
ORIGINAL RESEARCH

Infrared heating assisted thermoforming of polypropylene
clay nanocomposites

T. P. Mohan & K. Kanny

Received: 24 February 2014 /Accepted: 18 June 2014
# Springer-Verlag France 2014

Abstract The objective of this work is to study the influence
of nanoclay addition in PP sheet during infrared (IR) heating
assisted thermoforming process. The effect of nanoclay on
viscoelastic, friction and dimensional characteristics during
sheet forming was examined. The result indicated that the
nanoclay addition improves the sagging (sagging depth and
sagging disintegration) and plugging (plug depth and friction)
properties during sheet forming. The plugging properties of
nanoclay filled PP sheet resulted in the improved physical
characteristics (minimal change in thickness (Δt) and % di-
mensional elongation) when compared with unfilled PP sheet.
The nanoclay filled formed PP sheet resulted in improved
tensile and dynamic mechanical properties when compared
with unfilled formed PP sheet.

Keywords Thermoforming . Nano-structures .Mechanical
properties . Physical properties . Thermoplastic resin

Introduction

Thermoforming is a process of making plastic objects from
sheet or film using heat and pressure above glass transition
temperature (Tg) or melting point (Tm) of a polymer [1, 2].
During heating the polymer softens due to their viscoelastic
characteristics and when placed above the metal mold cavity
with pressure (in the form of air pressure, vacuum or mechan-
ical aid) followed by cooling forms desired products [3–5]. A
wide range of products have been manufactured by
thermoforming process from medical to electronic devices

and with range of polymeric materials such as PP, HDPE,
ABS, PVC and PS [6–10].

In general, thermoforming process takes place with plug
assisted or vacuum assisted techniques [11, 12]. As the
thermoforming process takes place at elevated temperature,
it is one of the difficult processes to analyze, as it involves
understanding of complex variables, such as viscoelastic char-
acteristics of polymer, shear induced deformation and com-
plex geometry of product shape. In previous works, the influ-
ence of thermoforming variables such as sheet/film tempera-
ture [13], plug material [14], plug temperature [15], plug rate
[16], surface finish of the product [17], plug geometry [18],
pressure [19] and viscoelastic behavior [20] of material were
extensively analyzed. It was observed that most of these
parameters were interdependent and one property influence
other, and hence will be difficult to single out one parameter of
influence. For example, the increase of temperature of pro-
cessing affects the viscoelastic behavior of the material and
which in turn affects the shear induced stretching of the sheet/
film.

Looking at the sheet/film material itself, PP has made
tremendous progress due to their availability, cost effective-
ness, high thermal stability and favorable physical and me-
chanical properties. PP based trays are commonly used in food
packaging and consumer applications, which are processed by
thermoforming technique [21, 22]. However, in the recent
past, many polymeric materials were being modified with
additives and fillers. For example, a significant research works
on polymer-clay nanocomposites (PCN) were carried out in
recent past and various types of polymeric nanocomposites
including PP were produced. The chemically treated mont-
morillonite (MMT) clays were filled into the PP polymer to
enhance their thermal, mechanical and physical properties.
The intercalation of polymeric matrix into the intergallery
region of chemically treated clay nanolayers result in nano-
composite formation [23–26]. Even though hundreds of
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studies were carried out in PP nanoclay composites, the study
on PP nanoclay based products are very much limited and
detailed study is required in these subjects. For instance, Rund
Abu-Zurayk et al. [27, 28] have carried out extensive study on
the biaxial stretching property of polypropylene-clay based
nanocomposites. It was observed that the delamination of
nanoclay layers was increased due to stretching and the crys-
talline fraction of PP, tensile properties (strength, elongation
and modulus) and dynamic mechanical properties (storage
modulus and glass transition temperature, Tg) of the stretched
sheets were increased due to the nanoclay addition. In another
study, it was observed that the tensile property of nanoclay
filled un-stretched sheet was lower, and it increased due
to stretching at the stretch ratio of≥2.5. Tongchen et al.
[29] observed shear induced crystallinity in nanoclay
filled PP films up to 5 wt.%. The crystallinity increased
up to 2 s−1 shear rate and beyond which the crystallin-
ity is similar to that of neat PP film. Seyed and
Abdellah [30] studied the PP-nanoclay film properties.
Clay orientation and delamination along the flow direc-
tion of the film were observed with increased crystalline
properties. About 25–40 % increased tensile modulus
and with decreased oxygen permeability were observed.
It was also observed that the rheological property of the
formed PP nanocomposite film/sheet property is differ-
ent to that of unformed film/sheet [31, 32]. From the
literature, it was observed that the physico-chemical
property of the unformed and formed film/sheet proper-
ties significantly changes, in which the latter was influ-
enced by processing and product conditions. Therefore,
the physical property of thermoformed sheet like thick-
ness, dimensional elongation and tensile property were
affected due to processing, nanoclay and viscoelastic
behavior of the sheet/film material. It was observed that
the effects of nanoclay on the physical property of the
formed sheet were not fully understood or explored. A
slight alteration of viscoelastic property of film/sheet
due to nanoclay addition may significantly change the
thermoformed product property. However, several re-
searches on nanoclay affecting the viscoelastic charac-
teristic of PP material was available [33–36]. Hence the
objective of this work is to understand the effect of
nanoclay on viscoelastic and physical properties of
thermoformed PP trays. The influence of nanoclay on
sagging and plugging properties during sheet forming
were examined in this work. The sagging properties
were studied by analyzing sagging depth at sheet
forming temperature (140 °C) and disintegration and
Dynamic Mechanical Analysis (DMA). The plugging
properties were studied by analyzing coefficient of fric-
tion (μ), plug depth and physical properties due to
plugging (i.e. % thickness variation and % elongation
at different sections of formed tray).

