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INTRODUCTION

In order to obtain a polymer material with special
properties, i.e. thermoplasticelasticity,high temperature
stability, etc., it is advantageous to blend polymers in
order to combine the features of the different com-
ponents. If two polymers have very different physical
properties, they are usually also immiscible, meaning
that they willphase-separate if we keep them in the two
phase region of their phase diagram. This is the case
for a large number of industrially interesting polymer
mixtures.

A phase separation, however,even if it is very slow,is
practically not wanted, as it will lead to macrophase
separation and therefore to a change of the original
thermal and mechanicalproperties of the material. Block
or graft copolymerscan act as compatibilizers1}2similar
to surfactants in oil and water systems,by lowering the
interracial tension between two immiscible polymers.
Introducing covalent bonding between the two polymers

g of the phase-separatedat the interface
structure of a polymer blend in the interactive blending
process can be frozen. At the same time the chemical
connection of the two phases is usually increasing the
mechanical strength of the materia15.

In this paper we first describeresults on the attempt to
compatibilize a novel high-temperature-resistant poly-
mer alloy of a polysulfone(PSU) and a polyamide (PA)

c oa

by functionalization of the PSU and grafting the PA
onto this modified PSU. We will discuss the influence
of the compatibilization on the phase separation of
thin films cast on a glass substrate and of bulk
samples by using various microscopicmethods such as
transmission optical (TOM), laser scanning confocal
(LSCM), scanning electron (SEM) and transmission
electron microscopy(TEM).

In bulk samples the Flory–Huggins segmental inter-
action parameter of the component polymers is mainly
responsiblefor the phase-separatingdomain structure at
a giventime and temperature for a givenset of molecular
weights and compositions. If very thin films of the
mixtures are attached to a substrate, the interaction
between the substrate and the polymers also becomes
very important and will strongly affect the structure
formation in the film.This phenomenon iswellknown as
wetting. The physiochemical parameters controlling
the thermodynamic nettability were first described in
detail by Zisman and Fowkes6.A review was given by
de Gennes7.

One of the parameters describingthe nettability is the
contact angle @e,which is formed at the edge of the
liquid/substrate interface and depends on the surface
energy of the two components against the substrate,
which again is correlated to their chemicalconstitution.
In principle one can say, the closer the chemical
constitution of a liquid and substrate is, the better the
nettability and the smallerthe contact anglewillbe in the
thermodynamical equilibrium.

Here wedo not want to discussquantitative features in
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their specimencodes

Psu Psu
modified modified

PA 3.7wt?L0 4.6wt%
Specimen amorphous Psu COOH COOH Phenoxy
code (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)

SUA 33.4 66.6 — —
SUA37 33.4 53.3 13.3 —
SUA46 33.4 53.3 — 13.3
SUAph 33.4 53.3 . 13.3

could not be made visibleneither by stainingwith RU04
nor with phosphoric tungsten acid (PTA).

RESULTS AND DISCUSSION
Wettingphenomenonof as-castsamples

PurePSU/PA blend. The morphology of the thin as-
cast film of SUA developedduring the phase separation
process at 290°C as observed by TOM is shown in
Figure 1. Figure recorded immediately after the
sample reached 290”C: droplet-like phase corresponds
to the PA and the matrix to the PSU as evaluated from
their volumefractions. During annealingthesestructures
show a coarsening process. At first the droplets are
growing until about 2min have passed (Figures Ib,c)
and the PSU matrix remains to be a continuous phase.
After 4min (FigureId), however, the matrix begins to
break up to form a new dispersed phase after IOmin

(FiguresIe,f ). The dimensions of these structures are
several times larger than those obtained at the initial
state. We will,call this phenomenon ‘phaseinversion’.

In Figure 2 we probed the structures formed after
annealingfor IOminat 290”C(seeFigurelf for TOM) by
SEM (Figures2a and 2b).The microscopywas performed
after quenchingfrom 290”Cto room temperaturewhichis
far below the T~ of all of the components. For the
detection of the SEM images (Figure2a), an annular
backscatter detector was used. This detector is sensitive
to high energy elastically scattered electrons, the
intensity of which strongly depends on the atomic
number. Therefore a backscattered electron image has
a compositionalcontrast. In our samples,the PSU-phase
isexpectedto be bright compared to the PA-phase, as the
PSU contains sulfur with the heaviest atom of the two
components.As a matter of fact, however,the contrast is
just the opposite.We interpret this puzzle as follows:we
assumethat the PA-phase is thinner than the PSU-phase
and that the major amount of the detected backscattered
electronsare releasedby the glasssubstrate. Hence more
backscattered electrons are detected from the PA phase
than from the PSU phase because the backscattered
electrons from the substrate are absorbed less through
the former phase than the latter one. Our assumption is
verified by the EDX spectra as given in Figure 3. The
dotted line corresponding to a scan of the dark area
showsa strong sulfurpeak, which identifiesthis phase as
the PSU, and the solidlinerepresentsthe spectrumof the
bright area, which is then the PA. The very strong silica
peak as well as the signals of sodium, calcium and
magnesiumare caused by the glasssubstrate. In the case
of the PSU the polymer layer is much thicker, therefore
the silicapeak is much weaker.

