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in finely dispersing polymer blends

H. Frensch and B.-J. Jungnickel

Deutsches Kunststoff-Institut, Darmstadt, ER.G.

Abstract: The morphology and the crystallization of blends of poly(vinylidene fluoride)
(PVDF) with polyamide-6 (PA-6), and with poly(butylene terephthalate) (PBTP), were
investigated in detail by electron microscopy and by DSC. In some of the blends, the
dispersed component exhibits rather small particle sizes and, followingly, a high number
density of the dispersed particles which is in the order of magnitude of, or exceeds the
number density of the usually nucleating heterogeneities. In these blends, the crystalliza~
tion of the dispersed component proceeded in two steps, induced by different nucleating
species (“fractionated crystallization). The nuclei concentrations in the components and
the specific interfacial energies of the PVDF nucleation steps were estimated. An unusual
type of fractionated crystallization occurs in some cases: matrix and disperse phases crys-
tallize completely coincident due to a specific mutual nucleating efficiency of both com-
ponents. An estimation of the interfacial energies involved suggests a nucleating activity
of PVDF crystals for PA-6. Moreover, a rise of the crystallization temperatures of the
PA-6 and PBTP matrix phases is observed that may indicate a migration of nucleating
impurities during melt processing from PVDF towards the second component.

Key words: Fractionated crystallization, polymer blends, nucleation, interface, infacial

energies.

1. Introduction

Blending polymers is a promising way to new ther-
moplastic materials. The properties of these blends de-
pend to a great extent on their supermolecular struc-
ture which in turn is influenced by the compatibility,
by the processing history, and by the crystallization of
the components as well. The latter, in particular, can
alter remarkably in comparison to that of the pure
materials. These changes can have different reasons,
depending, again, on the mutual compatibility, on the
differences of the glass transition and melting tempera-
tures of the components, and on the actual crystalliza-
tion temperature. For melt-compatible polymer
blends, among other effects, a variation of the crystalli-
zation process due to altered nucleation and growth
conditions has been reported [1-11]. A melting point
depression has also been observed [1-5,11,12]. For
polymer blends with extended interfacial regions these
phenomena were reported to apply also to the tran-
sient layers [12-16]. The investigation of incompatible
polymer blends also revealed changes of the crystalli-
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zation of structural, equilibrium thermodynamic, and
kinetic origin. Among other effects, the induction of
specific crystal modifications [16], the rejection,
engulfing, and deformation of the dispersed compo-
nent by the growing spherulites of the matrix material
[4,17,18], and nucleation at the interface [4,19-22]
have been reported. Polymer blends containing one
component as finely dispersed droplet suspension ex-
hibit sometimes the phenomenon of “fractionated
crystallization” which originates in primary nuclea-
tion of isolated melt particles by units of different nuc-
leating species [23-30]. This phenomenon resembles
to some extent the classical droplet crystallization in
which crystallization is inhibited until homogeneous
nucleation occurs [31-35]. Fractionated crystalliza-
tion proceeds stepwise at strictly different undercoo-
lings, these steps sometimes being separated by more
than 60°C [23].

In this paper, we report on a novel kind of fractio-
nated crystallization in which the second component
acts as a nucleating agent. The influences of a lack of
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nucleating heterogeneities, as well as of the interfacial
properties of the system, on the crystallization kinetics
are investigated and discussed. The polymer blends
investigated are poly(vinylidene fluoride) (PVDF)/
polyamide-6 (PA-6), and PVDF/poly(butylene tere-
phthalate) (PBTP).

2. Experimental part

As PVDFE, Solef 1008 (M, =38 000, M,, =100 000) from Solvay
was used. The PA-6 that we used was Ultramid B3 (M,, = 18 000)
from BASF. Both substances were commercial grades. The PBTP
of our investigations was Ciba Geigy PBT 85 Crastin, free of addi-
tives. The dried components were melt mixed at 230 °C in a single-
screw laboratory extruder. The extruded strands were regranulat-
ed, and the extrusion cycle was repeated up to four times. After
every cycle, samples were taken away for the investigations. By the
repeated extrusion, different degrees of dispersion were realized.