Expertimental details

Materials

Polypropylene (PP) pellets of melting point 168 °C with melt
flow index (MFI) of 10 g/10 min were procured from
Chempro, South Africa. Cloisite® 30B nanoclay was used
as filler in PP polymer and obtained from Southern Clay
Products, USA. This clay is natural montmorillonite clay,
which was organically modified with a quaternary ammonium
salt. The organic modifier being MT2EtOH: methyl, tallow,
bis-2-hydroxyethyl, quaternary ammomium, where T is Tal-
low (~65 % C18, ~ 30 % C16; ~ 5 % C14) with total modifier
concentration of 90 meq/100 g clay.

Thermoforming

The thermoforming process consists of three main steps, and
their sequence are represented in Fig. 1. The 1st step was
compounding of PP pellets with nanoclay using
REIFFENHAEUSER single screw extruder. The pellets and
nanoclays were introduced at the hopper section of the ex-
truder while the melt mixing took place at the screw section of
the extruder. The extruder has a 40 mm diameter single
rotating screw with a length/diameter ratio (L/D) of 24 and
driven by a 7.5 kW motor. Three heating zones along the
length of the extruder screw were maintained as follows: Zone
1 (Hopper or pellet loading end – 190 °C), Zone 2 (center
region of screw – 230 °C) and Zone 3 (extrusion end –
230 °C), with constant screw speed of 60 rpm.

The 2nd step was sheet making of molten extrudate sam-
ples from extrusion. The molten extrudate (~20 g) was col-
lected in an air pressure assisted flat plate die set-up main-
tained at 190 °C. The molten sample was immediately com-
pression molded with an air pressure of 3 bars to form a flat
0.3 mm thick sheet. The flat sheet was then taken out; air
cooled and cut into the dimensions of mold tray for
thermoforming.

The 3rd step was the plug assisted thermoforming process
of a tray. The sheet was heated by in-house build infrared (IR)
heating and followed by plugging process. In this IR heating,
the sheet was placed above the base mold and the top mold
separately placed in the IR heating chamber until the sheet
temperature reaches 140 °C. The IR heating was carried out
using a panel heating systemwithmedium IRwavelength (3.7
μm) operating at 15 wsi. The sheet temperature was precisely
monitored by a non-contact temperature gun thermometer
(MT697 series) supplied by Laboratory Supplies Co., South
Africa. As soon as the sheet temperature reaches 140 °C, the
softened sheet with mold was taken out and immediately
plugged with top mold by air-pressure assisted set-up at
2 bar pressure to form a tray. The formed tray was removed
from die and left aside for air cooling. The air-cooled tray was
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then trimmed across with flange section with a dimension of
5 mm, followed by characterization and testing. Plug assisted
molds consists of a pair of steel base and top molds. The
dimension of base mold cavity equal to the outer dimension
of tray and dimension of top (plug) mold equal to the base
mold cavity but with 0.3 mm lower than the dimension at all
sides. A tray of length 50mm, width 30mm and height 15mm
were prepared from sheet by plug assisted molding.