As we can see in Figure2a, the SEM image gives a
3-dimensional impression showing that the dark
phase sticks out. More detailed information about the
3-dimensionalstructure of the surface was obtained by
analysingthe fractured surface of the sampleas depicted
in Figure2. The schemegivenin Figure2Cillustrates the
orientation of the specimenin Figure2b.We can estimate
the thickness of the polymer layer by simplymeasuring
the dimensions on the SEM image. The height of the
out-sticking phase corresponding to the PSU can be
estimated to about 5pm, while the lower PA-phase is
only around 2~m,

By detecting the strong reflection of the polymer/air
interface with the LSCM we can obtain useful informa-
tion about the shape and dimensions (topology) of the
surface of the polymer layer. In order to obtain such a
3-dimensionaltopographic image, a series of 20 LSCM
sliceswith a step width from one slice to the other of
0.5~m was recorded and stack along the z-axis. The
corresponding scanning geometry is given in Figure 4.
The result is a topological image as seen in Figure5a.
By plotting the points showing maximum within a
3-dimensional Cartesian coordinate system we obtain
Figure5b. One of they, z-crosssection is givenin Figure
5Cand therefrom we can estimate the heightdifferenceof
the out-stickingphase to the lower one with about 3pm,
which is in agreement with the data we obtained using
SEM.

Since the thickness of the film specimenis only a few
micrometres, the wetting behaviour of the different
polymers on glass should have a tremendous influence
on the morphology which is obtained during the
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F 1 Series of TOM micrographs obtained on the same field showingthe time evolution of the phase separated domain structures of SUA
annealed at 290°C.(a) As cast sampleand the samplesannealed for (b) 45s, (c) 2min, (d) 4min, (e) 5min and (f) 10min

annealing procedure. Wetting phenomena originate
from the polarity of molecules.In order to get informa-
tion about the attraction of the two polymers to a polar
substrate like glass, we measured the contact angles of
the respectivepolymers against water at room tempera-
ture. For PSU and PA we found 78°and 57°respectively.
From the much larger contact angle observed for the
PSU, we can conclude that the contact surface of the
PSU is much smaller than that of the PA. As the glass
surfaceis verypolar likewater, wemay concludethat the
PSU will be less wettable to the glass than the PA. It is

therefore reasonable that the PSU forms the out-sticking
phase, if we assumethat the interface of the PSU domain
to the glass substrate covers the same area that is visible
at their air-surface (Figure 5d). As evident from the
microscopicinvestigationsthis structure formation is the
most reasonable one, although some different kinds of
structure formation should be possible.For exampleone
of them is given in Figure5e.

The PA is more wettable to glassthan the PSU, as the
PA and the glass contain groups with strong polarity
(NH, CO, SiO, etc.) and is able to build hydrogen
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bonding. The polarity of the SO-group of the PSU,
however, is weaker, as it is localized between the two
aromatic phenyl units. Therefore the PSU-phase turned
into a droplike shape and the PA-phase spread on the
glass surface.

Blendswith compatibilizer. Figures6, 7 and 8 show a
seriesof TOM and SEM micrographsof SUA37, SUA46
and SUAph, respectively. The TOM micrographs in

Figures6a, 7a and 8a
the onset of the 300”C;TOM micrographs
shown in Figures6b, 7b and 8b and SEM micrographs
shown in Figures 6c, 7C and 8C were obtained after
annealing of each specimenat 300”Cfor 30min. In the
case of the modifiedPSU the interaction with the PA is
not very different compared to the blend with the pure
PSU. Therefore the as cast samples with the modified
PSU show a morphology and domain size similar to
that of the PSU (compare Figuresla, 6a, 7a).According
to the TOM micrographsof SUA37 (Figures6a,b),
changes of the originallyobtained structure are observ-
able during the annealing time as for the pure blend
SUA (see Figure 1). In other words, a tendency for a
phase inversionisvisiblein Figure6c, although the phase
inversion was not yet completed. Compared to the
growth of the domain sizeof the pure blend (SUA), how-
ever, the growth of the domain size of SUA37 is sup-
pressed. The blend SUA46 (Figures 7a, b), containing
the highest amount of COOH-groups, shows no change
of the morphology during the annealing and hence no
phase inversion.The SEM micrographs (Figures6Cand
7c) show the same features like the pure blend SUA
(Figure2a), i.e. the

