
Surface Roughening of PET Films through Blend Phase Coarsening
Ahmad Rezaei Kolahchi, Pierre J. Carreau, and Abdellah Ajji*

CREPEC, Chemical Engineering Department, Polytechnique Montreal, Montreal, Quebec, Canada

ABSTRACT: In this study, a novel method to increase the
surface roughness of polyethylene terephthalate (PET) films is
proposed. The mechanism of phase coarsening at the surface
in extruded thin films of PET blended with low concentrations
of polystyrene (PS) was investigated. A small amount of
poly(hyroxyl ether) of bisphenol A (phenoxy resin, PKHH)
was found to significantly increase the surface roughness due
to its effect on the PS−PET interfacial tension. X-ray
photoelectron spectroscopy (XPS) results indicated that in
the presence of PKHH, PS droplets migrated spontaneously
towards the surface of the polymer film. An increased local
concentration of PS near the surface took the form of encapsulated droplets. Above the flow temperature of the blend, the local
concentration of PS eventually reached a level where a co-continuous morphology occurred, resulting in the instabilities on the
surface of the film. The adhesion properties of films with various roughnesses were determined using a pull-off test and found to
be significantly increased, which suggested that co-continuous morphology and the coarsening process increased the adhesive
properties of the film.
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■ INTRODUCTION

Despite the remarkable mechanical and physical properties of
polyesters,1−4 poor wettability and surface energy means that
this class of polymers does not adhere to most materials,5−8

precluding its use in applications such as printing and dying
without previous surface treatment. Adhesion between two
contacting surfaces depends on chemical bonds and mechanical
interactions.9−11 It increases in response to improved chemical
and physical interactions based in part on an increase of surface
energy12−15 as well as roughness of solid surfaces.16−21 Many
different theories and models have been proposed to measure
adhesion between two surfaces based on bond formation and
interface interactions.22−24 One such model proposes that
adhesion is a contribution of Lifshitz−van der Waals (LW) and
acid−base (AB) interactions. According to van Oss et al.,25

such interaction can be described in quantitative terms, using
the work of adhesion

= +W W Wa a
LW

a
AB

(1)

where Wa is the work of adhesion and Wa
LW and Wa

AB

represent the LW and AB contributions to the work of
adhesion, respectively. In addition to LW and AB interactions,
the work of adhesion was also shown to increase in rough
surfaces because of increased surface contact.26−28 The effect of
roughness manifests itself in a number of ways. In the case of a
liquid-solid interface, the liquid surface can anchor physically
into the solid by penetrating into pores or by binding against
concavities, a phenomenon referred to as mechanical inter-
locking (MI). Figure 1 shows a schematic of surface roughness
and liquid anchoring in pores. Since MI increase the work of

adhesion regardless of LW or AB contribution, eq 1 must be
modified to account for this third factor
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where WaMI is the MI contribution to the work of
adhesion.29−31 There are many examples of experimental
work showing the effect of surface roughness on bonding
area and adhesion.32−36

Several techniques exist for roughening polymer substrates,
including but not restricted to etching the polymer surface by
dissolving some components from the surface,37−39 immersing
in a reactive gas,40 bombardment by ions,41,42 and thermal and
capillary fluctuations.43,44 As yet, no roughening technique has
been reported for use in conventional melt processing
operations such as extrusion. Such a technique would be of
interest because of its easy and cost-effective process.
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Figure 1. Schematic illustration of roughness and liquid anchoring on
a solid surface.
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Surface roughening can be achieved during melt processing if
one of the components of a polymer blend naturally migrates
toward the film surface, resulting in a composition gradient
across the thickness of the film. This can occur for a number of
reasons such as the buoyancy forces related to the density of
the polymer components or due to segregation resulting from
the applied shear developed by processing.
The surface roughening in polymer blends film occurs more

