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Abstract. The objective of the present study was basic understanding of the formation of thin ﬁlm morphology by
spin coating using reorganized polyethylene terephthalate (r-PET) and multiwalled carbon nanotubes (MWCNTs)
as ﬁllers in PET. A study of the correlation between physical properties of the PET ﬁlms and its surface morphology
was carried out using atomic force microscopy-based power spectral density (PSD) analysis. No signiﬁcant work of
surface analysis, using PSD of thin ﬁlms of PET has been reported till date. Dilute solution of PET, PET with 3 wt%
(r-PET) and PET with 3 wt% (2 wt% r-PET + 1 wt% MWCNT) ﬁller were prepared using trifluoroacetic acid (TFA)
as a solvent and thin ﬁlms were fabricated on glass substrate by the optimized spin coating technique. Preparation
of r-PET and r-PET+ MWCNT ﬁllers was obtained by the precipitation method using TFA as a solvent and acetone
as an antisolvent. The samples before spin coating were extruded and for comparison, a ﬁlm of non-extruded PET
was also prepared. Structural studies by Fourier transform infrared and X-ray diffraction show higher degree of
crystallinity in r-PET and decrease in chain entanglements. Owing to the crystallizing behaviour of r-PET, it allows
better dispersion of MWCNT in the polymer matrix as compared with PET. The samples with ﬁllers of MWCNT
show more compact and unique mesh-like globular structure, indicating application for electromagnetic shielding
foams and ﬁbres.
Keywords.

1.

Thin ﬁlms; precipitation; MWCNT; nanocomposite; AFM; PSD.

Introduction

Since the discovery of carbon nanotube (CNT) by Lijima [1],
it is extensively used as ﬁller in polymers to prepare polymer
nanocomposites. This is basically because of its high mechanical strength, high thermal and electrical conductivity,
and good chemical stability [2,3]. Polymer composite prepared using CNT leads to better material properties such as
mechanical strength, electrical conductivity, fracture toughness, electromagnetic shielding properties, etc. Polyethylene
terephthalate (PET) is a semicrystalline polymer with excellent thermal stability, good mechanical properties, high
chemical resistance, and low gas permeability [4]. Conductivity of PET increases with the addition of CNT signifying its use for ﬂexible solar substrate. A number of
papers have reported change in conformational and structural variations in extruded PET as compared with nonextruded PET [5]. Studies have shown variation in trans
and gauche conformers after heat treatment which leads to
considerable change in ﬁnal product [6–8]. Heating of PET
during extrusion process makes PET chains more ordered
which is because of conformational change of PET chains.
This variation drastically effects the incorporation of ﬁllers
in PET matrix. For studying polymer–ﬁller matrix which is
processed by solvent-induced methods such as solution
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casting, spin coating, or solvent electrospinning, there is need
to properly incorporate effect of extrusion.
Precipitation method also called as coagulation method
to prepare nanocomposites of multiwalled carbon nanotubes
(MWCNTs) and PET was ﬁrst used by Hu et al [9].
MWCNT/PET nanocomposite was prepared using ODCB–
phenol (1 : 1 by mass) as a solvent and methanol as an antisolvent. Wrapping and better dispersion of MWCNT was
reported by Hsiao et al [10] for preparing MWCNT/
polyethylene. Although there is tremendous importance for
precipitation method, very less literature is available on dispersing of MWCNT and preparing polymer nanocomposites which leads to better thermal, mechanical, and decreased
electrical and rheological threshold [11]. Dispersion of
nanoﬁller is a big challenge and the precipitation method can
play a very important role by producing polymer wrapped
MWCNT which can in fact used as ﬁller for preparing
polymer nanocomposites.
The structural and surface morphology of the materials
play crucial role for their use in practical thin ﬁlm devices.
Thin ﬁlms prepared by the spin coating technique is one
of the best techniques to prepare organic ﬁlm owing to its
efﬁciency and reproducibility [12]. The ﬁlms prepared by
spin coating are inﬂuenced by factors such as concentration of the ﬁlm-forming materials, molecular weight and solvent type (viscosity, density and surface energy), spinning
rate, and operation temperature [13,14]. By controlling these
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parameters desired and optimum results in terms of roughness and thickness can be achieved. A study of the correlation between physical properties of the PET ﬁlms and its
surface morphology is necessary for more comprehensive
understanding for the improvement of the quality of these
ﬁlms for the technological applications. No signiﬁcant work
of surface analysis, using power spectral density (PSD) of
thin ﬁlms of PET has been reported. In the present work,
the structural and morphology properties of prepared ﬁlms
were investigated. Surface imaging as well as statistical analysis, was used to characterize the local and overall roughness,
grain size with the help of the PSD technique.
The spin coating parameters such as rpm, time for ﬁlm
forming, and acceleration time were ﬁrst optimized in terms
of the resulting ﬁlm morphology. Spin coating of thin ﬁlms
prepared are helpful to study the structural and morphological phenomena relevant to ﬁbre and textile processing at the
molecular level. Structural properties of the ﬁlms were investigated by Fourier transform infrared spectroscopy (FTIR)
and X-ray diffraction (XRD). Morphological studies were
carried out by scanning electron microscopy (SEM), atomic
force microscopy (AFM) and polarizing optical microscopy
(POM). The values of PSD for the AFM digital data were
determined by the fast Fourier transform (FFT) algorithms
instead of the root-mean-square (RMS) and peak-to-valley
values. The PSD plots of prepared ﬁlms are successfully
approximated by the ABC model. Thin ﬁlm samples of
PET, PET with 3 wt% (r-PET), and PET with 3 wt% (2 wt%
r-PET + 1 wt% MWCNT) were prepared by spin coating on
glass substrate using triﬂuoroacetic acid (TFA) as a solvent.
Preparation of r-PET and r-PET+MWCNT ﬁllers was
obtained by the precipitation method using TFA as a solvent
and acetone as an antisolvent. The samples before spin coating were extruded and for comparison, a ﬁlm of non-extruded
PET was also prepared. The optimization was carried out
by preparing the thin films at different rpm, concentration of
solvent and spinning time. After morphological study of
ﬁlms with different rpm, further samples were prepared on
the best spin coating parameter.
2.

