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Abstract

Blends of poly(butylene succinate) (PBS) and poly(ethylene oxide) (PEO) were cast into films, melted, and crystallized. A number of PBS/
PEO blend compositions, ranging from 85/15 to 20/80 were used. The PBS, with a higher melting point, always crystallizes first, providing
a scaffold on which the PEO would crystallize. AFM phase and height images were made at room temperature and at higher temperatures,
as the PEO melted, allowing one to determine the morphology and location of the PEO. It was found that at low PEO concentrations (below
15 w/o) the PEO resides preferentially between PBS lamellae. This interlamellar PEO does not crystallize, except under extreme undercooling.
At higher concentrations, larger amorphous domains exist within the PBS crystalline scaffold and PEO can crystallize in these domains. Two
unexpected phenomena are observed: (1) the reversible exuding of PEO from interlamellar spaces to the surface for crystallization and (2) an
unusual orientation of PEO lamellae within amorphous domains in the PBS scaffold.
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1. Introduction

Tailoring high-value polymers to produce optimal properties
for specific applications has become increasingly important in
polymer science and engineering. In the last decade, attention
has focused significantly on polymer blends, engineering the
composition and processing conditions to achieve a large inven-
tory of morphologies and associating these with end uses.

Even more recently, the situation in which one (or more) of
the constituents of the blend is crystallizable has been investi-
gated. For such systems, an even wider range of morphologies
has been opened. In these cases, the crystallization is often
confined to, or initiated in, relatively small spaces. In fact,
for such systems, it is the occurrence of liquid—solid phase
separation that offers an effective route to produce a wide va-
riety of morphological patterns [1]. An example would be an
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A/B blend system which is miscible in the melt and in which
the melting point of component A is higher than that of com-
ponent B. When A crystallizes at a temperature higher than the
melting point of B, B acts as temporary amorphous diluent.
The morphological pattern of this blend system is determined
by the distance over which the component B diluent is ex-
pelled, where three basic types of separation may be gener-
ated: interlamellar segregation, interfibrillar segregation, or
interspherulitic segregation. These morphological patterns
represent the diluent dispersion from the nanometer scale for
interlamellar segregation to the micrometer scale for inter-
spherulitic segregation [2]. When the temperature is below
the melting point of component B, B can then crystallize in
any of the following modes: as another set of spherulites, in
the spaces between first-formed spherulites, between growth
arms in the first-formed spherulites, or between crystallites
of the first-formed spherulites. A final possibility is cocrystal-
lization of the two species, if the components are sufficiently
similar.
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Fig. 1. Morphology of neat PBS using AFM phase contrast. In (a) the sample was heat-treated at 130 °C for 5 min and then isothermally crystallized at 100 °C.
In (b) the sample crystallized during cooling to 0 °C at 30 °C/min. The scanning temperature on the AFM hot stage was 25 °C.

Many crystalline/crystalline blends such as polycarbonate
(PC)/polycaprolactone (PCL) [3—6], poly(vinylidene fluoride)
(PVDF)/poly(butylene adipate) (PBA) [7—11], poly(3-hydroxy-
butyrate) (PHB)/poly(ethylene oxide) (PEO) [12—14],
poly(ethylene succinate) (PES)/PEO [2], PBT/polyarylates
(PAr) [15], poly(vinylidene fluoride) (PVDF)/poly(3-hydroxy-
butyrate) (PHB) [16—18], and poly(butylene succinate) (PBS)/
PEO [19,20] have been reported. PC/PCL, PVDF/PBA, PES/
PEO, and PBS/PEO are systems whose morphological struc-
tures have been characterized at the lamellar level. It is to
be noted that much of the evidence toward the site and mor-
phology of the crystallization in such blend systems comes
from scattering and fairly rudimentary microscopy studies.
However, there is little information from controlled scanning
probe microscopy or careful transmission electron microscopy.