efficiently through forming co-continuous network morphology
of two phases at the surface of the film. It is found that under
flow, coalescence of droplets and the formation of a co-
continuous morphology are dependent on viscoelastic param-
eters, whereas under static conditions, the concentration
controls the morphology.45,46 Dependent on the concentration
of the phases, blends can evolve through different morphologies
with their own characteristic wavelength (Λ(t)).47 Cahn and
Hilliard48 proposed a theory describing the stage of the phase
separation during which wavelengths grow in time. These
wavelengths alteration can be obtained from radial average of a
2D fast Fourier transform (FFT) of the AFM topographical
images or the intensity at different characteristic wavenumbers
(q*) using light scattering technique. The late stage coarsening
of the phases is characterized by a power-law dependence of the
domain size. The coarsening can be occur either by migration
of droplets through the matrix or gradient in the capillary
forces. In the former, coarsening of the domains is explained by
q* ∝ t1/3, and in the latter, it is described by q* ∝ t1.
When a polymer blend with a co-continuous morphology is

annealed above its flow temperature, the phase structure can
become coarser to minimize the system free energy. For the
case where one of the interfaces is air, the internal coarsening
leads to roughening of the film at that surface. Surface
roughening through phase coarsening in binary mixtures is a
technique that has been widely studied, leading to rapid
technological enhancements, particularly in thin polymer
films.49−54

In this study, we investigate (1) the mechanisms for
roughening polymer film surface and (2) the effect of induced
roughness on polymer film surface adhesion and dyeability
properties. We investigate the novel idea of roughening PET
films based on the migration phenomenon that drives the
system into a co-continuous morphology for a low concen-
tration of the minor component. A method for the spontaneous
migration of one desired minor component to the surface of a
molten blend is applied. Then, through annealing and
increasing concentration of the minor component at the
surface layer, a co-continuous morphology of the PET-PS at the
surface of the blend is created. The coarsening of PS droplets
occurs by coalescence through which the free energy of the
blend is minimized by reducing the interfacial area between the
phases.
In this work, PKHH and polystyrene (PS) were used as

minor phases in blends with a PET matrix. PKHH can reduce
the size of PS droplets and acts as a compatibilizer for PET
because of its chemical structure. It tends to act as a hydrogen
bond donor, which increases its interactions with the polyester,
whereas the aromatic groups of the phenoxy resin probably
coordinates with those of PS. Droplet size is an important
variable, because small droplets are able to migrate more
quickly to the surface layer in response to shear in the extruder.
Here, annealing was used to determine the kinetic behavior

of the migration of PS to the subsurface layer of the film. We
investigated the kinetics of phase segregation and coarsening by

2D fast Fourier transforms (FFT) of the AFM images. To
quantitatively analyze the evolution of the surface roughness,
the root-mean-square surface smoothness (RMS) of the binary
polymer blend films at thin surface layer and the characteristic
wavenumber were introduced. The FFT transformed data
exhibit a maximum intensity at a characteristic wavenumber
qmax.

■ EXPERIMENTAL SECTION
Materials and Sample Preparation. For the matrix, we used a

recycled PET (R-PET) supplied by Lavergne Group Inc. in thin 15
mm2

flakes. It contains a white crystalline portion of about 5% by
weight. The other polymers were: PS Styron 663 with density 1.04 g/
mL and molecular weight of 300 kDa and PDI = 1.08 (supplied by
Dow Chemical), PKHH phenoxy resin with Mw of 52 kDa (supplied
by InChem Corp.) and deuterated PS (dPS) with Mw of 298 kDa and
PDI = 1.06 (purchased from Scientific Polymer Products Inc.). For
adhesion tests, a solvent borne alkyd paint (Brillant) was purchased
from Timpe & Mock GmbH & co.

Before blending, PET, PS and PKHH were dried at 100, 80, and
100° C respectively in a vacuum oven for 24 h. To prepare a
benchmark PET film, we extruded the dried PET using a co-rotating
twin-screw extruder (CICO-TSE) manufactured by Leistritz Corp.
with an L/D ratio of 40 (L = 720 mm), at a rotation speed of 100 rpm.
The extruder was operated using a temperature profile of 245, 250,
255, 255, 255, 250 ° C (for the different zones from the hopper to the
die). Binary polymer films (PET-PS and PET-PKHH) were prepared
by direct solid mixing of PET with 5 wt % of the other component and
then extruded under the conditions defined above. The ternary
polymer blend film (90 wt %PET-5 wt %PKHH-5 wt %PS) was
prepared using direct solid mixing of the three components before
feeding into the extruder and operated under the same conditions.
After each processing, the polymer films were cooled using an air-knife
right after the exit of the die. Annealing was performed isothermally in
a vacuum oven at temperatures in the range of 240 to 260 °C for
periods ranging from 20 to 1200 s followed immediately after by
quenching to 0 °C (into ice−water).

