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ABSTRACT

EP

Keywords: polymer multi-walled carbon nanotube composites; Small- and Wide-Angle X-Ray
Scattering (SAXS/WAXS); crystalline morphology evolution, nucleating agents.
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Combined small- and wide-angle X-ray scattering (SAXS/WAXS), mechanical and thermal
techniques have been used to follow the morphology evolution in a series of poly(ethylene
terephthalate) (PET) multiwall carbon nanotube (MWCNT) composite films during quasi solidstate uniaxial deformation at low strain rates. Uniaxially deformed PET-MWCNT films
displayed improved mechanical properties compared with unfilled PET films. SAXS/WAXS
data revealed a well oriented lamellar structure for unfilled PET films. In contrast, the PETMWCNT composites revealed a nanohybrid shish-kebab (NHSK) morphology, with reduced
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orientation and crystallinity. Mechanistically, this morphology development is attributed to the
MWCNTs acting as shish for the epitaxial growth of PET crystallites. Furthermore, nucleation
and crystal growth occurs in the PET matrix, but MWCNTs ultimately inhibit crystallite

RI
PT

development and hinder a final lamellar structure developing. The results show unequivocally
the role MWCNTs play as nanofillers, in the morphology development, thermal and mechanical

SC

properties in composite polymer films.

1. INTRODUCTION

M
AN
U

Multi-walled and single-walled carbon nanotubes (MWCNTs/SWCNTs or CNTs) continue to
be of particular interest in academia and to industry as potential nanoparticulate functional fillers
for polymers. It is well known that CNTs possess exceptional electrical, mechanical and thermal
properties which can be beneficial in enhancing the physical properties of a polymer when

TE
D

blended into the matrix [1-3]. Indeed, there have been numerous books and reviews published
detailing the relative improvements in stiffness, strength, toughness, electrical and thermal
conductivity of polymers on the addition of CNTs [3-10]. The physical properties of polymer-

EP

CNT composites are governed both by the blending procedure during melt mixing and secondary
processing such as moulding, fibre spinning and solid-state film deformation. The CNT dispersal

AC
C

and distribution affects the evolution of micro- and macro-morphology of the host polymer,
which ultimately influences its physical and mechanical properties. Furthermore, understanding
the evolution of polymer morphology during processing with respect to the influence of CNTs as
well as correlating this with mechanical and electrical properties, is of great importance in
advancing the applications of polymer nanocomposites.
Here, we focus on a commercially and industrially important polyester; poly(ethylene
terephthalate) (PET), which is widely used in many applications such as fibers, films, bottles,
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packaging, textiles, automotive parts and engineering components in electronics. The PET
homopolymer was physically blended with low loadings of MWCNTs by weight (wt%), with the
intention of improving the polymers electrical and mechanical properties. The development of

RI
PT

these PET-CNT composite materials could potentially lead to further industrial applications
being realized; e.g. in fuel cells and bipolar plates. Recently, Mayoral [11] and McCrossan [12],
reported on the structural morphology, electrical and mechanical properties of composites of

SC

PET and MWCNTs. The mechanical properties (stiffness, strength and toughness) were vastly
modified on addition MWCNTs into the PET matrix: the PET-MWCNT composites showed an

M
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U

enhancement in Young’s modulus of 79% and electrical conductivity by 14 orders of magnitude,
compared to neat PET.

It is known that the addition of CNTs to PET not only improves the polymers mechanical and
electrical properties [10], but also increases the rate of crystallization by acting as a nucleating

TE
D

agent. This is observed during thermal analysis as an increase in the crystallization temperature
of the polymer, although, there is often no increase in melting temperature or change in glass
transition temperature [11,13-17].

Following the structure evolution in polymer-CNT

EP

composites during processing is not straightforward and requires techniques that allow timeresolved data acquisition ranging from less than a second to several minutes depending on the
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processing conditions. The isothermal crystallization of PET-CNT composites is often monitored
using thermal, infrared and X-ray techniques which probe the crystallization kinetics,
crystallinity, orientation/chain conformation and confinement of the host polymer [13-15,18-24].
These studies generally investigate the post-processed material either as melt-spun fibres or cast
films and hence, do not give a comprehensive understanding of the morphology evolution during
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actual processing, i.e. what is the origin of the morphology which develops in the polymer and
how does this relate to the role of CNTs in the composites final macro and microstructure.
Recently, Laird [25] presented a perspective on the structure and morphology of polymer-

RI
PT

MWCNT composites, in particular CNT–induced polymer crystallization under isothermal and
flow conditions. A nanohybrid shish-kebab structure (NHSK) was argued to arise during the
solution crystallization of polyethylene (PE) and MWCNTs. It was revealed that the MWCNTs

SC

act as heterogeneous nucleation sites; the PE chains wrap around the MWCNTs (which act as the
shish) and crystallize outwards epitaxially perpendicular to the MWCNT as the kebabs.26.27
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Likewise, Patil [28] reported that during the flow-induced crystallization (under melt-shear
conditions) of PE-SWCNT composites, high shear rates were required to form a NHSK structure
in the neat PE. However, a NHSK structure was formed in the composites under low shear
conditions where they concluded that the CNTs have a clear role in polymer chain orientation

TE
D

and hence an oriented shish-kebab structure. Also, Liu [29] and Chen [30] described the
morphology development in isotactic polypropylene (iPP)-MWCNT composites when injection
molded or under melt-shear flow respectively. In each case, using small-angle X-ray scattering

