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Abstract

The semicrystalline structure and degree of crystallinity of fractionated crystallizing poly(methylene oxide)/(polystyrene/poly(2,6-
dimethyl-1,4 phenylene ether) POM/(PS/PPE) blends have been investigated by DSC, SAXS and WAXD. The three techniques yielded
highly correlated results.

The degree of crystallinity of the POM phase determined by DSC (X, psc) decreases with decreasing POM content in the blends and this is
accompanied by a shift from bulk to homogeneous crystallization.

The reduction in the measured degree of crystallinity determined by WAXD (X, waxp) is even more pronounced and indicates, in absence
of evidence for the formation of different polymorphs, that only small and imperfect crystals are formed during homogeneous crystallization
in finely dispersed droplets. Analysis of the width of the WAXD reflections, which is also related to X, waxp, yields a linear correlation
between L;, a measure of the lateral dimensions of the crystallites, and the average dispersed particle diameter. The parameter L,,
corresponding to the crystalline lamellar thickness, is non-linearly correlated with the degree of crystallinity, indicating that the decrease in
X waxp 1s not solely due to the formation of thinner lamellae at higher degrees of undercooling. There is a simple relationship between the
SAXS long period and the crystallization temperature, corresponding to the formation of thinner and less perfect crystalline lamellae during
fractionated crystallization at higher degrees of undercooling.

As the lateral dimensions of the crystallites of finely dispersed crystallizing droplets is governed by their size, X, waxp can be directly
related to the particle diameter, since the fraction of small or imperfect crystallites will not be measured by WAXD.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction fractionated crystallization [4]. This phenomenon has been
investigated for several immiscible polymer blend systems:
HDPE/POM [5], PVDF/PA-6 [6,7], PVDF/PBT [6,7],
PVDF/PA-66 [8], EPDM/PA-6 [9], PS/iPP [10], PS/LDPE
[11], PS/LLDPE [12,13], LLDPE/iPP [13], SBR/iPP [14],
PS/PEG [15], iPP/PEG [16], and iPP/PA-6 [17,18].
Fractionated crystallization can be considered as a
sequence of primary nucleation steps at increasing degrees
of undercooling, AT, often culminating in massive crystal-
lization at the homogeneous nucleation temperature, T yom
[7,10,11,14]. The phenomenon was related to the size of the
* Corresponding author. Tel.: -+32-1632-7441; fax: +32-1632-7779. dispersed droplets, by following the amount of solidified
E-mail address: gabriel.groeninckx @chem.kuleuven.ac.be (G. polymeric droplets suspended in an inert liquid medium by
Groeninckx). optical microscopy [4,19]. A theoretical analysis [7] relates

Binary mixtures of immiscible polymers, where one of
the components is in excess, usually display a typical
droplet-in-matrix phase morphology. The size of the
dispersed particles depends on the blend composition,
melt-viscosity and elasticity of each phase, interfacial
tension and mixing conditions [1-3]. When the dispersed
phase component can crystallize, the particle size has a
crucial impact on its crystallization behavior, due to
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each fraction that crystallizes upon cooling from the melt to
primary nucleation from heterogeneities with different
specific interfacial energy differences (Ay;) between the
polymeric chain and the nucleating substrate. Usually, only
the heterogeneities with the smallest Ay-value are efficient
in primary nucleation. Crystallization subsequently extends
in the bulk to the whole volume by secondary nucleation,
and is complete before the undercooling, AT, ,, of the next
Ay-class of heterogeneities is reached.

If the minor phase component is dispersed in numerous
droplets, each of these will start crystallizing from its own
lowest Ay heterogeneities. The number of dispersed droplets
often exceeds the number of heterogeneities promoting
crystallization near the bulk crystallization temperature.
Consequently, small droplets that have a lower probability
of containing such nucleation centers will start crystallizing
from other types of heterogeneities at much higher degrees
of undercooling, or even homogeneously crystallize by self-
association of the polymer chains.

Fractionated crystallization is often accompanied by a
large drop in X, of the dispersed phase. For the dispersed PP
phase in PP/PS blends the enthalpy of crystallization, AH.,
drops from 95 J/g in pure bulk crystallized PP to 75 J/g in
the fully homogeneously crystallizing PP/PS 10/90 blend
[10]. Addition of 1 wt% phthalocyanine blue, which is a
powerful nucleating agent for PP, shifts the crystallization
temperature far above the bulk nucleation temperature, but
also increases the degree of crystallinity. Self-seeding
experiments lead to the same result. Similarly, in PP/
thermoplastic rubber blends (PP/TR), AH, was reduced
from 98.5 J/g in pure PP to 61 J/g in a PP/TR 25/75 blend
[14]. In PS/HDPE blends with a finely dispersed HDPE
phase the drop in X, of HDPE from 80% in the
homopolymer to 55% in the PS/HDPE 95/5 blend [20]
was attributed to the change in crystallization temperature.
An identical behavior was found for block copolymers with
PEO as crystallizable component and attributed to the
peculiar fractionated crystallization process of block
copolymers due to the formation of microdomains with a
size determined by the crystallizable chain length in the
block copolymer, free from heterogeneous nuclei [21]. In
block copolymers of PEO—PI-PEO with a minor amount of
PEO the drop in X, from 96% in the homopolymer to 69% in
the block copolymer is accompanied by a melting point
depression [22]. A decrease in X, of the microdomain phase
and a melting point depression, both attributed to the
formation of less perfect crystalline lamellae in the
microdomains [15], were also observed for PEO-PI,
PEO-PS-PEO [20], and PEMA-PEO [23]. In PVDF/
PA-6 blends however, no change in X, of the dispersed
phase could be observed as a consequence of the mutual
nucleating ability of both components [6]. This suggests that
the decrease of X, in fractionated crystallizing blends cannot
solely be attributed to the formation of thinner and less
perfect crystalline structures at higher degrees of under-
cooling, as generally assumed [7].

A survey of the literature confirms that fractionated
crystallization can have a non-negligible impact on both the
degree of crystallinity and the morphology (i.e. lamellar
thickness, long spacing and crystal perfection). These
parameters are of crucial importance for the thermal and
mechanical properties of the blends [24].

In this study, the fractionated crystallization in immis-
cible blends of POM dispersed in an amorphous miscible
PS/PPE matrix has been investigated. This model system
allows to vary both the melt-viscosity ratio of the blend
system, hence creating different blend phase morphologies,
and the physical state of the amorphous matrix during
crystallization of the dispersed POM droplets (Fig.1).

In previous work [25], no clear relationship could be
established between the degree of crystallinity obtained by
DSC and the blend phase morphology. Since it is likely that
the degree of crystallinity would be governed by the
semicrystalline structure, which in turn depends on the
crystallization conditions and thermal history, the micro-
morphological characteristics of the POM phase in the
blends was studied by simultaneous SAXS—WAXD. The
influence of blend phase morphology, physical state of the
matrix phase, and crystallization conditions (i.e. tempera-
ture, cooling rate, thermal history) on the semicrystalline
structure of the dispersed POM phase were investigated.