The DSC measurements were carried out under nitrogen
atmosphere. In order to destroy the self-seeding nuclei in the com-

ponents, the samples were preheated for 5 min at 260 °C, this tem-
perature being at least 35 °C above the melting points of the compo-
nents. Then, the crystallization and reheating runs were performed
at a standard rate of 10°C/min. In some cases, other rates were
used.

For the transmission electron microscopy (TEM), sections of
(50...80) nm thickness were cryomicrotomed at —60°C. For the
scanning electron microscopy (SEM), the extruded strands were
fractured in liquid nitrogen and sputter-coated with gold before
examination.

Wide-angle x-ray scattering (WAXS) measurements using Cu-
K,-radiation, and torsion pendulum analysis at 1 Hz were per-
formed too.

3. Results
3.1. Morphology
3.1.1. PVDE/PA-6 blends

In Figs. 1and 2, TEM micrographs of unstained sec-
tions of PVDF/PA-6 blends are shown. The compo-

Fig. 1. Transmission electron micrographs of unstained thin sections of PVDF/PA-6 blends; four extrusion cycles; PVDF is the dark phase;
scale bar corresponds to 2 pm. a) PVDF/PA-6 = 15/85 vol.-%; b) PVDF/PA-6 = 50/50 vol.-%; ¢) PDVF/PA-6 = 70/30 vol.-%;
d) PVDE/PA-6 = 85/15 vol.-%
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Fig. 2. Transmission electron micrographs of the PVDF/PA-6 =75/25 vol.% blend; a) one extrusion cycle; scale bar represents 5 pm; b) four
extrusion cycles; scale bar represents 2 pm

Table 1. Particle sizes

Sample Extrusion cycle # Displayed in Fig. Particle diameters [pm]

PVDE/PA-6

[vol.-%] PVDF PA-6

15/85 4 1a 0.1..0.6 matrix/0.05...0.3 1
50/50 4 1b 0.2/2 b matrix/0.05...0.3 {
70/30 4 lc matrix/0.2 i 2/0.05...0.3 b
85/15 4 1d matrix/0.2 i 0.05...0.3

75/25 1 2a matrix/0.2...3 § fibers/0.05...2
75/25 4 2b matrix/0.2 i 01...1.6
PVDF/PBTP

[vol.-%] PVDF PBTP

85/15 1 3a matrix 0.7...5

85/15 4 4a matrix 0.1..2

15/85 1 3b 1...20 matrix

15/85 4 4b 0.7...4 matrix

b = bimodal distribution with maxima at the given values; i = matrix material partly included with the given diameter into the particles of

the dispersed component.

nents are phase separated. The PVDF phase appears
dark probably due to its higher density and its content
of fluorine atoms. The particle sizes are listed in
Table 1.

Figure 1 displays blends of various compositions
(four extrusion runs) which exhibit a very broad size
distribution of the demixed particles, and, occasio-
nally, a bimodal distribution with maxima in the pm
and in the sub-um range, respectively. Some of the
greater particles, again, are composites in that sense
that they contain, in their turn, particles of the matrix
material as further level of dispersion.

In Fig. 2, the morphologies of two 75/25 blends are
shown. After the first extrusion cycle (Fig. 2a), this
blend exhibits globular as well as fibrillar particles of
PA-6. Inside the PA-6 domains, PVDF particles are
dispersed. After four extrusion cycles (Fig. 2b), the
dispersed particles of the PA-6 became much smaller
and did not further contain PVDF droplets.

The phase-separated structure as evaluated by
TEM was confirmed by SEM. However, due to the
different preparation techniques and modes of opera-
tion (TEM: sections; SEM: fracture surfaces) only the
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TEM provided the contrast that was necessary to con-
clude on a certain component.