EP

(SAXS), the authors suggest that the iPP chains crystallize perpendicularly outwards from the
CNTs forming either a lamellar morphology under isotheral conditions, or a mixture of oriented

AC
C

shish-kebab and lamellar morphologies under flow conditions. Wurm [31] investigated the
crystallization of poly(ɛ-caprolactone)(PCL)/MWCNT composite films using combined smalland wide-angle scattering (SAXS/WAXS) and thermal techniques. The authors proposed three
scenarios for the crystallization process of PCL-MWCNT composites; (i) nucleation and hence
crystallite growth only from the CNT surface, (ii) nucleation in both the polymer matrix and at
the CNT surface, (iii) nucleation in the polymer matrix only.
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These studies give an insight into the complexity of CNT induced morphology development of
polyolefins during isothermal or melt-flow conditions. Yet, with respect to PET-CNT composite
films, few studies have investigated the in-situ morphology evolution during quasi-solid-state or

RI
PT

solid-state deformation, where most typically studies focus on melt-spun fibres after processing.
Vad [21] detailed the structure evolution and mechanical properties of high speed melt-spun
PET-MWCNT fibres. It was argued that there is a critical draw ratio (DR) for the fibres which

SC

induce CNT orientation parallel to the draw direction. Below, this critical DR the CNTs were
aligned perpendicular to the draw direction. However, little detailed information of the macro-
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morphology, whether a NHSK or lamellar structure was presented for the fibres. Anand [20]
drew melt-compounded composites of PET and SWCNTs where wide-angle X-ray scattering
(WAXS) experiments revealed an oriented PET crystalline structure. They concluded that the
CNTs induced the crystallization of PET chains along the CNT axis. Recently, Hur [22]

TE
D

described the morphology and mechanical properties of both PET-MWCNT melt-spun fibres and
subsequent photo-thermally drawn fibres. Interestingly, WAXS data showed that at high draw
ratios, only the photo-thermally drawn fibres showed an oriented PET crystalline structure.

EP

Mayoral [11] confirmed the formation of different crystal polymorphs when composites of PET
and MWCNTs in extruded sheet form were uniaxial and biaxial deformed.

AC
C

It should be noted that the aforementioned studies focused on the application of medium to
very high strain rates, which can effectively orient both the CNTs and polymer chains in the
fibres/sheets. From these examples, WAXS has been used to show a final oriented PET
crystalline micro-structure developed in the PET-MWCNT composites. However, the WAXS
technique is limited in its ability to investigate the nature of the macro-structure that evolves
during processing in these composites as it probes only the crystalline lattice. To address this

5

ACCEPTED MANUSCRIPT

lack of knowledge of the wider morphology evolution, here we present detailed qualitative and
quantitative analyses of the real-time micro-macro-structure evolution in-situ during solid-state
uniaxial deformation of PET-MWCNT composite films using combined SAXS/WAXS

RI
PT

techniques. The SAXS technique reveals information pertaining to the long-range packing of the
PET-MWCNT composite films, allowing estimation of both the morphology and crystallite
dimensions. In this study a purpose-built temperature-controlled polymer film stretching

SC

instrument, has been employed to allow time-resolved SAXS and load-displacement data to be
obtained during uniaxial deformation (and subsequent annealing) of extruded PET-MWCNT
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composite films.

The combined use of SAXS, WAXS, mechanical and thermal techniques allows an in-depth
insight into the morphological evolution during low strain rate deformation of PET-MWCNT
composite films for the first time. The results show unequivocally the role the MWCNTs play in

TE
D

the crystallinity, orientation and morphology development in the polymer composites and how
this is correlated to the mechanical and thermal properties they display.

EP

2 EXPERIMENTAL SECTION

2.1 Materials, composite preparation and thermal characterization.

AC
C

Commercial grade poly(ethylene terephthalate), Polyclear F019 (IV 0.895 dl/g) was supplied
by Invista Resins & Fibers Gmbh. A 10 wt% master-batch composite blend of PET-MWCNT
was provided by Nanocyl SA, Belgium. The MWCNTs (NC 7000) had an average diameter and
length of 9.5 nm and 1.5 µm respectively. From the dilution method used, blends of PET and
MWCNTs at loadings of 1 wt% and 2 wt% were cast extruded into sheets 100 mm wide and 1
mm thick. Full details of composite preparation, dilution, and extrusion are given in detail
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elsewhere [11]. Each composite is denoted with respect to its MWCNT loading: PET1% and
PET2%. Table 1, lists the glass transition temperature (Tg), melting temperature (Tm),
crystallization temperature (Tc) and crystallinity (Xc) of the PET-CNT cast composite materials

RI
PT

[11]. The dispersion and distribution of the MWCNTs in the polymer matrix were investigated
using various microscopy techniques and it was found that the MWCNTs were largely randomly

to the design of the die used in the extrusion process [11].