The PBS/PEO blend system has been studied recently by
He et al. [19,20]. The present contribution is instructed by
He et al., and is a follow-on to that work. In that context, it
is useful to review appropriate portions of He et al. [19,20].
In this system, the PBS normally crystallizes first, and the
PEO later. In their first paper, they applied differential scan-
ning calorimetry (DSC) and wide- and small-angle X-ray scat-
tering (WAXS and SAXS) to a rather complete range of
blends, to study the structures obtained during and following
cooling at 10 °C/min from the melt (150 °C). During cooling,
DSC traces showed clearly that there is a transition in PEO
crystallization behavior above and below the PBS/PEO 70/
30 composition. Below this composition, PEO crystallizes in
the range 35—40 °C; above this composition, PEO crystallizes
in the —10 °C to +5 °C range. The 70/30 blend exhibits both
exotherms during cooling. In the dilute PEO regime (80/20
and above), comparing the crystallinity within lamellar stacks
(using SAXS) with the macroscopic degree of crystallization,
the authors find that the two quantities are identical. They
conclude from this that the PEO crystallites reside between
pre-existing PBS lamellae. From a similar comparison, they
conclude that for PBS/PEO blends increasingly richer in PEO

(increasingly lower than 80/20), more crystallization seems
to take place between growth arms. However, there is no direct
microscopic evidence for the location of the second-formed
(PEO) crystals. In their subsequent paper [20], He et al. per-
form an interesting variant of the thermal history, pausing at
a temperature 77 for 60 min before continuing to decrease
the temperature to —50 °C. This enables the PBS component
to crystallize isothermally at any temperature Tj, between
68 °C and 100 °C. It was found for all blend compositions be-
low 25/75 that crystallizing PEO at sufficiently high tempera-
tures 77 produces the low temperature PEO crystallization
phenomenon. The temperature T} necessary to produce this be-
havior increases with increasing PEO content. Using a combi-
nation of diffraction and macroscopic degree of crystallinity,
they conclude that the blend composition and the crystalliza-
tion temperature of PBS component have a large effect on
the crystallization behavior and local distribution of the PEO
component. In this case, as in all other similar blends, there
has been little or no microscopy performed to directly verify
the morphological conclusions. It is this evidence that we
hope to supply, using atomic force microscopy (AFM) of crys-
tallizing and crystallized PBS/PEO blend systems. In this arti-
cle, we will map the crystal location and morphology in PBS/
PEO blends over a range of compositions and crystallization
temperatures.

2. Experimental

PEO (M,, = 100,000 g/mol) and PBS (M, =200,000 g/
mol, M,,/M,=1.1) were both obtained from Aldrich Chemi-
cal. The melting points of PEO and PBS are measured to be
65 °C and 114 °C, respectively. Before use, PBS and PEO
were purified by precipitation, respectively, into ethanol and
n-hexane from chloroform solutions. Blends of PBS and
PEO were prepared by solution blending with chloroform as
a common solvent. Both of them were dissolved in chloroform
with desired mass proportions (total polymer concentration



3532 H. Wang et al. | Polymer 48 (2007) 3530—3539

Fig. 2. Morphology of neat PBS using AFM phase contrast: (a) crystallized isothermally at 90 °C, (b) crystallized isothermally at 65 °C. Scanned at 25 °C.

was 10 mg/mL). The films for the AFM experiments were ob-  producing films 300 &= 10 nm in thickness. Some of the films
tained by dip-coating onto a freshly-cleaved mica substrate, were first melted at 130 °C for 3 min to erase previous thermal

Fig. 3. AFM phase images of neat PEO, crystallized isothermally at the temperatures indicated. Scanned at 25 °C.
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Fig. 4. AFM phase images of the same area of an 85/15 PBS/PEO blend which had been cooled to 0 °C at 30 °C/min. In (a) the image was scanned at 25 °C, in (b)

at 70 °C.

history, then rapidly transferred to a second hot stage set at the
desired crystallization temperature of the PBS component, and
finally quenched to 0 °C for the crystallization of PEO. Other
films were prepared by cooling directly from 130 °C to 0 °C
or —70 °C at 30 °C/min.

