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Toward improved trade-off between thermoelectric and
mechanical performances in polycarbonate/single-walled
carbon nanotube composite films
Yichuan Zhang 1, Liang Deng1, Haicai Lv1 and Guangming Chen 1✉

Polymer thermoelectric (TE) composites have witnessed explosive developments in recent years, arising from their promising
prospect for lightweight flexible electronics and capability of harvesting waste-heat. In sharp contrast with intrinsically conducting
polymers (CPs), the insulating thermoplastics have seldom been employed as the matrices for flexible TE composites despite their
advantages of low costs, controllable melt-flowing behaviors and excellent mechanical properties. Here, we report flexible films of
polycarbonate/single-walled carbon nanotube (PC/SWCNT) composites with improved trade-off between TE and mechanical
performances. The SWCNTs with 1D nanostructure were dramatically aligned by PC melt-flowing under hot-pressing in the radial
direction. The composite maximum power factor reaches 4.8 ± 0.8 μWm−1 K−2 at 10 wt% SWCNTs in the aligned direction, which is
higher than most previously reported thermoplastics-based TE composites at the same SWCNT loading and even comparable to
some intrinsically CPs and their composites. In addition, these composites display significantly higher tensile modulus and strength
than CPs and their composites. This study paves an effective way to fabricate flexible films of polymer composites with
simultaneously high TE and mechanical performances via judicious alignment of SWCNTs in thermoplastic polymers.
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INTRODUCTION
A recent increasing attention to flexible organic and composite
thermoelectrics (TEs) mainly stems from their promising applications
in complex environments to harvest low-quality heat and generate
voltage upon exposure to small temperature gradients1–4. Unlike
traditional inorganic TE materials (such as Bi2Te3 and PbTe) with
problems of scarcity, rigidity, high cost and element toxicity,
polymers and their composites can circumvent these challenges
due to their easy availability, low-cost fabrication, super flexibility,
and highly-adjustable molecular structures4–7. Our group have
gained some achievements in TE materials and flexible devices
based on polymers and their composites8–10. To date, the polymers
in flexible TEs concentrate on intrinsically conducting polymers (CPs),
including poly(3,4-ethylenedioxythiophene) (PEDOT), polyaniline
(PANI), poly(3-hexylthiophene) (P3HT), and polypyrrole (PPy)11–17.
Unfortunately, compared with their boosting TE performance, little is
known for the trade-off between TE and mechanical performances,
although mechanical property is definitely vital for practical
applications18. Moreover, unlike thermoplastics, most CPs cannot
be melt-processed, and hence are limited to solution-processing
method due to their strong interchain interactions. As a conse-
quence, to solve these intractable problems are urgent for flexible TE
composites.
Thermoplastic polymers are popular in daily life with distinct

advantages of very low costs, cost-effective melt-processing,
convenience to scale up for mass production and high mechanical
properties. However, their absence of TE behavior hinders them
from becoming an alternative to CPs serving as organic
components for TE applications and hence the research of
thermoplastics-based TE composites lags far behind the CPs-
based counterparts19. Indeed, the introduction of inorganic TE
constituent or carbon nanotube (CNT) can only lead to a limited
increase of TE performance. For instance, the maximum power

factors (defined as PF= S2σ, S, and σ are the Seebeck coefficient
and the electrical conductivity, respectively) for polycarbonate
(PC)/multi-walled CNT (MWCNT) and polypropylene (PP)/single-
walled CNT (SWCNT) are only ∼0.0008 and 0.023 μWm−1 K−2 20,21,
arising from CNT physical entanglements and random distribu-
tions. Therefore, a poor trade-off between TE and mechanical
properties has been obtained by simply mixing CNTs in
thermoplastics. Fortunately, CNT preferred alignment is realized
by flow field22, electric field23, or magnetic field24; moreover, a
desired CNT distribution can be tailored by adjusting surface
tension, viscosity and flowing behavior of polymer melt25,26. As a
result, both electrical and mechanical properties can be improved
along the aligned direction27. Therefore, an improved trade-off
between TE and mechanical performances can be expected by
CNT preferred alignment in thermoplastic polymers.
This work therefore utilizes the flow of molten polymer to

