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Abstract

In this paper the relation between the blend phase morphology and the fractionated crystallization behavior of PA6 in reactively
compatibilized immiscible PS/PA6 and (PPE/PS)/PA6 immiscible blends is studied. Reactive compatibilization is used as an effective tool
for controlling the blend phase morphology, and to reduce the PA6 dispersed droplet size. As reactive compatibilizers, SMA2 and SMA17
are used, which differ in their level of miscibility with the amorphous PS and (PPE/PS) components. With SMA?2 a strong shift of PA6
crystallization to much higher supercoolings than before is found after compatibilization resulting in crystallization at temperatures as low as
85 °C. This is ascribed to the strong decrease of the droplet sizes down to 100—-150 nm. Nucleation experiments show that heterogeneous bulk
nucleation can be reintroduced in the submicron-sized PA6 droplets by adding enough nucleating agents of sufficient small size. The degree
of fractionated crystallization is found to depend on the interface between PA6 droplets and surrounding medium, as it is influenced by
vitrification of the matrix polymer and by the location of the compatibilizers SMA2 and SMA17. The method used for mixing the reactive

compatibilizer with the blend components also affects the fractionated crystallization process.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Crystallization of semicrystalline polymers usually takes
place via heterogeneous nucleation, because of the large
amount of impurities (catalyst residues etc.) that act as
substrates for nucleation. However, in case of polymers
dispersed as small droplets in a solvent, strong changes in
crystallization behavior have been observed [1-5]. Cormia
et al. and Koutksy et al. [1,2] reported on the homogeneous
nucleation, taking place in small crystallizable droplets at
very high supercoolings. It was ascribed to the increased
probability of obtaining isolated and heterogeneity-free
droplets, when the number of droplets per unit volume is
strongly increased upon dispersing them.
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Similar observations were made for crystallizable blocks
in micro-phase separated block copolymers by Lotz et al.
[6], O’Malley et al. [7] and Rubitaille et al. [8]. In these
systems, besides a crystallization peak in the normal
temperature range, a crystallization peak was also found at
lower temperatures, which was ascribed to the crystal-
lization in the confined domains. In a number of recent
studies on micro-phase separated di- and tri-block copoly-
mers, the effect of confinement to nanometer scale domains
(~10-30 nm) on the crystallization behavior has been
investigated. The observed low temperature crystallization
peak is attributed to homogeneous nucleation induced at
high supercoolings [9-15]. Miiller et al. recently showed
that the lack of active nuclei in the confined block
copolymer domains plays a major role in the occurrence
of homogeneous nucleation [13].

For immiscible polymer blends, where a semicrystalline
component is dispersed as small droplets inside another
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polymer matrix, similar behavior to the droplet experiments
was found. The relation between the obtained blend
morphology and crystallization behavior was clearly
demonstrated for many different blend systems (See Refs.
[16-21] for representative papers and reviews). When the
droplet size is small enough and the number of droplets per
unit volume dispersed in the matrix exceeds the number of
nuclei active at T, p,x, crystallization usually takes place in
different steps, at increasing supercoolings, via nucleation
by various types of heterogeneities that require larger
supercoolings to become active. In several cases, massive
crystallization at a quite low temperature is observed, which
is ascribed to be related to homogeneous nucleation in
heterogeneity-free droplets.

Reactive compatibilization of immiscible polymer
blends is a widely used technique for controlling the
phase morphology of the blend. Efficient compatibilization
will lead to a strong reduction in dispersed droplet size, an
improved stability of the droplets and an increased
interfacial adhesion between the phases, strongly improving
the final (mechanical and thermal) properties of the blend.
This technique forms an interesting approach for investi-
gating the homogeneous nucleation and fractionated crystal-
lization phenomena by decreasing the size of the droplets
into the sub-micrometer range. The compatibilizer formed
at the interface of the two blend components, however, can
be expected to influence the crystallization behavior within
the droplets. Earlier reports on polymer nucleation and
crystallization stress the importance of the interface in both
immiscible polymer blends (matrix/droplet interface) [19,
21,22-24] or in the ‘droplet’ experiments (droplet/medium
interface) [3,5].

The number of fundamental studies investigating the
effect of compatibilization on the droplet crystallization
phenomena is limited and mostly only qualitatively relates
addition of the compatibilizer to the decreased droplet size
[18,25-30]. Recently, a more quantitative study has been
performed by Pompe et al. [31] on reactively compatibilized
PA/PP blends. A study by Ikkala et al. [25] indicates that the
crystallization of PP droplets dispersed in a PA6 matrix can
clearly be affected by the type and miscibility of the
compatibilizer used. Compatibilizers forming an immisci-
ble interlayer between both blend components were found to
prevent nucleation phenomena from one component to the
other. The aim of this study is to establish relations between
the crystallization behavior, blend phase morphology and
presence of the compatibilizer at the interface, in case of
finely dispersed droplets in immiscible blends after
compatibilization. For this purpose, PS/PA6 and (PPE/
PS)/PA6 blend systems are used, to which two different
types of reactive compatibilizer SMA are added, differing in
their level of miscibility with the blend components PS and
(PPE/PS). The effect of the concentration of the compati-
bilizers and the way of preparing the blends on the droplet
crystallization is investigated too. Finally, the effect of the

nucleation density on the PA6 droplet crystallization is
investigated by performing various nucleation experiments.

2. Materials and methods
2.1. Materials

The polymers used in this study are listed in Table 1,
together with M,, and T,. Polyamide-6 (PA Akulon K123)
was provided by DSM Research, Geleen, The Netherlands.
Atactic polystyrene (PS Styron E680) was supplied by
DOW Benelux, Terneuzen, The Netherlands. Poly (2,6-
dimethyl-1,4-phenelyne ether) (PPE) was supplied General
Electric Plastics, Bergen op Zoom, The Netherlands. The
miscible polystyrene/polyphenylene-ether (PPE/PS) 50/50
w/w mixture was prepared by mixing PPE and PS in a
Haake Rheocord 90 twin-screw extruder [31]. PPE and PS
have different glass transition temperatures, but show equal
surface tensions [31]. Styrene-maleic anhydride copolymers
SMAZ2 (SEA 0579) and SMA17 (KCO 0950) were provided
by Bayer, Dormagen, Germany. The number after SMA
denotes the wt% maleic anhydride in SMA. Talc powder
was kindly provided by DSM Research, Geleen, The
Netherlands.