Tapping-mode AFM images were obtained using a Nano-
Scope III MultiMode AFM (Digital Instruments) equipped
with a high-temperature heater accessory (Digital Instru-
ments). Si cantilever tips (TESP) with a resonance frequency
of approximately 300 kHz and a spring constant of about
40Nm~ ' were used. The scan rate varied from 0.5 to
1.0 Hz. The set-point amplitude ratio (rsp) As,/Ao was adjusted
to 0.7—0.9, where Ay, is the set-point amplitude and Ay is the
amplitude of the free oscillation. The set-point ratio and am-
plitude were chosen such that the surface was tracked while
maintaining the necessary contrast in the phase images. Dur-
ing slow heating at a rate of 2 °C/min from room temperature
to 70 °C, each AFM image was obtained after the sample had
been kept 5 min at the corresponding temperature. The exper-
imental details of high-temperature AFM can also be found
elsewhere [21—24]. While in situ AFM observations during
crystallization would be very useful, this was not possible,
since the crystallization half-time was too small to include
multiple scans. Therefore the above protocol for observing
““static” specimens was employed.

3. Results

The following PBS/PEO blend compositions were exam-
ined: 85/15, 70/30, 60/40, 50/50, 40/60, 30/70 and 20/80. In
all cases, material was cooled from the melt to crystallize
both components. As described in Section 2, this was done
sometimes in two stages, first crystallizing the PBS at a tem-
perature above the melting point of PEO, and then cooling fur-
ther to crystallize the PEO. Alternatively, both components
were crystallized during continuous cooling. Following

crystallization of the PEO, the surface of the material was
examined by AFM at room temperature, and then at higher
temperatures, especially temperatures above that at which
the PEO had melted. In this way, it was possible to identify
the morphological state of the PEO and to establish the loci
of its crystals. Following a description of the morphological
characteristics of the neat components, we will examine
sequentially the results for each blend composition.

3.1. Neat PBS and PEO

In the study of PBS/PEO blends, PBS always crystallizes
first, providing the scaffold on which PEO crystallizes. Conve-
niently, the PBS films of the thickness used here can be crys-
tallized with the PBS platelets viewed either edge-on or
face-on, depending on the temperature of crystallization. Fig. 1
shows PBS films (a) crystallized isothermally at 100 °C and
(b) crystallized during cooling at 30 °C/min from 130 °C to
0°C. After crystallizing at 100 °C the lamelliform crystals
form in the plane of the film; they are seen face-on. After cool-
ing to 0 °C from the melt, the crystal lamellae have their face
normals in the plane of the film; they are seen edge-on. For
isothermal crystallization below 100 °C, morphologies inter-
mediate between these two extremes are found, as shown in
Fig. 2. PBS crystallized isothermally at 90 °C exhibits a basi-
cally face-on morphology, but the lamellae growing about
giant screw dislocations scroll away from the basic face-on
orientation, forming characteristic flowerlike shapes. Material
crystallized at 65 °C, on the other hand, exhibits a fundamen-
tally edge-on orientation, but with crystals rotating also into
a face-on orientation. We make no attempt here to explain
why the different orientations and morphologies form; we
merely use the opportunity to view at different lamellar
orientations.