Characterization and testing

The structure of sheet was studied by X-ray diffraction (XRD)
and Transmission electron microscopy (TEM) methods. A
Philips PW1050 diffractometer was used to obtain the X–
Ray diffraction patterns using CuKα lines (λ=1.5406 Å).
The diffractrograms were scanned up to 25° (2θ) in steps of
0.02° with a scanning rate of 0.5°/min. Microscopic investi-
gations of selected sheet specimens at the various nanoclay
weight compositions were conducted using a Philips CM120
BioTWIN transmission electronmicroscope operating at 20 to
120 kV. Thin section of a specimen was prepared using an
LKB/Wallac Type 8801 with ultratome III 8802A Control
Unit. Ultra-thin transverse sections, approximately 80–
100 nm in thickness were sliced using a diamond coated
blade.

Tensile tests on the un-stretched and stretched parts of
unfilled and nanoclay filled PP tray specimens was carried

out using the LLOYDS Tensile Tester fitted with a 20 kN load
cell. The tensile tests of stretched part were performed along
the transverse and longitudinal direction of stretching, at a
crosshead speed of 1 mm/min in accordance with the ASTM
D3039 standard with proper clamping at the end of test sheet.
Five tensile specimens were taken, and the average value was
considered for plotting stress–strain curve. It is envisaged that
the standard deviation of all the test specimen values was
within 3 %. The tensile specimens were obtained from the
same location for all the unfilled and nanoclay filled sheet
series. The tensile fracture surface morphology of test samples
was examined by Zeiss Environmental Scanning Electron
Microscopy (ESEM), operating at 20 kV. Dynamic mechani-
cal analysis of the stretched sheet was carried out at a frequen-
cy of 10 Hz in a 3-point bending mode with cantilever clamps
at ends using the TA instruments model Q800 from −20 to
150 °C under atmospheric conditions.

As soon as the temperature reached 140 °C the sheet started
to sag and this was measured as sagging depth. To carry out
this measurement, a sheet was kept above the base mold in IR
chamber and heated up to 140 °C, followed by cold water
quenching. The sagging depth was measured by measuring
the distance from the neutral point of sheet before sagging. It
was measured at the center point of the sheet where maximum
sagging was noticed. When the sheet kept at 140 °C for
prolonged period, the sagging was severe and the material
starts to disintegrate. The sagging depth of respective sheets

Fig. 1 Schematic of different steps of thermoforming

Int J Mater Form



during disintegration was also measured. To study the plug-
ging property, the sheet was heated above the base mold in IR
heating up to 140 °C. Then the top mold was plugged at 2 bars
to measure the maximum vertical length that the sheet is
stretched (plug depth). After this, the whole setup (base and
top molds with sheet) was immediately removed and
quenched in a cold-water mediums. The quenched sheet spec-
imen was then taken out, and the plug depth was measured.

The dynamic coefficient of friction (μ) of sheet was mea-
sured as per Morales et al. model [37]. As there is no standard
test procedure available to measure the dynamic coefficient of
friction, a commonly well acceptable procedure was adopted
in this study. In this method, the mobile steel block (the steel
material that was used for thermoforming mold) with 5 cm×
5 cm×5 cm dimension was placed on the sheet at one end, and
the distance covered due to impact by a modified pendulum
impact tester was measured, from which the μ was calculated
as per Eq 1.

μ ¼ E0−E
mgl

ð1Þ

where, μ is the dynamic coefficient of friction, E0 energy of
the pendulum when striking the mobile block, E the energy of
the pendulum after striking the mobile block, m is the mass of
the mobile block and l is the distance covered by the mobile
block on the sheet (maintained at 140 °C) due to impact.

The physical property of the thermoformed tray was stud-
ied by measuring the dimensional elongation and % thickness
variation of the formed sheet. These two parameters were
measured at base, stretched thin wall and flange section of
the thermoformed tray. To measure dimensional elongation, 2
points were marked at unformed sheet where the base, thin
wall and flange section were going to be formed. The points
were kept at same distance of 3 mm at all the sections (base,
thin wall and flange). After thermoforming, the distances
between 2 points were again measured at all the sections from
which the dimensional elongation of formed sheet was
calculated.

The thickness of unformed and formed sheet was measured
using a micrometer. The thickness was measured at the flange,
stretched wall and base section of the tray. Five readings were
measured at each section, and average was discussed. The %
dimensional elongation and % thickness variation was calcu-
lated as per the Eqs 2 and 3 respectively.