SC

dispersed in the PET matrix, but a small fraction were aligned in the extrusion flow direction due
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Table 1. Thermal properties of PET and composites of as extruded sheets of PET and
MWCNTs, from DSC measurements [11].
Sample

Tg/°C

Tc/°C

Tm/°C

Xc/%

PET

84.5

194.1

254.1

28

PET1%

85.1

217.1

251.6

PET2%

84.9

220.1

251.8

37

TE
D

35

Differential Scanning Calorimetry (DSC) measurements were performed on uniaxially

EP

deformed and annealed samples using a Mettler Toledo DSC822 instrument under a continuous

AC
C

flow of argon gas at 80 mL min-1, calibrated with an indium metal standard. Samples of between
5 mg – 20 mg were loaded into standard 40 µL aluminium pans and heat-cool cycles were run
from 30 °C to 270 °C at 10 °C min-1. The percentage crystallinity Xc, of each sample was
calculated using the following relationship:
Xc =

∆H f
∆H f0 (1 − φ )

(1)
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where ∆Hf is the enthalpy of fusion from the integrated area under the melting transition from
the DSC thermogram, ϕ is the weight fraction of MWCNTs blended with the PET homopolymer

1

[32].

2.2 Instrumentation and synchrotron X-ray measurements.

RI
PT

and ∆Hf0 is the theoretical enthalpy change of 100% crystalline PET having a value of 117.6 J g-

SC

Uniaxial deformation of the cast samples was performed using a purpose-built polymer film
stretching instrument (Figure 1), which was positioned on beamline I22 of the Diamond Light
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Source, synchrotron, UK [33]. The X-ray energy used was 12.4 keV. The design and application
of the stretching instrument with synchrotron radiation was previously reported by the authors
[34,35]. The stretching instrument used was essentially an enclosed heated oven with two stepper
motor driven pinions. Jaws attached to the pinions act as sample clamps. Samples of 5 mm width

TE
D

were secured to the clamps giving an initial gauge length (between the jaws) of 10 mm. Once
clamped in place, the samples were located central to the beam position and drawn at a
temperature of 110 °C with a draw ratio (DR) of 2.5:1 at rates of 0.1 s-1 and 0.2 s-1. Load

EP

displacement data was recorded during the draw using a 500 N rated load cell located in one of
the pinion shafts. Note only one jaw was programmed to move during the experiments. Post-

AC
C

drawn samples were then step annealed in-situ for 180 s at temperatures of 130, 160 and 190 °C.
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Figure 1. (A) Uniaxial stretching instrument on beamline I22. Inset (B) shows the sample

TE
D

secured in the clamps attached to the stepper motor pinions.

A vacuum chamber was positioned between the stretching instrument and SAXS detector
reducing air scattering and absorption. SAXS data was recorded using a Pilatus P3-2M detector

EP

located at a distance of 5.38 m from the sample position and calibrated using silver behenate and
oriented dry chicken collagen. During the drawing of the samples, SAXS data was taken at a

AC
C

frame rate of 200 ms. Subsequently, one frame of SAXS data was taken for 60 s at each
annealing temperature. SAXS data frames of 60 s duration were also taken for the undrawn cast
film at 30 °C and then at the same step annealing temperatures as the drawn film.
Two-dimensional WAXS data for the post-drawn and annealed samples were obtained on the
XMaS (BM28) beamline [36] at the European Synchrotron Radiation Facility (ESRF), France
with an X-ray beam energy of 12.0 keV. WAXS data was collected on a MAR-CCD detector at
20 s per frame, calibrated with silver behenate. The sample to detector distance was 340 mm.
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2.3 SAXS/WAXS data analysis.
SAXS and WAXS data were normalized for sample thickness, transmission and background

RI
PT

scattering. X-ray data reduction and analysis was performed using DAWN [37] and CCP13
Fibrefix [38] software suites. The 2D SAXS data was reduced to 1D scattering profiles of
intensity (I) versus scattering vector (q), where q = (4π/λ) sin(θ), 2θ is the scattering angle and λ

SC

is the X-ray wavelength. This was achieved by sector averaging symmetrically around the
meridian (draw direction) by a fixed angle and radius, q. Radial azimuthal 1D profiles were also

M
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produced from the 2D SAXS data in order to estimate the relative orientation, where the angular
variation in intensity, I (q, φ), was obtained at a fixed radius q, over an azimuthal angle, φ, range
of 0 - 360°. The two peaks in the 1D azimuthal profiles were then fitted using Gaussian functions
to obtain the average full width half maximum (FWHM).

TE
D

Correlation function analysis was performed on the 1D scattering profiles using a purposewritten correlation function program [39]. The correlation function, γ(R), is expressed as:

1
Qs

∫

∞

0

I (q)q 2 cos(qR)dq

(2)

EP

γ ( R) =

where I(q) is the scattering intensity and Qs is the experimental invariant obtained from the 1D

AC
C

SAXS profile scattering between the experimental limits of q1 (the first real data point ) and q2
(the region where I(q) is constant), expressed as:
∞

q2

0

q1

Qs (t ) = ∫ q 2 I (q)dq ≈ ∫ q 2 I (q)dq

(3)

The correlation function was obtained from the extrapolation of SAXS data (q → ∞) using a
Porod [40] tail fit and linear back extrapolation (q → 0). Several parameters were extracted from
the correlation function which assumes an ideal two-phase lamellar morphology [41]; long
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period, Lp, crystalline layer thickness Lc, amorphous layer thickness La and estimated bulk
crystallinity Xc [42,43].
Stress-strain data analysis. For each drawing experiment, the load (N) and jaw displacement

RI
PT

(mm) were recorded. From the load-displacement data, nominal stress-strain curves were
obtained making the assumption that the cross-sectional area of the sample remained constant.
This assumption is likely to be without error in the elastic region, but tends to be less reliable as

SC

plastic deformation occurs, although the relatively low draw ratio and lack of observed necking
minimize errors. Strain at the beam position was estimated from the distance between the jaws.

curve.