2.2. Blend preparation

The blends were prepared on a co-rotating twin-screw
mini-extruder manufactured by DSM Research. Before
processing, all materials were dried overnight under vacuum
at 80°C. To be able to investigate the effect of the
compatibilization reaction of the reactive compatibilizers
SMA2 or SMA17 with PAG6 on the crystallization behavior
of PA6, a number of binary PA6/SMA2 and PA6/SMA17
mixtures were prepared, with varying PA6/SMA ratio.
These binary blends were melt-mixed at 240 °C during
4 min. Two different mixing methods were applied for
preparation of the ternary reactive compatibilized blends. In
mixing method 1, SMA?2 or SMA17 were premixed with PS
or (PPE/PS 50/50 w/w), in the first step at 260 °C during
8 min. In the second blending step this mixture was blended
with PA6. In mixing method 2, the prepared binary blends
of PA6/SMA?2 and PA6/SMA17 were blended with either
PS or (PPE/PS 50/50) in a second blending step. All blends
were mixed at 260 °C for 8 min at a screw speed of 100 rpm
in the second blending step. During melt-blending the

Table 1
Molecular characteristics of the blend components used

Materials M, (gmol™") T, (DSC) (°C)
PS 190,000 102
(PPE/PS) 50/50 w/w  54,300/190,000 150
PA6 24,000 50
SMA2 120,000 105
SMA17 210,000 130
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mixing chamber was saturated with N, gas to avoid
oxidative degradation. After mixing, the blends were
quenched in a mixture of COy/isopropanol (—78 °C) in
order to freeze the existing phase morphology. PS and PPE
are known to be miscible with SMA, up to MA content of
about 3 wt% for PS and up to 8 wt% for PPE [32,33]. To
determine the level of miscibility of (PPE/PS 50/50 w/w)
and SMA17, a binary blend of (PPE/PS) and SMA17 in a
weight ratio of 50/50 was prepared. A number of blends was
also prepared with talc powder as nucleating agent, which
was premixed with PA6 during 4 minutes at 240 °C in
concentrations of 0.5 or 2 wt% prior to blending with the
matrix components PS or PS/SMA2.

2.3. Morphological characterization via dissolution
experiments and SEM

The morphology of the extruded blends was analyzed by
means of dissolution experiments. Dissolution experiments
were performed to determine if the prepared blend was a
droplet/matrix or a co-continuous morphology. A small
piece of the sample (about 0.025 cm’) was immersed in
formic acid at room temperature. Formic acid is a solvent
for PA6 and a non-solvent for PS, (PPE/PS 50/50), PPE and
SMA2. A second piece was put in chloroform at room
temperature. Chloroform is a solvent for PS, (PPE/PS
50/50), PPE and SMA2 and a non-solvent for PA6. The
complete procedure was repeated twice. With a droplet/ma-
trix morphology, a solvent dissolving the matrix would
cause disintegration of the sample, resulting in a milky
suspension. The solvent for the droplet phase will just
extract that phase, leaving the matrix intact. In a co-
continuous system, neither of the solvents would cause a
complete disintegration of the blend. For a complete
description of the procedure and a detailed overview of
the morphology development in the compatibilized PS/PA6
and (PPE/PS)/PA6 blends see Ref. [34].

The morphology of the blends has been characterized by
scanning electron microscopy (SEM) on a Philips XL20
using an accelerating voltage of 20kV. An extruded
polymer strand was first broken in liquid nitrogen to obtain
a fracture surface perpendicular to the extrusion direction. A
Leica Ultracut UCT cryo-microtome, equipped with a Leica
EM FCS cryo unit, at a sample temperature of — 100 °C was
used to smoothen the fractured surface. Subsequently, the
samples were exposed to either formic acid or to chloroform
(16 h and 40 h, respectively) to remove one phase. The
etched surface was dried under vacuum and then coated
with a conductive gold layer before SEM analysis. The SEM
photographs used for image analysis (Section 2.4) were
obtained after subjecting the samples to the same thermal
program as used in dynamic crystallization experiments
with DSC (Section 2.5).

2.4. Image analysis

Image analysis on the obtained SEM micrographs was
performed using Leica Qwin image analysis software. For
the systems with a droplet/matrix structure, the average
sizes and the size distribution of the dispersed droplets were
determined. About six SEM photographs (each containing
about 150-300) droplets) were analyzed for each blend. The
number average droplet diameter (D,), volume average
diameter (D) and the polydispersity (P) were calculated
from:

_ Zi n;d;
Zi n;

Zi nid?
Zi "id?

Polydispersity: P=D,/D,

with n; the number of droplets having diameter d;.

The characteristic diameters are given as seen in SEM
and were not corrected for the fact that not all droplets were
cut at their largest cross-section. The total number of
droplets per unit volume (dispersed) polymer was calculated
from:

D, 6]

D, =

2

X

Mo = 6D ®
X
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M= 60

with: N,: total number of droplets per unit volume based on
D,, N,: total number of droplets per unit volume based on
D,, X: volume fraction of dispersed phase in the blend.

2.5. Thermal analysis

2.5.1. Dynamic and isothermal crystallization experiments

Dynamic and isothermal DSC measurements were
performed using a Perkin Elmer Pyris 1. The nitrogen
flow-rate was 20 ml/min. Temperature and enthalpy cali-
brations were performed with indium (7,,,=156.6 °C) and
tin (T, =231.88 °C) at a heating rate of 10 K/min. Furnace
calibration was performed between 0 and 290 °C. For the
dynamic measurements the samples were first heated at a
rate of 40 K/min to a melt temperature of 260 °C, and kept
there for 3 min in order to erase all thermal history. In one
experiment this isothermal time was extended to 60 min.
Then, the samples were cooled at 10 K/min to 25 °C.
Subsequent melting scans were performed at a rate of
10 K/min. Sample masses of about 5 mg were used in case
of scan rates of 10 K/min. Weighing was done using an
AND Hm-202 balance with an accuracy of 0.01 mg. DSC
curves were corrected for instrumental curvature by
subtracting empty-pan curves, measured using identical
thermal histories.
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For the isothermal crystallization measurements the
sample was heated at a rate of 40 K/min to a melt
temperature of 260 °C, and kept there for 3 min, similar to
the dynamic experiments. In the second step the sample was
cooled down to the isothermal crystallization temperature
T, at a rate of 10 K/min, followed by an isothermal period
long enough to complete measurable crystallization of the
material at the particular isothermal temperature. Sub-
sequent melting after isothermal crystallization was per-
formed at a heating rate of 10 K/min. A normal calibration
set-up at 10 K/min heating rate was used for calibration but
the isothermal temperature was each time set corresponding
to the real sample (sensor) temperature (instead of the DSC
program temperature). The crystallization half time was
determined by calculating the time to reach 50% of the total
area under the isothermal peak as a function of time. Glass
transition temperatures of PS, (PPE/PS), SMA2, SMA17
and the (PPE/PS)/SMA17 50/50 w/w mixture were
determined by using the first heating scan at a rate of
10 K/min.