induce SWCNT alignment in a thermoplastic (PC) matrix. Both TE
performance and mechanical properties are high in the aligned
SWCNT (a-SWCNT) direction of the flexible composite film. For
comparison, the TE performances for the PC/a-SWCNT compsite
film in the vertical direction and the flexible PC/random SWCNT (r-
SWCNT) composite film prepared by solvent casting are evaluated
as well. The PC/a-SWCNT composite containing 10 wt% of SWCNTs
yields a high PF value of 4.8 ± 0.8 μWm−1 K−2 in the aligned
direction, which is among the highest values for the
thermoplastics-based composites at the same CNT loading and
even comparable to some CPs (like PPy and P3HT) and their
composites. In addition, the PC/a-SWCNT composites exhibit
much higher tensile modulus and strength than CPs-based
counterparts. Therefore, an improved trade-off between TE and
mechanical properties has been realized for the flexible TE
composites by effective SWCNT alignment.
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RESULTS
Preparation and morphology observations of flexible composite
films
Figure 1a presents a schematic illustration of the preparation
procedures for the PC/a-SWCNT or PC/r-SWCNT composite films. The
PC/a-SWCNT composites are prepared by hot-pressing the floccula-
tion, while the PC/r-SWCNT are fabricated by simple evaporation of
the suspension. Note that no distinct thermal degradation occur
during the melt-preparation procedure, as ensured by thermogravi-
metric analysis (TGA) shown in Supplementary Fig. 1. Evidently, the
composite films of both PC/a-SWCNT and PC/r-SWCNT reveal
excellent flexibility, which are easily to be bent (Fig. 1b). The
morphology evolution during the preparation procedure is observed
by scanning electronic microscopic (SEM) images. The flocculation
(Fig. 1c) displays a porous structure, and composes uniformly and
randomly dispersed SWCNTs in PC matrix. During the hot-pressing
procedure, SWCNTs are dramatically aligned in the radial direction,
possibly due to the strong squeeze flow close to the edge of the
circular sample28. Details of the SWCNT orientation are displayed in
Supplementary Figs. 2 and 3. In Supplementary Fig. 2, according to
the distance away from the film edge, the films are divided into 4
regions, i.e., A–D regions, where the etched samples by CH2Cl2 show
more clearly the dispersion states of SWCNTs. Evidently, the degree
of the SWNCT orientation reduces in the sequence of A > B > C >D,
which is similar to “skin-core” structure of injection-molded
samples29. Figure 1d provides a solid proof that SWCNTs adopt a
high degree of alignment. In contrast, in other regions, for instance
region C, both “aligned” and “randomly dispersed” SWCNTs exist
simultaneously (Supplementary Fig. 3). Since the SWCNTs in region
A exhibit the highest degree of orientation, it was chosen for the
following TE and mechanical tests. As for the PC/a-SWCNT
composites with other SWCNT contents, Supplementary Fig. 4 also
confirms the significant alignment of the SWCNTs. Similar pressing-
induced CNT alignment has been reported by Jiang group30,31. In
sharp contrast with PC/a-SWCNT composites, a random dispersion
of SWCNTs is prevalent in Fig. 1e for the PC/r-SWCNT film prepared
by solvent casting. High-magnification images (Supplementary Fig.
5) distinctly display the long and curved SWCNTs are entangled. To
make a more clear comparison, the two composite films are etched
to remove the upper covered PC matrix. Figure 1f also supports the
above results, i.e., the SWCNTs are significantly preferred aligned in
the radical direction in PC/a-SWCNT composite films, whereas
randomly dispersed in PC/r-SWCNT composite films.

TE performances of flexible composite films
The effects of SWCNT content and alignment on the composite TE
performance are compared in Fig. 2a–c. Figure 2a shows that the
electrical conductivities of PC/a-SWCNT (in both directions) and
PC/r-SWCNT composites enhances with increasing SWCNT con-
tents, and PC/a-SWCNT composites along the aligned direction
display higher electrical conductivities than those in the vertical
direction and PC/r-SWCNT composites at the same SWCNT
loadings. Increased SWCNT loadings leads to higher contents of
conducting constituents and more electrical conducting path-
ways. The reason that PC/a-SWCNT composites exhibit higher
electrical conductivities along the aligned direction is explained in
the following. Since SWCNTs are always dispersed in the form of
SWCNT bundles in the PC matrix (see Fig. 1f), the charge transport
in SWCNTs consists of intrabundle transport within each SWCNT
bundle and interbundle transport among adjacent SWCNT
bundles. The charge carriers transport more efficiently in intra-
bundles of aligned SWCNTs than interbundles32. Due to the
SWCNT preferred alignment, the PC/a-SWCNT films possess more
charge carriers transport via efficient intrabundle conduction
along the aligned direction than the interbundle conduction in
the vertical direction, leading to an electrical anisotropy for PC/a-
SWCNT film. Likewise, more intrabundle transports exist in PC/a-