Characterization. X-ray Photoelectron Spectroscopy (XPS).
Blends films surfaces were analyzed via XPS using a VG ESCALAB
3 MKII spectrometer. Electrons were excited using a nonmonochro-
matic Mg Kα x-ray source (1253.6 eV), with an experimentally
determined spectral resolution of 0.7 eV and a standard measurement
error of less than 0.1 eV. Pressure in the chamber was maintained at 1
× 10−9 Torr (1.333−7 Pa) and the main carbon peak was fixed to a
binding energy of 284.7 eV. Relative concentrations were determined
by dividing integrated intensity values by sensitivity factors taken from
the Wagner table.55 An area of approximately 5 mm in diameter of
sample surface was analyzed. Survey scans (0−1100 eV) and narrow
scans (high resolution) of the C 1s and O 1s regions were obtained.
Peak fitting of the C 1s and O 1s core levels was carried out using the
Avantage V 4.12 software. Consequently, the O/C atom ratio was
estimated from the relative peak intensities of the O 1s and C 1s
spectra.

Surface Morphology. The surface morphology and topography of
the films was studied via scanning electron microscopy (SEM) and
atomic force microscopy (AFM). SEM observations were conducted
using a Hitachi S-4700 operated at 10 kV and the samples were coated
prior to the test with gold−palladium alloy by plasma sputtering for 15
s. AFM imaging was performed on a Dimension 3100 Nanoscope V
controller from Digital Instruments Inc. (Santa Barbara, CA) in the
tapping mode. ACTA Cantilevers from Applied Nano Inc. with a
spring constant of 42 N/m, resonance frequency of 300-400 kHz and
medium oscillation damping with the set point of 75% amplitude were
used. Samples were ultra-microtomed to observe morphology of the
cross-section, using a diamond knife at room temperature.

Depth Profiling. Depth profiling was used to determine the
concentration of the components of a blend film as a function of depth
when the information on the wetting properties of multicomponent
polymer mixtures was required. It is a useful technique to analyze the
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segregation of the components in an unstable blend if this segregation
corresponds to a wetting layer. By this technique the elements below
the surface region, layer by layer, are determined in the forward
direction from a depth ranging from 0 to 5000 Å. One of the direct
depth profiling method is MeV ion beam scattering. A beam of ions
produced by an accelerator is incident on the sample. The ions are
scattered from the surface and the emitted particles due to fragments
from collision or nuclear reaction are detected.
In this study, FRES was performed on a model 5SDH Pelletron

tandem accelerator (National Electrostatic Corporation, WI),
interfaced with a scattering chamber. The technique has been
described elsewhere.56 Briefly, 1.51 MeV 4He+ ions impinge on a
target at an angle 78° with respect to the normal of the sample. The H
and D atoms in the target surface are forward scattered and detected.
The SIMNRA analysis program 30 version 5.02, was used to analyze
the spectra.57

Adhesion Test. One of the aims of this work is to investigate the
effect of roughness created through polymer blending on the adhesion
of paint on the surface of the polymer. In this investigation, pull-off
test can be used to measure the adhesion strength between coating
layers. The pull-off adhesion test is a quantitative technique in which a
metal surface called a dolly is bonded to the surface in question using
an epoxy resin. The pull-off tests were performed with an automatic
PosiTest Pull-off Adhesion Tester (PosiTest At-A from DeFelsko
Corp., USA) in accordance with ASTM D4541 and ISO 4624 under
constant stress and fixed rate of loading of 1 MPa/s. A schematic of
this test method is shown in Figure 2. In this method, an aluminum