2. Experimental
2.1. Materials

The characteristics of the materials used in this study are
listed in Table 1. POM is a commercial grade Celcon® M-50
POM copolymer (Celanese, USA) containing about 5 wt%
ethylene oxide as stabilizer against thermal degradation; its
melting point is 175 °C. PS is a commercial grade Styron®
E680 (Dow Benelux N.V., Terneuzen, NL) with
T, = 102 °C. PPE is a PPE-800 grade supplied by General
Electric Plastics (Bergen-op-Zoom, NL) with T, = 215 °C.

2.2. Miscible amorphous PS/PPE phases

The amorphous phases were prepared by melt-blending

Tg, PS Tg, PPE
Tg- window
| 145 175 o
Ak } Temp. (°C)
100 \ l 215
Tc, POM Tm, POM

Fig. 1. Schematical representation of the POM/(PS/PPE) model blend
system. The T, of the miscible amorphous PS/PPE phase can be varied
around T, or T, of the crystallizable POM phase.
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Table 1
Basic material characteristics

Material MFI M, M, Polydispersity  Density
(g/10min)  (GPC)  (GPC) (g/em®)

POM - +70,000 1.4

PS - 81,900°  190,000° 2.6 1.055

PPE 13 (300°C)  19,300° 54,300 2.8 1.065

# Measured in THF at 25 °C; molecular weights are based on polystyrene
standards.

PS and PPE which are perfectly miscible over the whole
composition range [26,27]. Both the melt-viscosity and the
glass transition temperature of the amorphous phase can
thus be varied without altering the interfacial tension
between POM and these miscible amorphous components
[28]. Blending was performed in a Haake Rheocord 90 twin
screw extruder at 285 °C with a screw speed of 120 rpm,
after drying the materials for at least one night at 40 °C
under vacuum. The homogeneity of each blend was verified
by DSC.

For the present study, two PS/PPE compounds were
selected as representative examples for the low viscosity/-
low viscosity (LL) and low viscosity/high viscosity (LH)
blends discussed previously [25]. The PS/PPE 85/15
compound with 7, = 114 °C and melt-viscosity at 260 °C
and 50 s™! of 323 Pa s, referred to as Ha4, has a viscosity
ratio with POM of 1.56 and is representative for the LL
blends. The PS/PPE 50/50 compound with 7, = 144 °C and
melt-viscosity at 260 °C and 50 s~ ! of 2068 Pa s, referred to
as Ha7, has a viscosity ratio with POM of 0.25 and is
representative for the LH blends.

2.3. Compounding of the POM/(PS/PPE) blends

All materials were melt-blended under nitrogen in a
mini-extruder (DSM Research, Geleen, NL), which is a
conical co-rotating fully intermeshing twin-screw extruder,
with a capacity of about 4 cm®. Mixing during 5 min at
260 °C at a screw speed of 50 rpm resulted in a well
dispersed phase morphology for both low and high viscosity
materials. After blending, the melt was immediately
quenched at the die exit in an isopropanol/solid CO,
mixture.

POM/(PS/PPE) blends were prepared for both POM/Ha4
and POM/Ha7 systems in a wt% blend compositions of
60/40, 40/60, 30/70, 20/80, 15/85, 10/90 and 5/95.

2.4. Morphological analysis

To correlate the crystallization behaviour and the
semicrystalline structure of POM in the POM/(PS/PPE)
blends with the blend phase morphology, all samples were
subjected to the same thermal program as used during the
DSC measurements, prior to phase morphology analysis.
Extruded strands were therefore thermally treated in a

Mettler hot-stage. Procedures used for the visualisation and
analysis of the blend phase morphology have been described
elsewhere [25].

2.5. Thermal analysis of the blends

DSC measurements on the blends were performed on a
Perkin Elmer Delta series DSC7, calibrated with indium
(T, = 156 °C) and benzophenone (7, = 48 °C). Samples
were first heated at 10 °C/min to a melt temperature of
200 °C, and kept there for 2 min to erase the thermal history.
Subsequently, they were cooled at 10 °C/min to 50 °C and
the dynamic crystallization behaviour was recorded. Heat-
ing from 80 to 200 °C at 10 °C/min allowed to assess the
corresponding melting characteristics of blends crystallized
in a controlled manner.

2.6. Static WAXD experiments

Static WAXD measurements at room temperature were
made a horizontal Geigerflex diffractometer installed on a
Rigaku Rotaflex Ru-200B rotating anode operated at 40 kV
and 100 mA. Samples of 1 mm thickness were prepared by
compression molding at 210 °C and subsequently cooled in
a Mettler hot stage under conditions simulating the thermal
treatment performed in DSC. WAXD patterns were
recorded in transmission mode in 0.05° steps between 5° <
260 < 39° (26is the scattering angle) with measuring periods
between 10 and 30s. The background scattering corre-
sponding to an empty sample holder was subtracted from
the experimental curves.

The degree of crystallinity (X.waxp = (Si00 +
S105)/(S100 + S105 +S,)) was estimated from the ratio of
the area of the diffraction pattern under the (100) reflection
(S100) and the (105) reflection (S;g5) to the total area under
the normalized WAXD curve including that under the
amorphous halo (S,) [29-31]. The amorphous halo was
fitted using a Lorentzian and the (100) and (105)-reflections
with a Pearson function using the Origin 5.0 Peak-fitting
software package (Microcal Software Inc., USA).The
crystallite sizes in the POM phase were estimated on a
relative scale with the Scherrer equation (Eq. 1), relating
crystallite dimensions to the width of the reflections [32,33].

0.9A

- (AB — ABy)cos 6 M

In this expression, L is the crystallite size perpendicular
to the reflecting plane, A is the wavelength, 20 is the
scattering angle of the diffraction peak, AB is the observed
peak width at half-maximum intensity, and AB, the
instrumental line width, which depends on the sample
thickness, wavelength and collimation.

2.7. Real-time SAXS and WAXD experiments

Time-resolved simultaneous SAXS/WAXS synchrotron
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radiation experiments were carried out on the double
focussing X33 beam line (A = 0.15 nm) of the EMBL in
HASYLAB on the storage ring DORIS III of the Deutsches
Elektronen Synchrotron (DESY) at Hamburg [34—-36] using
two gas proportional detectors connected in series [37].
Samples with a thickness of 1 mm were sealed between thin
aluminum foils and mounted in a Mettler hot stage placed in
the X-ray beam path, and submitted to the same thermal
treatment as in DSC. The scattering vector axis (s =2 X
sin 9/A, with 24 the scattering angle and A the wavelength)
of the SAXS region was calibrated using dry collagen, and
that of the WAXD region with a standard polyethylene
sample or tripalmitin. The experimental curves collected in
6 s time frames were normalized to the intensity of the
primary beam monitored with an ionization chamber.