o

the chemicalmodificationof the PSU.
The slowingdown or freezingof the phase separation

in the caseof SUA37and SUA46isprobably causedby a
grafting reaction of the COOH-groups of the modified
PSU with the amide groups of the PA as illustrated in
Scheme 4. Due to the high annealing temperature a
covalentbond can be formed betweenthe PSU and PA at
their interfacebuildinga grafted copolymer,which slows
down or interrupts the phase separation processdue to a
reduction of the interracial tension betweenthe PSU and
the PA-spheres. It is reasonable that the morphology of
SUA37 changes to some extent in comparison to the
SUA46 due to the lower content of COOH-groups.

Interestingly the sample SUAph containing phenoxy
as compatibilizer, which is originally obtained by a
reaction of bisphenol-A and epichlorhydrin, shows a
much finer morphology even after the annealing pro-
cedure. The chemical structure of this compatibalizer
shows two principal features in correlation to the PSU
and the PA. While the bisphenol-A-part is chemically
equal to one unit of the PSU (compare Schemes1and 3),
the hydroxyl-groupsof the aliphaticpart are able to form
hydrogen bonds to the amide groups of the PA. The
phenoxy can therefore act similar to a surfactant and
decrease the interracial free energy, leading to an even
smaller domain size than the samples containing the
modified PSU after the casting procedure. Even after
annealing at high temperatures the morphology of the
SUAph is maintained, which strengthens the idea of the
location of the phenoxy at the interface, although we
have no direct proof at this moment.

Bulk samples
Figures9a–d are the TEM micrographs of the original

samples obtained by extruding SUA, SUA37, SUA46
and SUAph, respectively.In each image the bright phase
correspondsto the PA-rich phase, whilethe dark phase is
the PSU-rich phase as concluded from their volume
fractions. Also the ternary blend SUAph (Figure 6d)
showsonly two phasesin the electronmicroscopicimage.

\
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F 3 EDX-spectraof the dark area of the PSUphase(dotted line)and brightarea of the PAphase(solidline)seenon the SEMimageofFigure2a

Attempts to obtain a contrast by staining with RuOd or
PTA, however, failed.

In case of the bulk samplesSUA, SUA37 and SUA46,
the PA domains are much smaller than those of the
solution cast film (Figures la, 2a, 6a, 7a and 8a). A
comparison of the morphologies obtained by solution-
casting or melt-extrusion process is difficult as the
parameters which control the structure formation are
very different in both cases.

In the case of the bulk sample, the temperature, the
mixing time and the extrusion speed mainly control the
morphology. Therefore the samples SUA, SUA37 and
SUA46 show a quite similar morphology. The domain
sizeof the samplescontainingmodifiedPSU (Figures9b,c)
is smaller compared to SUA (Figure9a). As the modi-
fied PSU is expected to be randomly distributed in the
PSU at molecular leveland therefore some fractions of
them to be naturally located at the interface, it has some
influenceon the compatibility of the PSU and PA: the
COOH-groupsof the modifiedPSU and the aminogroups
of the PA can react with each other at the interfaceof the
two coexisting domains to form the graft copolymer
acting as a compatibilizingagent for the PSU and PA.

The sample SUAph shows a completely different
behaviour. During the melt-mixing and extrusion
process the phase morphology was developed at a
much larger length scale than the SUA, SUA37 and
SUA46. The phenoxy will not cover the whole interface
of the PSU and PA, as the viscosityof this component
polymers is very high even at high temperatures and
therefore the diffusion is very slow. Therefore the
phenoxy has only a little chance to form a perfect layer
around the PA-droplets. For this reason the phenoxy
cannot act as the strong compatibilizeras in the case of
the solution cast samples (Figure where the
phenoxy has a better chance to find its place at the
interface during the casting process. It is crucial to find
the phase where the phenoxyexistsin the melt-processed
specimens,the investigationof which is, however,left for
future work.
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F 4 Sketch of the scanning geometry used to obtain the
3-dimensionalinformationabout the surfaceand inner structure of the
imagesgivenin F and 11

The structural evolution for the binary blend of PSU
and PA (SUA) was observed by using LSCM. The
outline of the scanning geometry of the LSCM, which
leadsto the imagesshownin Figures10and 11,wasgiven
in Figure4. Compared to Figure5, where we used the
strong reflection at the air surface of the sample to
reconstruct its surface topology, we now use the
reflection of the interface of the two phases (due to a
differenceof the refractive indicesof the two phases) to
obtain information about the bulk morphology inside
the sample.

