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Introduction. The ability to control the topography
of polymer surfaces via physical processes is tremen-
dously important and useful in a range of technological
applications.1 Moreover, rubbed polymer films appear
to be suitable systems to investigate various physical
properties of polymer thin films,2-10 such as crystal-
lization in confined geometries, chain mobility, dewet-
ting, etc. In fact, many dynamic properties of polymers,
like segmental relaxation and chain diffusion, show
anomalies for film thicknesses lower than the radius of
gyration of the macromolecules (∼50-100 nm).11 The
kinetics of transitions and the morphology of semicrys-
talline polymers are also modified when confined either
in thin layers obtained from block copolymers segrega-
tion or in ultrathin films.12-14

In this communication, we describe a new method to
obtain structured polymer surfaces at different length
scales, based on plastic deformations, surface relaxation
and crystallization of poly(ethyleneterephthalate), PET,
thin films. Several studies showed that a topography
induced in polymer films can be fully relaxed above the
glass transition.5-7 However, for “crystallizable” poly-
mers, we can ask the following question: What is the
effect of the “crystallizability” on the surface relaxation?

Atomic force microscopy (AFM), optical microscopy,
and FTIR spectroscopy were used to investigate both
relaxation and crystallization processes, which can be
observed either subsequently or simultaneously, de-
pending on their kinetics.

Experimental Section. Materials. PET samples
were obtained from DuPont (Mw∼ 15-20 kDa, Tg ∼ 80
°C, Tm ∼ 252 °C, and Rg∼ 10 nm). Polyethylene(tere-
ran-isophthalate) 60/40 copolymer (PET-RAN) was also
used to determine the influence of the crystallizability
on surface relaxation (Tg ∼ 65 °C). The polymer films
(thickness ∼ 1 µm) were obtained by casting from
dichloroacetic acid solutions onto glass slides and slow
evaporation of the solvent at 100 °C overnight (CAST
samples). To obtain a reproducible state for the starting
sample, the cast films were melted at 272 °C during 60
s and quenched in water. The surface of these initial
amorphous films (AMO) is featureless and smooth (root
mean square roughness, Rq below 1 nm). Unidirectional
rubbing was then performed with a velvet cloth and a
homemade machine (pressure, 20 g/cm2; velocity, 1 cm/

s; rubbed distance, 60 cm).15 These rubbed amorphous
samples, called RUB, were submitted to annealing at
temperatures slightly above Tg yielding surface-relaxed
samples (ANN). Finally, these ANN samples could be
heated to 200 °C, to induce cold-crystallization of the
polymer (CCR). The sample preparation can thus be
summarized as

Measurements. Thermal relaxation and crystalliza-
tion were performed with a Mettler FP90 hot stage.
Optical observations were carried out with a Leica DMR
microscope. The surface morphology of the films was
observed with a Nanoscope III A AFM, operated in air,
in tapping mode, with commercial 300 kHz tips. The
surface roughness was calculated on a lateral scale of
20 µm as the standard deviation of the height for the
complete data set (rms roughness). 2D power spectral
densities P2i(s) were computed as follows:

where hi(x,y) are the height data and Ai is the surface
of the image. Circular averaging provided one-dimen-
sional power spectral densities Pi(s):

Polarized FTIR spectra were recorded with a Bruker
IFS113v spectrometer and an Au grid polarizer. The
decoration of polymer surfaces by p-nitroaniline (PNA)
allowed us to characterize surface chain order since
heterogeneous nucleation is particularly sensitive to the
substrate molecular order.16 The crystallization of PNA
was performed in a vacuum by direct condensation of
the vapor onto the polymer substrates, according to a
previously reported method.17

Results and Discussion. When rubbing AMO thin
films, a shear stress leading to the polymer deformation
is applied. From optical microscopy, a birefringence
together with a uniform extinction observed for the
whole film confirms that the polymer chains orientation
is parallel to the rubbing direction. As previously shown,
AFM reveals grooves typically 5-10 nm in depth,
parallel to the sliding direction (Rq strongly increases,
up to a factor of 3, compared to the amorphous films).15