% thickness variation ¼ T f −Ti

T i
� 100 ð2Þ

% dimensional elongation ¼ Lf −Li
Li

� 100 ð3Þ

Where, Ti and Tf are the thickness of the sheet before and after
forming respectively, Li and Lf are the initial and final length of
sheet before and after forming. The dimensional elongation and
thickness that were measured at 3 different sections, namely,
flange, stretched wall and base were numbered as measuring
point 1, 2 and 3 respectively in discussing the result.

Fig. 3 Representative image of
(a) sagging of PP sheet during IR
heating and (b) thermoformed
sheet

Fig. 2 Time-Temperature curve of normal convection heating and IR
heating of PP sheets
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To compare the efficiency of IR heating over conventional
convection heating, the PP sheet was placed in an oven
maintained at 140 °C (Model 30GC, Quincy Lab, Inc. USA)
operating at 1,200Wand the time required to reach 140 °C by
PP sheet was monitored by temperature gun thermometer as
discussed above.

Results and discussions

Thermoforming

Heating

One of the most important stages of thermoforming process of
plastic sheets is the heating stage. The heating is required to
reach the forming phase above Tg or Tm. The amount of heat
energy required to reach forming phase for thermoforming
sheets varies from polymer to polymer. In general, PP requires
more amounts of heat energy than many other plastics mate-
rials (heat content of about 180 BTU/LB) to reach the forming
phase [38]. Therefore, longer heating times are required to
obtain thermoforming condition in PP based materials.

However, by using IR based heating set-up, this heating time
has been significantly reduced. IR generates huge amount of
heat during processing, and to understand the advantage of IR
heating over normal heating, a heating test was performed in a
PP sheet as shown in Fig. 2 bymeasuring the time taken by the
sheet to reach forming phase (140 °C). Clearly, it was ob-
served that IR heating had shown about 14 times reduction in
heating time (~180 s for normal convection heating and~13 s
for IR heating) when compared to the conventional convec-
tion heating. This gives a huge advantage in production and
processing of trays.

Sagging property

Figure 3 shows the schematic image of a PP sheet as soon as it
reached forming temperature 140 °C (Fig. 3a) and a
thermoformed tray (Fig. 3b). Sagging of PP sheet observed
during processing (Fig. 3a) might be due to viscoelastic char-
acteristics of polymer. To understand this sagging phenome-
non with the influence of nanoclay in PP sheet, depth of
sagging was measured as soon as the sheet reaches 140 °C
and the result is shown in Fig. 4. Unfilled PP sheet shows
sagging depth of 7 mm and they were continuously reduced as
nanoclay content increased in the PP sheet. Maximum

Fig. 6 Effect of nanoclay content on dynamic coefficient friction of PP
sheet series

Fig. 7 Effect of nanoclay content on thickness of formed sheetFig. 5 Effect nanoclay on plug depth during sheet forming

Fig. 4 Effect of nanoclay sagging depth of PP sheet series
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reduction in sagging depth was observed for 5 wt.% nanoclay
filled PP sheet with sagging depth of 1.9 mm, a reduction of~
73 % when compared with unfilled PP sheet.

When the sheet was maintained at this processing temper-
ature (140 °C) for prolonged period the sagging was more
severe and disintegrates leading to the failure of the material
from processing. The influence of nanoclay on the sagging
depth at disintegration was examined and the result is also
shown in Fig. 4. Unfilled PP sheet shows sagging depth of
13 mm at disintegration, whereas it continuously reduced as
nanoclay content increases in PP sheet. PP sheet with 5 wt.%
nanoclay have shownmaximum reduction in sagging depth of
8 mm, which is about 38 % lower than unfilled PP sheet.

The sagging can be due to the softness of the material [4,
19, 22] or materials own weight which allows excessive
strains during high temperature processing [6]. As the tem-
perature increases the softness also increases and thereby
yields more which is what observed in unfilled PP sheet with

high sagging depth. However, nanoclay filled PP have shown
increased dynamic storage modulus as observed elsewhere
[33–36] (and also discussed in “Dynamicmechanical analysis”
section) even at elevated temperatures and this phenomenon
could have resulted in reduction of sagging depth in the
nanoclay filled sheet. This result suggests that the nanoclay
addition increases the processing time window for sheet by
reducing sheet sagging.