3 RESULTS AND DISCUSSION

M
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Elastic (Young’s) modulus was determined from the initial linear portion of the stress-strain

TE
D

3.1 Undrawn PET and PET-MWCNT composites: X-ray scattering data.
Static SAXS and WAXS patterns were taken of the extruded film before drawing to determine
if any residual structure remained from the cast extrusion process. Figure 2, shows SAXS data

EP

for the undrawn cast film at room temperature then step annealed up to 190 °C. WAXS data for
the cast film at 30 °C and post annealed at 190 ° C is given in the third and final columns

AC
C

respectively.
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Figure 2. 2D SAXS/WAXS patterns for cast extruded PET and PET-MWCNT composite films
during step annealing.

For the neat as cast extruded PET film at 30 °C, there is no obvious crystalline structure in

TE
D

either the SAXS or WAXS patterns induced by the processing method. In the WAXS data this is
confirmed from the presence of a broad amorphous halo. As the sample is heated past Tg (85 °C)
the SAXS shows a halo of intensity developing from 160 °C onwards. This is indicative of a

EP

largely randomly oriented lamellar crystalline structure, however some slight preferred
orientation is observed owing to the increased intensity on the meridian (vertical direction). The

AC
C

PET WAXS pattern having been annealed at 190 °C, shows two sharp rings correlating to the
 1) and (010) Bragg peaks of the PET triclinic unit cell [44].
(01
In comparison, the PET-MWCNT composites show scattering in both the SAXS and WAXS
 1)
patterns at 30 °C, indicated by the diffuse intensity around the central beamstop and clear (01
and (010) Bragg peaks, respectively. The SAXS scattering arises from both the MWCNTs and
the crystalline PET component and as these samples are annealed the crystalline structure
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continues to develop further. The SAXS shows some significant orientation of the crystalline
structure, which is evident from the scattering arcs in the pattern. The WAXS shows some
preferred orientation in the rings once annealed at 190 °C. A sharp WAXS peak corresponding to

RI
PT

the ordered arrangement of MWCNTs usually seen at 2θ = 26.1° (as previously reported in
Mayoral [11]). However this was not observed in the WAXS patterns in Figure 11, as this was
beyond the experimental detector range.

SC

The observed structure in the as cast extruded film is likely to be an outcome of the extrusion
process, where for the PET-MWCNT composites, some oriented structure is locked in and does
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not relax during the casting process as the MWCNTs hinder polymer chain dynamics, compared
to the neat PET. Similar residual structure has been seen in the extrusion of poly(ethylene) tapes,
where increased draw down of the tape elongates the polymer chains which leads to a fibril or
shish-kebab structure [45] rather than randomly oriented lamellae [46]. Hence, from the

AC
C

EP

residual orientation.

TE
D

SAXS/WAXS patterns it is apparent that the MWCNTs have a significant influence on this

Figure 3. Azimuthal profiles from SAXS data of the undrawn step annealed (A) PET; (B)
PET1% and (C) PET2% samples.
To investigate the relative orientation, azimuthal profiles were taken of the SAXS patterns
which are shown in Figure 3, as the samples were annealed. The orientation in the PET and PET-
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MWCNT composites increases with annealing temperature, indicated by the reduction in the
width of the two peaks as they develop. A quantitative analysis of the peak widths was made by

M
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SC

FWHM with temperature for the undrawn samples.
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obtaining the average FWHM values where a fit was possible. Figure 4, shows the variation of

TE
D

Figure 4. Change in FWHM for undrawn step annealed PET, PET1% and PET2% samples.
The relative orientation is seen to increase (FWHM decreases) in all samples with increasing
annealing temperature. However, a large difference is seen on addition of MWCNTs to the PET.

EP

Both the PET1% and PET2% composites show increased orientation compared to neat PET
which starts to level off at 160 °C. Whilst the azimuthal scans indicate some preferred orientation

AC
C

of the crystalline structure in the samples from the extrusion process, the arcing in the 2D SAXS
patters indicates that there is still a range of orientations in these samples.
Correlation function analysis was performed on the 1D SAXS profiles obtained from the 2D
SAXS patterns [39]. Figure 5A, shows 1D SAXS profiles of the undrawn annealed PET, PET1%
and PET2% samples at 190 °C and Figure 5B, the corresponding correlation functions. Figure
5B also indicates the extracted parameters; long period Lp, crystalline layer thickness Lc,
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amorphous layer thickness La and bulk crystallinity Xc from the correlation function. The
extracted parameters are given in Table 2, for the undrawn annealed samples (note only data
from 160 °C and 190 °C 1D SAXS profiles gave good correlation functions so extracted

M
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PT

parameters could only be obtained from these fits with any reliability).

TE
D

Figure 5. (A) 1D SAXS profiles for undrawn PET, PET1% and PET2% samples annealed at 190
°C and (B) corresponding correlation functions indicating extracted parameters: long period, Lp,
crystalline layer thickness Lc, amorphous layer thickness La (Lp – Lc) and bulk crystallinity Xc

EP

(obtained from γmin/(γmin – γ*)).