The situation for neat PEO is similar to that for PBS, as
evidenced in Fig. 3. At small supercoolings, e.g., 50 °C, the
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Fig. 5. AFM phase images of the same area of an 85/15 PBS/PEO blend. In this film, the PBS was crystallized at 70 °C (180 min) and then cooled to —70 °C at
30 °C/min. Images were scanned at (a) 25 °C and (b) 45 °C. Outlines indicate areas where interlamellar crystallization and melting of PEO can be seen.

lamellar normals are perpendicular to the plane of the film, the average lamellar width is 11.8 nm. Shown also in Fig. 3 is a
while at large undercoolings (cooling to 0 °C), the lamellar nor- film crystallized at 45 °C. Like the film crystallized at 50 °C, the
mals lie preferentially in the film plane. In the example shown, crystalline lamellae are seen face-on, the main morphological

Fig. 6. AFM images ((a) phase and (b) height) of the same area of a 70/30 PBS/PEO blend. In this film, the PBS was crystallized at 95 °C (180 min) and the film
then cooled to 0 °C at 30 °C/min. (c) Height traces from the lower left to near the center. The images were obtained at 25 °C, 53 °C and 67 °C.
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difference being the breakdown of the growth front into stubby
“fingers”. The interfacial breakdown is likely in response to
a self-generated compositional or stress field [25].

3.2. PBS/PEO 85/15

This is a blend in the dilute PEO range, for which the results
of He et al. indicate that all the PEO must be interstitial be-
tween PBS lamellae, and that the PEO is not crystallized.
The present results broadly support this finding. Fig. 4 shows
a pair of AFM phase images, taken at room temperature (a) fol-
lowing continuous cooling to 0 °C and (b) the same area after
holding at 70 °C. It is seen that patches of lamellae seen edge-
on in (a) are not present in (b). From the appearance of the la-
mellae and their disappearance when PEO should melt, it is
concluded that these are PEO crystals. It is not known whether
these patches of PEO represent what occurs in the bulk or
whether this is material exuded to the surface during PBS crys-
tallization. What is known is that the PEO patches in this field
constitute no more than 10% of the total area, a finding

corroborated in two other areas. Further, examining the details
of the image, crystal by crystal, one finds no melting of crystals
within the edge-on stacks. These results show that (1) at least
some of the PEO must lie between PBS lamellae (since the
PEO at the surface is not at the bulk composition) and (2) the
PEO within the PBS lamellar stacks is not crystalline.

It must be mentioned here that for these images and all the
subsequent ones, we are examining the free surface which
formed during crystallization. The extent to which these obser-
vations represent bulk behavior is not known. The specimen
being fairly thin, it is likely that the initial morphology is
representative, but the changes observed upon heat-treatment
may be more specific to the free surface.

He et al. also noted that dilute blends subjected to a deeper
quench gave evidence that at least some of the PEO had crys-
tallized. Fig. 5 shows AFM phase images for PBS/PEO 85/15
material which was quenched to —70 °C prior to imaging at
(a) room temperature and then (b) 45°C. In (a) one sees
PEO lamellae face-on covering a portion of the edge-on
PBS lamellae. Again, one cannot tell whether these face-on

Fig. 7. AFM phase (left) and height (right) images of the same area of a 60/40 PBS/PEO blend. In this film, the PBS was crystallized at 95 °C (180 min) and then
cooled to 0 °C at 30 °C/min. Images were scanned at 25 °C (top) and 70 °C (bottom).
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Fig. 8. AFM phase image of a 70/30 PBS/PEO blend which was cooled
directly from the melt (130 °C) to 0 °C and then scanned at 25 °C.

PEO crystals represent the bulk or if they represent material
exuded to the surface. More interestingly, occasional bright
lamellae and extended “dots™ are to be seen at room tempera-
ture, but not at 45 °C. These appear to be PEO crystals lying

between PBS crystals. These PEO crystals are small and
melt at a relatively low temperature, presumably because of
capillarity. This area exhibits no further change upon increas-
ing the temperature to 70 °C.