Plugging property

Plugging is an important property of sheet forming, and it
determines the physical characteristics of the formed products.
The influence of nanoclay on plugging properties was exam-
ined and Fig. 5 shows the plug depth during plugging of the
unfilled and nanoclay filled PP sheet. Unfilled PP sheet shows
plug depth of 7 mm, and it was continuously increased as
nanoclay increased in PP sheet. PP with 5 wt.% nanoclay
sheet shows plug depth of 9 mm, which is 28 % higher than
that of unfilled PP sheet. The possible reason for the increased
plug depth of nanoclay filled PP sheet could be due to the
reduced friction between the metallic mold and polymer sheet
during forming. Figure 6 shows the dynamic coefficient of
friction (μ) of unfilled and nanoclay filled PP sheet series at
140 °C. Unfilled PP sheet shows μ of 0.75, and it continuously
decreased as nanoclay content increased, and μ is 0.54 for
5 wt.% nanoclay filled PP sheet. The reduction of friction due
to nanoclay addition in polymeric matrix composites was
observed in earlier literatures [39–42]. It was also reported
that decrease of polymeric sheet friction during processing
will result in increased slippage between polymeric sheet and
mold cavity, ultimately resulting in increased plug depth [37,
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Fig. 9 XRD pattern of (a)
Nanoclay, PP with (b) 5 wt.%, (c)
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Fig. 8 Effect of nanoclay content on dimensional elongation of formed
sheet
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43, 44]. In this study, it was observed that nanoclay filled PP
reduces sheet friction and hence increases the plug depth by
slippage between sheet and mold cavity. Due to the reduced
friction of nanoclay filled sheets, it was expected to have
better physical properties (i.e. minimal change in the thickness
(Δt) and % dimensional elongation) when compared with the
unfilled PP formed sheet.

To verify this phenomenon, thickness was measured at 3
measuring points of the formed sheet 1st point being the base
section, 2nd point being the thin walled stretched section and
the 3rd being the flange section of the formed sheet. The %
increase of thickness (Δt) of the formed sheet with respect to
unformed sheet was shown in Fig. 7. The result indicates that
the stretched section of sheet shows the maximum change of
Δt followed by base and flange section respectively. Large
variation of Δt was observed in unfilled PP sheet when
comparedwith nanoclay filled PP sheet. Continuous reduction
of Δt was observed as nanoclay content continuously in-
creased in PP sheet. This could be possibly due to the reduced
μ along with favorable slippage, in which the polymeric sheet
was able to form a product shape with minimal change in Δt
thickness. Whereas, unfilled PP sheet had shown high friction
and hence resulted in reduced slippage, due to which the
sheets were plugged by high stretching and therefore affecting
the thickness.

The effect of nanoclay on the dimensional elongation was
observed, and the result was represented in Fig. 8. The dimen-
sional elongation was maximum at the stretched section of the
sheet. Unfilled PP sheet shows maximum elongation values
when compared with nanoclay filled PP sheet. The dimen-
sional elongation continuously reduces as nanoclay content
increases in the PP sheet. The large elongation of unfilled PP
sheet can be due to the increased friction. The increased
friction has caused reduced slippage between unfilled PP sheet
and metallic mold resulting the parts to form by stretching
(resulting in high % dimensional elongation).

Structure and morphology

Figure 9 shows the XRD patterns of nanoclay, unfilled and
nanoclay filled PP sheet series. Nanoclay shows a diffraction
peak at 2θ of 5.72° and this corresponds to the interlayer
distance or d-spacing (d) of nanoclay (001 plane) equal to
15.4 Å (calculated from Bragg’s diffraction principle, 2d-
Sinθ=nλ, in which d is interlayer spacing, θ is the diffraction
angle, n is the order of reflection and λ is the wavelength of X-
ray used). XRD pattern of unfilled PP doesn’t show any
diffraction peak up to 2θ of 12°. PP with 5 wt.% nanoclay
shows a diffraction peak at 2θ of 5.42°, which was lower than
the diffraction angle for pure nanoclay. This result suggests
that the nanolayers of clays in polymer matrix were expanded
(i.e. the interlayer distance increased) as the interlayer distance
(d) was equal to 16.3 Å. This increased interlayer distance (d)

of clay could be possibly due to the polymer matrix. The
matrix polymer had entered into the interlayer spacing of clay
nanolayers during nanocomposite processing and could have
increased the d-spacing/interlayer spacing of nanoclay. PP
with 3 wt.% nanoclay also shows a diffraction peak, but with
further reduced 2θ angle when compared with pure nanoclay
and 5 wt.% nanoclay filled PP. The diffraction peak occurred
at 2θ value of 5° and corresponds to interlayer distance (d-
spacing) of 17.7 Å. This shows the interlayer distance of clay
for the 3 wt.% nanoclay was further increased when compared
with nanoclay and 5 wt.% nanoclay filled PP. This could be

(a)

50 nm

(b)
Fig. 10 TEM pictures of PP with (a) 2 wt.% and (b) 5 wt.% nanoclay
content
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possibly due to the presence of more amounts of PP matrix in
the clay interlayer spacing in 3 wt.% nanoclay filled PP
nanocomposites.