The torsion pendulum analysis of the blend exhibit-
ed discrete relaxations at the glass transition tempera-
tures of PVDF and PA-6 at —45 °C and 50 °C, respec-
tively. This also indicates incompatbility of the com-
ponents after solidification, at least in the amorphous
phase. ‘

3.1.2. PVDEPBTP blends

SEM of fracture surfaces of the system PVDF/
PBTP revealed phase separation in this blend too

(Figs. 3 and 4). The particles sizes (Table 1) are well
above those in the respective PVDF/PA-6 blends. As
for the system PVDF/PA-6, the particle diameter
decreased with increasing extrusion cycle number.
PBTP forms smaller particles than PVDF does in the
reverse composition ratio.

3.2. Crystallization
3.2.1. PVDF/PA-6 blends

In Fig. 5, the crystallization of several four-times

extruded PVDF/PA-6 blends as studied by DSC s dis-

Fig. 3. Scanning electron micrographs of one-time extruded PVDF/PBTP blends; scale bar corresponds to 10 ym. a) PVDF/PBTP =
85/15 vol.-%; b) PVDEF/PBTP = 15/85 vol.-%

Fig. 4. Scanning electron micrographs of four-times extruded PVDF/PBTP blends; scale bar corresponds to 2 pm. a) PVDF/PBTP =
85/15 vol.-%; b) PVDE/PBTP = 15/85 vol.-%
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Fig. 5. DSC crystallization curves of PVDF/PA-6 blends. Four
extrusion cycles; cooling rate: 10°C/min

played (that is, for constant mixing conditions but
variable composition). The crystallization tempera-
ture T, taken as the maximum of the crystallization
curve at a cooling rate of 10°C/min was at 140 °C for
the pure PVDF and at 178 °C with a shoulder at the
high temperature side for the pure PA-6. The crystal
modifications formed are then, as confirmed by
WAXS and melting point measurements, the a-form
of PVDF and, in the case of PA-6, mainly the p-modifi-
cation and, to a smaller extent, the a-form. The maxi-
mum of the DSC melting peak is located at 175 °C for
PVDF and at 215°C and 222 °C for PA-6.

The most striking results of these investigations has
been found with the crystallization of the 85/15 blend.
Itis remarkable that it showed only one crystallization
exotherm at 140 °C, that s, at the T, of PVDFE, whereas
nothing happened at the usual PA-6 crystallization
temperature. Nevertheless, the DSC heating curve of
this blend exhibited the usual melting endotherms of
the two polymers (cf. Fig. 7). WAXS- and IR-analyses
confirmed that the PA-6 crystallized in this blend.

In some of the samples, the introductory referred
fractionated crystallization occurred. In the 70/30 and
50/50 blends, the PA-6 crystallizes partly at 184°C

(that is, at a somewhat higher temperature than in the
pure material) and partly at 140 °C (that is, as in the 85/
15 blend) as derived from comparison of the exotherm
and the endotherm peak areas. In the 50/50 blend, also
the crystallization of the PVDF component split into
two steps at 140°C and 116 °C. In the 15/85 blend, the
PVDF crystallized merely at the low temperature step
at about 112°C.,

Variations of the cooling rates by a factor of two
resulted in small shifts of T, of about 3 °C for PVDF
and of about 4 °C for PA-6. The variation of the cool-
ing rate, however, did not affect the number and the
relative intensities of the crystallization peaks. In parti-
cular, the unusual, complete coincidence of T, in the
85/15 blend occurred at several cooling rates ranging
between 0.5 °C/min and 100 °C/min.

In Fig. 6, the crystallization in dependence on the
extrusion cycle number, that is, in dependence on the
mixing intensity, for a fixed composition is shown.
The DSC cooling curve of the four-times extruded 75/
25 blend exhibited again the coincident crystallization
of the PVDF matrix and the PA-6 droplets at 140°C.
Additionally, in the case of the one-time extruded
blend, a part of the PA-6, possibly the greater domains,
crystallized at its usual T, of 184 °C, and a part of the
PVDE, probably the droplets dispersed inside the ref-
erred PA-6 domains, crystallized at 113°C. With
increasing number of extrusion cycles, the PA-6
domains became smaller and lost their composed
character. This, obviously, caused the disappearence
of the usual high temperature crystallization peak of
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Fig. 6. DSC crystallization curves of the PVDE/PA-6 = 75/
25 vol.-% blend; cooling rate: 10°C/min; parameter: number of
extrusion cycles Z
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the PA-6, as well as that of the low temperature crystal-
lization peak of the PVDF which, therefore, represents
the crystallization of the dispersed, smaller PVDF
droplets. Obviously, the described effects, in particu-
lar the fractionation of the crystallization, depend to a
large extent on the dispersion of the minor compo-
nent. With increasing dispersitivity of that compo-
nent, the magnitudes of its additional crystallization
peaks become stronger at the expense of the usual
peak.

