitions were recorded that do
not vary with blend composition or with SEP con-
tent [Fig. 6(B)]. The conclusions to be reached in
the light of these results define the PVF,/PMMA
system as compatible with the whole compositional
range, proved that SEP did not modify this behav-
iour, and showed the PVF,/PS system to be totally
incompatible, even in the presence of SEP.

Obviously these conclusions are not in agreement
with those reached via mechanical dynamic analysis.
This motivated the decision to use alternative routes
to determine the compatibility of the systems under
study, as well as the effect exerted by SEP on com-
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Figure 5 Effect of blend composition on the T, of (A) PVF,/PMMA and (B) PVF,/

PS blends at different loading of SEP.
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Figure 6 Effect of blend composition on the T; of (A) PVF,/PMMA and (B) PVF,/

PS blends at different loading of SEP.

patibility. One of the most commonly used ap-
proaches is the determination of the Flory—Huggins
parameter, whose value and sign will permit the
characterization of the systems from compatibility.
Two types of analysis were used in parameter de-
termination: the Nishi-Wang melting point
depression 2 applicable to semicrystalline blends and
inverse gas chromatography.

DSC allows the computation of the Flory—Hug-
gins thermodynamic interaction parameter by
means of the depression undergone by the melting
point of semicrystalline polymer when in the pres-
ence of another polymer miscible with the former.
The equation to determine the parameter was orig-
inally developed by Scott!® and Koningsveld et al.’®
and subsequently optimized by Nishi-Wang*®:

1 1

T. T3

RV, 5
_Aqu Via Xovi (5)
where the subindices 1 and 2 identify the amorphous
and crystalline polymers, respectively, T2, the ther-
modynamic melting temperature as determined by
the Hoffman-Weeks method,?® V, represents the
molar volume, v, stands for the volume fraction of
noncrystallizable component in the blend, and X,
is the Flory-Huggins thermodynamic interaction
parameter. A negative value of the parameter indi-
cates that the blend is compatible, its positive value
characterizing the blend as noncompatible.

The graphic representation of the equation ap-
plied to our systems can be seen in Figure 7. The
slopes of the curves yield the value of X,; as compiled
in Table II. When the PVF,/PMMA system incor-
porated low SEP portions, the interaction parameter
was negative. With intermediate SEP portions, the
parameter became more and more negative, which
is interpreted as an increase in the degree of inter-
action between the components. The system was
then compatible over the whole compositional range
under study, SEP content having no influence on
compatibility.

For the PVF,/PS system [Fig. 7(B)] with low
SEP content, the interaction parameter was positive
and hence the system incompatible. With increasing
SEP content in the blend the parameter had in-
creasingly negative values (Table II), which is in-
dicative of the fact that the incompatible PVF,/PS
system was being compatibilized with 10% SEP.

These results are supported by a parallel study
with the scanning electron microscope. Figure 8
shows the microphotographs of the PVF;/PS system
(30/70) without SEP incorporation {Fig. 8(A)] and
in the presence of 20% SEP [Fig. 8(B)]. In Figure
8(A) the two phases are distinctly visible. In Figure
8(B) phase disappearance is interpreted as an ex-
clusive consequence of the presence of SEP. These
observations were identical for the different com-
positional variants of the system.

Regarding inverse gas chromatography, the fun-
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Figure7 Plotof(1/T,.) versus the square of the volume fraction of amorphous polymer
(v}) of (A) PVF,/PMMA and (B) PVF,/PS blends at different loading of SEP.

damental equation that relates the interaction oc-
curring between a polymer supported by a stationary
phase and a solvent was formulated in the following
expression, which fundamentally relates the Flory—
Huggins interaction parameter X, to the retention
volume ?2;

273.16R02 1-— Vl
X, =1 -
12 n( VePSV, ) ( Mav, )"’2
P (B, — V)
RT (6)

where V{ is the specific retention volume, V; the
molar volume of the pure (liquid) phase, P? is the
vapour pressure at temperature 7', R represents the
gas constant, v, the specific volume of the polymer,
M, stands for molecular weight, and B;; identifies