On the other hand, PP with 1 and 2 wt.% doesn’t show any
diffraction peak. This suggests that the nanolayers of clays
were well separated to each other (>75 Å so that Bragg’s
diffraction law will not satisfy) or the nanolayers were ran-
domly dispersed in the polymer matrix, in which the Bragg’s
diffraction cannot occur. Literature results show that the ran-
dom (or well separated) dispersion of nanolayers of clay in the
polymeric matrix is called as an exfoliated structure. Whereas
ordered arrangement of clay nanolayers with increased inter-
layer spacing than neat nanoclay is called as an intercalated
structure [23–26]. The exfoliated structure shows superior
properties over an intercalated structure. In exfoliated struc-
ture, the nanolayers were individually dispersed with high
contribution of an aspect ratio of clay nanolayer (length/thick-
ness) compared with intercalated structure.

In this study, it was seen that nanoclay up to 2 wt.% in PP
matrix resulted in exfoliated structure, and above that resulted
in intercalated structure. Among the intercalated structures,
the interlayer distance decreased as the nanoclay content
increased from 3 to 5 wt.%. This result also shows that as

the nanoclay content increases, it becomes difficult for PP
matrix to intercalate into the intergallery region of nanoclays
and induce exfoliated structure.

Figure 10 shows the TEM pictures of PP with 2 and 5 wt.%
nanoclay. The nanolayers of clays were represented as dark
phase while the matrix phase represented as a bright and
continuous phase. TEM of 2 wt.% nanoclay filled PP shows
relatively well separated nanoclay layers than that of 5 wt.%
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nanoclay filled PP, indicating well separated nanolayers or
exfoliated structure. PP with 5 wt.% nanoclay composites
shows ordered arrangement of nanolayers resulting in inter-
calated structure. The TEM result also supports the XRD
result of nanocomposite structure.

Figure 11 shows the higher angle XRD pattern of unfilled
and 1 wt.% nanoclay filled PP composite. The result shows
the diffraction peak of unfilled PP at 2θ value of 14.1°, 17°,
18.6°, 21.2° and 21.8°, and corresponds to the α crystalline
(monoclinic) structure [45]. The XRD pattern of 1 wt.%
nanoclay filled PP also shows similar α crystalline patterns
of PP, however, with increased intensity values. This suggests
the crystalline fraction of 1 wt.% nanoclay filled PP is higher
than that of unfilled PP. The XRD result of nanoclay with
other series (2 to 5 wt.%) also shows the same level of
intensity peaks corresponding to 1 wt.% nanoclay filled PP
(therefore, these peaks were not shown due to overlapping of
curves). The Fig. 12 shows XRD patterns of unfilled and
1 wt.% nanoclay filled PP sheet at stretched section. Due to
stretching new peaks were present at 2θ values of 16° and 21°.
These new crystalline peaks were due to the β-phase
(trigonal) PP structure [46]. Increased β phase intensity peaks
were observed in 1 wt.% nanoclay filled PP, suggesting the

nanoclay aid more β phase crystalline fraction during
stretching. The literature results suggest that the β phase
crystals were usually observed in PP under the influence of
nucleating agents or stretching [46].

Tensile properties

The tensile properties of unfilled and nanoclay filled PP trays
were evaluated along the transverse and longitudinal direction
to the stretching, and these stress–strain curves were shown in
Figs. 13 and 14 respectively, and the tensile properties were
shown in Table 1. The tensile modulus along the transverse
direction to stretching was increased in nanoclay filled PP
trays. Maximum increase in modulus of 18 % was observed
in 1 wt.% nanoclay filled PP tray over unfilled PP tray and
there after continuously reduced to 9 % for 5 wt.% nanoclay
filled tray. Tensile strength continuously increased as nanoclay
content increased, and maximum increase of 14 % was ob-
served in 5 wt.% nanoclay filled PP tray. Elongations at break
values were continuously increased as nanoclay content in-
creased. Maximum increase of elongation at break value of~
1.65 times was observed in 5 wt.% nanoclay filled PP tray.