2.5.2. Self-nucleation experiments

Self-nucleation experiments were also performed using
the Pyris 1 DSC. With this method the nucleation density is
increased enormously by heating up the material within the
self-nucleation regimes where small crystal fragments are
still present in the melt [35].

The following procedure was applied in this
investigation:

Step 1 Erasing thermal history and creating a initial
standard state. The samples were first heated to
260 °C at 40 K/min, and kept there for a 3 min
isothermal period. Subsequently, the samples were
cooled to room temperature at a cooling rate of
10 K/min.

Step 2 Heating to T (self nucleation temperature), situated
between 220 and 260 °C, at a heating rate of
10 K/min. If T is 260 °C or higher, the sample is
said to be in domain I, where complete melting is
realized. When T is high enough to melt the
material almost completely, but low enough to leave
small crystal fragments capable of acting as self-
nuclei, this is domain II, the self-nucleation region.
When T is too low, only part of the crystals will be
melted, and quite some remaining crystals will be
annealed at T. This is domain III, giving rise to both
self-nucleation and annealing.

Step 3 Isothermal conditioning at T during 3 minutes.

Step 4 Crystallization at a cooling rate of 10 K/min from T
to room temperature.

Step 5 Melting after crystallization at a heating rate of
10 K/min.

2.6. Calculation of the number of heterogeneities

For the calculation of the number of heterogeneities it is
assumed that the distribution of heterogeneities over the
droplet population follows a Poisson distribution, analogue
to the approximation of Pound and LaMer for the
distribution of heterogeneities for monodisperse tin droplets
[36]. Considering a large number of small polymer droplets,
each having a volume Vp, the fraction of droplets that
contain exactly z heterogeneities of type i that can nucleate
the polymer can then be given by [16]:

le — [(MiVD)Z/Z!]eXp(_MiVD) (5)

where M' is the concentration of heterogeneities of type i,
and M;Vp is the mean number of heterogeneities per droplet
with volume Vp.

The fraction of droplets, which contain at least one
heterogeneity of type i is given by:

fho =1—exp(—M'Vp) (6)
or.:
M' = —[In(1 — fL)/Vp (7)

This fraction can be calculated from the relative partial area
of each crystallization exotherm during cooling in the DSC.
On the assumption that one nucleus is sufficient to
crystallize the whole droplet, calculations can be done
with respect to the concentration of the respective hetero-
geneities, if the mean size of the droplets is known [16]. So
for i=1, corresponding to the type of nuclei active at
T (buik)> One can calculate:

M' = —[In(1 —fL1Vp (8)
. . Ah, bulk
mn Wthhf‘Zl>0 = m (9)

and for the total number of heterogeneities (i=1+2+
3...) the following estimation was used:
—In(1 — %"
Vb

Mlotal — ( 1 0)

with f;;%‘l the fraction of droplets containing at least one
heterogeneity of type 1+2+3.... (1 — 24 is equal to the
fraction of droplets crystallizing homogeneously (in the
absence of heterogeneities). So, we can calculate the total

number of heterogeneous nuclei via:

—In(fraction homogeneous)
Vb

M[otal — ( 1 1 )

in which ‘fraction homogeneous’ = Ah.(Tyom)/Ahctotal.
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3. Results and discussion

3.1. Effect of compatibilizer SMA2 on the dynamic and
isothermal crystallization behavior of PA6

Before studying the effect of reactive compatibilization
on the crystallization behavior of dispersed PA6 polymer
droplets, the effect of the reactive compatibilizer on the bulk
PAG6 crystallization and its melting behavior was investi-
gated. Binary blends of PA6 and SMA2 of different
compositions were prepared using the DSM twin-screw
extruder. Upon melt blending, a graft reaction takes place
between the PA6 chain ends and the reactive modifier
styrene-maleic anhydride copolymer, denoted by PA6-g-
SMA. This is known to be a fast reaction between the maleic
anhydride functionalities of SMA2 and the amine-end
groups of PA6 [37]. The formation of the PA6-g-SMA graft
copolymer during extrusion could be clearly indicated; the
torque exerted on the screws showed a strong increase
during melt mixing.

Fig. 1 shows the percentage of PA6 that has crystallized
as a function of time for different extruded PA6/SMA2
mixtures at an isothermal crystallization temperature of
200 °C. In Fig. 2 the crystallization half-time f/, is plotted
for different isothermal crystallization temperatures in the
temperature range 196-201 °C. As expected, the crystal-
lization half-time decreases with decreasing temperature,
which reflects the increasing overall rate of crystallization
with decreasing temperature. The plot shows clearly that the
addition of a small amount of compatibilizer SMA2
decreases the crystallization half-time, and thus increases
the overall rate of crystallization. Addition of more SMA2,
however, reduces the overall crystallization rate. Table 2
gives the values for T,, Ah. and Ah,, as calculated from DSC
crystallization and melting experiments at 10 K/min for the
different PA6/SMA?2 compositions. These data are in line
with the results from the isothermal experiments: at low
SMAZ2 fractions small increases in Ak, and Ah,, for PA6 are
observed. At higher fractions T¢,T,, and Ah., Ah,, decrease
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Fig. 1. Percentage PAG crystallized as a function of log time at 200 °C for
PAG6 and PA6/SMA?2 blends.
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Fig. 2. Crystallization half-time as a function of crystallization temperature
for PA6 and PA6/SMA2 blends.

significantly. The isothermal and dynamic DSC exper-
iments thus point to a small nucleating effect of SMA2 when
the amount of SMA2 reacted/blended with PA6 is low.
Increasing the SMA2 concentration clearly disturbs the
crystallization, leading to lower crystallization/melting
temperatures and a decreased crystallinity.