The scattering corresponding to an amorphous sample in
the molten state was subtracted from the experimental
SAXS curves. Linear correlation functions [38], where
calculated assuming an ideal two-phase system [39]
following standard procedures involving extrapolation of
the patterns large s-values using Porod’s law [40]. The
normalization of the correlation function was performed by
dividing by the invariant, Q [39]. The long period, {L),, was
found from the first side maximum in the correlation
function. The volume degree of crystallinity within the
lamellar stacks, ¢, was determined from the quadratic
expression. The amorphous or crystalline layer thickness, L,
or L., were calculated from the minimum in the correlation
function and the tangent to the auto-correlation triangle.

For the analysis of the WAXD patterns, a relative
crystallinity index was calculated from the evolution of the
area under the (100)-reflection after subtraction of a linear
background as a function of temperature.

3. Results and discussion

3.1. Overview of the blend morphology and the
crystallization behavior

The fractionated crystallization behavior of POM/-
(PS/PPE) blend system has been reported previously [25].
Two main types of blends can be distinguished on the basis
of the viscosity ratio, p, (i.e. the ratio of the viscosity of the
dispersed POM phase (74) to that of the PS/PPE matrix
(Mm)): low viscosity/low viscosity (LL) blends with p = 1
(represented by POM/Ha4 blends) and low viscosity/high
viscosity (LH) blends with p < 1 (represented by POM/Ha7
blends). The crystallization behavior of the investigated
blends as a function of POM content is illustrated in Fig. 2.

LL blends display an equilibrium blend phase mor-
phology after melt-mixing and subsequent thermal treat-
ment simulating a DSC run. There is a narrow region of
phase inversion around the 50/50 composition and blends
containing minor amounts of POM always form a clear
dispersion of POM droplets in a PS/PPE matrix with a rather

broad particle size distribution. The DSC scans during
cooling from the melt in such blends typically exhibit
multiple crystallization peaks and bulk crystallized material
completely disappears as soon as POM forms the dispersed
phase.

For LH blends, no equilibrium phase morphology could
develop in the region of phase inversion, which is broad and
characterized by a complex composite-like phase mor-
phology consisting of co-continuous POM and PS/PPE
phases and small POM subinclusions in the PS/PPE
domains. Outside this region, very small POM droplets
with a narrow size distribution are found. The crystallization
behavior in this blend series is strongly influenced by the
phase morphology and displays some additional bulk
crystallization, which is probably related to the vitrified
state of the PS/PPE phase at T, [25].

The degree of crystallinity in both blend series
significantly drops as the content of POM decreases, i.e.
when a larger fraction of material crystallizes at higher
degrees of undercooling (Fig. 2b).

Several factors must be taken into account to explain the
effect of fractionated crystallization on the semicrystalline
structure and crystallinity:

(i) Errors in AH.poym from DSC due to normalization
procedures. The degree of crystallinity of the POM
phase determined by DSC is obtained by normalizing
the total crystallization enthalpy to the amount of POM
in the blend. This introduces two sources of error: (a)
The exact amount of POM phase in a 5 mg sample may
not exactly correspond to the original preset blend
composition due to local inhomogeneities in the
morphology leading to an over- or underestimate of
the actual degree of crystallinity. (b) For similar
reasons, normalization of the total crystallization
enthalpy to the POM fraction in the blend will be
less accurate at lower POM contents.

(i) Formation of different polymorphic forms. POM exists
in a trigonal form obtained under normal crystal-
lization conditions or in an orthorhombic form [41].
Because homogeneously crystallized samples are
subject to different crystallization conditions, the
nature of the crystalline phase after homogeneous
crystallization must be established.

(iii) Formation of thinner and/or less perfect crystalline
lamellae. Crystallization at higher degrees of under-
cooling occurs at different growth rates, G, which reach
a maximum between 7, (mobility restrictions) and Ty,
(nucleation restrictions). The temperature correspond-
ing to the maximum growth rate can be estimated from
a single mastercurve with a reduced temperature scale
(T = Ty + SO)(Ty, — T, + 50) [42] where G,y corTE-
sponds to a reduced temperature of 0.6. For the POM
copolymer (T, = 175°C; T, = —55°C) and Gy
must be situated around 63 °C. The homogeneous
crystallization temperature of POM is around 91 °C
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Fig. 2. Dynamic crystallization behavior as measured by DSC in POM/Ha4 and POM/Ha7 blends. Dynamic DSC traces and corresponding integrated DSC
curves normalized to the degree of crystallinity for pure POM (), and POM/(PS/PPE) 60/40 (O), 40/60 (), 30/70 (0), 20/80 (V), 15/85 (+), 10/90 (<) and

5/95 (X).

and it can be assumed that the linear growth rate of the
spherulites steadily increases with increasing degree of
undercooling. As long as mobility is not restrictive,
higher crystallization rates are expected to give rise to
thinner and/or less perfect crystalline lamellae, result-
ing in a lower degree of crystallinity [43,45].

(iv) Non-spherulitic semicrystalline structure. Droplets
may not always be able to crystallize homogeneously
in a spherulitic morphology. In the POM/Ha7 blends,
for example droplets sometimes have diameters as
small as 0.28 pm and confinement may thus play an
important role in the development of the semicrystal-
line structure.

(v) Non-crystallized small droplets.

Finally, it is questionable that all droplets could
crystallize during dynamic crystallization at a
constant cooling rate of 10 °C/min. Due to volume
limitations, smaller droplets will crystallize more
slowly than a larger sample obeying the Evans—
Avrami law [46]. The smaller the nodule, the slower
the transformation and the lower the crystallization
temperature [47]. If the crystallization Kkinetics
becomes slower than the imposed cooling rate the
smallest droplets may not or only partially crystal-
lize, causing the DSC degree of crystallinity to
decrease.

To find an answer to these questions, the results of
simultaneous SAXS /WAXD experiments were compared
with those of DSC. WAXD can be used to determine the
polymorphs formed during fractionated crystallization and

to estimate the degree of crystallinity and crystallite size.
SAXS can provide information on the semicrystalline
structure on a lamellar scale during the course of crystal-
lization. The possibility that some of the smallest droplets
would no longer be able to crystallize can be rejected since
cold crystallization is not observed during subsequent
heating and the rate of homogeneous nucleation is generally
extremely high [25,44,48].

3.2. Static wide angle X-ray diffraction measurements

In order to determine the degree of crystallinity and the
possible formation of different polymorphic forms, static
WAXD measurements were performed on dynamically
crystallized POM/Ha4 and POM/Ha7 samples. By keeping
all parameters of the measurement constant, absolute
measurements could be performed, both for the POM/Ha
blends and the homogeneous PS/PPE compounds. Since the
POM/(PS/PPE) blend system is completely immiscible, the
WAXD pattern obtained is the superposition of that of
the amorphous PS/PPE phase and of the semicrystalline
POM phase. The amorphous PS/PPE halo was scaled to the
pattern of the blend sample in the range 5° < 26 < 7° where
POM gives rise neither to an amorphous halo nor to
crystalline diffraction peaks. Subtraction of these scaled
patterns yields that of the POM phase in the blend, from
which the degree of crystallinity, X, waxp, and crystallite
size (Eq. 1) can be calculated. Examples of this calculation
for both blend series are given in Fig. 3.

