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The surface morphology of commercial polymer films has been studied by contact mode and
tapping mode atomic force microscopy. Flame-treated isotropic HDPE obtained by cast-film
extrusion exhibited randomly oriented, 20 —50-nm thick lamellar features of 200 400 nm in
length, while uniaxially oriented films showed a shish-kebab-like morphology. The surface
features of extrusion-blown films of blends of low-density polyethylene (LDPE) and linear
low-density polyethylene (LLDPE) appeared as stacks of lamellae arranged in a cauliflower-
like pattern. Images of isotactic polypropylene (PP) films obtained by cast-film extrusion
consisted of branched fibrillar features. Corona treatment of the PP films resulted in the for-
mation of 400500 nm large “droplet-like” features at the surface. During metallization,
20 ~40-nm diameter A1 particles were deposited. The metal layer formed followed the topog-
raphy of the surface. The surface of ethylene-viny! alcohol (EVOH) copolymer skins on PP
consisted of radiating lamellae of 9 —11 nm thickness. Contact mode AFM imaging of sol-
vent-cast atactic polystyrene (PS) and polyvinylchloride (PVC) films induced surface ero-
sion. During the scanning of PS and PVC films, wavy features formed with a predominantly
perpendicular orientation with respect to the scan direction. The height of these features
increased with plasticizer content from ca. 10 nm (unplasticized films) to over 100 nm. The
height did not show any measurable relaxation over 24 h. This plastic deformation of the sur-
face of the glassy polymer films studied is discussed. It is assumed that the glass-transition
temperature of the outermost thin layer at the surface of glassy polymers is significantly lower
than the bulk value.

Presented at the 8th International Symposium on Polymer Analysis and Characterization
(ISPAC-B) held at Sanibel Island, Florida, May 22-24, 1995
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INTRODUCTION

Film applications constitute one of the largest uses of polymers. As the
physical performance of film products strongly depends on the surface
characteristics, the visualization of surface morphological features with
submicron resolution is of particular technological interest. Morphologies
resulting from the use of various processing methods used to produce com-
mercial polymer films are only sparsely discussed in the literature. It is well
known that quiescently crystallized bulk polymers usually exhibit hedritic
and spherulitic structures. Crystallization under mechanical stress or orien-
tation below the melting range can also result in fibrillar or epitaxial (e.g.,
shish-kebab) morphologies [1].

In order to understand and control the formation of typical surface mor-
phological features of polymeric films, a number of important technologi-
cal and scientific problems must be tackled. These include imaging and
visualization of surface morphological features, relationships between sur-
face morphology and structural features of the macromolecules, influence
of the processing parameters on the formation of typical surface structures,
and interrelations between the bulk and the surface morphologies. The
majority of the information on surface morphologies of polymers available
in the literature was obtained by electron microscopy. With the advent of
various scanning force microscopy (SFM) techniques in the 1980s [2], a
new family of surface characterization instrumentation for visualizing mor-
phological features at film surfaces has become available. The resolution
range of SFM, which is of particular interest for morphological studies,
extends from the thickness of individual lamellae to the size of spherulites
up to 100 pm.

Some structural features of polymer films have already been imaged by
SFM. Examples include oriented films of isotactic polystyrene [3], latex
films (4], corona-treated polypropylene films [5], and melt-spun films of
polyethylene and poly(butene-1) [6]. Further details can be found in review
papers such as refs. [7] and [8].

Details of the SFM imaging techniques, including contact-mode atomic
force microscopy (AFM) and non-contact tapping mode AFM are
described in detail in the literature [2]. One of the most exiting features of



17:10 21 January 2011

Downl oaded At:

SURFACE MORPHOLOGY OF POLYMER FILMS 91

the AFM is that it allows one to image surfaces of polymers that exhibit
structural order with molecular, or even atomic resolution in real space.
The performance of the technique in studies of macromolecular packing,
parameters of the crystal structure, chain disorder, and macromolecular
conformation is discussed, for example in ref. [9]. In the present paper we
focus our attention on scans with scan sizes between (500 nm x 500 nm)
and (10 pm x 10 um), and we describe surface morphological features
without attempting to obtain molecular resolution. We present SFM images
of polymer films that have technological interest, including isotropic and
oriented high-density polyethylene (HDPE), blends of low-density poly-
ethylene (LDPE) and linear low-density polyethylene (LLDPE), isotactic
polypropylene (PP), multilayer PP / ethylene-vinyl alcohol (EVOH)
copolymer structures, and solvent-cast films of glassy polymers such as
atactic polystyrene (PS) and polyvinylchloride (PVC).