Similar experimental observations have been done by
other authors [37-39]. The disturbance of crystallization at
higher concentrations is most likely related to reduced chain
mobility, especially at high anhydride/amine ratios, result-
ing in slower crystallization. Van Duin et al. [37] observed a
strongly reduced crystallinity at high anhydride/amine
ratios. For a PA6/SMA20 50/50 w/w binary blend, even
no crystallinity of PA6 could be observed at all at long
mixing times [38].

3.2. Effect of reactive compatibilization on the
crystallization behavior of dispersed PA6 droplets

3.2.1. Effect of low functionality SMA compatibilizer on the
dynamic crystallization behavior of PS/PA6 and
(PPE/PS)/PAG6 blends

In Fig. 3 the DSC cooling curves are shown for different
PS/PAG6 and (PPE/PS)/PA6 blend compositions, which were
reactively compatibilized with SMA2, according to mixing
method 1 (see Section 2). The effects of the SMA2
compatibilizer on the phase morphology of PS/PA6 and
(PPE/PS)/PA6 blend systems was published recently [34],
in which it was concluded that SMA?2 is a very effective
compatibilizer for these blend systems. In Table 3 the
morphological data are presented for the different SMA2
compatibilized PS/PA6 and (PPE/PS)/PA6 blend compo-
sitions varying the PA6 content, together with the crystal-
lization data obtained with DSC. The PS/SMA2 ratio
(mixing method 1) was always 92/8 w/w except indicated
otherwise. For the blends where PA6 forms the matrix, or
for blends with a co-continuous phase morphology,
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Table 2
Thermal properties of PA6 and PA6/SMA?2 binary blends

Blend system PA6 (wt%) T pear (°C) Ahe (Vgpae) Ahy (V/gpas) T peak (°C)
PA6 100 188 77 81 221
PAG6/SMA2 96 188 81 86 221

81 185 55 65 220

65 183 49 43 219

compatibilization with SMA2 results in a minor decrease in
bulk crystallization temperature (from 188 to ~ 180 °C) as
well as in crystallization and melting enthalpy. These effects
can be mainly attributed to the disturbance of the SMA2
compatibilizer on the PA6 crystallization as explained in
Section 3.1. As can be seen in Fig. 3, a very strong transition
in crystallization behavior is observed when the blend
morphology changes from a co-continuous phase mor-
phology to a phase morphology with PA6 droplets. For

instance, compare the crystallization behavior of
a) (PS/SMA2)/ PA6 blends
| ng PS/SMA2 | ‘25 % PA6
A~ T
I ! _J 30 % PA6
T \r [
5 | . 35 % PAG
e — .
-5 ; VAN L Ja0% pas
[oRe] I )V \PAB dropletiJ
55 '3 | 45 % PA6
3 ] Co-continuou:
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T ; , PAG
|
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Fig. 3. DSC crystallization curves for different compositions of (a)
(PS/SMA2)/PA6 blends and (b) (PPE/PS/SMA2)/PA6 blends. (PS/SMA2
ratio 92/8 w/w, (PPE/PS/SMA2)/PA6 80/20 and 85/15: 95/5 wi/w
(PPE/PS)/SMAZ2.

(PS/SMA2)/PA6 55/45 having a co-continuous phase
morphology to that of (PS/SMA2)/PA6 60/40, having PA6
droplets dispersed in PS matrix.

The changes in crystallization behavior when the
polymer is dispersed in droplets were already discussed in
part 1 of this paper series [21] for the uncompatibilized
blends. The fractionated crystallization phenomenon in the
uncompatibilized PS/PA6 and (PPE/PS)/PA6 blends
induces up to 3 different crystallization peaks at higher
supercoolings at the expense of crystallization around the
bulk temperature. The degree of fractionated crystallization
strongly depends on the size of the droplets and the droplet
size distribution. Reactive compatibilization with SMA2
strongly decreases the PA6 droplet size in the blend systems
by a factor of 10, from 1-2 to 0.1-0.2 pm on average. In
addition, the droplets show a quite monodisperse droplet
size distribution after compatibilization. As a result of the
smaller size, the number of PA6 droplets per unit volume
increases significantly. As can be seen in Fig. 3 reactive
compatibilization induced an enormous retardation of the
crystallization. The bulk crystallization around 188 °C (peak
1) is completely suppressed and a crystallization peak
emerges around 85 °C (peak 3 Fig. 3a, peak 4 Fig. 3b), about
100 °C lower than the bulk crystallization temperature.
Besides, a second crystallization peak is seen around 160 °C
(peak 2), which 1is hardly discernable for the
(PS/SMA2)/PA6 blends but is clearly observable for the
(PPE/PS/SMAZ2)/PAG6 blends.

In Fig. 4 the specific effect of the SMA2 compatibilizer

(PS/SMA2)/PAB (75-x/x)/25

:/Tg PS/SMA2
+13 wt % SMA2
1
! + 6 wt % SMA2
! r2 +5wt % SMA2

+ 4 wt % SMA2
+ 2 wt % SMA2
+ 1 wt % SMA2

PS/PA6 75/25

Heat-flow rate / a.u.

]
[
6!
1
[

0 50 100 150 200 250 300
Temperature / °C

Fig. 4. DSC crystallization curves of (PS/SMA2)/PA6 75/25 blends with
different SMA2 concentrations.



Table 3
Morphological and thermal parameters of (PS/SMA2)/PA6 and (PPE/PS/SMA2)/PA6 blend compositions

Blend PA6 D, PA6 (D,/D,) Ny em™®)  Topear (°C) Ahe (Jgpag) Ay, T peak
system (wt %) (pm) -) (J/gpas) (°C)
1 2 3 4 1 2 3 4
PA6 100 - - - 188 - - - 77 - - - 81 221
PS/SMA2/ 15 - - - - - - - - - - - - -
PA6 20 - - - - - - - - - - - -
25 0.13 1.4 84x10"% - 160 - 88 - 1 - 27 62 219
30 0.15 1.4 57X108% - 156 89 - 5 - 28 58 219
35 0.19 1.6 22X108% - 161 - 90 - 6 - 27 57 220
40 0.29 1.9 51X10% - 162 94 - 4 - 30 58 219
45 Co-cont - - 185 - - - 66 - - - 77 220
50 Co-cont - - 185 - - 70 - - - 79 220
PPE/PS/ 15 0.09 1.7 8.9x10"% - ~150-160°> - 83 - 7° - 25 56 218
SMA2/ 207 0.13 1.6 42x10"% - ~150-160" 111 85 - 15° 1 13 53 218
PA6 25 0.17 1.8 L1x10% - ~150-160° 111 85 - 36° 1 7 51 218
30 Co-cont - - 179 - - 84 45 - - 2 61° 218
35 Co-cont - - 181 - - 85 54 - - 2 64° 219
40 Co-cont - - 183 - - - 58 - - - 67¢ 219
45 Co-cont - - 184 - - - 58 - - - 70° 219

* (PPE/PS/SMA?2) 95/5 w/w premixture.

