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Abstract

The techniques of scanning force microscopy have been successfully used to investigate phase-separated polymer surfaces on a nanometer
scale and been proved to be of great advantage in surface characterization studies of polymers. We observed two kinds of phase-separated
surfaces of polystyrene (PS)-polyethylene oxide (PEO) blend film and injection molded crystalline engineering polymer (acetal resin)-
elastomer blend plate. In the local mechanical property measurement of the PS-PEO samples, PEO domains were found to be softer and show
higher friction force than PS domains with the lateral resolution of less than 100 nm. The results agree qualitatively with those of the bulk. In
the local friction measurement of the acetal resin—elastomer blend plate, the surface showed stripe structures 100-300 nm wide: the lower
friction region corresponds to acetal resin and the higher one to elastomer. However, in the local elasticity measurement, the difference
between the two could not be detected presumably due to the subsurface effect.
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1. Introduction 2. Experimental

PS and PEQ were blended in benzene at 1:1 wt. ratio with
the concentration of 2 wt.%. The solution was spin-coated
onto a freshly cleaved mica substrate at 2 000 rpm, then
annealed under vacuum (0.5 Torr) at 90 °C for 24 h toremove
residual solvent. The film thickness thus obtained was 200-
300 nm. The characteristics of the individual polymers used
are summarized in Table 1. The crystalline acetal resin—elas-
tomer blend materials were injected from the melt to a dumb-
bell test piece molder of 3 mm thickness.

SFM measurements were carried out using a commercial
atomic force microscope ( SPA-300, Seiko Instruments Inc.,
Japan) in the contact mode at 1 X 10~ N in air. A V-shaped

Recently, it has become increasingly important to observe
or characterize organic materials on solid substrates with a
high spatial resolution and without any special surface treat-
ment in air. Scanning force microscopy (SFM) [1,2] enables
us to observe surface topography on a nanometer scale
together with local mechanical properties such as friction
force and stiffness [3-9], in contrast to the conventional
methods such as static time of flight-secondary ion mass
spectroscopy (TOF-SIMS) or Auger electron spectroscopy
(AES) whose resolution is limited by the beam size. We thus
employ the SFM technique to investigate polymer surfaces
and identify individual polymers by measuring their own

mechanical properties. However, the relation between the Table 1
microscopic and macroscopic mechanical properties is still The characteristics of PS and PEO
unknown. In order to solve this problem, we have studied the Ps PEG
surface properties of phase-separated polymers and compared
them with the bulk ones [6,8]. M, 19 600 100 000
In this paper we shall present the experimental results on d 1.05 1.13
a polystyrene (PS)—polyethylene oxide (PEO) polymer Ty 1o-c 67°C
blend film as a model system and on injection molded crys- T i 66°C
talline engineering polymer (acetal resin)—-elastomer blend M.,,, weight-average molecular weight; d, density; T, glass transition tem-
plate. perature; T,,, melting temperature.

0040-6090/96/$15.00 © 1996 Elsevier Science S.A. All rights reserved
SSDI0040-6090(95)06792-2



M. Motomatsu et al. / Thin Solid Films 273 (1996} 304-307 305

microfabricated cantilever (Olympus Opt. Inc.) with alength
of 100 pwm, Si;N, pyramidal tip, and a spring constant of 0.1
N m~!, was used. The local friction was measured using a
four-segment photodiode system and its absolute value was
estimated from the dimension, the material of the cantilever
and the sensitivity of the detection system using the formula
proposed by Meyer and Amer [ 10]. The local stiffness was
measured by modulating the sample along the z direction.
The modulation amplitude was set at about 1 nm and the
frequency at 5 kHz. The cantilever defection caused by the
sample modulation along the z direction was measured with
the lock-in technique [2,11].

3. Results and discussion

We have already shown that PS and PEO are incompatible,
leading to phase-separated structures [8]. In addition, these
two polymers are found to be easily distinguished by their
different natures and mechanical behavior, amorphous and
hard for PS while crystalline and soft for PEO [12,13].
Fig. 1(a) is an atomic force microscopy (AFM ) image show-
ing typical phase-separated domains with an amorphous
region which corresponds to PS and clear lamella regions
indicated by the arrows in Fig. 1(a) which is a typical struc-
ture of PEO crystal. The domain size was distributed from
100 nm to several microns depending on the position.
Fig. 1(b) shows a schematic drawing of the structure which
consists of the amorphous PS and the underlying crystallized
PEO on the mica substrate. Guzonas et al. proposed that there
exists a specific interaction (ion—dipole interaction) of PEO
with mica substrates, resulting in the strong adhesion of PEO
to mica surfaces [ 14]. The annealing temperature of 90 °C
was set between the melting temperature of PEO and the
glass transition temperature of PS (Table 1) and the anneal-
ing time of 24 h could be long enough for PEO to crystallize
and for PS to segregate to the surface. Sakellariou also con-
firmed significant surface enrichment of PS in PS-PEO blend
system by surface-energy measurements [ 13].