EXPERIMENTAL

All SFM experiments reported in this paper were performed by NanoScope
scanning probe microscopes manufactured by Digital Instruments (Santa
Barbara, CA). AFM imaging was performed in the contact mode using
NanoProbe Si3 N, cantilevers with the exception of the images of blown PE
and extrusion cast PP films. These were obtained in tapping mode experi-
ments using rectangular NanoSensor Si cantilever probes of 122-pum length
and 10 -15-pum width. Information on the individual polymer systems is
given below. The images shown correspond to raw data which were plane-
fitted to correct for tilting. The high pass and the low pass filters were
turned off during imaging.

RESULTS AND DISCUSSION

Polyethylene by Cast Film Extrusion

We investigated isotropic and uniaxially oriented HDPE films which were
obtained by cast-film extrusion. The fine structure of extrusion-blown HDPE
films was studied using high-resolution electron microscopy by Tagawa and
Ogura [10]. Electron micrographs obtained by these authors unveiled a sur-
face morphology consisting of “piled lamellar units” made up of three to ten
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lamellar sheets. The piled lamellae were oriented predominantly perpendicu-
larly to the machine direction in anisotropic films with uniaxial orientation.
A comparison of this morphology and the structure we observed in extrusion-
cast films helps to show differences in the surface structure which are caused
by the different processing techniques.

In our studies, PP was coextruded with a thin layer of HDPE (approxi-
mately 1.0-[m thickness). The total film structure was about 25-um thick.
This multilayer structure was biaxially oriented using a tenter frame process
which has been described in the literature [11]. The isotropic HDPE layer
was produced by orienting this film while heating at temperatures above the
melting range of HDPE (but below the melting range of PP). Subsequent to
the solidification process, the HDPE surface of the films was flame-treated.
The result was an essentially isotropic film with an exposed skin morphology
as shown in Figure 1. During the flame treatment, details of the crystalline

1.00

Um

FIGURE1 Contact-mode AFM image of extrusion-cast film of HDPE, flame treated, unori-
ented specimen.
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skin morphology were exposed at the sample surface. The surface consisted
of randomly arranged fibrillar features with a width in the order of 20-50 nm,
and a typical length of 200400 nm. These fibrils are consistent with images
expected for predominantly edge-on lamellae, curved lamellae or stacks of
lamellae. Due to the “convolution” of the AFM tip and the features imaged
{12], the nanographs of the lamellae appear to be rounded, and the thickness
obtained by direct observation of the distances between the fibrils is greater
than the true thickness. The features seen on Figure 1 are consistent with
images of curved individual lamellae and stacked lamellae consisting of a
few crystals. It is interesting to point out that no predominant spherulitic or
hedritic superstructure can be observed on the images. In addition, there is no
indication of branched, piled-lamellar structure, as was presented in ref. [10].

Polymer films with a high degree of orientation were also obtained by
stretching them in the machine direction, followed by orientation in the
transverse direction at temperatures below the HDPE melting range.
Flame-treated surfaces of these polymer films show a typical shish-kebab-
like morphology, as can be seen in Figure 2 (scan size: 2 pm X 2 pm). The
crystalline core of the shish-kebab crystals, which consist of extended
chains aligned in the MD direction, is horizontal in this micrograph. The
“kebabs” consist of lamellar crystals overgrown epitaxially on the
extended-chain “shishes” with typical apparent lamellar thickness in the
range of 3040 nm. The direction of the lamellar growth for the features
shown in Figure 2 was vertical. Similar shish-kebab morphology which
was captured by AFM was described earlier by Jandt et al. [13]. The lamel-
lar thickness observed in our study of the commercial films imaged is
slightly smaller than the value reported in ref. [13]. This is likely due to dif-
ferences in the crystallization temperatures or to variations in the flatness of
the lamellar crystals studied.