AC
C

The data in Table 2, shows some small differences in the extracted correlation function
parameters. The neat PET samples display the largest Lp and corresponding Lc values, but as the
annealing temperature increases there is little change in these values. In comparison, the PET1%
and PET2% samples have lower values of Lp and Lc at each annealing temperature, but Lp
increases slightly with annealing temperature. However, the values of Lc remain relatively
constant, whereas La, tends to increase. This indicates that some melting of the crystalline
regions probably in the crystal-amorphous interface is occurring during annealing. One
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significant difference observed is that both PET1% and PET2% show lower bulk crystallinity,
PET2% being the lowest, compared to neat PET. Again this is mirrored in the reduced crystallite
thicknesses in these blends.

PET1% and PET2% undrawn step annealed samples.
Lp/Å
(± 4 Å)

Lc/Å
(± 2 Å)

La/Å
(± 2 Å)

Xc/%
(± 2 %)

PET 160

93

27

66

25

PET 190

93

28

65

26

PET1% 160

88

21

67

18

PET1% 190

91

21

70

20

PET2% 160

86

19

67

14

PET2% 190

90

20

70

15

M
AN
U

SC

Sample annealing
temperature/°C
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Table 2. Extracted data from the correlation function analysis of the 1D SAXS profiles for PET,
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D

In this section we have detailed the structure development of the undrawn PET and PETMWCNT composites during step annealing. The SAXS/WAXS data and subsequent analysis has
shown that the cast extrusion process does induce some orientation and crystalline morphology

EP

in all the samples. The PET-MWCNT composites show greater crystalline orientation
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developing during annealing, but reduced crystallite size and bulk crystallinity compared to neat
PET. Hence, initial conclusions are that the MWCNTs hinder the relaxation of the PET
molecular chains during cast extrusion which later manifests as points for nucleation sites for
crystalline lamellae growth. However, the MWCNTs can also hinder the extent that these
crystalline regions grow and thicken, which is seen from the smaller crystallite thicknesses and
overall lower bulk crystallinity in comparison to the neat PET. We now extend these analyses to
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determine the effects MWCNTs have on the morphology development of PET under uniaxial
deformation and subsequent annealing.
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PT

3.2 Uniaxially deformed PET and PET-MWCNT composites: mechanical properties.
Stress-strain curves for the uniaxial deformation of PET, PET1% and PET2% for a DR of 2.5:1
at different rates are shown in Figure 6. Table 3, lists the elastic modulus values for the samples

AC
C

EP
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SC

drawn at 110 °C with strain rates of 0.1 s-1 and 0.2 s-1.

Figure 6. Stress-strain behavior during uniaxial deformation of PET, PET1% and PET2% at 110
°C; (A) DR 2.5:1 at 0.1 s-1; (B) DR 2.5:1 at 0.2 s-1.
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All stress-strain curves show an elastic response initially followed by yield and strain
hardening which progresses until the end of the draw [11,15]. Following the end of the draw, the

RI
PT

sample relaxes as observed by the falling load at the maximum strain level attained.

Table 3. Elastic modulus of PET, PET1% and PET2% composite films uniaxially deformed at

Young’s
modulus/MPa

PET

0.1

7

PET

0.2

7

PET1%

0.1

121

PET1%

0.2

87

PET2%

0.1

132

PET2%

0.2

110

M
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U

Strain
rate/s-1

TE
D

Sample

SC

110 °C.

The addition of MWCNTs to the PET significantly changed the mechanical properties, even at
loadings as low as 1 wt%. From Figure 6, a dramatic increase in both the yield stress and the

EP

stress experienced at maximum strain was observed for the PET-MWCNT composites. This can
be explained in two ways; supported by the data in in Table 1, and Figure 2, there is some

AC
C

residual crystalline morphology and orientation in the PET-MWCNT composites from the initial
cast extrusion process which is not observed in the neat PET; furthermore the MWCNTs act as
ties between the crystalline regions causing significant mechanical property changes. Modulus
values rise from 7 MPa for the neat PET towards 100 MPa for the PET-MWCNT composites. It
is interesting to note that the modulus of the PET-MWCNT composites may be strain-rate
sensitive. At the higher strain-rate there is a drop in modulus which is somewhat counter-
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intuitive. A possible explanation is that at the higher strain rate, there is increased load transfer to
the weaker amorphous regions leading to an overall reduction in mechanical properties.
3.3 X-ray analysis of uniaxially deformed PET and PET-MWCNT composites.

RI
PT

2D SAXS data for the uniaxial deformation and annealing of the PET and PET-MWCNT
composites were obtained to allow for a qualitative interpretation of the structure development to
be made. SAXS patterns for polymers which have been subjected to shear deformation can be

SC

interpreted in terms of oriented lamellar or shish-kebab morphologies. Figure 7, shows some
frequently observed SAXS patterns and their related morphologies [43,45-47]. These range from

M
AN
U

sharp spots for oriented lamellar type morphology to diffuse spots/arcs representing oriented
shish-kebab morphology. The SAXS patterns and corresponding morphologies can be used
interpret the developing morphology for the PET and PET-MWCNT composites, which are

AC
C
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shown in Figure 8.
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Figure 7. 2D SAXS patterns for oriented polymer samples. (A) Sharp meridional spots: broad

TE
D

parallel lamellae; (B) meridional arc: several orientations of narrow lamellae or shish-kebab
structures; (c) diffuse spots: oriented fibrils with narrow lamellae or shish-kebab structures; (D)

EP

“four point” pattern: herringbone lamellar structure (adapted from Rober [45] and Heeley [46]).
The 2D SAXS patterns shown in Figure 8, include obvious differences in the morphology

AC
C

development of the neat PET compared to the PET-MWCNT composites during processing and
annealing. The SAXS data post-draw at 110 °C and a strain rate of 0.1 s-1, shows that the neat
PET had very little initial structure, but as the sample is annealed a broad lamellar structure
develops indicated by sharp meridional spots (Figure 7(A)). In contrast, both the PET1% and
PET2% samples show significant diffuse post-draw scattering around the beamstop in the SAXS
patterns.
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Figure 8. 2D SAXS patterns and associated morphology for the uniaxial deformation and
subsequent step annealing of PET, PET1% and PET2%. Samples were drawn at a DR of 2.5:1 at

EP

a rate of 0.1 s-1 and 0.2 s-1.