The original diffraction patterns and those obtained after
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Fig. 3. Processing method of WAXD patterns of immiscible POM/-
(PS/PPE) blends. The measured WAXD spectrum of the blend (full bold
line) and the WAXD spectrum of the pure amorphous phase (dashed line)
are fitted onto each other in the 5—7° 20 region. The result after subtraction
(dotted line) can be considered as the WAXD pattern of the POM phase
solely, and is normalized to 100% POM (full fine line). (a) a POM/Ha4
blend; (b) a POM/Ha7 blend.

subtraction of the amorphous PS/PPE phase are presented in
Fig. 4. The two reflections correspond to the (100) lattice
plane (d = 3.88 A) parallel to the molecular axes and the
(105) lattice plane (d = 2.60 A). The amorphous halo of
POM has a maximum at a spacing of 4.25 A.

Only the trigonal (hexagonal) polymorph is formed
during fractionated crystallization and the bulk and homo-
geneously crystallized blend samples display two reflexions
at the same spacings as in pure POM. Furthermore, the
intensity of the crystalline reflections is significantly
reduced with decreasing content of POM, which is in
agreement with the expected reduction in X. The results of
a quantitative evaluation of X, waxp are shown in Fig. 5.

For both blend series X, waxp decreases with decreasing
POM contents. The reduction of X waxp in POM/Ha7
blends is seen from 20 wt% POM onwards, while in

measured POM/Ha pattern calculated POM pattern
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Fig. 4. Original WAXD spectra and the corresponding normalized 100%
POM WAXD patterns for (a) POM/Ha4 blends and (b) POM/Ha7 blends.

POM/Ha4 blends, it is already observed from the 40/60
blend composition onwards. Table 2 illustrates that the drop
in X.waxp in both blend series corresponds to the offset
blend composition of the phase inversion region. As long as
there is a co-continuous POM phase in the blend,
heterogeneous nucleation at low degrees of undercooling
can induce a normal crystallization. As soon as the blend
phase morphology corresponds to fully dispersed POM
droplets in a PS/PPE matrix X waxp decreases. At low
POM contents (=20 wt% POM), X.waxp is nearly the
same for both blend series, independently of the droplet size
or percentage POM crystallized at higher degrees of
undercooling.

There are substantial differences between the values of
X, obtained by DSC and WAXD, listed in Table
2,especially in POM/(PS/PPE) blends with low POM
contents (<10 wt% POM). Although these blends all
exhibit the same degree of crystallinity in DSC and the
same crystallization temperature, X waxp further
decreases. There is, however, no simple correlation between
the fraction of POM crystallized at higher degrees of
undercooling and X, waxp. This suggests that the further
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Fig. 5. Influence of the weight percentage POM in POM/(PS/PPE) blends
on the degree of crystallinity, as measured from WAXD.
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Table 2
Comparison of the degree of crystallinity determined by DSC (X, psc) and WAXD (X, waxp). in relation with morphological parameters and crystallization
behavior
Material DSC WAXD Morphology
Wt. avg. T, AH pom AHc 114+c AH 137 ¢ AH_ pui Xepsc Xewaxp Diameter Morphology
°C)* (J/g POM) (J/g POM) (J/g POM) (J/g POM) (%) (%) (pm)
POM 146 0 0 0 —168 54 55 - -
POM/Ha4
40/60 107 =76 —43 -20 0 47 52 1.8 Droplets
30/70 97 —103 —14 0 0 41 44 1.5 Droplets
20/80 94 —118 0 0 0 41 40 1.2 Droplets
10/90 94 —118 0 0 0 41 33 1.0 Droplets
5/95 94 —115 0 0 0 40 25 0.7 Droplets
POM/Ha7
40/60 142 -9 0 0 —126 44 55 0.8 Co + sub®
30/70 128 —40 0 0 -85 41 55 0.8 Co + sub®
20/80 107 =79 -10 0 —30 40 40 0.6 Droplets
10/90 91 —117 0 0 0 41 33 0.5 Droplets
5/95 91 —112 0 0 0 39 23 0.3 Droplets

% A weight average crystallization temperature is calculated on the basis of 7, and X, values determined by DSC: Wt. avg. T, =

Xenom X Tepom) + X114 °¢ X Te 14 °c) + Xe 127 °¢ X Te 127 °¢) + Ko puik X Tepuik)-

® Composite phase morphology of co-continuous POM and PS/PPE phases together with very small subinclusions of POM in the PS/PPE domains.

decreasing droplet diameter has an impact on the parameters
governing the degree of crystallinity. Note, however, that
X.psc comprises all heat released during crystallization,
while X, waxp reflects only the amount of crystalline POM
that is sufficiently ordered to give rise to reflections [49].

The relative crystallite sizes were calculated from the full
width at half-maximum of the reflections using Eq. (1). The
(100) reflection corresponds to lattice planes parallel to the
molecular chain axes. The width of this peak is thus a
measure for the size L; of the crystallites in a direction
perpendicular to the molecular axes, i.e. it is a measure for
the square root of the number of chains passing through a
crystallite [50]. The width of the (105) reflection is a
measure for the size L, of the crystallites parallel to the
molecular axes, since the perpendicular to the (105) plane is
inclined at an angle of 41.8° to the molecular chain axes
[50]. The evolution of the crystallite sizes L; and L, as a
function of POM content in the blends is displayed in Fig. 6.

The evolution of the crystallite sizes, L; and L,, as a
function of the POM content in the blends parallels that of
X. waxp- Blends in which the POM phase is predominantly
crystallized by heterogeneous nucleation at low degrees of
undercooling (e.g. POM/Ha7 40/60) have the same value for
X., Ly and L, as the POM homopolymer (X. = 55%,
L = 110 A and L, =90 A). As soon as homogeneous
crystallization dominates (i.e. more than 50% of the POM
phase crystallizes at T, p,mn), the crystal size gradually
decreases until it reaches L; = 95 A and L, =64 A. The
crystal sizes correlates better with the amount of fractio-
nated crystallization rather than with the degree of crystal-
linity. The correlation between the crystal sizes, X. waxp
and the overall blend phase morphology is presented in Fig.
7.

There is a strong correlation between X, waxp and the
weight average particle diameter in both blend series;
smaller particles systematically result in a lower X,
which as illustrated in Fig. 7b, is not simply related to
the drop in crystallization temperature.