Polyethylene by Blown-Film Extrusion

For the majority of end uses of PE films made by blown-film extrusion,
optical clarity is of great importance, since this increases the appeal of the
product. Optical performance can be specified by haze and gloss. Haze is
that percentage of transmitted light which, in passing through the film spec-
imen, deviates from the incident beam by more than 2.5° [14]. Gloss is mea-
sured by the intensity of light reflected from a specimen compared to a
standard sample. We used atomic force microscopy to examine the inner
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FIGURE 2 Contact-mode AFM image of extrusion-cast film of HDPE, flame treated,
uniaxially oriented specimen.

and outer surfaces of commercial, blown PE films made of blends of LDPE
and LLDPE. Using AFM, we obtained direct-space images of surface
lamellae, and determined the surface roughness. A typical tapping mode
AFM image of an as-blown film (scan size: 10 um X 10 m) is shown in
Figure 3. The film was oriented in the AFM such that the machine direction
is placed vertically as viewed in the image. Typical images such as Figure 3
show packages of stacked lamellar features arranged in a cauliflower-like
pattern. The typical feature thickness is in the range of 100 nm, which is too
large for a single lamella. Therefore, the features imaged likely correspond
to images of stacks of a few lamellae or twisted lamellae.

The haze of the films was also measured both before and after a suitable
refractive index-matching oil was applied. In addition to the characterization
of the surface morphology, these experiments allowed us to correlate haze,
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FIGURE 3 Tapping-mode AFM image of extrusion-blown film of an LLDPE-LDPE blend.

roughness and surface structure for films obtained at different processing
conditions. Our results showed that raising the frost line height at constant
extrusion temperatures increases the surface roughness, and furthermore
these films also possess higher haze values. Further details together with ori-
entation measurements are published in a separate study [15].

Polypropylene by Cast Film Extrusion

AFM studies on the surface morphology of polypropylene films prior to,
and after corona treatment have already been reported [5]. The focus of this
work was to correlate the loss of adhesive strength of treated PP, and mor-
phological changes observed at the surface by AFM. The formation of
“droplet-like” features was observed which was attributed to local surface
melting, or sublimation.
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We performed studies on several industrial isotactic PP films. The
untreated surface of biaxially oriented i-PP is characterized by a “branch-
like” structure of fibrillar features that resembles an irregular, isotropic,
cotton-like arrangement, as can be seen on Figure 4. A detailed image
analysis showed that the branch-like structure originates from the polymer
base sheet. Typical thickness values of fine fibers are ca. 100 nm. Corona
treatment of these PP films results in the formation of “droplet-like” fea-
tures measuring approximately 400-500 nm (see Figure 5). This observa-
tion confirms the results observed in ref. [5]. It is interesting to point out
that for PE no formation of droplet-like features can be observed after
flame treatment (see Figures 1 and 2). Instead, the morphological features
of the crystallites are better exposed at the treated surface, so it is likely that
the amorphous parts are “etched away” by the flame treatment.

Metallized PP films are used when specific barrier enhancement (e.g.,
light barrier) is needed, or when the appeal of the product (e.g., printability)

10.0

FIGURE 4 Tapping-mode AFM image of extrusion-cast, biaxially oriented, untreated PP
film.
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FIGURE 5 Tapping-mode AFM image of extrusion-cast, biaxially oriented, corona-treated
PP film.

is important for marketing purposes. The surface morphology of metallized
PP films was also studied by AFM. Typical aluminum grain sizes measured
were in the range between 2040 nm; that is, they appeared to be ca. one
order of magnitude smaller than the size of the “droplet-like” features
formed at the polymer surface during corona treatment. Our images
showed that the metal layer follows the topography of the films, and the
features of the non metallized films are not covered up.

Ethylene-Vinyl Alcohol Copolymer by Cast Film Extrusion

EVOH copolymers with an alcohol content of 60—75 mol % offer excellent
barrier properties, transparency, resistance against solvents, and good sta-
bility. They are easily processable by blown or cast extrusion as well as
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coextrusion. The major uses of EVOH films include food packaging appli-
cations as well as use in multilayer structures for tubes, bottles, etc. [16].
The multilayer films studied and reported on here were biaxially oriented
products which had a thickness of 25 pm with a 1.0-um thick EVOH skin.
The biaxial orientation of the PP film took place at temperatures that are
high enough to melt the EVOH skin, similar to HDPE on PP.