At this point, we should note that AFM reveals the
topography of the films but does not give any indication
about local chain orientation. To increase the sensitivity
of the FTIR experiment for the surface, we used a
decoration method based on vacuum deposition of PNA
crystals on the surface. The nucleation of PNA crystals
drastically depends on the surface state of the PET at
a molecular scale.18 Only a few PNA crystals nucleate
on disordered amorphous surfaces (AMO). In contrast,
rubbed PET films are entirely covered by tiny PNA
crystals and the overlayer exhibits a strong uniform
birefringence. Complete extinction of the layer is ob-
served when the rubbing direction is either parallel or
perpendicular to the polarizer. These observations
strongly suggest that rubbing induces on the surface a
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strong local chain orientation parallel to the sliding
direction. Polarized IR spectra of PNA/PET layers
confirm these observations (Figure 1). The observed
dichroism indicates a quasi perfect orientation of all the
crystals with respect to the sliding direction (see for
instance: νNH2

s at 3354 cm-1 and νNO2

s at 1300 cm-1).19

Relaxation. Previous works showed that a topogra-
phy induced in amorphous polymer surfaces vanishes
upon annealing.5-7 As previously shown, the initial
birefringence observed for rubbed PET and PET-RAN
films vanishes during the relaxation at Tg.15 In the same
way, the AFM images show a drastic decrease of the
surface roughness, its final value being only ∼1 nm.
Except for the deepest ones, all the grooves disappear
upon annealing. However, for PET films, a closer
examination of the AFM images shows that the surface
is not totally smooth. Small bright domains are distrib-
uted rather homogeneously on the film surface (Figure
2a). Their diameter and height are ∼100 nm and ∼5
nm, respectively. These domains account for the re-
sidual roughness, which is significantly higher (Rq )
1.4 nm) than that of the initial amorphous films (Rq )
0.6 nm). The surface decoration can be used to test the

local surface ordering. From optical micrography of PNA
vapor-decorated ANN films, we found that the surface
ordering induced by rubbing is maintained during and
after the surface relaxation. These observations strongly
suggest that the small bright domains appearing on the
relaxed surface (Figure 2) are probably related to
crystalline aggregates. Since they preserve the unidi-
rectional orientation induced by rubbing, we can con-
sider that these aggregates are formed during the
relaxation process of the stressed material. We note
however that this morphology is not observed for
uncrystallizable polymers (PET-RAN).

To determine the origin of this peculiar morphology,
the relaxation process was followed in situ at T ∼ Tg +
15 °C for PET and PET-RAN rubbed films with the
temperature-controlled AFM. During the relaxation of
PET-RAN (uncrystallizable) at 85 °C, we observed a
fast decrease of the surface roughness with time, down
to a minimum value of 0.7 nm (Figure 3). The plots of
the power spectral density (P(s)) vs the reciprocal
distance (s) were computed from the AFM images
(Figure 4a). In agreement with previous work about the
capillary waves spectra of amorphous polymer surfaces,
we found a power law evolution for the PSD. In this
frequency range, P(s) decreases as s-2.20

In contrast with PET-RAN, the relaxation of PET
films (crystallizable) at 95 °C shows a continuous
increase of the surface roughness with time; Rq can
reach values as high as 10 nm (Figure 3). This increase
in surface roughness can be related to the formation of
corrugations on the polymer surface (see Figure 2, parts
b-d). As shown in the AFM images and in the power
spectral density (PSD) spectra (Figure 4b), a hierarchi-
cal structure with two well-defined features is observed.
We note that the first maximum in the PSD spectra,
characteristic of the smallest corrugations, increases
with time (from 250 to 400 nm) while the largest surface
ripples have a rather constant wavelength (∼3 µm).

However, we believe that all the observed corruga-
tions must be related to the crystallization of PET,
although the origin of the smallest and largest waves
is different. The lateral extent of the smallest corruga-
tions, ∼200 nm, is very large as compared to the typical
size of polymer crystals (i.e., parallel to the chain
direction, the crystals usually extend only a few tens of
nanometers). Therefore, we propose that the corruga-
tions are directly related to the surface stress associated
with the crystallization. Indeed, the surface must shrink
to accommodate the increase in density observed during
the crystallization (i.e., Fc > Fa).