This is mostly likely due to the presence of the MWCNT filler (as it is clearly absent in the

AC
C

neat PET sample) and imperfect PET crystallites. As the PET-MWCNT samples are annealed,
the SAXS data showed the development of meridional arcs and diffuse spots, which can be
interpreted as narrow lamellae or shish-kebab structures with a variety of orientations around the
vertical draw direction [43,46,47].
For the neat PET, as the draw rate increased to 0.2 s-1, there is evidence of the initial formation
of a 4-point pattern in the post-draw SAXS pattern at 110 °C. This is typically seen in the
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development of the triclinic PET structure and its lamellae interpretation is that of a herringbone
[48-50] or paracrystalline morphology [51] (Figure 7 (D)). The PET1% and PET2% composites
again show a fibril or shish-kebab type of structure, but still significant diffuse scattering is

RI
PT

observed in the SAXS patterns arising from the MWCNTs and imperfect PET crystallites.

Static 2D WAXS patterns of the drawn and annealed samples were taken at 30 °C and are
shown in Figure 9. The neat PET sample shows the development of the triclinic PET structure,
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 1) and (010)) are concentrated on the equator. This indicates
where the scattering reflections ((01

the PET chains are oriented in the draw direction and the crystalline structure becomes more

EP
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perfect with increasing draw rate (Figure 9 (A) and (B)), this is mirrored in the 2D SAXS.

Figure 9. 2D WAXS patterns for uniaxially deformed (DR 2.5:1) step annealed samples of PET,
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PET1% and PET2%. (A) PET at 0.1 s-1; (B) PET at 0.2 s-1; (C) PET1% at 0.1 s-1; (D) PET1% at
0.2 s-1; (E) PET2% at 0.1 s-1; (F) PET2% at 0.2 s-1.
For the PET1% and PET2% composites, the 2D WAXS patterns again shows the triclinic
crystal cell structure developing, but the (011) and (010) reflections tend to be arc-like rather
than more spot-like as in the neat PET. This is again mirrored in the SAXS data were the shishkebab crystalline structure is less oriented than the lamellar structure of PET. The comparative

22

ACCEPTED MANUSCRIPT

amount of orientation in the samples can be obtained from the azimuthal profiles of the 2D
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SAXS patterns.

Figure 10. Azimuthal 1D SAXS profiles for PET post-draw (DR 2.5:1), during annealing at
draw rates of (A) 0.1 s-1 and (B) 0.2 s-1. (Scans offset in the vertical direction for clarity.)
Figure 10, shows the 1D azimuthal profiles for neat PET from the 2D SAXS patterns. The

TE
D

profiles clearly illustrate the change from a well oriented lamellar structure (Figure 10 (A)) to an
oriented 4-point herringbone structure (Figure 10 (B)), as the draw rate was increased. It should
also be noted that there is no discernable equatorial scattering in the profiles (φ angles 150° -

EP

200°) for the neat PET. Similarly, the 1D azimuthal profiles for PET1% and PET2% composites
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are shown in Figure 11.
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Figure 11. Azimuthal 1D SAXS profiles for PET1% and PET2% during annealing post-draw
(DR 2.5:1). (A) PET1% at 0.1 s-1; (B) PET1% at 0.2 s-1; (C) PET2% at 0.1 s-1; (D) PET2% at 0.2
s-1. (Profiles offset in the vertical direction for clarity.)

The azimuthal profiles in Figure 11, for the PET1% and PET2% composites show broader
peaks compared to neat PET (Figure 10). The profiles for PET1% (Figure 11 (A)) do show some

TE
D

evidence of the herringbone structure with the double peak but a 4-point pattern was not clearly
defined in the 2D SAXS. With both the PET1% and PET2% composites there is distinct

EP

equatorial scattering seen at φ angles 150° - 200° which tends to diminish as the samples are
annealed. This scattering can be attributed to the MWCNTs and imperfect PET crystalline and
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amorphous components. As the sample is annealed infill crystallization of more randomly
oriented shish-kebab structures reduces the equatorial scattered intensity. The comparative
change in orientation from the FWHM is shown in Figure 12, for all samples.
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Figure 12. Change in orientation (FWHM) for PET and PET-MWCNT composites post-draw, at
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various annealing temperatures.