Table II Interaction Parameters and Intercept of
Different PVF,/PMMA and PVF,/PS Systems at
433 K

Xog Intercept
System (cal/cm®) 108
PVF,/PMMA (0% SEP) -0.139 2.87
PVF,/PMMA (5% SEP) —-0.071 6.82
PVF,/PMMA (10% SEP) -0.202 8.37
PVF,/PMMA (20% SEP) —0.192 11.09
PVF,/PS (0% SEP) 0.013 0.68
PVF,/PS (5% SEP) 0.017 6.48
PVF,/PS (10% SEP) —0.006 7.60
PVF,/PS (20% SEP) —0.064 12.83

the second virial coeflicient as obtained from the
Dymond-Smith compilations.?” The vapour pres-
sures of the solute were obtained from Riddick-
Bunger’s tables,?® the solute densities were taken
from Orwoll-Flory’s compilations?* as well as from
Timmermans.?®

The chromatographic expression of the interac-
tion parameter of a system consisting of a stationary
phase resulting from the blend of two polymers was
formulated as follows!®:

x . 273.16 R (wqvy + wsvs)
=1n
1(23) Pf Vg Vl
P?(B,; — V.
g Pi(Bu-V)

RT

X1 Xis X3
£ 218y 228 V., (7
v, ¢y + v, o3 v ¢2¢3] 1 (7)

|

Table IIT Polymer Solvent Interaction
Parameters X2 Obtained From Inverse Gas
Chromatography Data

Xz
Solute PVF, PMMA PS
Hexane —1.396 —0.485 —-1.709
Heptane —1.463 —6.197 —2.349
Octane —0.932 — —2.686
Dichloromethane —1.822 —4.451 —1.947
Furane —2.702 —4.370 0.671
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Table IV Interaction Parameters X3 Obtained
for PVF,;/PMMA and PVF;/PS Blends From
Inverse Gas Chromatography Data

Xies
PVF,/PMMA

(wt %) PVF,/PS (wt %)

Solute 70/30 30/70 70/30 30/70
Hexane -2.924 —2.110 —-2655 —2.559
Heptane -2977 -1.871 -—-2.189 -—2.122
Octane —2920 -—1476 —2.784 —2.648
Dichloromethane —2.080 0.850 -—2.759 -—-2.731
Furane —3.925 10.797 —3.387 —3.532

where w; and w; are the weight fraction of the blend
components, X;, and X;3 are determined from the
pure stationary phases.

Table III compiles the values of the polymer—sol-
ute interaction parameter (X,;) reached by the dif-
ferent polymers. In the case of stationary phases
(SEP) supporting PVF,, X, is always negative
reading its highest values with polar solutes.

The values of X, in the case of supports con-
taining PS are slightly higher than the ones com-
puted for PVF,, except in the case of furane. For
PMMA-containing supports the values recorded
were higher than those obtained for the other two
polymers. The negative values of the interaction pa-

67 PVF,/PS

2
0-
-2 T T T T
o} 50 100 % PVF,
100 50 0 % PS

Figure 9 Average polymer—polymer interaction parameter X 5; versus blend compc.

(A) PVF;/PMMA and (B) PVF,/PS.



rameter indicate the solubility of the solvent in the
polymer.

Table IV shows the values of X,; in the case of
stationary phases consisting of a polymer blend. The
graphic plot of X,; against the composition (Fig. 9)
shows the PVF;/PMMA system to be compatible
for any blend composition. In the system PVF,/PS,
the interaction parameter values computed were
positive, which evidences component incompatibil-
ity. At PS concentrations above 85%, however, X,3
became negative and hence the blend was made
compatible.

Hence it is legitimate to conciude that SEP com-
patibilizes the incompatible PVF,/PS system, as
supported by the interpretation of the data obtained
from inverse gas chromatography, melting point
depression, and scanning electron microscopy. The
criteria, however, that relate the T, to compatibility
did not yield optimum results due to the limitations
of the measuring method proper.

The authors acknowledge the financial support received
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gia del Plan Nacional (Spain, Project MAT. 88-0192).
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