Figures 7 and 8 display the DSC crystallization and
melting temperatures, and the melting enthalpies of
the four-times extruded blends in dependence on the
composition. The composition ranges in which frac-
tionated crystallization occurred for the four-times
extruded samples can be read from these figures. The
PVDF melting points, as well as WAXS analysis indi-
cated that this component crystallized in every case in
its @-modification.

The relative crystallinity of each componentdid not
alter significantly with composition and extrusion
cycle number.

3.2.2. PVDE/PBTP blends

The unblended PBTP crystallized at about 180 °Cas
revealed by DSC (Fig. 9). After adding 15 vol.-%

T
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:: . . . . T (PA-6)
200
4]
E © 0 o0 0 o o T (PA-6)
g . s = 32 ws o ®BT (PVDF)
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Fig. 7. DSC crystallization and melting temperatures of the PVDF/
PA-6 blends; four extrusion cycles
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Fig. 8. DSC crystallization (a) and melting (b) enthalpies of the

four-times extruded PVDF/PA-6 blends; meaning of symbols is the
same as in Fig. 7

PVDFE, the T, rose remarkably to 189 °Cand 194 °Cfor
the one-, and for the four-times extruded blends, re-
spectively. Similarly, the pure PVDF crystallized at
140°C, whereas the corresponding T, in the blends
was between 142°C and 148°C. In particular, in the
15/85 blend, the PVDF crystallized at 147 °C after one
extrusion cycle whereas it crystallized at 143 °C after
four. In the four-times extruded 85/15 blend, the
PBTP crystallization was suppressed in a similar man-
ner as already described for the PA-6. The PBTP crys-
tallized at 147 °C simultaneously with the PVDF as
derived from comparison of the exotherm and the
endotherm DSC peaks of the cooling and reheating
runs.

The meltung temperature of PBTP is 225°C in the
0/100 and 15/85 blends, and 222 °C in the 85/15 blend.

As derived from the DSC melting temperatures of
about 174°C and from WAXS analysis, also in these
blends, the PVDF has crystallized in its @-modifica-

tion.
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Fig. 9. DSC crystallization curves of PVDF/PBTP blends. Cooling
rate: 10°C/min; parameters: blend composition and number of
extrusion cycles Z

4. Discussion

The crystallization and melting of the investigated
blends exhibits several differences to that of the pure
components. The occasional occurrence of double-
melting endotherms of the components during the
reheating runs and the melting point depressions of the
minor component can be explained in the usual way
by imperfect crystal formation during the — possibly
fractionated — crystallization, by molecular reorgani-
zation and lamellar thickening during heating, and, in
the case of the PA-6, by polymorphism [36-42].
These two issues will, therefore, no longer be consid-
ered in the following. In contrast, the following issues
require a profound treatment:

1. splitting of the crystallization of the dispersed
component into several distinct steps (“fractionated
crystallization”, both PVDF and PA-6 in their blends);

2. complete coincidence of the crystallization of the
dispersed component with the matrix crystallization
(both PA-6 and PBTP in their blends with PVDF);

3. remarkable rise in crystallization temperature
after adding a second component (PA-6 and PBTP in
their PVDF blends and PVDF in its PBTP blends).

These effects are partly connected with the disper-
sion of the component under investigation into the
other and they are enhanced if this dispersion becomes
finer.

4.1. Retarded and/or fractionated crystallization of the
dispersed component

Letus turn to the first effect as listed at the beginning
of this chapter, that is, to the fractionated crystalliza-
tion of PVDF and PA-6 in their blends.