SWCNT film in the aligned direction than those in PC/r-SWCNT
film. Additionally, compared with PC/a-SWCNT film in the aligned
direction, the higher contact resistances exist at interbundles for
PC/a-SWCNT film in the vertical direction and PC/r-SWCNT
composite film, because charge carriers have to cross more
interbundle junction interfaces. Besides, in comparison with PC/r-
SWCNT, PC/a-SWCNT displays a higher electrical conductivity in
the vertical direction. Hot-pressing procedure may make the
SWCNT contact denser compared with solvent evaporation, and
results in lower contact resistances at SWCNT junctions for the PC/
a-SWCNT films along both directions, which is responsible for
higher electrical conductivity of PC/a-SWCNT composite (made by
hot-pressing) in the vertical direction than PC/r-SWCNT composite
(obtained by vapour evaporation). Similar results were reported by
Lee et al.33, where hot-pressing treatment of nanocomposite films
resulted in CNT densification, and increased the electrical
conductivity and the power factor. Hence, more efficient
intrabundle transport and lower contact resistances at SWCNT
junctions contribute to the highest electrical conductivities of PC/
a-SWCNT composite films in the aligned direction.
Figure 2b shows that the Seebeck coefficients are almost

independent of SWCNT content for the PC/a-SWCNT composite
films at both direction and PC/r-SWCNT films. Indeed, considering
experimental errors, no distinct difference exists for the Seebeck
coefficients between the aligned and random samples. The
independence of the Seebeck coefficients on aligned SWCNTs is
consistent with previous works34,35. Consequently, the composite
power factors follow the same trends of the electrical conductiv-
ity (Fig. 2c). PC/a-SWCNT composite (at 10 wt% of SWCNTs) shows
an obviously anisotropic TE performance with 4.8 ± 0.8 and 3.0 ±
0.8 μWm−1 K−2 for aligned and vertical directions, respectively.
The maximum power factor (4.8 ± 0.8 μWm−1 K−2) for PC/a-
SWCNT composite in the aligned direction is higher than six times
of that of the randomly dispersed (PC/r-SWCNT) sample (0.77 ±
0.02 μWm−1 K−2) at the same loading. The thermal conductivities
and figure of merits (ZT) values for the PC/a-SWCNT composites
are illustrated in Supplementary Fig. 6, also indicating a higher ZT
value in the aligned direction. The SWCNT alignment with 1D
nanostructure greatly facilitates the transport of charge carriers,
being responsible for the high TE performance in the aligned
direction.
Figure 2d compares the power factors of the present study with

other thermoplastics-based TE composites with 10 wt% CNTs or
CNT hybrid fillers21,36–42, the conducting polymers (PPy and P3HT)
and their composites18,43–49. Thermoplastics-based composites
with random CNT distributions often reveal low PF values. For
example, the PC/SWCNT composites prepared by Piao et al.42