Materials

PET with melting temperature of 265◦ C and molecular
weight ca. 20,000–30,000 was provided by the PET division
of Reliance Industries (Patalganga, India). MWCNTs of 98%
purity with average length of 10–30 µm and average diameter 20–30 nm were purchased from Nanoshell LLC, USA.
TFA with boiling temperature of 72.4◦ C was obtained from
S.D. Fine Chemicals (Mumbai, India).
3.

Experimental

3.1 Preparation of r-PET and r-PET with MWCNT
PET was structurally modiﬁed by a precipitation technique
[15,16]. Brieﬂy, 6% by (w/v) of PET was dissolved in TFA

Figure 1. Schematic representation of the preparation of reorganized PET.

and heated to 50◦ C with rapid stirring to completely dissolve the polymer. The heated polymer solution was precipitated by gradually adding the solution dropwise to 300 ml of
acetone which was kept for stirring at room temperature. A
white precipitate was obtained and it was washed with acetone and dried in a vacuum oven overnight at 40◦ C to obtain
dry r-PET.
For preparing r-PET with MWCNT composite, MWCNT
are ﬁrst dispersed in TFA by energetic agitation using probe
sonicator at a frequency of 20 kHz for 30 min. Brieﬂy, 5%
by (w/v) of PET was dissolved in TFA at 50◦ C associated by
magnetic stirring. As soon as PET got dissolved in TFA, the
dispersed solution of MWCNT in TFA was added to PET–
TFA solution maintaining the total solution of PET/TFA as
6% by (w/v). The obtained solution was precipitated and was
then washed and dried with the above method used for r-PET
(ﬁgure 1).
3.2 Extrusion of samples
The samples of PET, PET with 3 wt% (r-PET), and PET
with 3 wt% (2 wt% r-PET + 1 wt% MWCNT) were extruded
using a counter rotating twin-screw extruder (Haake Rheocord 9000, TW100). The screw speed was maintained at
40 rpm and the temperature proﬁles for blending were 200◦ C
for zone 1, 220◦ C for zone 2, 265◦ C for zone 3 and 270◦ C for
the die zone. The extrudated samples were quenched in water
at room temperature and palletized. The quenched samples
were then reheated at 75◦ C for 4 h to remove any trapped
moisture.
3.3 Spin coating of the samples
Thin ﬁlm samples of PET, PET with 3 wt% (r-PET), and PET
with 3 wt% (2 wt% r-PET + 1 wt% MWCNT) ﬁllers were
prepared by spin coating on glass substrate using TFA as a
solvent at 3000 rpm for 90 s. For comparison with extruded
sample of PET, non-extruded PET thin ﬁlm sample was also
prepared by above-mentioned spin coating parameters. Optimization of spinning rate was performed by preparing samples of non-extruded PET with different rpm of 1000, 3000,
5000 and 8000. The thickness of the deposited ﬁlm was
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determined with the help of sensitive microbalance using the
relation
t = m/ρA,