There is a significant difference in orientation between the neat PET and PET-MWCNT
composites as the samples are step annealed. The neat PET sample has the greatest orientation
over all annealing temperatures compared to the composites. The neat PET orientation increased
(decrease in FWHM) as the annealing temperature increased. This is confirmed in both the 2D
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WAXS and SAXS patterns (Figures 8 and 9). Furthermore, for neat PET, the increase in draw
rate also resulted in increased orientation, this is most apparent at the highest annealing

EP

temperature. This is not surprising as the higher stain rate would be expected to result in
increased molecular orientation of the polymer chains in the draw direction [52].
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The PET-MWCNT composites show an opposite effect with respect to orientation as annealing
temperature was increased. The orientation does not change greatly when the samples were
annealed up to 160 °C, but there is a reduction of orientation at the annealing temperature of 190
°C for both the PET1% and PET 2% composites. Here, the reduction in orientation can be
explained by the crystallization of more shish-kebab structures but with greater variation in
orientations, which would reduce the average overall orientation in the draw direction. This was
observed also from the 2D SAXS data (Figure 8) where the meridional arcs become broader as
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the annealing temperature was increased. From the data it can also be seen that increasing the
draw rate has little effect on the orientation for the PET-MWCNT composites.
To determine the changes in long period, crystallite size and crystallinity with annealing
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temperature and draw rate, correlation functions were performed on the 1D SAXS profiles. The
change in long period Lp, and crystalline region Lc, with annealing temperature and draw rate for
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all the samples are shown in Figure 13.

Figure 13. Change in (A) Lp and (B) Lc, for PET, PET1% and PET2% with annealing
temperature for a DR of 2.5:1 and draw rates of 0.1 s-1 and 0.2 s-1.

EP

The Lp for the neat PET is greater than that for both PET1% and PET2% composites (Figure
13 (A)). Generally, Lp increases with annealing temperature is reflected in the increase in Lc
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(Figure 13 (B)), for all samples. However, the greatest increase in crystalline region is seen in the
neat PET sample when annealed. The PET2% samples have the smallest Lc overall, regardless of
annealing temperature and draw rate. The change in bulk crystallinity with increasing annealing
temperature and draw rate for all samples is shown in Figure 14. Here, the data shows that the
neat PET has the greatest bulk crystallinity and the PET2% shows the lowest crystallinity,
although it should be noted that this behavior is strain-rate dependent [11].
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Figure 14. Change in bulk crystallinity, Xc, for PET, PET1% and PET2% samples with
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annealing temperature for a DR of 2.5:1 and draw rates of 0.1 s-1 and 0.2 s-1.

The results from the correlation function analysis show that the addition of MWCNTs to PET
can change the evolution of crystalline morphology significantly compared with the unfilled
homopolymer. The crystalline regions and bulk crystallinity are reduced in the PET-MWCNT

TE
D

composites. Furthermore, from the FWHM analysis (Figure 12), the addition of MWCNTs to
PET contributes to a reduction in chain orientation. This result supports that seen in the 2D
SAXS/WAXS data. We see that the MWCNTs inhibit the development of a regular lamellar

EP

morphology (as is the case for neat PET), and instead a shish-kebab structure is formed. As the
PET-MWCNT composites are annealed, new small crystallites are formed, but these can have
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C

more random orientations which is seen by the increase in the FWHM. However, the thermal
behavior of PET and the PET-MWCNT composites (Table 1), suggests that the MWCNTs act as
nucleating agents when the PET is crystallized – shown by a significant increase in Tc and Xc for
the composites. To clarify the behavior described in this paper, thermal analysis was performed
on drawn and annealed samples at 190 °C to investigate the Tc and crystallinity. The DSC heatcool thermograms are shown in Figure 15.
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Figure 15. DSC heat-cool thermograms of post-drawn (DR 2.5:1) and annealed PET, PET1%
and PET2% samples. (A) heat scan for samples at 0.1 s-1; (B) heat scan for samples at 0.2 s-1; (C)

EP

cool scan for samples at 0.1 s-1; (D) cool scan for samples at 0.2 s-1.
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Both the melting and crystallization temperatures, and percentage crystallinity for these
thermograms are collated in Table 4. The melting point of PET and PET-MWCNT composites
does not change significantly and is similar to those values quoted in Table 1, for the as extruded
cast films. The increased draw rate (0.1 s-1 to 0.2 s-1) also has little effect on the melting
temperature of PET. One interesting feature that is present in both the PET and PET-MWCNT
composite heating thermograms is the small melting endotherm at ~196 °C. This ‘double
melting’ peak of PET has been observed in uniaxially drawn and annealed PET films where the
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lower temperature peak is attributed to the melting of imperfect small crystallites [53] and
similarly in the PET-MWCNT composites [18,19].

°C.
Tc/°C

Xc/%

Tm/°C

0.1

0.2

0.1

0.2

0.1

PET

207.3

206.4

253.6

251.8

43

PET1%

224.1

224.0

255.3

254.8

41

PET2%

229.7

230.0

256.1

256.0

37

0.2
39

38
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rate/s-1

SC

Sample
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Table 4. Thermal data for PET and PET-MWCNT composites post-draw and annealed at 190
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From Table 4, it can be seen that there is a considerable increase in the crystallization
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temperature Tc, for the PET-MWCNT composites compared with the neat PET. This is expected
assuming the MWCNTs act as nucleating agents as was shown earlier for the thermal analysis of
the as extruded cast materials (Table 1). The crystallinity for the neat PET is greater than that for

EP

the PET-MWCNT composites which is in contrast to the crystallinity of the as cast extruded
samples. The crystallinity is reduced in all samples with increasing draw rate. Thus, although the

AC
C

MWCNTs in the drawn samples still nucleate crystal growth heterogeneously (i.e. crystallization
kinetics are increased) the final bulk crystalline component is reduced in comparison to neat
PET. This was also seen from the correlation function analysis where the crystallite size was
reduced and therefore the overall crystallinity. This is further confirmed from the 2D SAXS
showing the formation of a shish-kebab morphology rather than lamellar structure for neat PET.
The broadening of the crystallization peaks in the cooling thermograms for the PET-MWCNT