° These crystallization peak positions could not be determined accurately due to overlap of the peaks with the glass transition of (PPE/PS) (Ty~ 150 °C). Peak intensities as given were determined from the
relative increase of the melting enthalpy before and after crystallizing this peak and by assuming that to formed crystals in this temperature region did not show extensive reorganization or recrystallization during
heating [40].

¢ These data could be a little underestimated because of overlap of the onset of the melting peak with the glass transition of (PPE/PS).

96£-£€8€ (S00T) 9 12wkjod / "Iv 12 [0 L'y

68¢
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on the droplet crystallization is displayed. This figure shows
the crystallization curves of PS/PA6 75/25 blends, with
increasing amounts of SMA?2 compatibilizer, blended
according to method 1: premixing SMA2 with PS. The
morphological data are given in Table 4. The PS/PA6
without compatibilizer is characterized by two crystal-
lization peaks, one at ¢, pux (188 °C) and the second around
170 °C, caused by fractionated crystallization in the
uncompatibilized droplets having D,=2 pum [21]. Already
at a very low concentration (1 wt% SMAZ2 on blend total) a
significant effect on the size of the PA6 droplets is found,
which immediately causes a strong shift of the crystal-
lization peaks. A peak at low temperature is formed around
95 °C while the peaks at 188 and 170 °C decrease in
intensity. As such, no significant nucleating effect of the
SMA?2 compatibilizer, as observed for low PA6/SMA2
ratio’s (see Section 3.1), is seen, which could lead to a lower
degree of fractionated crystallization. It is very likely that
the high efficiency of the reactive compatibilizer, strongly
reducing the droplet size even at relatively small concen-
trations, dominates over the possible nucleating effect of the
small amount of copolymer formed at the interface. With
increasing concentration of SMA?2 the intensity of the low
temperature peak in between 86 and 96 °C increases and the
peaks at 188 °C (bulk) and in between 159 and 170 °C
decrease in intensity. At high SMA?2 concentrations (5.6 and
13 wt% SMAZ2) the decrease in droplet size tends to level off
and the crystallization behavior is hardly affected anymore.

3.2.1.1. Comparison of the degree of fractionated crystal-
lization for uncompatibilized and reactively compatibilized
blend compositions. Fig. 5 shows an overview of the
fractionated crystallization process as a function of the
blend morphology for both uncompatibilized blends,
discussed in part 1 [21], as well as for reactively
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Fig. 5. Fraction of droplets crystallizing below T, pux (left Y-axis, closed
data points) and homogeneously (right Y-axis, open data points) as a
function of the number of PAG6 droplets per unit volume for both
uncompatibilized as SMA2 compatibilized PS/PA6 and (PPE/PS)/PA6
blends.

Table 4

Morphological and thermal parameters of (PS/SMA2)/PA6 75/25 and PS/(PA6/SMA2) 75 —x/(25/x) blends

Tm,peak
O

Ahy,

Ahe (J/gpas)

Dn PA6 (Dv/Dn) (_) Nv (Cm_3) Tc,peak (OC)
(pm)

PA6

Blend system

J/gpas)

(Wt %)

221

81

77

188

PA6

PS/PA675/25

220
220
220
220
219
219
219
218
219
219
217

55
56
55
56
59
59
62

42

12
0.1

173
167
165
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160
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2.4

2.1

0

First PS/SMA2

blending

13
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23
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0.11
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compatibilized blends. Different (PS/SMA2)/PA6 blend
compositions are displayed, each containing about 5 wt%
compatibilizer SMA2 (data of Fig. 3). Also,
(PS/SMA2)PA6 (75—x/x)/25 blends are plotted with x,
the SMA2 concentration, ranging from 1 to 13 wt% (data of
Fig. 4). The number of PA6 droplets on the X-axis was
calculated using a volume average droplet diameter. On the
Y-axis two different values for the degree of fractionated
crystallization have been indicated (left and right axis). The
left Y-axis corresponds to the closed data points related to
the uncompatibilized PS/PA6 and (PPE/PS) blends, and
shows the fraction of PA6 droplets crystallizing below the
bulk nucleation peak. The right Y-axis corresponds to the
open data points, related to the compatibilized blends, and
displays the fraction of droplets crystallizing at the lowest
crystallization temperature (~ 85 °C).

This figure can be interpreted in the following way: by
increasing the number of droplets per unit volume via
decreasing the droplet size, fractionated crystallization
becomes more pronounced and the fraction of droplets
that crystallizes at lower temperatures by nuclei of lower
activity increases. With increasing number of droplets per
unit volume, the fraction of droplets crystallized by nuclei
of type 2, 3 etc. is increased and the fraction of droplets
crystallized by type 1 nuclei at T, decreases. In part 1
[21] the number of heterogeneities active at the bulk
temperature was calculated according to Eq. (8), assuming a
Poisson distribution of nuclei over the droplet population
with an average droplet volume. A nucleation density of
bulk nuclei of approximately 1 10°~1X 10" cm™? could
be calculated. Upon reactive compatibilization, however,
the PA6 droplet size is further decreased. At some point
then, also the heterogeneous nuclei with a lower activity are
exhausted and nucleation can only take place homoge-
neously via self-association of the PA6 chains. This can be
expected to take place at the lowest crystallization
temperature observed. The evolution of the homogeneous
nucleation peak is plotted on the right Y-axis. For this, the
relative area under the crystallization peak with the highest
observed supercooling (7,=85-90 °C) was taken, corre-
sponding to the fraction of droplets crystallizing at this
temperature. It is shown in a forthcoming paper [41] by
studying the crystallization kinetics, that the droplets
crystallizing at this low temperature are indeed most likely
nucleated via a homogeneous nucleation mechanism. It can
be seen that the area of the homogeneous nucleation peak is
increasing with increasing number of droplets (1< 10'" to
1X10'") until finally the biggest part of the material
crystallizes homogeneously (>97%). Interestingly the
onset for homogeneous nucleation seems to coincide with
the offset of the bulk crystallization, around 5 X 10'° number
of droplets per unit volume.