made dolly is glued to the specimen whose adhesion is to be tested,
and a tensile load is applied until failure. The tensile force required
breaking the bond between the dolly and the surface is then calculated.
We used aluminum dollies with a diameter of 10 and 25 mm and a
two-component epoxy-based adhesive (Araldite 2011) to glue the
dollies to the test specimens. This tester exerts tensile loads generated
by an electrical hydraulic pump. In this experiment the PosiTest pull-
off adhesion tester was used to evaluate the adhesion of alkyd paint to
the prepared film surfaces.
Measurement of Interfacial Tension. Films of PET of 0.5 mm

thickness were pressed between two metal plates on a Carver
laboratory press at 250 °C. The PS and PKHH fibers were prepared
manually. The fiber diameters ranged from 40 to 100 μm. The fibers
were cut to 25 mm lengths and annealed at 60 °C for about 24 h in a
vacuum oven to remove any residual stress. The breaking thread
technique was used to measure the interfacial tension between PET
and PKHH and PS at 200 and 240 °C. In the breaking thread method,
the interfacial tension between two polymers can be measured by
following the initial stages of breakup of a fiber of one of the polymers
sandwiched in the other one to form small droplets as a function of
time.45 A Mettler hot-stage model FP 82 HT connected to a FP 90
central processor and to a Nikon transmission optical microscope was
used. The tests were conducted for two PET films and a thread of PS
or PKHH was sandwiched between the PET films mounted on glass
sides and then placed under the microscope of a hot stage. The

temperature of the hot stage was raised to the desired temperatures
and periodic digital images from the microscope were captured. At
least 15 series of measurements were carried out. Details about the
measurement and calculations of interfacial tension were reported
elsewhere.58,59 Figure 3 shows sinusoidal distortion on the PS thread
embedded in the PET matrix.

■ RESULTS AND DISCUSSION
XPS Analysis. XPS measurements were performed with 0.1

eV steps on the film samples to determine the relative content
of carbon and oxygen atoms on their surfaces. The C 1s
spectrum has been fitted with three distinctly resolved peaks
attributed to carbon atoms located in benzene rings (C marked
with I in Figure 4a), carbon bonded to oxygen (C marked with
II in Figure 4a) and ester atoms group (C marked with III in
Figure 4a) identified in the chemical structure of PET shown in
Figure 4. The oxygen (O 1s) spectrum was also fitted with two
contributions: carbonyl oxygen (O marked with I in Figure 4-a)
and singly bonded oxygen (O marked with II in Figure 4a).
The XPS spectra of C 1s and O 1s for neat PET film surface,
polymer blend of PET-5 wt %PS-5 wt %PKHH and the blend
of PET-5 wt %PS and also the XPS spectra of O 1s for the
samples are observed in Figure 4b from 1 to 6 respectively.
Relative abundance of carbon and oxygen atoms and the types
of bonds they form were determined from the area of peaks
corresponding to those identified previously. Table 1 shows the
relative contents of the different types of oxygen and carbon for
the neat PET, the binary (PET−PS) and the ternary blend
films. The CI peak at a binding energy of 284.7 eV, which
corresponds to carbon atoms in phenyl rings (C−H and C−C)
for the PET-5 wt %PS-5 wt %PKHH, changes significantly
compared to the same spectrum for the neat PET film surface
whereas for the binary blend, it is almost the same as for the
neat one. Also, CII and CIII peaks remarkably decrease for the
ternary blend while OI/OII ratio remains almost constant for
the all samples. Additionally, the total concentration of oxygen
molecules decreases from 27.6 for neat PET to 15.9% for PET-
PS-PKHH blend, while there is no significant change for the
binary one compare to neat PET film. Since PKHH chains
contain two −C−O− and one −OH functional groups with
almost 17% O/C ratio, the changes indicate the presence of
more PS at the top layer of few nanometers (analytical depth of
XPS) of the surface of the film. The results indicate that, at a

Figure 2. Schematic image of pull-off adhesion test.