On both domains, we carried out friction force measure-
ments. Since the torsion signal of the AFM cantilever was
enhanced by the tip jump-up effect caused by the height
difference between PS and PEO as well as typical steps of
PEO lamella structure, we could not obtain a clear friction
force map. However, by the friction force loop measurement
(Fig. 1(c)) along the forward and backward scans on each
domain (indicated by black lines in Fig. 1(a) ), we confirmed
that PEO showed higher friction force by ca. 3 nN than PS
(estimation value {10]). It should be mentioned that the
apparent friction depends on the contact area between the tip
and surface. In the present case, the higher friction force of
PEO would originate from the increase of the contact area
due to the softness. In addition, in the local elasticity meas-
urement on each domain, we could detect the stiffness dif-
ference with a lateral resolution of less than 100 nm [14].
Fig. 2(a) and 2(b) show an AFM topography image showing
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Fig. 1. AFM image (a), schematic drawing (b), and friction force loop (c),
(scan length, 300 nm; PS, plain line; PEQ, bold line) of phase-separated
PS-PEO blend film surface. In (a), the gray scale for the height is 110 nm
and the typical lamella structures of PEO were indicated by the arrows. In
(c), the tip was scanned from the left to the right and from the right to the
left on the scanning positions indicated by black lines in (a).
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Fig. 2. AFM topography (a) and stiffness (b) images of the same area of
PS-PEOQ blend film showing worm-like domains of 100 nm to a few microns
in size. The gray scale for the height in (a) is 60 nm. In (b), bright region
corresponds to higher stiffness (PS) and dark region to lower stiffness
(PEO).

(b}
Fig. 3. AFM (a) and friction (b) images of injection molded crystalline
acetal resin—elastomer blend plate. In (a), the gray scale for the height is 45
nm. In (b}, the bright region corresponds to higher friction (elastomer) and
the dark region to lower friction (acetal resin).

worm-like domains and the stiffness map of the same area
indicating clear mapping of PEO and PS domains on the
surface, respectively. This stiffness map clearly shows that
PEO regions are softer (dark regions) than PS regions (light
regions). These mechanical properties agree with those of
the bulk qualitatively.

We also applied these techniques to the injection-molded
crystalline acetal resin—elastomer blend surfaces. Fig. 3(a)
and 3(b) show the AFM topography and the friction force
images of the same area, respectively. The topography with
a height difference of 20-30 nm reflects the surface roughness
of the opposite molder material. In contrast, in the friction
image, stripes with 100-300 nm wide reflect the injected resin
flow direction. We did not observe such structures on the
injection molded acetal resin homopolymer. The estimated
friction force difference was ca. 1.7 nN [10]. We attribute
the lower friction regions (dark area) to the acetal resin and
the high friction regions (bright area) to the elastomer based
on the macroscopic friction force coefficients test data. On
the other hand, we could not detect the significant difference
between the two regions by the local stiffness measurement.
This is somewhat surprising since, according to the Young’s
modulus of the bulk, the acetal resin is 10-100 times harder
than the elastomer. This mystery could be explained by the
subsurface effect as well as the sensitivity of the instrument.
The force modulation data of soft materials should be influ-
enced by subsurfaces, in other words, the thickness of the
material on the topmost surface. Fig. 4 shows a schematic
drawing of the cantilever response influenced by the thickness
of the soft elastomer. The tip-induced pressure deforms the
material and distributes along the z axis. Then the measured
stiffness of the elastomer would be influenced substantially
by the subsurface acetal resin layer, when the penetration
of the AFM tip is much larger than the thickness of the
elastomer.

We shall estimate the effect of the acetal resin to the stiff-
ness of the elastomer in the present case. From Hertz theory
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Fig. 4. Schematic drawing of cantilever response as a result of the defor-
mation of the soft elastomer fayers (thin (a) and thick (b) compared with

the oscillation amplitude of the sample shown by arrows) on the subsurface
hard acetal resin.
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of elastic contact [ 15], the contact radius (r) is found to be
ra E~13 (E is the elasticity of the object) by assuming that
the AFM tip material is much harder and the Poisson’s ratio
of the acetal resin is the same with that of the elastomer.
When we apply the bulk result that the acetal resin is 10-100
times harder than the elastomer, the contact radius of the soft
elastomer is about 2.2—4.6 times larger than that of the hard
acetal resin due to the deformation of the AFM tip. This means
that the penetration depth of the AFM tip is larger than the
elastomer thickness and the measured local stiffness would
be influenced by the acetal resin as shown in Fig. 4(a). Thus,
it would be difficult to distinguish the elastomer from the
acetal resin from the local stiffness measurement. On the
other hand, in the friction force microscopy, the larger contact
area of the soft elastomer enhances signals so that it becomes
useful.

4. Conclusion

We demonstrated here the high potential of the SFM as a
novel surface analysis tool with visible mapping of the dif-
ferent mechanical properties, using a model system of phase-
separated PS—PEO blend film and a practical system of the
injection molded crystalline acetal resin—elastomer blend sur-
face. The lateral resolution was 100 nm which was not real-
ized so far by other surface analysis methods. In the PS-PEO
blend system, PEO domains showed larger friction force by
ca. 3 nN and lower stiffness than PS domains with the SFM
technique. We confirmed these local results agreed with those
of the bulk qualitatively, although it is not easy to discuss the
absolute values quantitatively because of experimental uncer-
tainty. In the acetal resin—elastomer biend system, the elas-
tomer region showed larger friction force than the acetal resin
region. Such a nanoscale phase-separated structure (stripes
with 100-300 nm in width) on surfaces which was caused
by their immiscibility has never been observed. In contrast,
in the local elasticity measurement, the difference could not
be detected. The obtained stiffness results here will presum-
ably include the information that the topmost surface of the

elastomer is deformed by the AFM tip and the cantilever
response is influenced by the subsurface hard acetal resin.
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