For calculating the total number of heterogeneous nuclei
(type 1+2+3...) we can use Eq. (10). Calculating the
average volume of the droplets by using the volume average
droplet diameters (via data in Tables 3 and 4), we obtain:

M ~ 6% 10'? nuclei/cm?®, indicated in Fig. 5. The other
arrow at around 6 X 10° nuclei/cm? indicates the number of
heterogeneities of type 1 (7. pux nuclei), as determined in
[21]. The two lines plotted through the data points, indicated
in Fig. 5, thus represent the evolution of different crystal-
lization peaks of heterogeneous origin for numbers of
droplets between 1X107 and 1X10'"' percm® in the
uncompatibilized blends, followed by the evolution of the
crystallization of homogeneous origin at bigger numbers of
droplets per unit volume (1X10"''-1X10'* cm~?), induced
by reactive compatibilization. The different (PS/SMA2)PA6
blend compositions with 5 wt% SMAZ2 clearly follow the
same trend as the PS/PA6 75/25 blend with varying SMA2
concentration. Because similar degrees of homogeneous
nucleation are reached for comparable number of droplets
per unit volume, irrespective of the amount of SMA2
compatibilizer added, the fractionated crystallization upon
reactive compatibilization thus seems to be mainly deter-
mined by the decrease in PA6 droplet size.

3.2.1.2. Effect of the mixing method of the SMA2
compatibilizer on the fractionated crystallization process.
Fig. 6 shows the crystallization behavior of PS/PA6 75/25
blends, but in this case the SMA2 compatibilizer was first
premixed with PA6 (mixing method 2), leading to the
formation of PA6-SMA2 grafted chains inside the PA6
phase. To become effective the PA6-g-SMAZ2 chains have to
diffuse towards the PS interface in the second blending step
with PS. The morphological data of both blend series
presented in Table 4, show that the morphology of the
PA6/SMA?2 premixed blends is much coarser than that
generated after premixing PS/SMA2 (method 1). The
droplet size is reduced to about 0.7 um for the PA6/SMA2
premixed blend, compared to about 0.1 pm for the
PS/SMAZ2 premixed blend, which is reached after addition
of 6 wt% of SMA2. Increasing the SMA2 concentration up
to 13 wt% has hardly any further effect on the morphology.

PS/(PAB/SMA2) 75-x/(25/x)

1
1
1
5 _"_\_,\/_L————J + 13 wt % SMA2
[}
G ! 2 +6 Wt % SMA2
[0} © [}
® 51 ' [
s ' +1 wt % SMA2
o 9
=3 l PS/PA6 75/25
©
(0]
T

| 1W/ig ..
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Temperature / °C

Fig. 6. DSC crystallization curves of (PS/(PA6/SMA2) 75 —x/(25/x) blends
with different SMA2 concentrations.
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Although the crystallization behavior of the PA6 droplets
shows the same general trends as with mixing method 1—
an increase in number and intensity of the low temperature
peaks and parallel decrease of the bulk crystallization peak
with decreasing PA6 droplet size- an interesting observation
can be made. As can be seen from Fig. 6, increasing the
amount of SMA2 from 6 to 13 wt%, having hardly any
effect on the morphology anymore (Table 4), still leads to a
shift towards crystallization at the lowest crystallization
temperatures. However, at the same time, the crystallization
peak areas decrease significantly. Most probably this is due
to the reaction of the excess anhydride groups with the PA6
amide groups. As a result of this, the number of PA6 chains
available for crystallization is decreased drastically, while
crystallizable PA6 chains will be hindered in crystallization.
This too can cause fractionated crystallization.

3.2.1.3. Effect of the matrix interface on fractionated
crystallization. Fig. 7 again shows the fractionated crystal-
lization as a function of the number of droplets but now the
compatibilized (PPE/PS/SMA2)/PA6 blend compositions
have been included in the graph (preparation via mixing
method 1). The efficiency of the compatibilization in
reducing the droplet size of the (PPE/PS)/PA6 blends is
confirmed by the large number of PA6 droplets per unit
volume obtained after reactive compatibilization (~1X
10"°-1 X 10'* cm~?). However, for these blends a signifi-
cant lower fraction of the PA6 droplets crystallizes at the
homogeneous nucleation temperature for equal number of
droplets per unit volume, compared to the (PS/SMA2)/PA6
blends. Using Eq. (10), a total nucleation density of ~1.5X
10'* nuclei/em’ for the (PPE/PS/SMA2)/PA6 blends is
calculated, compared to ~6X 10'? nuclei/cm® for the
(PS/SMA2)/PAG6 blends. In a previous publication [21] it
was shown that a nucleating activity of the matrix interface
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Fig. 7. Fraction of droplets crystallizing below T, (left Y-axis) or
homogeneously (right Y-axis) as a function of number of PA6 droplets per
unit volume for uncompatibilized and SMA2 compatibilized PS/PA6 and
(PPE/PS)/PAG6 blend compositions.

was found when the matrix phase vitrified before the
crystallization of the dispersed PA6 phase started. The
(PPE/PS 50/50) matrix considered here has a T, of about
150 °C. This transition partly overlaps with the fractionated
crystallization peak found around 150-160 °C (see Table 3).
As such, it is very likely that the vitrifying (PPE/PS) matrix
interface will induce nuclei at this crystallization tempera-
ture. This leads to an enhancement of the total hetero-
geneous nucleation density and a lower relative amount of
crystallization at the highest supercooling. It can also be
concluded that the miscible SMA?2 compatibilizer present at
the interface apparently does not seem to affect the
nucleation behavior of the amorphous matrix phase towards
the PA6 droplets.