Figure 3. Sinusoidal distortions on the PS thread with diameter 55
μm, embedded in the PET matrix. The measurement was performed at
240 °C; the times at which subsequent photographs were taken are t =
20 , 40, 60, 80 s.
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given concentration of the minor phases, the surface layer of
the film is enriched with PS, whereas PKHH is less apparent in
this layer. No significant change in the surface concentration of
carbon and oxygen of the PET−PS film indicates that there is
no remarkable movement of PS molecules to the surface of the
film. The solubility parameter of the phenoxy resin implies
more compatibility with polar materials such as polyesters and
nylons, but less compatibility with acrylics, olefins, and vinyls.
Measurements of the interfacial tension between PKHH and

PET (approximately 0.4 ± 0.2 mN/m) and between PET and
PS (approximately 4.2 ± 0.8) mN/m) explain the tendency of
PKHH to mix well with PET, and the tendency of PS to
migrate from the bulk of the polymer to the surface layer during
the extrusion process. It should be noted that the surface free
energy of PET and PS are 44.6 and 40.7 mN/m, respectively, at
20 °C.60,61 Therefore, it can be concluded from XPS results
that PS is preferentially present at the surface layer of the
polymer blend.

Figure 4. (a) Chemical structure of PET. (b) High-resolution XPS spectra of: 1 C 1s PET, 2 C 1s PET-5 wt %PS-5 wt %PKHH, 3 C 1s PET-5 wt %
PS, 4 O 1s PET, 5 O 1s PET-5 wt %PS-5 wt %PKHH, 6 O 1s PET-5 wt %PS.

Table 1. High-Resolution XPS Spectra of PET and PET-5 wt %PS-5 wt %PKHH Film Surfaces

C 1s O 1s

CI CII CIII OI OII C O

PET peak BE (eV) 284.7 286.4 288.7 531.7 533.1 72 27.6
at % 47.7 12.9 11.8 14 13.6

PET-5 wt %PS-5 wt %PKHH peak BE (eV) 284.7 286.6 288.7 531.9 533.3 84.1 15.9
at. % 68.5 8.7 6.9 8.1 7.8

PET-5 wt %PS peak BE (eV) 284.7 286.6 288.6 531.7 533.3 73.4 26.6
at % 48.3 13.7 11.4 13.5 13.1
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SEM Results. Figure 5 exhibits SEM micrographs of the
cross-section (b-1 and c-1) and surface (a, b-2, and c-2) of a
PET film, a film of a binary blend of PET−PS and a film of a
ternary polymer blend of PET-PS-PKHH, all for several
magnifications. Because of the very low interfacial tension
between PET and PKHH, they are almost miscible and PKHH
cannot be observed as droplet in PET matrix. Therefore, the
images of PET films containing 5 wt %PS show a uniform
distribution of PS droplets in the bulk of the film. Those
presented in Figure 5b-1 show PS droplets well distributed
regardless of the depth. Images of Figure 5b-2 present the size
and shape of the PS droplets. They are oval-like droplets with a
diameter of 4 μm on average with smooth interfaces. In the
SEM images of the ternary polymer blend, the PS droplets are
completely different in terms of distribution, size and shape. As
can be observed from the Figure 5c-1 image, the distribution of
the PS droplets within the film is not as homogenous as in the
PET-PS film. Droplets of PS are abundant near the surfaces of
the film and scarce in the bulk. Further, images of Figure 5c-2
show that PS droplet size has decreased significantly to an
average of less than 2 μm in diameter in response to the
addition of PKHH to the system. Another observation from

these micrographs is that the addition of PKHH has resulted in
a rougher interface between PET and PS.