Images of EVOH skins on PP are shown in Figure 6-8. As no EVOH
images have been found in the literature, we show three micrographs dis-
playing surface morphology at different magnification. The images exhibit
a surface morphology that consists of radiating and stacked lamella-like
features twisted around in a “cauliflower” arrangement which protrudes out
of the film surface. There are similarities between these EVOH images and
the features captured in the micrographs of extrusion-blown LLDPE-LDPE
films (for a comparison see Figure 3). The high-resolution nanograph
shown in Figure 8 (scan size: 500 nm X 500 nm) unveils fine details of the
lamellar surface morphology. A quantitative analysis of the EVOH lamel-
lar thickness yielded values in the range between 9.0 and 11.0 nm. It is
interesting to mention that no features which correspond to flat-on or

FIGURE 6 Contact-mode AFM image of the EVOH skin on PP of a multilayer EVOH-PP
film, corona treated.
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FIGURE 7 Medium magnification, contact-mode AFM image of the EVOH skin on PP of
a multilayer EVOH-PP film, corona treated.

FIGURE 8 High magnification, contact-mode AFM image of the EVOH skin on PP of a
multilayer EVOH-PP film, corona treated.
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nearly-flat-on lamellae were observed in any of the lamella images shown
in this paper.

Solvent-Cast PVC and Isotactic Polystyrene

Films of noncrystalline polymers consist of overlapping polymer chains
or can be composed of cross-linked macromolecules. Depending on the
temperature, the polymer matrix is in either a glassy, or a rubbery state.
Tip-surface interactions during contact mode imaging of the surfaces of
“glassy” polymer films cause a surface erosion of the samples. This phe-
nomenon was observed and described by a number of authors. In an early
paper, for example, Leung and Goh [17] reported that tip-surface interac-
tions lead to the formation of oriented periodic patterns of elongated,
ridge-like features which are perpendicular to the scan direction at the
surface of polystyrene films cast on mica. The “bundles” formed
appeared to have a width in the order of 50 nm which increased during
scanning. Similar observations were described independently by Meyers
et al. [18]. These authors reported that the formation of the surface pat-
tern depends on the polymer molar mass M, and becomes well defined
and periodic for M values greater than the entanglement molar mass. This
paper also gives an explanation for the formation of these surface erosion
waves by assuming that, near the surface, the PS film behaves like a
material which has, at room temperature, rubber-elastic rather than glassy
behavior.

In addition to the peculiar surface behavior of glassy polymer films
observed by AFM, careful surface roughness studies, using the virtually
nonerosive tapping mode, reported on the observation of nanoscale “undu-
lations” at the surface of a large number of glassy polymers [19]. These
“undulations” with typical diameters in the order of 5-10 nm are present
regardless of differences in the sample preparation conditions [19]. It was
proposed that these surface undulations can be related to bulk hetero-
geneities present in glassy polymers on the nanometer scale. Assuming this
is true, the surface of glassy polymer films would possess a finite, signifi-
cant surface roughness value.

The results mentioned in the previous two paragraphs call for systematic
scanning probe microscopy studies of films of amorphous polymers. In this
paper we report on contact mode AFM studies of plasticized PS and
polyvinylchloride (PVC). Detailed results are the subject of a forthcoming
publication [20].
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The PVC and PS samples used were purchased from Aldrich
(Milwaukee, WI) and used without further purification. According to the
supplier’s information, the PVC had a “medium molar mass” and an inher-
ent viscosity of 0.92 dL/g, and the PS sample had a weight average molar
mass of 280,000 g/mol. We used dioctyl phthalate as plasticizer which was
purchased from Aldrich. The polymer films were cast from THF solutions
of 10 mg/mL concentration. Careful drying was essential in order to
remove solvent traces which would act as plasticizer. Further details of the
procedures followed will be published separately [20].

Figure 9 shows the first contact-mode AFM scan of an area of 1 pm x 1
\m on previously unscanned as-obtained PS film. The surface roughness is
clearly visible on this image. The mean surface roughness, R, can be deter-
mined from AFM images, for example, by calculating the mean value of

FIGURE 9 Contact-mode AFM image of a solvent-cast PS film, first scan, scanned at the
lowest possible normal force near to pull-off.
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the surface z = f(x,y) that was imaged relative to the center plane according
to the following equation:

1
LL,

where L, corresponds to the scan size in the x direction, and L, to the scan
size in the y direction, respectively. The R, values obtained by the
NanoScope I used are corrected for the tilt of the center plane. The sur-
face roughness observed by contact-mode AFM on typical first scans of as-
cast polymer films with a size of (1 pum X 1 pm) to (2 ym X 2 um) resulted
in R, values of 0.30 £ 0.05 nm for PS, and 1.3 £ 0.2 nm for PVC, respec-
tively. Since the films were produced by using the same procedure in each
case, this difference can not be related to specimen preparation. The fea-
tures causing surface roughness observed in our contact-mode AFM micro-
graphs have a typical diameter of 20-30 nm, and are thus ca. one order of
magnitude greater than the typical feature size observed in the careful tap-
ping mode AFM experiments of Kowalewski and Schaefer [19] on amor-
phous polymer films. Obviously, this difference is due to imaging different
features. The larger typical feature size observed in our contact mode imag-
ing is likely the result of the surface erosion and abrasion that takes place
even during the first scan.

Figure 10 shows typical erosion patterns obtained on PS films. Along the
diagonal connecting the bottom-left and the top-right corners of the image,
two previously scanned areas of 2 um X 2 im size are visible. The 5 pm X
5 um scan shown in Figure 10 was obtained by “zooming out” of the pre-
viously scanned areas and capturing the first scan. Figure 11 shows details
of the surface erosion pattern formed on unplasticized PVC. The fibrous
features in the perpendicular direction to the (horizontal) scan direction are
clearly visible. The ridges protrude out of the film surface while the valleys
in between are carved into the film.

We performed contact-mode AFM scanning on PS and PVC films with
different plasticizer content and at different normal forces (i.e., at different
scanning setpoint values). Without plasticizer, the amplitude of the wavy
features after 1 h of scanning was in the range of 1040 nm, depending on
the force used. At plasticizer contents that decrease the value of the glass-
transition temperature T, close to room temperature, the ridge amplitude
shows a dramatic increase and reaches values over 100 nm. We observed
no height relaxation of the wavy features over a period of 24 h. Thus one

R, =

S ey, ™

L
[ £ y)|dxdy (1)
0
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FIGURE 10 Contact-mode AFM image of a solvent-cast PS film showing two patterns of
erosion previously scanned over a period of 1 h. The micrograph shown was captured imme-
diately after zooming out of the previously scanned and eroded area.

can assume that the top layer of polymer films can be deformed as a plas-
tic body, and therefore the localized deformation will not be recovered
upon the release of the stress. Other characteristics of the wavy ridges
include a linear dependence between the feature height and the spacing
between the waves which formed while we found no dependence of the
scanning speed on the characteristics of these features.

The formation of the wavy features described above is consistent with
the existence of a thin top layer at the polymer film which does not have
glassy properties, even though the bulk of the film is in the glassy state.
Keddie et al. [21] recently reported that the T, value of thin films of PS and
poly(methyl methacrylate) (PMMA) decrease as the thickness of the films
d is reduced. The data was fitted to the analytical function that contains the
bulk glass-transition temperature T, (=), a material-characteristic length
constant A, and an exponent d, and is written in the following form:

T(d) = T(=o)[1 — (A/d)*] )
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FIGURE 11 Contact-mode AFM image of a solvent-cast PVC film showing a patterns of
erosion previously scanned over a period of 1 h. The micrograph shown was captured imme-
diately after zooming out of the previously scanned central area.

If we assume a two-phase model for our polymer films, that is, if they
consist of a thin, ideal plastic layer with a thickness d, and a glassy bulk,
then the d value can be estimated from Equation (2). For PS films, the best
fit to the data was obtained using Ty(ec) =373.8 K,A=3.2nm, and §=1.8
[21]. By using these parameters in equation (2), we obtained a value of d =
7.8 nm for the thickness of the plastic layer at the surface of glassy PS films
at room temperature. This value is in the same range as the half-amplitude
of the wavy features observed, for example, in Figures 10 and 11. It can be
assumed that this plastic layer at the film surface gets deformed due to tip-
sample interaction during AFM scanning. An increase of the plasticizer
content results in an increase of the thickness of the plastic layer at the film
surfaces, and, as a result, the amplitude of the ridges observed increases.

In summary, the AFM results obtained in this section are consistent with
the existence of a thin plastic layer at the surface of glassy polymer films.
The thickness of this plastic layer was found to increase with the plasticizer
content, that is, with the decrease of the bulk glass transition temperature.
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