(1)

where m is the mass of the deposited ﬁlm, A the area of the
deposited ﬁlm and ρ the density of the deposited material
(PET = 1.38 g cm−3 [17,18]. Weight of the glass substrate
with and without the deposited ﬁlm was measured. The ﬁlm
thickness of the prepared samples by spin coating was found
to be 30 µm. The nanocomposite ﬁlms of non-extruded PET,
extruded PET, PET with 3 wt% (r-PET), and PET with 3 wt%
(2 wt% r-PET + 1 wt% MWCNT) are designated with PET
A, PET B, PET C and PET D, respectively.
4.

Characterization

4.1 FTIR
The spectra of samples were recorded in attenuated total
reﬂection (ATR) mode by Perkin Elmer model Spectrum 100
FTIR. The range of spectra was 4000–400 cm−1 with a scan
rate of 4 cm−1 .
4.2 XRD
The diffraction patterns for the ﬁlms were recorded at ambient conditions on a Rigaku Instruments (Geldermalsen, The
Netherlands, model Rigaku Miniﬂex II) with Cu Kα irradiation source. The data was recorded in continuous scan
mode at a scan speed of 3 deg min−1 . The supply voltage and
current were set to 30 kV and 15 mA, respectively.

associated with trans conformations of the ethylene glycol
unit and the CH2 wagging mode band at about 1370 cm−1
is assigned to the gauche conformation. Also, the CH2 –O
stretching vibration at band 971 cm−1 has been associated with ethylene glycol units in the trans conformation.
The intensity of 971 and 1340 cm−1 infrared absorption
increases which clearly indicates that the population of the
trans conformations increases for PET C and PET D as
compared with PET A and PET B samples [16,19]. This
suggests more extended and opened up chains for PET C
and PET D.
The component of the ring bending mode at 1021 cm−1
denotes the position of benzene ring vibrations which has
been associated with a more ordered environment of PET
chains. There is increase in peak intensity at 1021 cm−1
for PET C and PET D. Comparing the peak intensity for
trans and gauche conformations, it can also be seen that
PET B shows more resolved peaks for trans conformation as compared to PET A. This shows extruded and its
nanocomposites have higher degree of chain orientation and
increase in trans conformation. These conformational variations are due to the inﬂuence of inter-chain interactions;
which leads to changes in local and longer range conformational structure of the chain due to intra-chain interactions
[20–22].

4.3 SEM
Surface morphology of the ﬁlms was investigated using FEI
Quanta-200 model SEM with an operating voltage of 15 kV.
4.4 AFM
AFM measurements were performed with diInnova from
Veeco Instruments. All AFM measurements were performed
in tapping mode (for both trace and retrace information)
using a silicon nitride tip at ambient temperature and the
quantitative analysis was carried out using Veeco SPM Lab
Analysis software.
4.5 POM
The ﬁlms were examined at a magniﬁcation of 40× with
Olympus, BX 53 POM. The microscope used was ﬁtted
with charge coupling device (CCD) camera interfaced with
computer.
5.

Results and discussion

5.1 FTIR spectroscopy
Figure 2 shows FTIR spectra in the range of 1400–800 cm−1 .
The CH2 wagging band observed at 1340 cm−1 has been

Figure 2. FTIR spectra of (a) PET A, (b) PET B, (c) PET C and
(d) PET D.