Table 1 Tensile properties of stretched trays at transverse and longitudinal directions

Sheet Material Tensile property along transverse direction to stretching Tensile property along longitudinal direction to stretching

Modulus, GPa Strength at
break, MPa

Elongation at
break, %

Modulus, GPa Strength
at break, MPa

Elongation at
break, %

AVG STD. DEV AVG STD. DEV AVG STD. DEV AVG STD. DEV AVG STD. DEV AVG STD. DEV

PP 1.1 0.13 29 1.5 130 5 1.25 0.11 29 1.2 130 5

PP+1 wt.% nanoclay 1.3 0.16 30 1.7 145 7 1.51 0.12 30 1.5 145 6

PP+2 wt.% nanoclay 1.2 0.15 32 1.6 175 6 1.93 0.12 32 1.3 150 8

PP+3 wt.% nanoclay 1.2 0.17 32 2.0 195 8 2.0 0.11 33 1.5 153 7

PP+5 wt.% nanoclay 1.2 0.17 33 1.5 215 7 2.1 0.13 36 1.4 153 6

Table 2 Tensile properties of unformed sheet, formed sheet at flange and base sections

Material Unformed sheet Flange section of formed sheet Base section of formed sheet

Modulus, GPa Strength at
break, MPa

Elongation
at break, %

Modulus,
GPa

Strength at
break, MPa

Elongation
at break, %

Modulus,
GPa

Strength at
break, MPa

Elongation
at break, %

Avg. Std.
Dev.

Avg. Std.
Dev.

Avg. Std.
Dev.

Avg. Std.
Dev.

Avg. Std.
Dev.

Avg. Std.
Dev.

Avg. Std.
Dev.

Avg. Std.
Dev.

Avg. Std.
Dev.

PP 1 0.11 26 2 137 6 1 0.10 26 2 137 5 1 0.09 26 1 137 6

PP+1 wt.% nanoclay 1.1 0.10 27 2 141 5 1.1 0.12 27 3 141 5 1.1 0.11 27 3 141 5

PP+2 wt.% nanoclay 1.2 0.13 29 2 137 7 1.2 0.11 29 2 137 6 1.2 0.10 29 2 137 7

PP+3 wt.% nanoclay 1.2 0.12 30 3 130 6 1.2 0.12 30 2 130 5 1.2 0.11 30 2 130 4

PP+5 wt.% nanoclay 1.2 0.11 31 3 126 5 1.2 0.10 31 3 126 7 1.2 0.11 31 3 126 5
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Similar increases in strain values of stretched sheet were also
observed elsewhere [27, 47–49].

The tensile property of unfilled and nanoclay filled trays
was different when measured along longitudinal to the stretch
direction. Tensile modulus and strength were significantly
increased, and it continuously increased as the nanoclay con-
tent continuously increased. Maximum increase of 68 % ten-
sile modulus, 24 % tensile strength and 1.17-time elongation
at break was observed in 5 wt.% nanoclay filled PP stretched
sheet when compared with unfilled PP stretched sheet. How-
ever, % increase of elongation at break was less in longitudinal
direction when compared with transverse direction of
stretched sheet.

The tensile properties of unformed sheet and un-stretched
section of formed sheet (i.e. flange and base section of a
thermoformed tray) were also evaluated, and the values were
shown in Table 2. The result shows the tensile properties of all
these sheets (unformed, flange and base) were almost same.
However, nanoclay filled sheet increases the tensile strength
and modulus the PP sheet, with elongation at break values

shows decreasing trend due to nanoclay addition. However,
the elongation at break of stretched section of the formed sheet
shows increasing trend due to nanoclay addition, which could
be possibly due to the improved deformation mechanism due
to nanoclay particles as reported elsewhere [27, 47–49].

In general, the improved tensile property of filled sheet is
due to the nanoclay particles that were being dispersed at
nanolevel. The hard ceramic phase of nanoclay has a tensile
modulus of~165 GPa and hence resulted in improved modu-
lus of nanoclay filled PP trays. Also there might be a defor-
mation induced mechanisms like, crack pinning, particle pull-
out, particle-polymer interface interactions, etc. [50, 51] due to
nanodispersed clay particles resulting increased tensile
strength. The significant increase of modulus and strength
values along the stretch direction can be also due to β-phase
crystalline structure during stretching. However, in transverse
direction of tensile measurement, the nanoclay in amorphous
polymeric phase might have resulted in increased strength and
modulus values when compared with unfilled PP sheet. To
some extent, these observations were observed in SEM anal-
ysis of fracture surface of tensile samples (Figs. 15 and 16). A
cleavage and brittle type failure were observed along the
stretch direction, with a significant amount of crystalline