The evolution of X waxp as a function of the total
number of particles per vol% POM in the blend series
reveals that both L; and X, remain constant below a critical
number of POM particles. Both X. and L; gradually
decrease in dispersions containing more POM particles
per vol% POM. The lower value of L; indicates that the
number of chains passing through the crystallite and the
lateral dimensions of the crystallites become smaller.
Consequently, there must be a linear relation between the
lateral crystallite dimension, L;, and the final value of
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Fig. 6. Influence of the weight percentage POM in POM/(PS/PPE) blends
on the relative crystallite sizes, L; and L,, calculated from the peak width at
half-height of the crystalline reflections in WAXD. L, is calculated from the
(100) reflection in POM/Ha4 (M) and POM/Ha7 (A); L, is calculated from
the (105) reflection in POM/Ha4 (@) and POM/Ha7 (V).
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X.waxp, independently of the blend series, crystallization
temperature or phase morphology as illustrated in Fig. 8a.
This also clarifies the relationship between X, waxp and the
droplet size; smaller droplets having a profound influence
on the lateral dimensions of the crystalline lamellae. Smaller
lateral dimensions imply a loss of the fraction of crystal-
lizable POM in the droplets, which lowers X.. There is no
such linear relationship with the crystal size, L,, which is a
measure of the lamellar thickness of the crystals (Fig. 8b),
suggesting that lower value of X, cannot solely be attributed
to a reduction of the lamellar thickness. Note that the
relationships between X, and L, are identical for both blend
series (Fig. 8).

The correlation between X waxp, Li and the droplet size
provides a possible explanation for the discrepancy between
the evolution of X, psc and X, waxp as a function of the
weight percentage POM in the blends. In polyethylenes,
imperfect crystallites give a diffuse halo rather than sharp
reflections in WAXD [49]. By analogy, the difference
between X.waxp and X.psc can be attributed to an
increasing amount of small, very imperfect crystals and

the lower X.waxp-values associated with lower droplet
sizes suggest that small imperfect crystallites mainly form
when the mobility of the polymer chains is restricted and the
high degree of undercooling requires much smaller critical
nucleus dimensions. Furthermore, homogeneous crystal-
lization of PE dispersed in droplets proceeds in a nucleation
mode, in which the nucleation rate is so high that there is a
lack of space for lateral growth, leading to the formation of
small and highly imperfect crystalline structures [44]. A
similar behavior is reported for low density homogeneous
ethene-1-octene copolymers with high degrees of comono-
mer [51], where the restricted mobility of the crystallizable
chain and the lower crystallization temperature leads to the
formation of small crystallites which can no longer be
detected by WAXD.

3.3. Static small angle X-ray scattering measurements
Static SAXS measurements were performed at room

temperature on dynamically crystallized POM/(PS/PPE)
blends to study the influence of fractionated crystallization
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on the semicrystalline structure. Several parameters, such as
high crystallization rates due to higher degrees of under-
cooling, spatial restrictions in small droplets, homogeneous
nucleation mechanism, etc. can directly affect the semi-
crystalline structure.

The long period, {L),,, is determined from the position of
the maximum of Lorentz-corrected SAXS curves assuming
the existence of parallel crystalline lamellae [52,53] as
found in most polymers of medium to high crystallinity,
such as POM. Since the POM/(PS/PPE) blends are
completely immiscible, the POM domains are not diluted
by the amorphous PS/PPE phase and thus not expected to
form more or less isolated lamellae, as seen in highly diluted
miscible blend systems [54]. No indications were found in

the literature suggesting the existence of such isolated
lamellae in POM crystallized at T, ,,,, and no evidence for a
non-lamellar semicrystalline structures was found in any of
the present blends.

Hoffman and Weeks [55] reported that extremely small
folded chain crystals form in a spherulitic superstructure
during homogeneous crystallization of polychlorotrifluor-
oethylene and attributed this to catastrophic nucleation in
homogeneously crystallizing materials. This supports the
validity of our assumption of rather parallel lamellae in
homogeneously crystallized POM samples. Homogeneous
crystallization of polyethylene droplets also resulted in a
clear lamellar folded chain morphology with an unusually
thick amorphous layer as observed in TEM micrographs
[44]. Small isolated lamellae were only observed at the edge
of the droplets.

The Lorentz-corrected SAXS curves obtained after
dynamic crystallization from the melt and the corresponding
long period, (L),,, as a function of the weight percentage
POM in the blends are shown in Fig. 9.

The overall picture is similar to that observed for the
evolution of the crystallite size parallel to the molecular
axis, L,, in WAXD (Fig. 6), suggesting that this could be a
good measure for the influence of fractionated crystal-
lization on the lamellar thickness or the long period. The
long period remains constant at (L), = 150 A as long as
heterogeneous crystallization at low degrees of under-
cooling dominates for the majority of the POM droplets.
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Fig. 9. Influence of the weight percentage POM in POM/Ha4 and POM/Ha7
blends on the semicrystalline morphology, indicated by the average long
period calculated from Lorentz-corrected SAXS curves.
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Once homogeneous crystallization occurs in a significant
fraction of the droplets, the long period gradually decreases
and reaches a value of 105 A in fully homogeneously
crystallizing samples. Since the region of phase inversion in
POM/Ha7 blends extends up to a 30/70 blend composition
and has a typical composite phase morphology, the nearly
constant long period up to 30/70 POM/Ha7 must be due to
heterogeneously crystallized co-continuous POM domains.
Note that the Lorentz-corrected SAXS curve of POM/Ha7
30/70 blends has two maxima. The first one at 144 A
probably corresponds to the average long period in the co-
continuous POM domains and the larger droplets crystal-
lized heterogeneously, while the second one at 110 A can be
attributed to the average long period of the fraction of small
subinclusions crystallized by homogeneous nucleation at
high degrees of undercooling. In all blends, where the POM
phase was dispersed in fine droplets which predominantly
crystallize in the homogeneous mode, (L), is 105 A.

From a 40/60 composition onwards POM/Ha4 blends are
dispersed in droplets and there is no bulk crystallization as
reflected in the evolution of (L),. As soon as POM is
entirely dispersed in droplets crystallizing at higher degrees
of undercooling, (L),, significantly decreases and reaches a
value close to that of fully homogeneously crystallized
samples. The long period observed in POM/(PS/PPE)
blends is thus characteristic for the dominant mode of
crystallization. It varies between 150 A for fully bulk
crystallized POM and 105 A for fully homogeneously
crystallized POM, independently of the blend phase
morphology. The change in the long period is thus not
directly related to the continuously decreasing value of
X.waxp With lower POM contents in the blends. This is
illustrated in Fig. 10a where long periods between 135 and
150 A are found, independently of the blend series, for the
same X, waxp, Whereas X, waxp further decreases for fully
homogeneously crystallizing droplets with a constant (L),
of 105 A. The correlation between (L),, and X.psc is even
poorer.

The expected linear relationship between average
crystallization temperature and long period was found for
both POM/Ha4 blends and POM/Ha7 blends (Fig. 10b).