Table 1. Variation of FWHM, 2θ , crystallite size and strain
determined from XRD data.

Samples

FWHM
(deg)

2θ (deg)

D (Å)

Strain (deg)

Crystallinity
(%)

PET A
PET B
PET C
PET D

13.28
13.54
14.08
14.55

25.64
25.75
25.93
26.04

6.18
6.15
6.12
6.07

3.21
3.22
3.24
3.27

21.16
24.30
26.78
31.78
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5.2 XRD
Diffraction peaks observed at 2θ = 17.1◦ , 22.6◦ , and 26◦
are assigned to (010), (11̄0) and (100) lattice planes [20–22].
The full-width at half-maximum (FWHM), crystallite size,
2θ , and strain were calculated (table 1). The crystallite size

was determined using the Scherrer formula. The FWHM was
found to increase and crystallite size decrease for extruded
sample as compared with non-extruded sample of PET.
Similar decrease in crystallite size is also seen for nanocomposite samples prepared using of r-PET and MWCNT as
ﬁllers. The decrease in crystallite size and increase in strain
of samples with ﬁllers is due to the fact that more nucleation
sites are produced during the formation of solid phase of the
composite during ﬁlm preparation. This behaviour of PET C
and PET D is due to extended and oriented chains of r-PET.
There is increase in peak intensity and peaks were shifted
towards higher 2θ values from PET A to PET D. The peak
intensity in diffractogram at 26.04◦ represents for samples
with higher level of crystalline orientation [19]. Since crystallinity depends upon the periodicity, i.e., long-range order
polymer molecules, periodicity is more with high intensity
of lattice planes. PET C and PET D generally are showing higher level of crystalline orientation as compared with
PET A and PET B. The diffractogram of PET D shows that
relative increase in the peak intensities is largest for a peak
at 26.2◦ ; peak intensities for other two peaks for the same
composite also show increase. The increase in peak intensities of r-PET over PET samples shows higher level of
crystalline orientation in r-PET due to decrease in chain

Figure 3. XRD spectra of (a) PET A, (b) PET B, (c) PET C and
(d) PET D.

Figure 4.

SEM image of PET non-extruded ﬁlms prepared at (a) 1000, (b) 3000, (c) 5000 and (d) 8000 rpm.
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entanglements. Quantitative determination of degree of crystallinity was carried out by using the formula
Q = Ic /(Ic + Ia ),

(2)

where Ic is the intensity of diffracted beam from crystalline
part and Ia the intensity of diffracted beam from amorphous
part.
As seen from table 1, percentage crystallinity of extruded
PET B is slightly higher as compared with unextruded PET
A. PET C and PET D also show increase in % crystallinity. It
can be seen that PET C sample shows higher degree of crystallinity as compared with PET A and PET B sample. PET
D sample shows highest degree of crystallinity as compared
with the other prepared samples. This increase in crystalline
conforms are due to use of MWCNT as ﬁller. As the chain
entanglement decreases because of reorganization, MWCNT
gets properly dispersed and creates more sites for crystallization which results into higher crystallization [23].
Similar conﬁrmation of higher level of orientation in PET C
and PET D as compared with PET A and PET B has also
been reported in our FTIR results (ﬁgure 3).
5.3 SEM
Surface morphology of non-extruded PET ﬁlms at rpm of
1000, 3000, 5000 and 8000 are shown in ﬁgure 4. Depending on rpm, thickness varies and accordingly morphology