It is important for the following considerations to
point out that the crystal growth rates of all compo-
nents amount to at least 10 pm/min in the temperature
range where the crystallization steps occur [6,43].
Therefore, a nucleated dispersed particle crystallizes
promptly, and the primary rather than the secondary
nucleation is the rate-controlling factor of the crystalli-
zation kinetics of the dispersed phase. For the same
reason, the crystallization temperatures as observed in
the DSC cooling run agrees roughly with the nuclea-
tion temperature.

It is well known that polymers generally crystallize
heterogeneously nucleated when cooling from tem-
peratures well above the melting temperature. The
free energy ¢* of formation of a rectangular nucleus of
critical size at an undercooling AT is given by [34, 44,
45]

=16 Ay, y,(m, ¢) y5(m, c) (T%,{(AT AH;))* (1)

where the “specific interfacial energy difference” Ay,
is given by

Vps(m) + Yps(c) V). (2)

Here, y,.(m) and y,,(c) are the interfacial energies be-
tween the nucleating substrate and the polymer melt
and crystals, respecuvely v,(m, ¢) and y%(m, c) are the
surface free energies parallel and perpendicular to the
molecular chain direction between the crystal and its
own melt, respectively. AH; is the heat of fusion per
unit volume, and f = 2T/(T9, + T) is a correction

AYps = yp(m, C) -

") For the sake of standardization throughout this paper, the
terms “surface energy” and “interface energy” are used, whereas in
the literature the use of the term “tension” instead of “energy” is
customary. Furthermore, the convention ¥;,(1,2) = Yeomponent - 0,
component 2» (state of component “17, state of component “2”) is
introduced. m = melt, 4 = amorphous, ¢ = crystal, s = substrate,
and p = polymer.
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factor for the bulk free energy difference between the
supercooled liquid and the crystal. T¢, is the equilibri-
um melting temperature. The relation

Ayps = 2yp(m,c) (3)

holds for homogeneous nucleation.

If one assumes that ¢*/kT must be smaller than a
certain critical value for the onset of the crystallization,
and neglecting that the crystallization rate depends
also on the temperature dependent mobility of the
crystallizable segments, then the following approxi-
mate relation holds between Ay and the undercooling
at which the nucleation by two different species “1”
and “2” gives rise to crystallization

Ay, [Ay, =~ (Tl/Tz) (ATl/ATz)Z . “4)

The inversion of this statement is also true. The tem-
perature at which a certain heterogeneity induces crys-
tallization depends on its Ay-value (Fig. 10). Usually,
only that heterogeneity with the smallest Ay-value is
efficient; via secondary nucleation at the created crys-
tals, the crystalhzatlon process spreads over the whole
volume if it has started anyway, and it has completed
before the undercooling of the heterogeneity with the
second smallest Ay-value is reached. It is exactly this
that is inhibited if the material volume is divided into
many separated droplets as in some of our samples.
Among a large number of small polymer droplets
each of volume vy, the fraction of droplets containing

o
2.0 3
1,54
1.0+ ;
0.54 ;
0 AT/T&

0 0.05 0.10 s 020

Fig. 10. Plot of the relative specific interfacial energy difference Ay/y
against the relative undercooling AT/T?, at which a heterogeneity
nucleates the polymer. Combining Egs. (3), (4), and (8), it turns out
that Ay, [y, (m, ¢) = 62.5 (T|T3,) (AT|T%)?. “17, “2”: two different
heterogeneous nucleations; “3”: homogeneous nucleation

exactly z heterogeneities of the kind “1” that initially
induced crystallization follows a Poisson distribution
function [46]:

2 = [

where M® is the concentrauon of randomly suspend-
ed heterogeneities and M"Wyy, is their mean number
per droplet. The fraction of droplets contammg atleast
one heterogeneity of the kind “1” is given by £ | =1 —
¥ and amounts to

vp)*[2!] exp (— MWop) )

flo=1—exp (- MVy). ©)
The consideration of a droplet size distribution may
somewhat modify this equation. f% , describes that
part of the droplets and, therefore, of the material that
crystallizes induced by heterogeneity “1”. The remain-
der crystallizes at a greater undercooling induced by
heterogeneity “2” and so on. For these further crystal—
lization steps the same considerations hold. Since £ ,
depends on vy, the influence of the dispersitivity on
the relative strength of the different crystalhzamon
steps is obvious. For sufficient large droplets, £ , is
near one and no fractionated crystallization occurs.
On the contrary, a certain crystallization step is sup-
pressed (or undetectable) if the relation

MYy, <1 )

holds. From the relative intensity of the different crys-
tallization steps, conclusions can be drawn on the con-
centration of the respective heterogeneities if the mean
size of the droplets is known. This will be done next.