29

ACCEPTED MANUSCRIPT

composite samples (Figure 5C and 5D), is again attributed to a range of imperfect crystallites
formed via heterogeneous nucleation.
From the results presented here for both the as cast extruded and uniaxially deformed samples,
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PT

it can be seen that MWCNTs do act as nucleating agents, increasing crystallization kinetics.
However, significant differences are seen in the evolution of the crystalline morphology during
uniaxial deformation. The PET-MWCNT composites have a prevalent shish-kebab structure,

SC

where the MWCNTs inhibit crystallite growth and reduce the overall crystalline orientation.
Conversely, a regular well developed lamellar structure with significant orientation is seen for
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the unfilled PET homopolymer under the same processing conditions.

The differences in PET morphology are undoubtedly due to the addition of MWCNTs. From
the published literature it has been argued [25-28] that CNTs act as the shish so that the PET
crystallites (kebabs) then grow expitaxially from these shish, thus the CNTs act as nucleating

TE
D

points in this process. Therefore, the nanohybrid shish-kebab structure (NHSK) [25-30] proposed
for PE and iPP CNT composites is valid here with respect to our PET-MWCNT composites.
However, the MWCNTs tend to hinder PET chain orientation during deformation, which leads to

EP

a more random orientation in the emerging crystallites, thus a reduction in orientation as
crystallization progresses. The MWCNTs also obstruct the thickening of the crystallites into a

AC
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full lamellar structure, like that described for the PET homopolymer. Therefore, it is probable
that some crystallites are initially nucleated by the MWCNTs acting as shish but as the annealing
temperature is increased, crystallites in the PET matrix also nucleate and grow. This scenario
would imply that PET crystallites result from both nucleation in the PET matrix and at the
surface of the MWCNTs [31].
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The NHSK or MWCNT/matrix nucleation and subsequent crystal growth models for PETMWCNT composites are both credible mechanisms, but it is difficult to separate these
crystallization mechanisms even with the data presented here. As a result, the NHSK model

RI
PT

combined with polymer matrix nucleation and crystal grown mechanism provides an overall
plausible description of the crystallization mechanism observed here with PET-MWCNT

SC

composites during uniaxial deformation at low strain rates.

4 CONCLUSIONS
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Combined SAXS/WAXS, mechanical and thermal techniques have been employed to follow
the morphology evolution in a set of PET-MWCNT composites as cast extruded films and during
solid-state uniaxial deformation and subsequent annealing. The results revealed that following
cast extrusion, the PET-MWCNT films retained residual orientation and had increased

TE
D

crystallinity due to the processing equipment used (related to the land length of the die used
during extrusion), whereas the neat PET did not. The PET-MWCNT composites once uniaxially
deformed at a DR of 2.5:1 at low strain rates, showed significantly improved mechanical

EP

properties and a different crystalline morphology compared with neat unfilled PET. SAXS data
revealed a regular well developed lamellar structure with significant orientation for neat PET,
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conversely the PET-MWCNT composites showed a shish-kebab morphology with reduced
orientation. The MWCNTs in the polymer composite increase nucleation events, but inhibit the
growth of crystallite structure and reduce the overall crystalline orientation. Once annealed, the
final crystallite thickness and bulk crystallinity is reduced in the composite samples. WAXS data
confirmed the orientation to be greater in the neat PET, but no change in the crystallite PET unit
cell was observed due to the addition of MWCNTs. Moreover, thermal analysis of the drawn and
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annealed films showed that the MWCNTs act as nucleating agents, increasing the rate of
crystallization, but the final crystalline content in the composites is actually less than that for neat
PET.
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The data has shown the definitive role MWCNTs have in the structural evolution in PET
during uniaxial deformation. Whilst the MWCNTs act as nucleating agents (increasing
crystallization kinetics), they form a shish-kebab morphology compared to the well-developed

SC

lamellar structure seen for neat PET. The mechanism of the formation of this morphology is
attributed to the MWCNTs acting as shish for the epitaxial PET crystallites to grow out from,
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that is, a nanohybrid shish-kebab structure (NHSK) is formed. Furthermore, nucleation and
crystal growth also occurs in the PET matrix, but the MWCNTs inhibit crystallite development
and hinder any perfection to a full lamellar structure.

The results here have provided a valuable insight into the role of MWCNTs as a functional

TE
D

nanofiller for polymers. The improved mechanical properties can be linked to the MWCNTs
reinforcement and nucleating effects and thus the crystalline structure development when
processed. However, contrary to this MWCNTs then inhibit crystal growth of the polymer when

EP

further processing occurs, reducing overall bulk crystallinity and orientation, in comparison with
the homopolymer itself. This could have wide-spread application in modifying polymers with

AC
C

MWCNTs where the structure and physical properties can be tailored to function.
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Highlights
1. Morphology evolution and crystallinity of PET-MWCNT composite films was
investigated.
2. Uniaxially deformed PET-MWCNT films displayed improved mechanical properties.
3. SAXS/WAXS data revealed a well oriented lamellar structure for unfilled PET films.
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4. PET-MWCNT composites revealed a nanohybrid shish-kebab (NHSK) morphology.
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5. The MWCNTs act as shish for the epitaxial growth of PET crystallites (kebabs).