The LSCM image of the as-extruded SUA is given
in Figure 10. According to the TEM image given in
Figure9a the PA forms clusters of droplets in the PSU-
matrix with a diameter between a few hundred nano-
metres up to about 5pm. As the LSCM contrast is
mainly caused by the interface and especially by the
interface which is perpendicularly oriented to the inci-
dent beam, the white spots in FigureZOacorrespond to
the top or bottom interface of PA droplets. The
appearance of a singlecluster depends very much on its
sizecompared to the focaldepth AF of the optical set-up

3
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Figure 5 LSCM images of SUA annealed for IOmin at 290”C
(corresponding to TOM micrograph of F I topographic
image obtained by LSCM in reflection mode and (b) 3-dimensional
reconstruction of the surface with a cross section (c) (height profile)
obtained alongthe linemarked in parts a and b. The out-stickingphase
corresponds to the PSU. (d, e) Sketchof two morphologiesin the thin
film samples,whichfit to the microscopicobservations

and its location relative to the single slices. As we
d dOse to ‘hedescribed in detail elsewhere ,

focal depth show the strongest contrast and an artificial
elongation in the z-direction parallel to the incident
beam. We observe those elongated spheres in the x, z
(Figure 10b) and y, z-plane (Figure 10c) (marked by an
arrow) which is caused by the scanning procedure. A
very detailed explanation of this phenomenon, however,
is given in the above-mentioned paper and shall not be
discussedfurther here.

The morphology of this blend sample which was
sandwiched between two glass slides and annealed at
250”Cfor 1his givenin Figure22.The dark droplet-like
phase corresponds to the PA and the bright matrix to the
PSU as concluded from their volume fractions. In the
projections along the x, z- (Figure Zlb) and y, z-plane
(FigureIlc) we again observethe strongest reflectionsat
the interface, which is oriented perpendicular to the

M

(

( 5

Figure6 b) TOM and (c) SEM micrographsof the as cast sample
SUA37(a) and annealed at 300”Cfor 30min (b, c)

incident beam as marked by the bright arrows. The
dimensionsof the dropletswith a diameter around 20pm
are observed several times larger than those in the as-
extruded samples. Thus the SUA shows a quite rapid
phase separation and domain growth.

CONCLUSIONS

The highlyimmiscibleblend of PSU and PA showsrapid
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F LSCMimageof the bulk as extruded SUA samplein oxy-
plane (a) and those in the x, z- (b)andy, z- (c)plane reconstructedfrom
30 slices with 1pm distance (magn. 63x, N.A. 1.4, focal depth
AF = 800nm).The whitelinesshowthe area where the imagesare cut
as illustrated in the sketchin F 4

8pm

x

t

F LSCM image of the bulk SUA sample annealed at 250°C
for 1h in the x,y-plane (a) and those in the x, z- (b) and y, z- (c) plane
reconstructedfrom 30sliceswith 1~m distance (magn. 63x, N.A. 1.4,
focal depth AF = 3km). The white lines show the area where the
imagesare cut as illustrated in the sketch in F 4

phase separation in thin films cast from solution and
bulk samplesobtained from mixing in melt.

The morphology of thin filmscast on glass slidesof a
pure blend of PSU and PA showstrong phase separation
although the structure formation is strongly influenced
by the interaction with the glass and air interface, i.e.
wetting. The morphology of the thin film can be

F 9 TEM micrographsobtained from samplesprepared by melt
blending and extrusion at 250°Cand slowlycooling down to room
temperature: (a) SUA, (b) SUA37, (c) SUA46 and (d) SUAph.
Ultramicrotome sampleswithout staining
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determined as risingsof PSU in a PA matrix by means of
LSCM and SEM. Adding a small amount of a reactive
component, a modified PSU, to the blend, the phase
separation process can be suppressed completely.
Although the influenceof the interaction with the glass
interfacein this caseisnot clearat the moment,weassume
that the formation of a graft copolymerat the interfaceis
responsiblefor the interruption of the domain growth.

A bulk sample of PSU and PA undergoes phase
separation as wellwhileannealing.The phase separation
process can be visualized by LSCM and TEM. The
visualization of the morphology of a bulk sample
containing modified PSU to control the morphology,
i.e. domain size, is currently in progress and will be the
topic of future publications.
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