reveal similar PF values with our PC/r-SWCNT composites at the
same loadings. Obviously, the PF value (4.8 ± 0.8 μWm−1 K−2) of
the PC/a-SWCNT composite reported herein is higher than most
previously reported thermoplastics-based TE composites at 10 wt
% CNTs. The relatively high PF values were also achieved in the
PVAc or VAE latex/CNT systems38,39 with a segregated network,
where CNTs are only located at the interfaces between polymer
latex particles instead of being randomly distributed throughout
the whole system. However, such a structure inevitably leads to
CNT agglomerates at interfaces, and prevents macromolecular
diffusion between the polymer domains, and hence significantly
reduces the mechanical properties50. The aligned CNT structure
has an obvious advantage over segregated CNT structure in terms
of mechanical properties. In addition, the maximum power factor
of our work is even comparable with some CPs and their
composites, including nanostructured PPy43–45, PPy/CNT compo-
sites18,45,46 and doped P3HT47–49. This demonstrates that super-
iority of utilizing 1D nanostructured SWCNTs to greatly improve
the TE performance of thermoplastics-based composites. Indeed,
the current PF value of PC/a-SWCNT is still low for direct
applications, and lower than the reported maxima for high-
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Fig. 1 The preparation and morphology of flexible TE compsoites. a Schematic illustration of the preparation procedures for PC/a-SWCNT
and PC/r-SWCNT films; b Digital photographs showing excellent flexibility for PC/a-SWCNT film (a’, scale bar 1 cm) and PC/r-SWCNT film (b’,
scale bar 1 cm); c SEM images for the flocculation (a’, scale bar 5 μm; b’, scale bar 1 μm); d SEM images for cross section of PC/a-SWCNT film (a’,
scale bar 5 μm; b’, scale bar 1 μm); e SEM images for (a’, scale bar 5 μm) cross section and (b’, scale bar 5 μm) surface of PC/r-SWCNT film; f SEM
images of etched samples by CH2Cl2 for (a’, scale bar 1 μm) PC/a-SWCNT and (b’, scale bar 1 μm) PC/r-SWCNT films.
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performance PEDOT and doped poly(2,5-bis(3-tetradecylthiophen-
2-yl)thieno[3,2-b]thiophene) (PBTTT)51–53. Hence, to gain further
improved TE performance for thermoplastics-based composites is
still a primary focus for TE application19.

Mechanical properties of flexible films
Figure 3a shows typical stress-strain curves of the neat PC and the
PC/a-SWCNT composites in the aligned direction. Apparently, the
neat PC sample exhibits a typical ductile behavior with an obvious
yielding point (inset of Fig. 3a), and the PC/a-SWCNT composites
show brittle fracture characteristic at high SWCNT content above
6 wt%. Similar ductile-brittle transition was also reported for PC/
MWCNT system54. The detailed information on the tensile
properties is summarized in Supplementary Table 1. A substantial
increase for tensile modulus and a moderate decrease for fracture
strength with increasing SWCNT contents can be seen. The high
tensile modulus and strength may result from the morphology of
SWCNT alignments (See SEM images in Fig. 1d) and the strong
interfacial interactions (confirmed by Raman spectra in Supple-
mentary Fig. 7)18 that leads to effective stress transfers in the
composite films. On the other hand, the PC/a-SWCNT composites
show low elongations at break possibly due to the aggregates at
high SWCNT contents. Figure 3b depicts the relationship between
mechanical properties and power factor. The tensile modulus
increases with the increase of power factor. Even though the
fracture strength reduces with the power factor, with power factor

of 4.8 ± 0.8 μWm−1 K−2, the minimum value of 44.1 ± 8.9 MPa is
still high in comparison with other TE composites18.

Improved trade-off between TE and performances
Figure 4 compares the TE and the mechanical properties between
PPy/SWCNT composite, doped P3HT material and our present
work. Since the PC/a-SWCNT composite shows similar elongations
at break (around 2%) with PPy/SWCNT composite18 and doped
P3HT material55, this mechanical parameter is not included in Fig.
4. Figure 4 clearly shows that, in addition to high TE performance,
the PC/a-SWCNT composite presents superior mechanical proper-
ties over PPy/SWCNT composite (at the same SWCNT content) and
doped P3HT. The tensile modulus of the PC/a-SWCNT composite
is, respectively, more than 5 times and 15 times of that of the PPy/
SWCNT composite and the doped P3HT, respectively. In addition,
the fracture strength of the PC/a-SWCNT composite is over four
times and three times of that of the PPy/SWCNT composite and
the doped P3HT material. This demonstrates that the present
method of controlling SWCNT alignment is effective to achieve
simultaneously high TE and mechanical properties for TE
composites. Accordingly, it is reasonable to expect that this
method can be expanded to other polymer/CNT systems, which
may significantly improve the trade-off between TE and mechan-
ical performances for polymers-based TE composites.