Depth Profiling and AFM Results. Segregation in
polymer blends can be observed by the variation of three
parameters, namely temperature, composition and molecular
weight. In this work, the temperature was modulated
(annealing), whereas the other variables were kept constant
in order to determine an ideal processing condition for
extrusion. Therefore, we annealed the blend films at a
controlled temperatures and characterized them using FRES
technique.
FRES depth profiling was used to characterize the polymer/

air interface of the ternary polymer blend. Figure 6 presents the
FRES profile along with AFM images of the PET-dPS−PKHH
film for different annealing times at 250 °C. Deuterated
polystyrene (dPS) with the almost same characteristics of the
PS was used in the blend to evaluate by depth profile technique
whether the polystyrene chains change their locations at the
surface layer during annealing. Deuterium and hydrogen from
the film are elastically scattered and detected by a detector
located at −75°. The surface depth resolution has a full-width
half-maximum value of 800 A. Figure 6a reports the FRES

Figure 5. SEM images from (a) PET film surface. (b-1) Cross-section of PET-5 wt %PS. (b-2) PET-5 wt %PS film surface. (c-1) Cross-section of
PET-5 wt %PS-5 wt %PKHH films. (c-2) PET-5 wt %PS-5 wt %PKHH film surface.
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profile for the PET-dPS-PKHH film without annealing. The
graph indicates that dPS is located at the surface layer of the
polymer film surface, which is consistent with the results of
XPS. Although dPS makes up only 5 wt % of the blend, the
volume fraction of dPS at the layer close to the surface is about
35%. This indicates that most of the dPS droplets have
segregated to the polymer/air interface during extrusion and
film solidification. Annealing resulted in migration of more dPS
molecules from the bulk to the subsurface layer. A comparison
between Figure 6a and Figure 6b−d indicates that the
concentration of dPS at the surface layer increases with
annealing time. After 120 s annealing, the rate of migration is
higher than what was initially expected based on the lower
surface tension of dPS compared to PET. The average
movement of PS molecules can be estimated using the Einstein
equation (I2 = 2Dt)62 where I2 is the mean free quadratic

displacement in one direction, D is the diffusion coefficient, and
t is the diffusion time. The typical diffusion coefficient of PS is
D = 2.8 ± 0.07 × 10−11 (cm2/s),62 so it was estimated that in
the course of 1 s, the average displacement of the PS molecules
is 10 nm. Because the thickness of the prepared film is around
30 μm, the migration of PS molecules from the middle of film
to the surface layer would take around 25 min if only the
diffusion mechanism is involved. Therefore, the migration
cannot be described only by the diffusion and surface tension
difference, while under this driving force more time (not in the
scale of seconds) is needed for the migration of a component to
the surface. Consequently, other factors such as density
differences and viscosity ratio must also influence the migration
of dPS droplets.
The right column of Figure 6e−h shows the topography of

dPS-rich layer at the surface. Phase imaging in tapping mode
was used to obtain contrast based on surface hardness. The
dark zones are associated with PET phase, whereas the brighter
ones with PS. There is a sharp contrast between the PET and
PS phases. It is suggested that phase contrast images of the
samples are related to surface stiffness variations associated with
changes in the elastic modulus. However, the enhancement of
the concentration of polystyrene in AFM images is correlated
with the results from XPS and FRES. The PS phase could also
be distinguished because of its higher elastic modulus (5.12
GPa) compared to the PET (3.05 GPa).
According to the AFM images, the surface topography

changes with time to exhibit a co-continuous surface pattern in
the PET film. Figure 6f shows the surface after 120 s. The
images show that phase coarsening starts to develop gradually
with segregation of dPS in the blend. Thus, there is a dPS-rich
unstable layer (about 500 nm from the top) and a PET-rich
bulk region. With further annealing, we observe an increasing
concentration of dPS in the surface layer. By combining the
depth profile and the surface topography of the films, the
roughness evolution can be described in terms of phase
coarsening of co-continuous morphology occurring on the
polymer surface.
To conclude, segregated dPS droplets are present near the

surface layer before annealing. Annealing at 250 °C for 120 s
increases the polymer chains’ mobility along with the dPS
concentration in the subsurface layer, followed by the formation
of a co-continuous structure. When annealing for 500 or 1200 s,
the co-continuous structure coarsens, along with phase
inversion.