3.3. PBS/PEO 70/30 and 60/40

Fig. 6 shows AFM results for a 70/30 blend in which the PBS
was isothermally crystallized at 95 °C prior to cooling the film
to 0 °C. Fig. 6(a) and (b) shows phase and height images of a re-
gion containing a giant screw dislocation. Such a region is cho-
sen because it is easily located when the temperature is changed
and drift occurs. The height traces shown in Fig. 6(c) were taken
from the lower left to the upper right of the boxes shown in
Fig. 6(a). Beginning with the images and height trace at
67 °C, after melting the PEO, we see sharp-edged PBS lamel-
lae. At room temperature the sharp PBS edges (seen faintly in
the images) had been extended by a border of crystallized
PEO. At 53 °C, approaching the melting point of PEO, the bor-
der is still there, but the outer rim of the border now appears to
be molten, as indicated by the blackness of this rim in the phase
image. The phase image of the PBS crystals at 67 °C also shows
a narrow black rim about the crystals, suggesting the presence
of softer material there, presumably molten PEO. The PEO bor-
ders in Fig. 6(a) represent 20% of the area. Other regions show
not more than this level of PEO coverage. The remaining PEO is

Fig. 9. AFM phase images of the area shown in Fig. 8 (60/40 PBS/PEO blend cooled directly from 130 °C to 0 °C). Images were scanned at the temperatures

indicated.
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Fig. 10. AFM phase images of a 40/60 PBS/PEO blend in which the PBS was crystallized isothermally at 65 °C (180 min) and the specimen was then quenched to

0 °C and held there for 30 min. Images were scanned at (a) 25 °C and (b) 70 °C.

therefore below the surface, again likely between PBS lamellae.
It is significant also that there is no trace of molten PEO in the
image at 67 °C, either before or after lowering the temperature
to crystallize the PEO. It would appear that the molten PEO has
migrated into the region between PBS lamellae. This migration
is likely driven either by capillarity or by mixing entropy.

PBS/PEO 60/40 films prepared by the same two-stage proce-
dure (130 °C to 95 °C to 0 °C) show the same features as do the
70/30 films. An example is shown in Fig. 7. Again a PEO border
on the PBS lamellae is seen at room temperature, but is absent
at 70 °C. In the region shown, the crystalline PEO border covers
28% of the total area, significantly less than the overall compo-
sition. As was seen in the 70/30 films, there is little trace of
molten PEO after melting has occurred, again indicating a
retraction within the lamellar stack upon melting.

When films of the 70/30 composition are cooled directly
from 130°C to 0°C, the PBS lamellae crystallize in the
edge-on orientation, as shown in Fig. 1(b). The surface of
the blend shows a predominant overlayer of face-on PEO,
with occasional patches of edge-on PEO lamellae. An example
showing both face-on and edge-on PEO lamellae is shown in
Fig. 8. Fig. 9 shows what happens as the temperature of the
film is raised from room temperature: the PEO overgrowth
gradually melts, revealing the underlying edge-on PBS lamel-
lae. It is seen that the location of the edge-on PEO lamellae
identifies with large pockets among PBS lamellar stacks.
This is common in more PEO-concentrated blends and will
be described more fully below. Since the PBS substrate is ini-
tially obscured by the PEO overgrowth, there is little more to
learn by following the melting behavior of the PEO.

3.4. PBS/PEO 60/40 to 20/80, with PBS crystallized
at 65 °C

Blends having PBS/PEO ratios in the range 60/45 to 20/80
exhibit similar features when the PBS is crystallized

isothermally at 65 °C before cooling further to 0 °C. One finds
PEO crystallization within PBS scaffolds, as illustrated in
Fig. 10 for a 40/60 blend. The highly branched native PBS
scaffold can be seen at 70 °C, after the PEO has been melted.
At room temperature, prior to melting, the PEO crystals bridge
the large pockets between adjacent PBS branches, as seen in
Fig. 10(a). Fig. 11 is an enlarged portion of Fig. 10(a). This
enlargement shows the PEO crystals to be partially overlapped
face-on lamellae. The PEO lamellae lie at a large angle to the
PBS branches and are rather parallel to each other. Fig. 12 is
another example of the same phenomena, this time for a 30/70
blend with the same thermal treatment. Here we see that even
though the PEO lamellae sometimes bend toward the space
available for crystallization, they have begun in a direction
roughly normal to the basal surfaces of the PBS lamellae.