Figure 5.
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and roughness of the prepared samples are inﬂuenced. It can
be seen that by varying spinning rate; which changes the
thickness, the surface morphology changes which are evident
from SEM images. The sample prepared at 3000 rpm shows
compact and uniform structural morphology as compared
with ﬁlms prepared at other rpm. The surface morphology
of ﬁlms prepared at 1000 rpm shows balloon-type globular
structure which converts into mesh-type globular structure at
3000 rpm. This could be due to increase in centrifugal force
which breaks the big balloon-type structure and converts it
mesh-type structure as rpm increases. But further increase in
rpm to 5000 and 8000 changes the surface morphology to
less compact and nonuniform morphology. This shows ﬁlms
prepared at 3000 rpm have compact and uniform structure
which are ideal for preparing porous and mesh-type morphology which infact can be used for preparing electromagnetic
shielding foams.
SEM image in ﬁgure 5 reveals formation of disc-type
structure of PET A and PET B, whereas for PET C and PET
D the surface morphology shows globular-type structure. The
disc width is more for PET A as compared with PET B.
The morphological studies reveal more compact and smooth
surface of PET C and PET D nanocomposites as compared
with PET A and PET B. This improved surface morphology of PET C and PET D could be due to decrease in chain
entanglement density of r-PET [11,24]. The surface PET D

SEM image of ﬁlms of (a) PET A, (b) PET B, (c) PET C and (d) PET D.
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samples show more compact and uniform globular structure
as compared with PET C. This could be due to more nucleation sites produced by MWCNT which leads to small and
more uniform structure [16,19].
5.4 AFM
5.4a Surface morphology by AFM height image: Film of
PET D shows a much higher concentration of small grains
that are evenly distributed as compared with other prepared
samples. The RMS roughness of PET A is 0.260 µm and it

decreases for PET B and its nanocomposites. As seen from
table 2, average height distribution of PET C and PET D samples decreases as compared with PET A and PET B which
is due to extended chains of r-PET. PET D sample prepared
using MWCNT along with r-PET as ﬁller shows globularmesh-type porous structure and compact morphology representing smoother surface as seen in ﬁgure 6. It can be
suggested that due to extended and oriented chains of r-PET,
MWCNT gets encapsulated by polymer and forms polymer
wrapped MWCNT which acts as nucleating site for composite [9,25]. The average height (table 1) thus shows similar
variation as RMS roughness in case of all samples.

Table 2. Variation of Ra , RMS and average height obtained from
AFM with ﬂuence.
Average surface
RMS surface Average height
Samples roughness, Ra (µm) roughness (µm)
(µm)
PET A
PET B
PET C
PET D

0.207
0.188
0.132
0.165

Figure 6.

0.260
0.240
0.166
0.206

0.906
0.908
0.688
0.777

5.4b PSD analysis: The surface RMS roughness will be
insufﬁcient to supply the complete information of the surface
modiﬁcations and PSD is evaluated to provide quantitative
information about the surface roughness both in the vertical and lateral directions. The PSD curves of prepared
ﬁlms with ABC model ﬁtting is shown in ﬁgure 7. Within
the frame work of the k-correlation or ABC model, the
auto-covariance function PSDABC for spatial frequency f,

AFM images of (a) PET A, (b) PET B, (c) PET C and (d) PET D.
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for a two-dimensional isotropically rough, self-afﬁne fractal
surface with a crossover region is given by
(C+1)/2

PSDABC = (A)/ 1 + B 2 f 2
,
(3)
where A, B and C are the function parameters [26,27].
At small f values, well below the ‘knee’ or the crossover
region, the PSD is determined by A, which is related to the
height of the surface roughness. For high values of f , beyond
the ‘crossover region’, the PSD function is determined by C
and tells us about fractalness of the surface. PSD plot is ﬁtted
in this ABC model and the values of A, B, C are given in
table 3. The parameter A is higher for the PET A and PET
C as compared with ﬁlm of PET B and PET D which corresponds to peak-to-valley values. Grain size decreases significantly for the ﬁlms of PET A to PET D. In mid-frequency
range, the crossover point (knee) of PSD plot corresponding
to X-axis gives correlation length which is related to mean
grain size. The quantity B determines the position of the
‘knee’, which is related to the correlation length. The grain
size for the ﬁlms is given in table 3.
Although the surface morphology of PET D sample shows
more compact and globular form representing smoother surface, but the roughness parameters shown in tables 2 and 3
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show slight increase as compared with PET C samples.
This increase in surface roughness and height structure
could be due to formation of porous and mesh-type structure. The above results are in collaboration with SEM
images.
The value of parameter C corresponds to the inverse slope
of the PSD curve. It is reported that the ﬁlm growth corresponding to the viscous ﬂow, evaporation, and condensation, bulk diffusion and surface diffusion shows the value of
C as 1, 2, 3 and 4, respectively. The value of C goes on
decreasing for ﬁlms from PET A to PET D. The value of C
for samples of PET A and PET B are in the range of 3–4,
whereas for PET C and PET D it is in the range of 4–5.
The value of parameter C is highest for sample of PET D
which shows there are more surface diffusion and variation
[28]. This could be due to the increase in nucleation sites and
smaller grain morphology due to r-PET and MWCNT in PET
matrix. This improved composite provides more nuclei for
crystallization and the number of spherulites also increases
and hence the r-PET and its composites shows smooth and
compact morphology which have also been shown by SEM
images. As crystallization is related to and dependent upon
microstructural properties, we can conclude from the above
images that r-PET and its nanocomposites have all together