4.2. Estimation of nuclei concentrations

The average volumes v, of the dispersed PA-6 par-
ticles in the four-times extruded PVDF/PA-6 85/15
and 75/25 blends amount to about 4 x 107" cm’ and
3 x 107 em’, respectively, as calculated from the geo-
metric mean of the minimal and maximal particle
sizes. Because the PA-6 droplet crystallization is
almost completely su )ppressed at the usual tempera-
tures, the relation M®y,, < 1 must hold where M® is
the number density of nucleatmg impurities active in
PA-6 above 140 °C. Followingly M should be less
than 10® cm™ which agrees roughly with the number
density (0.2...2) x 10" cm™ of spherulites and
sheaves grown in pure PA-6 at 140°C.
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On the contrary, in the one time extruded 85/15 and
75/25 blends, the PA-6 particles are much larger and
PA-6 fibers are still present. Accordingly, there is only
a splitup of the PA-6 crystallization, and the DSC peak
at about 180°C does not vanish as for the four-times
extruded blend.

The average volume of a PVDF particle in the
PVDE/PA-6 =15/85 blend after four extrusion cycles
amounts to about 8 x 107!° cm?®. Moreover, all of them
crystallize at the low temperature step. Followingly,
the number density M @ of the nucleating impurities
which are active in PVDF at 140 °C is below about 5 x
10" cm3. Nevertheless, in the 50/50 blend, there are
also larger PVDF particles with a volume of about 4 x
107" cm?’, the crystallization of which most probably
gives rise to the DSC peak at 140 °C since the probabil-
ity of containing a heterogeneity is greater for a large
particle. Therefore, M should amount at least to 2 x
1011 —3

In the PVDF/PBTP = 85/15 blend, the average
volume of dispersed PBTP particles after the first and
the fourth extrusion cycles amount to about 4 x 1072
e’ and 5 x 107" cm’, respectively. The strong
decrease of the T, of the dispersed PBTP droplets even
for a part of the one time extruded blend suggests that
the number density of the heterogeneities which nuc-
leate PBTP above 148 °C is below about 2 x 10" em™

The foregoing estimations of M® are summarized

in Table 2.

4.3. Estimation of specific interfacial energies for PVDF
nuclet

By Eq. (4), one can conclude the relative Ay-values
of the heterogeneities from the corresponding under-
coolings. With less accuracy, even the absolute values

Table 2. Calculated nucleation and interfacial data

PVDF PA-6 PBTP

M® [em™]

i=1 2x10%...5 x 108  <10% <2 x 10t

Aypsi [me_z]

i=1 (at 148°C) 3.8
i=2(at119°C) 11

i =3 (with c-PA-6) 4.2

YpvDE,pA- [mJm” 2]
(c,m) 4.1
(c,0) 0.2

can be calculated as will be done for PVDF in the fol-
lowing. For this sake, use is made of the fact that
homogeneous nucleation of a wide range of anorganic
and organic substances including polymers often
occurs at

Thom ~ 0.8 T¢, (8)

[34]. With T¢, (a-PVDF) = 459 K (186°C) [39] and
T¢, (y-PA-6)=500K (227 °C) [31, 43], one gets T-°™ =
367 K (94 °C) for PVDF and 400 K (127 °C) for PA-6.
Both these values are well below the T, observed for all
fractions and components in our blends which, there-
fore, in every case must crystallize heterogeneously
nucleated. At alow cooling rate of 1°C/min, the tem-
peratures of the fractionated crystallization of PVDF
are 148 °C and 119°C. With ypypr(m, ¢) = 9.7 m]/m?
[6,47], and using Egs. (3) and (4), we obtain for the
specific interfacial energy differences of the two nuc-
leating heterogeneities Aypypy, 5 (148 °C) = 3.8 mJ/m’
and Aypypr, 5, (119°C) = 11 mJ/m’ (Table 2).