3.2.2. Effect of high functionality SMA compatibilizer on the
dynamic crystallization behavior of PA6 droplets dispersed
in PPE/PS matrix

A number of (PPE/PS)/PA6 blends were also reactively
compatibilized using SMA17 instead of SMA2. From
literature data it is known that blends of PS and SMA are
only miscible up to MA concentrations in SMA of 3 wt%.
For PPE the miscibility with SMA is increased up to about
8 wt% of MA [32,33]. It is thus expected that (PPE/PS)
50/50 is miscible with SMA2, but immiscible with SMA17.
To verify this, the glass transition temperatures of these two
binary blends have been determined using DSC as indicated
in Fig. 8. Indeed, for the (PPE./PS) 50/50 /SMA17 mixture,
two transitions can be observed, compared to a single
transition for the SMA2 blend, which clearly indicates
immiscibility. A clear separation of the two T;’s, having the
same values as the pure components, is however not
obtained. This probably points to a partial miscibility of the
50/50 w/w mixture for the applied blend conditions. Fig. 9
shows the volume average droplet diameter D, of PA6
droplets for different (PPE/PS)/PA6 blend compositions,
with and without compatibilizers SMA2 and SMA17. For
compatibilization the SMA17 compatibilizer was first
premixed with (PPE/PS), similar to the blend experiments

0.05 W/g

endo

exo

(PPE/PS) 50 wt % /SMA17 50 wt %

Heat-flow rate / a.u.

(PPE/PS) mixture

100 110 120 130 140 150 160 170

Temperature / °C

Fig. 8. DSC heating curves at 10 K/min of (PPE/PS) 50/50 mixture, SMA17
and (PPE/PS) 50 wt%/SMA17 50 wt% blend.
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compositions.

with the SMA?2 compatibilizer (mixing method 1). The data
clearly show that SMA17 is a much less efficient
compatibilizer for the (PPE/PS)/PA6 blends, compared to
SMAZ2. The PAG6 droplet diameter is decreased only a little
bit upon compatibilization. The strong increase of the
torque, observed during melt-mixing, however, does
indicate the formation of grafted polymer chains. The
tendency of the components SMA17 and (PPE/PS 50/50) to
demix, as could be concluded from the 7, determinations,
can result in the formation of an immiscible interlayer of
(PPE/PS/SMA17-g-PA6) between the (PPE/PS) and PA6
blend components or even causing the interfacially formed
graft copolymer SMA17-g-PA6 to migrate towards the PA6
phase [42]. These phenomena can possibly explain the
strongly reduced compatibilization efficiency for the
(PPE/PS/SMA17)/PA6 blends.

Fig. 10 again shows the fractionated crystallization as a
function of the number of droplets per unit volume but now
(PPE/PS/SMA17)/PA6 75/25 and 85/15 blend compositions
have been inserted. The morphological and crystallization
parameters for these two blend compositions are given in
Table 5. The lower compatibilization efficiency of SMA17
is clearly visible, because the compatibilized (PPE/PS/S-
MA17)/PA6 blend compositions lead to relatively small
number of PA6 droplets per unit volume compared to the
SMA2 compatibilized blends. The plotted data points
correspond to the left Y-axis, showing the fraction of
droplets crystallizing below T, .. The degree of fractio-
nated crystallization is much less for the (PPE/PS/S-
MA17)/PA6 compatibilized blends compared to the
uncompatibilized PS/PA6 and (PPE/PS)/PA6 blends, at
equal number of PAG6 droplets per unit volume. As such, the
presence of SMA17 seems to have caused an increase in
nucleation density of type 1 crystallizing at the bulk
crystallization temperature of PA6, leading to a lower
degree of fractionated crystallization. Most likely the
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Fig. 10. Fraction of droplets crystallizing below Ty, (left Y-axis, closed
data points) or homogeneously (right Y-axis, open data points) as a function
of number of PA6 droplets per unit volume for uncompatibilized and SMA?2
and SMAI17 compatibilized PS/PA6 and (PPE/PS)/PA6 blend
compositions.

nucleation phenomena between the blend components
(migration of impurities, interface nucleation) were affected
by the change in interface type between the two
components.

3.3. Nucleation experiments

The DSC curves in Figs. 3 and 4 show that for blends
containing a very large number of PA6 droplets per unit
volume, crystallization takes place predominantly at the
homogeneous nucleation temperature. It can be expected
that when the nucleation density in the dispersed droplets is
increased significantly, the relative amount of hetero-
geneous bulk nucleation will increase. To enhance the
heterogeneous nucleation density in the droplets, two
different kinds of nucleation experiments were performed.
The first method is self-nucleation. In the second method
talc powder has been added as nucleating agent for PA6.

3.3.1. Self-nucleation experiments

In Fig. 11 the DSC crystallization and melting curves
obtained after applying the self-nucleation procedure are
presented for a (PS/SMA2)/PA6 (62/13)/25 blend. Self-
nucleation experiments provide an easy way to increase the
nucleation density of a semicrystalline polymer, by leaving
small crystal fragments in the molten state prior to
crystallization. Up to a premelting temperature 7 of about
228 °C the crystallization behavior of the PA6 droplets in
the blend remains unaffected and a single homogeneous
crystallization peak is observed at about 85 °C. Lowering
the premelting temperature 7 into the self-nucleation
regime, results in a strong increase of the amount of nuclei
and reintroduces heterogeneous bulk nucleation in the
100 nm domains around 188 °C. Finally, at a heating