Fig. 2 The performances of TE materials. Dependencies of a electrical conductivities, b Seebeck coefficients and c power factors on SWCNT
contents for PC/a-SWCNT (along aligned direction and vertical direction to SWCNT alignment) and PC/r-SWCNT composite films. Error bars
represent standard deviation with n ≥ 5 for each measurement. d A comparison of power factors of CNT filled thermoplastics-based
composites21,36–42, conducting polymers and their CNT filled composites18,43–49. The UHMWPE/CNT/Bi2Te3 composite40 contains 4 wt% of CNT
and 30 wt% of Bi2Te3 and PP/CNT/CuO composite21 contains 2 wt% of CNT and 5 wt% of CuO. The CNT content of other composites is fixed at
10 wt%. Abbreviations for the mentioned polymers: PVAc is poly(vinyl acetate) latex, VAE is vinyl acetate and ethylene emulsion, UHMWPE is
ultrahigh molecular weight polyethylene and WPU is waterborne polyurethane.
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DISCUSSION
In summary, we report the fabrication of flexible films of PC/a-
SWCNT composites with SWCNT preferred alignment in the radial
direction induced by polymer melt flow during hot-pressing. PC/a-
SWCNT composite films display an abrupt increase of the electrical
conductivity and an almost independency of the Seebeck
coefficient with increasing SWCNT content. As a result, the
maximum power factor reaches 4.8 ± 0.8 μWm−1 K−2 along the
aligned direction at 10 wt% of SWCNT, much higher than that in
vertical direction and the PC/r-SWCNT film at the same SWCNT
content. This value is higher than that of most thermoplastics-
based TE composites at 10 wt% of SWCNTs, and even comparable
to conducting polymers and their composites. More importantly,
the mechanical test confirms that the PC/a-SWCNT composite
show higher tensile modulus and strength than PPy/SWCNT and

doped P3HT, indicating an improved trade-off between TE and
mechanical performances. Although the current TE performance
of PC/SWCNT compsite is still lower than the reported maxima for
some CPs and their composites, this study paves an effective way
to achieve an improved trade-off between TE and mechanical
performances by effectively inducing CNT preferred alignment
and rational utilization of the 1D nanostructure of CNTs during
melt-processing. The strategy may help overcome the intractable
trade-off issue between TE and mechanical performances for CPs-
based composites, and thus benefits the development of flexible
polymer TE composites and widens versatile applications of
flexible waste-heat harvesting electronics, etc.

METHODS
Chemicals and materials
PC (model PC2407) was provided by Covestro Polymers (China) Co. Ltd.,
and SWCNTs (diameter < 2 nm, length > 5 um, purity > 90.0%) with a
commercial trademark of NTP SWNT-2 were purchased by Shenzhen
Nanotech Port Co. Ltd., China. Both the PC and SWCNTs were dried 80 °C
for 24 h before use. All other reagents, including dichloromethane (CH2Cl2,
A.R.), anhydrous ethanol (A.R.) and deionized water, were used as received
during the preparation procedure without any further purification.

Preparation of PC/SWCNT composite films
The preparation procedure of PC/a-SWCNT film was schematically
illustrated in Fig. 1a. A solution method was utilized to prepare PC/SWCNT
flocculation. Here, the PC/SWCNT (90/10 wt/wt) composite fabrication is
taken as an example. First, SWCNT powder (0.5 g) was dispersed to CH2Cl2
(200mL) with ultrasonic oscillation (Ultrasonic Homogenizer SCIENTZ-JY92-
HDN) at room temperature for 40min. Simultaneously, 4.5 g of PC was
completely dissolved in CH2Cl2 (100mL) at 60 °C in a three-necked bottle.
The SWCNT/CH2Cl2 suspension was then drop-wisely loaded into the
three-necked bottle containing PC/CH2Cl2 solution with a condenser and
continuous stirring in an ultrasound bath at 50 °C, and the mixture was
ultrasonicated for another 20min. The CH2Cl2 here was selected as solvent
for SWCNT in present work based on the facts that it has better ability to
debundle and disperse the SWCNTs than water, ethanol and toluene56, and
moreover the CH2Cl2 solubility to PC can almost remain constant with
addition of SWCNT/CH2Cl2 suspension, which guarantees PC does not
precipitate out in this mixing procedure. The resultant mixture was
flocculated in ethanol and dried in vacuum oven at 80 °C for 24 h. Finally,
the dried flocculation was molten at 280 °C for 3 min, then hot-pressed
quickly for 5 min and a nearly circular sample was obtained with the
subsequent cold-pressing. It should be noted that the hot-pressing mold
was not adopt to enable the molten polymer to flow as possible as it can,