Phase Coarsening Kinetics. The phase coarsening kinetics
was investigated by analyzing the evolution of the surface
roughness correlation length λ(t) = 2π/qmax(t) on the polymer
film surface, where qmax(t) is a characteristic wavenumber
corresponding to peak maximum. qmax(t) can be obtained from
the fast-Fourier transform (FFT) of AFM images. The two-
dimensional FFT spectrum exhibits a maximum intensity at a
characteristic wavenumber (qmax). The first stage of phase
coarsening identified in this process is consistent with the
linearized theory developed by Cahn and Hilliard.48 Later in
the evolution of the coarsening, a different trend is identified,
wherein peak wavenumber shows a power law dependence on
time: q(t) ≈ t−n. Several articles have focused on this power-law
behavior. Geoghegan has reviewed the phase behavior of
polymer blend on polymer surface in detail.63

The analysis of AFM images by 2D FFT over a square
section of 512 × 512 pixels was performed. The intensity as a
function of wavenumber for the PET−PS-PKHH film was

Figure 6. Volume fractions of dPS from FRES depth profiles of PET-5
wt %dPS-5 wt %PKHH film surface for (a) non-annealed sample. and
annealed samples at 250 °C for (b) 120, (c) 600, and (d) 1200 s; and
AFM phase images of PET-5 wt %dPS-5 wt %PKHH film surfaces for
(e) non-annealed sample and annealed samples at 250 °C for (f) 120,
(g) 600, and (h) 1200 s. Scan sizes are 2.5 μm × 2.5 μm (dark region
is PET and bright region is PS).
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obtained from the circular average of the 2D FFT from AFM
images. The results achieved after annealing to find qmax values
and phase evolution kinetics. The right inset in Figure 7 shows

2D FFT image for this sample. The left inset in Figure 7 shows
the PET-PS-PKHH film surface roughness as a function of time
at different annealing temperatures. The RMS roughness
increases with time for all samples. For samples annealed at
250 and 245 °C, the RMS roughness initially increases sharply,
whereas at 240 °C, a plateau is reached after a slight increase.
The qmax value as a function of time is plotted in Figure 7 at
different annealing temperatures on logarithmic scales. For the
sample annealed at 240 °C, qmax is constant over the entire
experimental period, suggesting that coalescence did not occur
at this temperature and the surface roughness at the beginning
of the annealing (shown in left inset) could be due to the
thermal fluctuations. For the samples annealed at 245 and 250
°C, qmax displays two distinct evolution stages. They are
represented by two distinct linear trends in the plot of qmax as a
function of time. These two trends intersect after 132 s of
annealing at 250 °C and after 237 s of annealing at 245 °C. The

evolution of the characteristic wavenumber can be well
approximated by a power-law dependence. As previously
mentioned, each sample displayed two types of phases with
different trends. The power-law exponents best representing
these trends are 0.05 and 0.46 for the sample annealed at 245
°C and 0.06 and 0.51 for the sample annealed at 250 °C, in
order of occurrence. These trends suggest that the characteristic
wavenumber is initially independent of annealing time,
consistent with Cahn’s linearized theory for the early stage of
spinodal decomposition.48 Ultimately, the characteristic wave-
number does change according to a power-law behavior, a
phenomenon frequently observed during phase coarsening of
polymer blends.
In prior work, kinetic models have been proposed for surface

phase coarsening for a range of systems. Sung64 modeled the
coarsening kinetics of a PS/polybutadiene (PB) using two
power-law trends, with the initial phase best modeled by the
exponent 1/3 and the subsequent phase modeled by an
exponent of 1. Phase coarsening and the phase behavior of
polymer blends are much more complicated in thin films than
in thick ones because of the significant effect of the substrate
surface properties (the solid surface on which the thin film is
located on) and film thickness. For example, the concentration
gradient is a strong function of thickness.65−68

In regards to the PET-PS system, annealing above the flow
temperature allows droplets of the minor phase to migrate to
the surface. This migration process is probably the first phase
identified. This phase is not as visible with regard to a
characteristic wavenumber because diffusion of this minor
phase would be relatively slow and the subsurface concen-
tration would not yet be sufficient for formation of co-
continuous morphology and starting the phase coarsening.
Once the subsurface concentration of the minor phase reaches
the critical concentration for phase coarsening, the co-
continuous structure occurs. The effect of temperature on
diffusion is clear from the fact that migration occurs faster for
the sample annealed at 250 °C than for the one annealed at 245
°C. This indicates that the critical subsurface minor phase
concentration was reached more quickly for the former than for
the latter. The model of phase coarsening derived for annealed
films suggests that if the residence time of an extruded polymer
film is sufficiently long (more than 3 min) in the sheet die at
250 °C, the film would be roughened to a similar degree as an
annealed one of the same composition.