394 R.T. Tol et al. / Polymer 46 (2005) 383-396
22 a)
=
E Ec T:221°C
18 — 0 O O ® I~ = § ; °
~Z |dSddas | 2F T:.222°C
g = T.:223°C
~ g2 3 T 224%C
2 <5 S, Ti225°C
E & 5 = o :228°C
35 [z¥2888 (28 %ET T.230°C
g .% = l TSE 235 oC
0 N 20 T.240°C
- 55 50 T 245°C
< |10 Vo= = T T:250°C
e T.:260°C
E é 1 1
~ Q T T T T T T T T T T T 1
S % 0 50 100 150 200 250 300
o [ N Ve | Q« 2
06 £ Temperature / °C
o e
=]
Y. ? L b) (PS/ISMA2)/PAB (62/13/25)
O AN 00 <+ o
5 ] FEE e el
& =3 I 0.5 Wig,,,, Annealing
g e —/M T:221°C
= D o . o
o S — f . o
3 [-|E&d-da3 |EE 5 L_~/\_/L——— TaR202%0
5 8 2 — T.223°C
£5 P \__\/\/I\__.— T 224°C
Z 2 8 5| k_—_s/\/———— T:225°C
2 | 1208 |5z 5 9| L___/\_/_H_ T:228°C
i R e
Z o) B © T:235°C
o ) (1]
E‘ o "?:: E = L__“/\/L_'—F T:' 240 DC
3 el = |22 k_\/\/ﬂ:;——‘ T, 245°C
g % % T T T T : T Ts. I250 C
o = S = 0 50 100 150 200 250 300
< a2 L2 o 3
% I - B A f E“ Temperature / °C
— —~ ° =
&) =)
g N _% 2 Fig. 11. Self-nucleation experiments for (PS/SMA2)/PA6 (62/13)/25, (a)
L2 5 L g DSC crystallization curves after different 7§, cooling rate: 10 K/min, (b)
%] a QO n oM 2 = . . Lo
% & I B R ] ° g DSC melting curves at 10 K/min after crystallization from 7.
& ° S
e - 53
HE ELECIE Y
O Q s =2 ° . .
> ISESRCEN 5= emperature o , all the material crystallizes at the
22 SEEE 5% temperature of 221 °C, all the material crystallizes at th
S| = | N = o & . .
g RS bulk temperature. From the DSC melting curves it can be
2|7 é | concluded that for these blend samples the temperature has
SIS §5 to be decreased into the annealing domain of PA6 to achieve
E 3 L. N ';5: 8 a complete nucleation of the droplets. This follows from the
= g—g high temperature annealing peak around 225 °C in the
E = ; subsequent heating scan to 260 °C for the samples heated to
b b g ‘é 221 °C and lower. The vertical, interrupted line drawn in
8 ~ . . .
e | & g Fali-g - z z Fig. 11a shows the effect of nucleation on the position of the
Q S o = . . .
g Q= Pleeesd =R crystallization peaks. With respect to temperature, the bulk
g E- f)ﬂ peak representing heterogeneous nucleation, enforced by
;: & g E self-nucleation, shows an increase. Furthermore, it can be
Q . .
% <z Sz y g E observed that the area of the melting peak for the material
g == - gE crystallizing at low temperature via homogeneous nuclea-
5 = tion (Ty: 250 °C) is not reduced compared to the melting
?ﬂ £ ~ g g = peak after self-nucleation (7, 221 °C). The final melting
-z = § > 2= %D temperatures (interrupted line in Fig. 11b) are also the same,
2 ”§ E ge Sed § e |EE £ although the crystals are formed in different temperature
£=2 | m SEEfEZE|" e 2 intervals.




R.T. Tol et al. / Polymer 46 (2005) 383-396 395

3.3.2. Addition of talc powder as nucleating agent

It is known that fine-sized talc powder can be a very
effective nucleating agent for PA6. Fig. 12 shows the DSC
crystallization curves of PA6, PS/PA6 75/25 and
(PS/SMA2)/PAG6 (69/6)/25 blends without and with addition
of talc powder. For the compatibilized blend two different
talc concentrations (0.5 and 2 wt%) were used. The size of
the talc droplets was estimated (using optical microscopy) to
be in the range of 0.1-1 um. The morphology of the blends
was not altered upon addition of talc powder. As expected,
PAG is effectively nucleated by the talc powder, resulting in
an increase of the crystallization temperature (from 188 to
193 °C). The melting enthalpy is not significantly increased.
The uncompatibilized PS/PA6 blend, having an average
PAG6 droplet size D, of about 1.5 pm, is also effectively
nucleated, causing a complete suppression of the fractio-
nated crystallization. However, this is not the case for the
reactively compatibilized blend, having an average PA6
droplet size of 100-150 nm. Just a little decrease of the
amount of material crystallizing according to homogeneous
nucleation is achieved in case of 0.5 wt% of talc. Addition
of extra talc to 2 wt%, causes a further decrease of intensity
of the homogeneous peak and a slight increase of the
intensity of the bulk crystallization peak. Remarkably,
though it is hardly seen in the figure, also the peak around
150 °C seems to be increased slightly upon addition of talc.
The talc experiments clearly show that the nucleation
density within the droplets can be enhanced, though it is
obvious that—in order to prevent homogeneous nuclea-
tion—there is a real need for nucleating agents that are small
enough to be well incorporated in the small droplets.

The above nucleation experiments clearly show that
there is no physical restriction for crystallization in the sub-
micrometer sized PA6 droplets: obviously though the
crystallizable PA6 chains are confined to the sub-
micrometer droplet dimensions, they are not hindered in
crystallization by that.
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Fig. 12. DSC crystallization curves of PA6, PS/PA6 75/25 and
(PS/SMA2)/PAG6 (62/13)/25 blends, without and with talc nucleating agent.

4. Conclusions

Reactive compatibilization using a miscible compatibi-
lizer (SMA?2) allows excellent control of the PS/PA6 and
(PPE/PS)/PA6 blend phase morphologies, resulting in a
systematic decrease of the PA6 droplet size down to 100—
150 nm with increasing compatibilizer concentration. The
use of an immiscible compatibilizer (SMA17) leads to less
efficient compatibilization. In this paper it has been shown
that reactive compatibilization of PS/PA6 or (PPE/PS)/PA6
blends with SMA?2 significantly affects the crystallization
behavior of dispersed PA6 droplets. Fractionated crystal-
lization is strongly enhanced in the submicron- sized PA6
droplets, leading to a delay of crystallization to very high
supercoolings and ultimately to crystallization at tempera-
tures as low as approximately 85°C. A clear relation
between the number of dispersed PA6 droplets per unit
volume and the intensity of the homogeneous nucleation
peak at this very low PA6 crystallization temperature has
been found. There is little evidence for direct nucleation
effects of the compatibilizer, though binary blends of PA6
and SMA?2 showed a nucleating effect of SMA2 at low
concentrations. Abundant reaction of the SMA2 compati-
bilizer with PA6 seems to reduce the mobility of PA6 chain
segments, leading to an increased fractionated crystal-
lization in the PA6 droplets. The importance of the interface
governing the droplet crystallization phenomena has been
clearly indicated. Both the matrix phase as well as presence
of the compatibilizer at the droplet/matrix interface can alter
the heterogeneous nucleation density. Vitrification of the
matrix phase probably induces an extra amount of nuclei
reducing fractionated crystallization. Reactive compatibili-
zation of the blends with the (partly) immiscible compati-
bilizer SMA17 strongly lowers the degree of fractionated
crystallization, when comparing similar droplet mor-
phologies. Nucleation experiments show that homogeneous
nucleation at very low crystallization temperature can be
converted into heterogeneous bulk nucleation upon addition
of enough nuclei of sufficient small size, indicating that also
in the confined volumes of the droplets the lack of
heterogeneities is the primary reason for the low tempera-
ture crystallization.
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