To monitor the evolution of the lamellar thickness as a
function of the wt% POM in the blends and the weight average
crystallization temperature, normalized linear correlation
functions, 7, (r), were calculated from the SAXS patterns,
thereby assuming an isotropic semicrystalline structure [56,
57]. The long period, {L),, crystalline layer thickness, L.,
amorphous layer thickness, L,, and volume degree of
crystallinity in the lamellar stacks, ¢, were extracted from
the linear correlation function y;(r) of the POM homo-
polymer, POM/Ha4 40/60 and 20/80, and POM/Ha7 40/60
blends. In all other cases, y;(r) could not be calculated
because of a bimodal lamellar distribution (i.e. POM/Ha7 30/
70) or because the concentration of crystalline lamellae was
too small to detect maxima in the SAXS patterns.

An overview of the correlation functions of POM and the
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Fig. 10. Correlation of the average long period (L), calculated from
Lorentz-corrected SAXS patterns, with (a) the degree of crystallinity of the
POM phase, as determined from WAXD, and (b) the weighted average
crystallization temperature of the POM phase.

POM/(PS/PPE) blends, after complete crystallization, is
given in Fig. 11. There is a significant change in the long
period, (L), which parallels that of {L),,. The lower first
maximum in the correlation functions of POM/Ha4 40/60
and especially 20/80 blends compared to that of the POM
homopolymer results from distorted lamellar packing and/or
broad lamellar thickness distributions [58]. Furthermore, the
curvature of v;(r) near the origin indicates that there is
actually a transition layer transition layer between
crystalline lamellae and amorphous zones which broadens,
as the crystallization shifts from predominantly hetero-
geneous (i.e. POM, POM/Ha7 40/60) to predominantly
homogeneous (i.e. POM/Ha4 40/60 and 20/80). This is
related to the higher degrees of undercooling at which
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Fig. 11. Overview of the normalized correlation function curves, 7y;(r),
calculated from SAXS, at room temperature for POM, POM/Ha4 40/60,
POM/Ha4 20/80, and POM/Ha7 40/60.

homogeneous crystallization takes place and where faster
crystallization kinetics due to higher growth and primary
nucleation rates leads to less perfect and/or thinner crystal-
line lamellae. These results are consistent with the findings
of the WAXD analysis.

A detailed list of all parameters calculated from the linear
correlation functions is given in Table 3. The macroscopic
volume crystallinity, ¢, was estimated from DSC or WAXD
data.

The evolution of the volume degree of crystallinity in the
lamellar stacks, and the parameters determining the
semicrystalline structure in POM/(PS/PPE) blends as a
function of the weight average crystallization temperature
of the POM phase are shown in Fig. 12.

These results should be interpreted with caution, since
they represent a selection of POM/(PS/PPE) blends,
containing sufficiently large amounts of POM to yield a
linear correlation function. As the data for POM/Ha4 blends
are well spread over the whole temperature region, the
trends in Fig. 12 can be considered representative for all
blend compositions in this series. Moreover, as illustrated in
Fig. 10b, for POM/Ha4 blends the relationship between (L),,
and the weight average 7, is linear over the complete
crystallization temperature range. Interpretation of the
semicrystalline structure in POM/Ha7 blends as a function
of crystallization temperature in the low temperature range
is uncertain as it relies on a single data point: POM/Ha7 40/

Table 3
Overview of the parameters calculated from SAXS measurements in POM/(PS/PPE) blends
POM™* POM/Ha4 POM/Ha4 POM/Ha7
40/60* 20/80" 40/60*

Wt. avg. T, (°C) 146 107 94 142

(L), (A)? 143 101 94 135

(L), (AP 151 114 106 151

(L), KLY, © 1.05 1.13 1.13 1.12

L. (A) cfu' 112 59 53 96
DSC? 108 59 50 97
WAXD? 103 61 48 85
Quadratic equation® 119 55 - 101
AVG® 112 58 50 95

L, (A) cfu' 28 40 37 32
DSC? 36 42 44 39
WAXD? 40 40 46 50
Quadratic equation* 25 46 - 34
AVG® 30 42 42 37

¢ (%) cfu' 80 59 61 75
DSC? 75 59 53 71
WAXD? 72 60 51 63
Quadratic equation® 83 54 - 75
AVG® 79 58 54 72

*

Calculated assuming ¢ > 50%.
Quadratic expression could not be calculated since the discriminant is negative; calculated assuming ¢ < 50%.

S

From the Lorentz-corrected SAXS pattern.

Determined using the volume crystallinity calculated from DSC.
Determined using the volume crystallinity calculated from WAXD.
Determined using the crystallinity obtained via the quadratic equation.
Overall average of all relevant calculations.

[ S N ]

From the center of gravity of the first side maximum in the correlation function.

Value indicative for the width of the distribution of periodicities in the stacks.
Determined using the crystallinity, ¢, from the minimum in the correlation function.
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Fig. 12. Evolution of the volume degree of crystallinity in the lamellar
stacks, ¢, and the lamellar parameters calculated from the correlation
functions as a function of the weighted average crystallization temperature
of the POM phase. Volume degree of crystallinity ¢ (O), long period (L),
(M), amorphous layer thickness L, (A), and crystalline lamellae thickness
L. (@).

60, with a weight average T, of 142 °C. The nature of the
heterogeneous nucleation mechanism in finely dispersed
POM droplets remainsunclear although nucleation at the
solidified Ha7 matrix phase was suggested [25].

For POM/Ha4 blends, a decrease in the average crystal-
lization temperature due to a larger fraction of droplets
crystallizing homogeneously, results in a drop in crystalline
lamellar thickness, L., from * 112 A (POM, T, = 146 °C)
to £50 A (POM/Ha4 20/80, T, =94 °C). The average
amorphous layer thickness between the crystalline lamellae
slightly increases from 30 A (T, = 146°C) to 42 A
(T. = 94 °C). Homogeneous crystallization in small dro-
plets hence results in thinner lamellae. The slight increase of
L, may result from progressive broadening of the transition
layer between crystalline lamellae and amorphous layers
with decreasing crystallization temperature, as a conse-
quence of the formation of less perfect crystalline structures
at higher degrees of undercooling. Many studies on
polymeric systems reported a decrease in lamellar thickness
with an effectively constant amorphous layer thickness. In
the present case, this would correspond to a maximum
increase of the transition layer thickness of 12 A (Fig. 13),
which is also in agreement with the lower scattering

AN

/ POM; Tc = 146°C

- - -
Lc=11.2nm La=3.0nm

/w POM/Ha4 20/80; Tc = 94°C

- - -
Lc=5.0 nm La=4.2nm

Fig. 13. Schematical representation of the influence of blending minor
amounts of POM in a Ha4 matrix on the final semicrystalline morphology
of the POM phase. A significant reduction in the crystalline lamellae
thickness and a serious broadening of the transition layer between
crystalline and amorphous layers is suggested.

intensity of the predominantly homogeneously crystallized
samples mentioned above. The drop in volume degree of
crystallinity (@) in the lamellar stacks from about 80% in
the POM homopolymer to about 50% in a POM/Ha4 20/80
blend also indicates the formation of less perfect lamellae.
The ratio (L),,/{L), which is a measure for the polydispersity
of the periodicity in the lamellar stacks, also increases in the
blends.