4.4. Coincidence of crystallization temperatures
4.4.1. PVDF/IA-6

The crystallization in the blends studied is remarka-
ble not only since the crystallization of the dispersed
phase atits usual temperature is sometimes completely
supressed, but also since that delayed crystallization
then occurs completely simultaneously with that of
the matrix. The coincidence of the crystallization of
the finely dispersed part of PA-6 with the PVDF
matrix crystallization at 140 °C, in particular, indicates
a nucleating efficiency either of PVDF crystals on the
PA-6 melt, or of PA-6 crystals on the PVDF melt. In
view of the nonaltered T, of PVDF, we suppose that
the PVDF crystallization induces the PA-6 crystalliza-
tion rather than vice versa. The crystals of the PVDF
matrix, followingly, act as nucleating heterogeneity
with the second lowest Ay-value for PA-6.

As already mentioned, a low interfacial energy be-
tween substrate and growing crystal is promotive of a
nucleating activity. The interfacial energy of two poly-
mers can roughly be estimated by the harmonic-mean
method proposed by Wu [1, 48]

)’12—)’1+}’2—4ydyd/(yd+)/i — 4% 8% +38) (9)

where y;, ¥, and )? are the surface energy and its
dispersive and polar fractions, respectively, of poly-
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mer j. For the amorphous phase, we have [48]
Yovor(@) =36.5 mJ/m?, Wype(a) =13.7 mJ/m?, yp, 4(a)
= 42 mJ/m?, and )8, (a) = 14 mJ/m’.

The surface energy of a polymeric crystal y,(c) can
be estimated by [48]

Yo(e) = y,(a) (y(c)/ey(a))” (10)

where g,(c) and g,(a ) are the crystalline and amor-
phous densities and 7 is a constant which amounts to
about 4. With gpypr(a) =1.68 g/cm’ [49], 0z pvpr(c) =
1.92 g/e’ [50], gpae(@) =1.09 g/em’, and @, py () =
1.19 g/cm® [40], all at 20°C, it turns out that y, pypr(c)
=62.3 m]/m’ andy, p ¢(¢) =59.7 mJ/m’. The temper-
ature dependence of the surface energy of the amor-
phous phase amounts to dy(a)/dT = — (0.05...0.08)
m]/(m’K) for most polymers [48]. Because, addition-
ally, dy/dT is proportional to the thermal expansion
coefficient which is less for the crystalline phase, the
surface energies of the crystalline phases at the T, of
140°C are only a few mJ/m’ lower than those at 20 °C,
Then, by Eq. (8), the interfacial energies between the
PVDF crystal and the PA-6 melt and between the
PVDF and the PA-6 crystalline phases amount to
Ypvor, pae(Cs m) = 4.1 mJ/m’ and YpvDF, pA-6 (c,c)=0.2
m]J/m?, the difference of which may account for the
nucleating activity of the crystalline PVDE.

Beside the low amount of the interfacial energy,
nucleation is possibly favored by the matching of the
lattice surfaces lateral to the chain directions. The
dimensions of the unit cell of the monoclinic a-modifi-
cation of PVDF amount to a = 0.496 nm, b = 0.964
nm, and ¢ = 0.462 nm [50]. The orthorhombic unit
cell of the y-modification of PA-6 is characterized by a
=0.482 nm, b = 0.782 nm, and ¢ = 1.67 nm [40, 51].
The mismatching of ¢pypr and aps ¢ and of 3apypy and
Cpag amounts to 4% and 11%, respectively, both of
which are within the 15 %-disparity of lattice periodici-
ties stated as limiting upper bound of epitaxial growth
[52].