Fig. 4 The comparison of TE and mechanical performances. A
comparison of power factors, tensile modulus, fracture strength of
PC/a-SWCNT composite in the aligned direction (SWCNT: 10 wt%),
PPy/SWCNT composite (SWCNT: 10 wt%)18 and 2,3,5,6-tetrafluoro-
7,7,8,8-tetracyanoquinodimethane (F4TCNQ) doped P3HTmaterial55.
Note that the fracture strength of the doped P3HT material was not
given in ref. 55. and its true value is even lower than the value here
that is estimated by neat P3HT material. Error bars in PC/a-SWCNT
composite represent standard deviation with n ≥ 5 for each
measurement, and error bars in PPy/SWCNT and P3HT materials
are from the values in refs. 18,55.

Fig. 3 The mechanical property of TE composites. a Typical stress-strain curves of PC/a-SWCNT films in the aligned direction as a function of
SWCNT contents; The inset shows the whole stress-strain curve of neat PC for comparison. b The mechanical properties versus the power
factor for PC/a-SWCNT films. Error bars represent standard deviation with n ≥ 5 for each measurement.
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which was significantly different from the common compression with mold
that restricts the flow and produces several mm-thick isotropic sheets57.
Therefore, a thickness around 80 µm and a radius around 120mm was
achieved for the nearly circular sample. The SWCNTs were expected to
align with the flow of PC melt under hot-pressing in the radial direction.
The PC/a-SWCNT film samples of around 15 × 5mm2 for TE measurements
or around 30 × 10mm2 for mechanical measurements were obtained by
cutting the edge of the nearly circular sample along the radial direction.
The other PC/a-SWCNT samples with different SWCNT contents were
prepared in the same manner as described above.
For comparison, the PC/r-SWCNT films were also prepared by solvent

casting to highlight the role of SWCNT alignment in the enhancement of
TE performance. The preparation procedure of PC/r-SWCNT film was also
illustrated in Fig. 1a. The obtained PC/SWCNT suspension was directly
poured onto a glass petri dish, which was cleaned with detergent,
deionized water and isopropyl alcohol, and then dried by a flux of nitrogen
before use. The PC/r-SWCNT composite film was obtained after evapora-
tion of CH2Cl2 at ambient conditions and subsequent dry at 80 °C in
vacuum oven for 24 h. This procedure was similar to that of Piao et al.42 to
produce PC/r-SWCNT composites.

Morphological and structural characterization
In order to observe the distribution of SWCNTs more clearly, the PC matrix
of was etched by CH2Cl2. The morphological observations of PC/SWCNT
flocculation, PC/a-SWCNT, PC/r-SWCNT and etched samples were observed
with a high resolution scanning electronic microscope (SEM, FEI APREO S).
Prior to SEM observation, the sample surfaces were sputtered with
platinum gold. TGA studies were performed on TA TGA-Q50 thermal
analysis system in nitrogen from room temperature to 780 °C at a heating
rate of 10 °Cmin−1. The Raman spectra were recorded on a Raman
spectrometer (InVia) with a regular mode at a wavelength of 532 nm.

TE performance measurements
The Seebeck coefficients and electrical conductivities were measured at
room temperature by a commercially available Thin-Film Thermoelectric
Parameter Test System (MRS-3RT, Wuhan Joule Yacht Science &
Technology Co., Ltd.) with a quasi-steady-state mode. The rectangle
sample of around 15 × 5mm2 was used for the measurements of electrical
conductivities and the Seebeck coefficients and the thickness of the
sample is around 80 µm. The parallel thermal conductance method was
performed to measure the thermal conductivities of PC/a-SWCNT films by
a home-made apparatus and its schematic diagram was described in
previous work58. For the PC/a-SWCNT samples, the TE parameters were
tested along the aligned SWCNT direction and the direction vertical to
SWCNT alignment (the testing directions were illustrated in the Fig. 1a). At
least five samples were measured and an average value was used.

Mechanical property tests
Mechanical tensile tests of PC/a-SWCNT films were conducted along
SWCNT alignment direction using the CMT4204 testing instrument with
speed of 3 mmmim−1 at 25 °C. The rectangle sample of 10 × 30mm2 was
used for the mechanical tensile tests and the thickness of the sample is
around 80 µm. The tensile properties of a neat PC film were also measured
for comparison.
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