Fig. 11. Higher resolution image of a portion of Fig. 10(a).
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height image

phase image

Fig. 12. AFM phase and height images of a PBS/PEO 30/70 blend which had been cooled directly from 130 °C to 0 °C and held at 0 °C for 30 min. Scanning was

performed at 25 °C.

Two features are of interest here: the orientation of the PEO
lamellae within the long and narrow interbranch pockets and
the face-on orientation of the lamellae. Were the profuse
PEO lamellae to have nucleated in random orientations within
the pockets, the surviving lamellae would be preferentially
oriented along the long direction of the pockets, as would
be usual for lathlike crystals confined to grow in a channel
[26]. It appears then that the orientation — approximately nor-
mal to the PBS lamellae — must be set at the nucleation event.
The face-on orientation of the PEO crystals is also counter to
what was reported above for neat PEO and PEO-poor
blends. In those cases, PEO crystallized with the lamellar
normals dominantly in the plane of the film (edge-on orienta-
tion). The unusual growth direction of the PEO lamellae
within the narrow pockets and the unexpected orientation
with respect to the film plane suggest that the PEO crystals nu-
cleate epitaxially on the PBS crystals, and that the direction
and orientation are dictated by the crystallography of the
epitaxy.

4. Discussion

The above results relate to the disposition of PEO within
the framework of already crystallized PBS. It was shown
that the uncrystallized spaces within PBS lamellar stacks can
retain PEO, up to a concentration of some 15% by weight.
This result, and others in this study, correspond well with
that of He et al. obtained largely from scattering studies
[19,20], coupled with other data (a nice confirmation that scat-
tering, combined with other results, can produce detailed mor-
phological information). Further, most of the interlamellar
PEO crystallizes only at very large undercooling (in the pres-
ent work, quenching to —70 °C), indicating that such small
spaces require very thin crystals, whose relatively large sur-
face to volume ratio lowers the stability of the crystals. Above
some 30 wt%, larger uncrystallized pockets are available in

the PBS crystalline scaffold, and the PEO component prefer-
entially crystallizes in these pockets.

The results at the PBS/PEO 70/30 composition are particu-
larly intriguing. Evidence was shown that molten PEO can
migrate to and from the PBS interlamellar space, migrating
outward to crystallize and inward after melting. The outward
migration is likely propelled by the ability to form, on the sur-
face, crystal lamellae thicker than is possible in the narrow in-
terlamellar space. It is not until larger molten spaces become
available in blends of higher PEO concentration (PBS/PEO
60/40 and lower) that PEO can crystallize massively in the
PBS scaffold. The retraction of the molten PEO into the inter-
lamellar space could be driven either by the entropy of mixing
or by favorable surface energy.

5. Conclusions

The following conclusions are drawn from the results of
this study.

1. The conclusions of He et al. [19,20], regarding the dispo-
sition of PEO crystals within the existing PBS scaffold are
borne out.

2. At low (<15 w/o) PEO concentrations, PEO resides pre-
dominantly in the interlamellar spaces in the PBS scaffold.
Much of the PEO is uncrystallized, unless driven by ex-
treme undercooling.

3. At larger PEO concentrations (>30 w/o) PEO crystallites
are found in the large noncrystalline pockets between
PBS growth arms.

4. In blends containing 30 w/o PEO, PEO is exuded from
PBS interlamellar spaces to the surface, where it crystal-
lizes at the edges of the existing PBS lamellae. It appears
that only at the surface can the PEO crystallize at stable
thicknesses. Upon melting, the molten PEO retreats to
the PBS interlamellar spaces.
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5. Preferred orientations of PEO crystals in PBS interarm
pockets indicate epitaxial control.
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