If the nucleating activity of the PVDF crystals for
the crystallization of PA-6 is indeed epitaxially sup-
ported, one could, vice versa, expect a nucleating effi-
ciency of PA-6 crystals for PVDF too, which then
would be indicated by the low-T, of PVDE. With Eq.
(2), however, using the interfacial energies ypypr (72, €)
= 9.7 mJ/m?, Yo pvpr(C, ) = 5.7 mJ/m?, ypae,pyp
(¢c,c) = 0.2 mJ/m?, one gets Aypyprpas = 4.2 mJ/m’
which is significantly lower than the value of 11 mJ/m?
which was estimated by use of Eq. (4) for the heteroge-

neity which nucleates PVDF at the low temperature
step and which we possibly overestimated assuming a
too high value of T,

4.4.2. PVDFPBTP

The coincident crystallization of the PVDF matrix
and dispersed PBTP particles in the 85/15 blend (Z =
4) indicates a nucleating efficiency between the com-
ponents. Their crystallization processes take place at
(142...148) °C that is above the T, of pure PVDE It is
not clear whether the PVDF or the PBTP crystallizes
first. The nucleation of the first crystallizing compo-
nent may be induced either by a species of nucleating
heterogeneities or by the molten second blend compo-
nent. Whereas it is not evident which of both sub-
stances is nucleated first, the coincidence of the T, indi-
cates that the crystallizing component acts as nucleat-
ing substrate for the other component.

4.5. Rise of the

Let us turn, finally, to the promoted crystallization
of PA-6 and PBTP as indicated by the rise of their T, if
they constitute the matrix phase in their blends with
PVDEF. This effect can be due to two features. First, it
may arise from a decrease of the glass temperature T
of the crystallizing component (PA-6 or PBTP) in the
interfacial regions with the low-T, component PVDFE.
The interface in the melt is relauvely broad as indicated
by the high level of dispersion which, in turn, is caused
by a small interfacial energy. The increase of the seg-
ment mobility of PA-6 and PBTP in the interfacial lay-
ers which contribute remarkably to the overall crystal-
lization due to their high thickness and the high degree
of dispersitivity may prevail against both the retarda-
tion of formation of secondary nuclei [7,8] and the
energy dissipaton due to rejection [4,17,18] of
dispersed PVDF particles by growing spherulites of
the matrix phase.

Alternatively, the rise of the T, may be caused by
migration of nucleating heterogeneities from PVDF
toward PA-6 and PBTP, respectively, the latter two ex-

T of the continuous phase

‘hibiting slightly higher surface energies than PVDF

[48]. Nucleating impurities like inorganic compounds
generally exhibit high energy surfaces [48]. The ten-
dency of a system to minimize the interfacial energies
would favour the migration of these heterogeneities
across the phase border [22,53] toward that compo-
nent with the higher surface energy. In this way, the
density of nuclei in PA-6 and PBTP in their blends with
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PVDF would increase which could account for the rise
of their T..

The increase of the T, of the continuous PVDF
phase in the blends with PBTP may arise from a nuc-
leating efficiency of the amorphous or the crystalline
phase of PBTP.

We have observed the drop of the T, of the
dispersed components and the coincidence of crystal-
lization of the PVDF matrix and the dispersed phase in
blends of PVDF with the PA-6 of another manufactur-
er, and in blends with PA-6.6 t00, all these systems ex-
hibiting a high level of dispersion.

5. Conclusions

The work reported here has shown that the pheno-
menon of fractionated crystallization can concern
both components when forming the dispersed phase.
In the case of the one-time extruded PVDF/PA-6
75/25 blend, even the major component PVDF crys-
tallizes fractionated due to the several levels of disper-
sion realized (insertion of matrix material into particles
of the dispersed component). Owing to the extended
range of undercoolings accessible for PA-6 and PBTP
in their blends with PVDE, provided they are finely
dispersed, usually hidden nucleating activities of
PVDF crystals for PA-6 as well as between PVDF and
PBTP become effective, leading to a coincident crys-
tallization of both blend components. The PVDF/
PBTP blends exhibit possibly a novel mutual nuclea-
tion behavior in crystallizable polymer blends: a mol-
ten component serves as nucleating substrate for the
second component and then itself becomes nucleated
by the crystalline phase of that component.
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