Figure 7. Power spectral density vs. spatial frequency plot of ﬁlms ﬁtted with ABC model of (a) PET A, (b) PET B,
(c) PET C and (d) PET D.
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Table 3.

Parameters for k correlation model for PSD plots.
ABC model

Samples
PET A
PET B
PET C
PET D

A

(nm4 )

1.08 × 1014
5.04 × 1014
6.19 × 1013
7.10 × 1013

B (nm)

C

5057
4786
4213
3251

3.79
3.93
4.39
4.60

different morphology and crystallizes in a manner different
from PET.
5.5 POM
Figure 8 shows POM images of the prepared samples.
Large spherulites have form for non-extruded PET A sample and smaller spherulites have formed for ﬁlms prepared
with extruded samples. This suggests PET B is crystallized
from a very large number of nuclei due to extrusion. POM
images of PET C sample smaller shows smaller spherulites in
comparison with PET A and PET B samples. The reorganization of polymer leads to unentangled chains of r-PET.
The ﬁlm of PET C shows formation of small spherulites
which are due to use of r-PET as ﬁller which provides
more nucleating sites. However it can be seen that PET D
sample shows more compact and regular spatial distribution of spherulites as compared with other samples which
suggests homogeneous nucleation of MWCNTs in polymer
chains [29].
The crystallite size calculated from XRD of samples PET
C and PET D prepared using r-PET and r-PET+MWCNT
as ﬁller decreased as compared with PET A and PET B.
This decrease in crystallite size is a direct consequence of
an increase in dispersion, which suggests uniform nucleation
of ﬁllers in polymer chains. Hence the ﬁlms of PET C and
PET D are crystallized from a very large number of nuclei
and produced extremely small spherulites which also lead to
decrease in surface roughness as seen from AFM analysis.
Based on these observed POM images, it can be seen that
the nucleation density and nucleation rates of samples prepared using r-PET and r-PET+MWCNT as ﬁller are higher
than other samples, which is consistent with other surface
and structural data.
6.

Conclusion

The results in present work revealed that use of r-PET and
MWCNT as ﬁllers in PET matrix provides better dispersion of MWCNT due to decrease in entanglement density
and can effectively inﬂuence the crystallization development
and surface morphology of the nanocomposites. The result
also shows variation of properties of pristine polymer matrix
due to extrusion. Crystalline structure studies with FTIR
and XRD represent oriented samples which are crystallized
with a higher level of crystalline orientation and increase
in percentage crystallinity for samples prepared using r-PET
and MWCNT as ﬁller. The above results can be correlated

Figure 8. POM images of (a) PET A, (b) PET B, (c) PET C, and
(d) PET D.

with our surface morphological studies by SEM, AFM, and
POM. The AFM surface imaging with PSD analysis has
been used to analyse the mechanism of formation of ﬁlm
using spin coating. It can be suggested that due to extended
chains of r-PET, MWCNT gets encapsulated by polymer and
forms polymer wrapped MWCNT. This improved composite provides more nuclei for crystallization and the number
of spherulites also increases and hence the r-PET and its
composites shows smooth and compact morphology which
have also been shown by SEM images. The reorganization
of polymer and incorporation of conductive ﬁllers will hence
decrease electrical percolation threshold even with lower
ﬁller loadings. These properties will in fact allow preparing
electromagnetic shielding foams and ﬁbres.
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