Figure 7. Characteristic wavenumber versus annealing time for the
PET-PS-PKHH blend at three different temperatures (240, 245, and
250 °C). The left inset shows RMS surface roughness as a function of
annealing time at different temperatures (240, 245, and 250 °C) and
the right inset shows 2d FFT image of PET-5 wt %PS-5 wt %PKHH
film.

Figure 8. RMS surface roughness for the neat PET, PET-5 wt %PS, PET-5 wt % PKHH, and PET-5 wt %PS-5 wt %PKHH films surfaces in (a) 472
μm length scale and (b) 5 μm length scale.
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Surface Roughness. A profilometer was utilized to
determine the average roughness of a 50 mmx50 mm square
sample surface. The technique allowed comparison of the
surface topography of neat PET film with the topographies of
aforementioned binary and ternary blends films. Average
surface roughness was treated on two different length scales
to represent the different scales of roughness. Average
roughness for the two length scales, namely 472 and 5 μm,
are shown in Figures 8 a and b, respectively. The ternary
polymer blend is significantly rougher than the other blends,
with an RMS roughness of 481 nm and 10.5 μm for the 5 and
472 μm length scale measurements, respectively. These results
can, in conjunction with SEM images, confirm the effect of
PKHH on the surface roughening of the PET film for the two
scale levels.
Adhesion Test. The adhesion strength between the

prepared films of PET, PET-5 wt %PS, PET-5 wt %PKHH
and PET-5 wt %PS-5 wt %PKHH as measured by the pull-off
test are reported in Figure 9. As expected, the surface of the

ternary polymer blend adhered more strongly to the paint than
the surface of films produced from the neat PET or from the
binary blends. 7.8 MPa is the required force to separate the
paint from the surface of PET-PS-PKHH film, whereas
applying 4.6 MPa was enough for the neat PET film at room
temperature. This observation is consistent with the results of
profilometery of the same films, which showed in the previous
section that the ternary polymer blend film is rougher than
those produced from the binary blends or neat PET.

■ CONCLUSION
In conclusion, this study proposed a scenario for surface
roughening of PET films through melt blending. In this
particular work, 5 wt %PS and 5 wt %PKHH phenoxy resin
were blended with PET in a twin-screw extruder. PS droplets
were initially well distributed within the bulk PET. The size of
these droplets was reduced by the presence of PKHH. The
reduction in droplet size permitted more and faster migration
of the droplets through the continuous phase, allowing
segregation to the surface layer in response to the shear forces
applied by the extruder. Despite the relatively low concen-
tration of PS, migration of these droplets to the surface of the

polymer resulted in a locally unstable concentration of PS,
leading to phase coarsening.
XPS results confirmed a chemical modification of the PET

film surface in response to the addition of PS and PKHH in the
concentrations. Use of FRES demonstrated the high concen-
tration of PS at the film surface. Also, a co-continuous pattern
due to the high concentration of the PS molecules at the
surface and their coalescence was observed in AFM images.
It was also found that the critical surface phase coarsening

temperature for PET−PS polymer blend was around 245 °C.
When the surface concentration of PS reached an unstable
level, the characteristic wavenumber followed a power-law
trend best fitted by an exponent of 0.42. The transition
between PET and PS phases occurred after132 s for the sample
annealed at 250 °C.
Finally, pull-off tests indicated that the surface of ternary

polymer blend of PET-PS-PKHH film had better adhesive
properties (7.8 MPa) than surfaces of the binaries (PET-PS
(4.6 MPa), PET-PKHH (4.8 MPa)) and the neat PET films
(3.9 MPa).
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