10 m

Fig. 15 Tensile fracture surface of 1 wt.% nanoclay filled formed PP
sheet along the longitudinal to stretch direction

10 m

Fig. 16 Tensile fracture surface of 1 wt.% nanoclay filled formed PP
sheet along the transverse to stretch direction

Fig. 17 Effect of nanoclay on (a) storage modulus and (b) Tan δ of PP
sheet series
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phase (bright flake like regions). However, the tensile fracture
surface along the transverse to stretch direction shows extend-
ed deformation and with plastic type failure, suggesting the
amorphous phase had induced extended deformation before
failure. Table 1 also shows that the rate of the increase of
tensile properties were reduced in composites with>2 wt.%
nanoclay composite. This can be due to the morphology of the
nanoclay particles in the polymeric matrix. Up to 2 wt.%
nanoclay in PP, exfoliated structures were observed and above
2 wt.% nanoclay in PP, intercalated structures were observed.
In the exfoliated structure, the rate of the increase of tensile
properties is higher when compared with intercalated struc-
ture. Even though intercalated structure shows increased ten-
sile properties in absolute values, the rate of the increase was
lower when compared with exfoliated structure. The
increased values could be due to high nanoclay content
(in which the property of clay contributing to compos-
ites increases due to higher concentration), whereas,
decreased rate of the increase of value could be due
to the intercalated structure. In the intercalated structure,
the group of stack of clay nanolayers orient in particular
direction and therefore, reduce the net aspect ratio of
clay (length/thickness of nanolayer).

Dynamic mechanical analysis

The DMA was studied due to the clay addition significantly
affecting the viscoelastic properties of the sheet during
forming, particularly sheet sagging and disintegration. The
DMA is the measure of storage modulus and Tan δ as a
function of temperature, which are related to the viscoelastic
characteristics of the polymer. Figure 17 shows the effect of
nanoclay on the storage modulus and Tan δ of PP sheet at
various temperatures. The result indicates that the storage
modulus continuously increases as nanoclay content increases
in PP sheet, and also at all temperature ranges. At 140 °C, the
storage modulus of PP sheet series were 226 MPa, 294 MPa,
351 MPa and 404 MPa for unfilled PP, 1, 3 and 5 wt.%
nanoclay filled PP sheet respectively. In Fig. 17b, the maxi-
mum value of Tan δ corresponds to the glass transition tem-
perature (Tg) of the polymer. PP shows Tg of 5 °C and
continuous increase of Tg was observed due to nanoclay
addition in PP sheet. 5 wt.% nanoclay filled PP sheet
shows Tg of 10 °C. Nanoclay is a hard ceramic material
which has significantly higher modulus (~165 GPa) than
that of PP (~1 GPa), therefore the composite has shown
improved modulus when compared with PP matrix
[52, 53]. Due to the hard phase of the nanoclay, the
clay possibly arrests the movement of amorphous mol-
ecules of PP by increasing the Tg. This higher modulus
of nanoclay filled composite series could have possibly
improved the sheet sagging and disintegration properties
during forming.

Conclusions

The objective of this work is to study the effect of nanoclay
addition on viscoelastic properties during sheet forming. To
carry out this study, 0 to 5 wt.% nanoclay were filled in PP
followed by sheet making and thermoforming. The result
indicated that the IR heating assisted thermoforming process
was efficient and significantly reduced the heating time by
about 14 times than that of normal heating methods. The
viscoelastic results show that the nanoclay addition decreases
sagging depth, increases the sagging disintegration and hence
processing window.

The reduced dynamic coefficient of friction of nanoclay
filled sheet resulted in improved plugging with better physical
properties (i.e. thickness distribution and dimensional elonga-
tion) of thermoformed parts. Nanoclay addition beyond
5 wt.% was not carried out due to the difficulties in sheet
forming and decreased rate of the increase of tensile properties
due to intercalated structure.

Structural and morphological examination of unfilled and
nanoclay filled PP composites shows the formation of exfoli-
ated structure up to 2 wt.% nanoclay and above that shows the
formation of intercalated nanocomposite structure. XRD re-
sults show the presence of α-phase crystalline structure of PP
in un-stretched sheet, and stretched sheet shows both the
presence of α-phase and β-phase crystalline structures. The
nanoclay addition increases the crystalline fraction of PP
structure in both stretched and un-stretched sheet. The tensile
properties of nanoclay filled PP formed sheets was better than
that of unfilled PP formed sheets.
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