As for the largest corrugations (∼3 µm), we propose
that they are formed via an amplification of surface

Figure 1. Difference FTIR spectra (obtained by subtraction
of PNA-decorated PET RUB - PET RUB spectra). The above
(below) spectrum is recorded with a polarized light parallel
(perpendicular) to the rubbing direction.

Figure 2. 20 × 20 µm2 AFM images recorded in situ during
the relaxation of a PET rubbed film at 95 °C after (a) 0, (b)
180, (c) 280, and (d) 400 min. The vertical gray scale ranges
from 0 to 20 nm. 2 × 2 µm2 enlarging is inset for 0 min.

Figure 3. Evolution of the relative roughness computed from
AFM images (Rq/Rq

0) during the relaxation of rubbed PET and
PET-RAN films at Tg + 15 °C. The initial rms roughnesses
were 3.0 and 5.0 nm for PET and PET-RAN, respectively.
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waves due to the density fluctuations associated with
crystallization. Indeed, the observed morphology is
reminiscent of a spinodal mechanism. Recently, Sharma
et al. reported that a density variation induced instabil-
ity of film surfaces could mimic a spinodal morphology.21

From a theoretical approach, they demonstrate that an
increase(decrease) in density with the film thickness
stabilizes (destabilizes) the film surface. At first sight,
this seems to be in contradistinction to our observations
(due to the crystallization, Fsurf > Fbulk). However, we
can reconcile these results by considering that the
crystallization of the film destabilizes the surface,
provided that this crystallization is confined to the outer
surface of the film (this is really achieved by the rubbing
process).15 In this case, the crystallized outer surface
directly exerts a constraint on the amorphous inner
region. This constraint destabilizes the polymer surface
that ripples to release the surface stress. The relation
between the periodicity of the corrugations and the
crystallization process is under investigation.

Crystallization. As shown here above, the crystal-
lization appears to begin well below the usual crystal-
lization domain (Tc ∼ 142 °C). The stretching of the
crystallization domain toward lower temperatures could
be due to the chain alignment during the film rubbing
which makes the formation of crystalline nuclei easier.
The comparison of optical micrographs of rubbed crys-
tallized films (CCR) and unrubbed crystallized samples

shows contrasting morphologies. The unrubbed film
presents the spherulitical morphology typical of semi-
crystalline polymers. In contrast, the rubbed CCR film
exhibits a strong birefringence and a complete extinction
when the sliding direction is either parallel or perpen-
dicular to the polarizers. These observations are con-
sistent with a uniform orientation of the chains axis
parallel to the rubbing direction. The rate of crystal
formation is drastically enhanced in deformed polymer
thin films, due to the metastable character of the
preoriented layer. Such mode of growth yields polycrys-
talline films with a uniform orientation.

The IR spectra of the PET CCR film recorded with a
beam polarized parallel and perpendicular to the rub-
bing direction confirm these observations. The surface
orientation propagates to the whole film as suggested
by the observed dichroism. We can therefore consider
that the crystalline aggregates, which appear on the
surface vicinity during relaxation, act as nuclei that
propagate the orientation to the film areas too deep to
be affected by rubbing. This kind of crystallization can
be related to epitaxial growth, in which an organized
surface is used as a template to initiate a bulk crystal-
lization.

Conclusions. Our observations confirm that the
dissipation of mechanical energy upon rubbing induces
plastic deformations, appearing as parallel grooves of
varying depth, and alignment of the chains along the
rubbing direction. During the relaxation of the rubbed
surfaces, the formation of a hierarchical surface struc-
ture with two characteristic wavelengths (∼200 nm and
∼3 µm) is observed. We suggest that the small corruga-
tions are directly related to the surface stress associated
with the crystallization (the polymer surface has to
shrink to accommodate the increase in density associ-
ated with the crystallization). The largest corrugations
arise from the confinement of crystallization to the outer
surface and from the stress exerted by the crystallized
surfaces to the amorphous region.

Our results thus show that a combination of different
physical processes, such as plastic deformation, surface
relaxation, and crystallization, is actually a suitable
method to generate polymer surfaces with a well-defined
topography.
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