The influence of fractionated crystallization on the
semicrystalline structure in POM/Ha7 blends, can only be
interpreted in the region of phase inversion. Surprisingly,
the Lorentz-corrected long period, {L),,, does not change,
although some subinclusions crystallize homogeneously.
The long period calculated from the correlation function
which is more sensitive gives (L), = 135 A compared to
(L), = 143 A in the POM homopolymer, in agreement with
the decrease of the weight average crystallization tempera-
ture. The broad distribution of periodicities in the stacks is
also a consequence of averaging the higher long periods in
the heterogeneously crystallized co-continuous POM phase
and the smaller ones formed in the homogeneously crystal-
lized POM subinclusions. The average crystalline layer
thickness drops from 112 A (POM homopolymer,
T, = 146 °C) to 95 A (T, = 142 °C), while the amorphous
layer thickness increases from 30 A (POM) to 37 A.
Accordingly, the volume degree of crystallinity drops
from about 80% in the POM homopolymer to about 72%
in the POM/Ha7 40/60 blend.

3.4. Real-time SAXS—WAXD-DSC

Evaluation of the overall degree of crystallinity and the
semicrystalline structure (i.e. long spacing, lamellar thick-
ness, crystallinity in the lamellar stacks, etc.) in POM/-
(PS/PPE) blends at room temperature clearly demonstrated
that these parameters are highly correlated with the weight
average crystallization temperature calculated from DSC
traces. Note that these parameters are an average over a
range of semicrystalline structures formed in different POM
volumes each having their own crystallization temperature
and spherulite growth rate, where the size of the dispersed
volume also plays a role. Moreover, each crystalline
structure is subject to thermal shrinkage during further
cooling.

The present study aims at establishing the type of
semicrystalline structure formed at each of the four
fractionated crystallization steps, to allow its identification
from DSC traces. This requires real-time monitoring of the
different parameters above.

Real-time SAXS—-WAXD measurements were per-
formed on the POM homopolymer, POM/Ha4 40/60,
20/80 and 10/90 blends, and POM/Ha7 40/60 and 10/90
blends. The evolution of {L),, and of the invariant, Q, were
calculated from the Lorentz-corrected SAXS patterns as a
function of temperature and a relative crystallinity index
was calculated from the area under the (100) reflection.
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Fig. 14. Overview of the real-time DSC signal (full line), SAXS invariant Q (O), Lorentz-corrected long period (L),, ((J), and the WAXD (100) integrated peak
area (+) during dynamic crystallization of the POM homopolymer and POM/(PS/PPE) blend systems.

Overview plots of the combined results of DSC, SAXS and
WAXD during dynamic crystallization from the melt are
shown in Fig. 14.

The results of the three techniques are strongly

Table 4

Comparison of the relative fractions of POM crystallizing at each
crystallization temperature, determined from DSC thermograms and the
SAXS invariant

T,=145°C T,=127°C T.=114°C T,=94°C
POM 100%/100° —/- —/- —/-
POM/Ha4 40/60  —/— 15/23 31/32 55/44
POM/Ha4 20/80  —/— —/= 6/7 94/93
POM/Ha4 10/90  —/— —/- — /4 100/96
POM/Ha7 40/60  90/83 —/- —/- 10/17
POM/Ha7 10/90  —/— —/- —/- 100/100

? Relative percentage of the total amount crystallizing POM as
determined from DSC thermograms.
® Relative percentage of the total amount crystallizing POM as
determined from the relative height of the step in the SAXS invariant.

correlated. The evolution of the SAXS invariant parallels
that of the different DSC-exotherms. The relative height of
the stepwise increase of the SAXS invariant at each
crystallization step also corresponds fairly well with the
relative percentage of crystallinity determined by inte-
gration of the DSC thermograms (Table 4). Furthermore, the
combination of SAXS, WAXD and DSC allows to
distinguish more clearly between a small glass transition
or a small crystallization exotherm in the DSC trace.

The integrated intensity of the (100) reflection is more
scattered but correlates well with the DSC and SAXS
results. As demonstrated for POM/Ha4 20/80 blends,
WAXD is less sensitive to small amounts of crystalline
material than DSC or SAXS. The signal corresponding to
the broad DSC-exotherm around 100-120°C is also
detected in the SAXS invariant and there is a maximum in
Lorentz-corrected SAXS curves although the WAXD peak
area does not change.

The POM homopolymer displays a main bulk nucleated
crystallization exotherm at 146 °C, followed by a continu-
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ous increase in the degree of crystallinity, integrated
WAXD peak area and SAXS invariant during further
cooling to room temperature. There is a broad exotherm
with a maximum around 87 °C in the DSC trace which should
not be confused with the homogeneous crystallization
exotherm around 91 °C observed during fractionated
crystallization of POM droplets. The POM homopolymer
used here is a commercial polymer stabilized against
thermal degradation (‘unzipping’) by copolymerisation
with less than 5 wt% ethylene oxide units. Chain
segments containing such defects are most probably not
readily incorporated in the crystal lattice during primary
crystallization and are left to gradually crystallize upon
further cooling (secondary crystallization). The linear
correlation function analysis of POM during dynamic
crystallization from the melt (Fig. 15a) indeed reveals a
broad region (100-70°C) with midpoint around 87 °C
where (L), slightly decreases, but the average thickness of
the crystalline lamellae increases and that of the amorphous
layer decreases (Fig. 15b). Furthermore, this exotherm is
associated with an increase in the volume degree of
crystallinity in the lamellar stacks, ¢, from about 0.7 to
0.8 (Fig. 15c¢).

The crystallization observed at these low temperatures
apparently corresponds to lamellar thickening. Such a broad
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low temperature exotherm was only observed in fully bulk
crystallizing POM samples. In the blend series, the POM
phase is generally partly dispersed in fine droplets that
crystallize mainly homogeneously giving rise to an
exotherm around 91 °C, which may mask the weak signal
at 87 °C. The fact that the integrated WAXD intensity
curves (Ilwaxp) of all samples remain constant after the last
crystallization step, except for the POM homopolymer, also
indicates that there is no secondary crystallization in blends
where the POM phase is the minor component.

The POM/Ha4 and POM/Ha7 blends typically crystallize
by multiple fractionated crystallization. The long period,
(L), decreases continuously rather than in steps after each
additional crystallization step at higher degrees of under-
cooling, confirming that the semicrystalline structure in
each droplet crystallizing at lower temperatures indeed
consists of thinner lamellae. The resulting average over all
long spacings thus gradually decreases after each crystal-
lization step.

29 2
Leda (D
Fig. 16 gives an overview of the evolution as a function of

temperature of the long periods, (L), and (L),, in POM/(PS/
PPE) blends during dynamic crystallization from the melt.
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POM droplets crystallizing at the same degree of under-
cooling have identical long periods as illustrated by the
values of (L),, for POM/Ha4 40/60 and 20/80 blends above
100 °C. Once an additional fraction of droplets starts to
crystallize at a higher degree of undercooling (i.e. at T, pom),
(L), changes and its final value depends on the amount of
additionally crystallized POM. Another effect is observed in

the evolution of (L), in POM and POM/Ha7 40/60 blends.
Because the co-continuous POM phase in POM/Ha7 blends
crystallizes at T_,,x, both systems have an identical
lamellar morphology as long as there is no additional
crystallization. Once the POM subinclusions in POM/ha7
40/60 start to crystallize at the homogeneous nucleation
temperature (91 °C), the newly formed thinner lamellae in
the subinclusions lower the average long period (L),
compared to the POM homopolymer. The final value of
(L), at room temperature indeed differs from that of the
POM homopolymer. Note that this is not detected in the
evolution of (L),,, which is insensitive to this small fraction
(in weight) of additional thin lamellae. In contrast, (L), is
proportional to the total surface area of the lamellae, O, (Eq.
(2)) and formation of numerous small lamellae at higher
degrees of undercooling increases the total lamellar surface
area leading to a significant decrease in (L),.

Because each crystallization temperature seems to be
associated with one semicrystalline structure defined by its
long spacing and lamellar thickness, calculations were
performed to estimate the long spacing expected at
temperatures between Ty, and T pon,. Table 5 gives an
overview of both (L), and (L),, after each of the four
crystallization steps.

The actual long period in the droplets immediately after
completion of crystallization at 7, can be estimated from the
known weight percentage POM crystallizing at each step,
and the average long period at the end of each crystallization
step, as illustrated Fig. 17.

The initial crystal structure may still change upon further
cooling due to additional interlamellar crystallization
(especially at T y,) and shift the curve correlating 7., and
(L) to somewhat lower values. Crystals formed at higher
temperatures are more liable to such sporadic crystallization
than homogeneously formed ones, as indicated by the
evolution of (L),, as a function of temperature in Fig. 14.
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Fig. 17. Influence of the crystallization temperature on the Lorentz-
corrected long period (L),, (M) and the long period determined from the
one-dimensional correlation function (L), (/) immediately after the
crystallization event, and on the finally obtained Lorentz-corrected long
period after cooling to room temperature (LJ).
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Table 5
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Overview of the semicrystalline structure (long spacing in A) in POM/(PS/PPE) blends after each fractionated crystallization step

Sample Crystallization behavior  After Ty (130°C)  After T, 157 oc (116 °C)  After T, j4c (100°C)  After T pom (80°C) At Typon (40 °C)

POM T, = 146 °C; 100% 175%165° 164/157 159/152 153/146 150/143
T, =128 °C; 14% —/= 137/124

POM/Had4 T, =114°C;31% 128/114

40/60 T, =96 °C; 55% 117/104 113/101

POM/Had4 T, =114°C; 7% —/= (135)/ — 120/°

20/80 T, =94°C;93% 107/93 106/92

POM/Had4 T, =94 °C; 100% 104/ 104/°

10/90

POM/Ha7 T, = 145°C; 90% 175/166 166/157 160/152

40/60 T, =93°C; 10% 153/142 151/135

POM/Ha7 T, =91 °C; 100% —/= —/= —/= 107F° 106/°

10/90

* Long period, (L), determined from Lorentz-corrected SAXS patterns (in A).

® Long period, (L),, determined from the SAXS linear correlation function (in A).

¢ Correlation function could not be calculated.

The high temperature side of the curve will thus be lowered
somewhat more than the low temperature side. It is clear
from Fig. 17 that the long period and hence also the lamellar
thickness, are directly related to the temperature at which
the POM phase crystallized.

In Table 6, the long period of all blends is predicted on
the basis of the (L), —T relationship, and the POM fractions
crystallizing at each of the four crystallization temperatures,
measured by DSC. The values are close to the experimental
ones for the POM/Ha4 blends and POM/Ha7 blends
crystallizing at a weight average T close to T ,x. The
DSC crystallization temperature thus allows to accurately
predict the long period formed in the material at each
crystallization step. Conversely, the long spacing gives
information about the thermal history of the sample.
However, note that knowledge of the long period does not
give any information about the lateral dimensions of the
crystalline lamellae. As demonstrated previously, the degree

Table 6

of crystallinity is not only related to the lamellar thickness
but also to the lateral dimensions of the crystallites, which
are determined by the droplet size.

4. Conclusions

The semicrystalline structure and degree of crystallinity
in fractionated crystallizing POM/(PS/PPE) blends where
POM is the minor component have been investigated by
combining DSC, SAXS and WAXS, resulting in very
consistent results.

DSC revealed a significant decrease in the degree of
crystallinity with decreasing contents of POM from about
54% in fully bulk crystallizing POM blends to about 40% in
fully homogeneously crystallizing blends.

WAXD indicated that fractionated crystallizing droplets
only contain the trigonal form of POM. The degree of

Prediction of the long period (L),, at room temperature, from the (L),,—T relationship and DSC data

Material % at (L), (25 °C) predicted (L), (25 °C) experimental
Tc,hom Tc,l 14 °CcC Tc,127 °C chulk
POM 0 0 0 100 153 151
POM/Ha4
40/60 55 31 14 0 111 114
30/70 88 12 0 0 106 106
20/80 93 7 0 0 106 -
10/90 100 0 0 0 105 104
POM/Ha7
40/60 10 0 0 90 148 151
30/70 32 0 0 68 138 144
20/80 67 8 0 25 118 105
10/90 100 0 0 0 105 106
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crystallinity calculated from WAXD (X, waxp) drops as
soon as the POM phase is fully dispersed. In finely dispersed
blends containing only low concentrations of POM, X, waxp
further decreased with decreasing contents of POM,
whereas X pgc remained constant at about 40%. This was
attributed to the small and highly imperfect crystalline
structures formed during homogeneous crystallization in
small droplets, which are not detectable by WAXD.

Analysis of the full width at half-maximum of the
WAXD reflections gave a linear correlation between L,
corresponding to the lateral dimensions of the crystallites,
and the particle diameter and degree of crystallinity. L,,
which is a measure of lamellar thickness, is non-linearly
correlated with the degree of crystallinity, indicating that the
decrease in X waxp cannot be solely attributed to the
formation of thinner lamellae at higher degrees of
undercooling.

SAXS analysis of the POM/(PS/PPE) blends revealed no
direct correlation between the long period and the degree of
crystallinity. There is, however, a linear relationship
between the decrease in (L), from 151 A in fully bulk
crystallized POM blends to 105 Ain fully homogeneously
crystallizing blends, and that of the crystallization tempera-
ture. Fractionated crystallization at higher degrees of
undercooling results in thinner and less perfect crystalline
lamellae. The crystallization temperature determines the
thickness and degree of perfection of the crystalline
lamellae. The lateral dimensions of crystallites formed in
small droplets are mainly governed by the size of the
droplets and the WAXD degree of crystallinity is directly
related to the particle diameter.
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