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2 Maharashtra

Effect of Plug Temperature on the Strain and
Thickness Distribution of Components Made
by Plug Assist Thermoforming
1 Introduction
Plug temperature is a key parameter affecting the thickness
distribution of thermoplastic components made by plug assist
thermoforming. For a specified pair of plug and plastic sheet,
the variation in plug temperature can alter the coefficient of
friction (COF) between the pair. We show here how the temperature dependence of COF influences the nature and extent
of biaxial stretching of the sheet and consequently the thickness distribution of the thermoformed component. In the present study, high impact polystyrene (HIPS) sheets were thermoformed into axisymmetric cups using a plug-assist process
in which the aluminum plug temperature (Tplug) was varied
from ambient to above the glass transition temperature of
HIPS (*100 8C). Biaxial strain maps on the surfaces of the
formed cups were measured and quantified using Grid Strain
Analysis (GSA). Thickness distributions of the cups were also
measured. Temperature dependent COF between HIPS and
aluminum was determined independently using a rotational
rheometer. The measured COF was low for T < 100 8C,
whereas it increased appreciably at and above 100 8C. We
conclude that when Tplug < 100 8C the HIPS sheet slips on
the plug during forming, and this results in biaxial stretching
of the base and walls of the formed cup. In contrast for
Tplug > 100 8C, a significant reduction in the magnitude of slip
is expected. Here the sheet is gripped at the clamp and by the
plug during forming which causes reduced biaxial stretching
of the base and increased uniaxial stretching of the walls of
the cup. Simulations of plug-assist thermoforming using a
temperature dependent COF showed qualitative agreement
with the GSA data thereby supporting our inferences.
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Thermoforming is a popular industrial process in which thermoplastic films and sheets are converted into diverse products
ranging from simple beverage cups and packaging trays to
complex aircraft and automotive components (Throne, 1996).
In the thermoforming process, a heated thermoplastic sheet is
formed into the required shape by draping over a mold using
vacuum or pressure. However, uneven wall thickness distribution caused by variable localized deformation during vacuum
or pressure forming often results in components having thick
walls and thin base (Throne, 1991). For deep drawn components, it becomes increasingly difficult to form usable products
by application of vacuum or air pressure alone. Some amount
of pre-stretching of the sheet prior to forming by the use of a
plug helps in even distribution of the material during forming
thereby reducing thickness variations. The even redistribution
of material also helps in reducing initial sheet thickness without compromising product quality (Tessier, 2014).
Plug Assist Forming (PAF) is used widely in the industry to
manufacture complex deep drawn parts due to low tooling cost
as compared to injection molding. A typical PAF process involves the following key steps: (a) heating of sheet above softening point, (b) pre-stretching with the help of plug, (c) application of vacuum or positive pressure and (d) cooling and
trimming. Numerous parameters such as plug material, plug
shape, plug temperature, plug velocity and coefficient of friction (COF) between the pair of plug and sheet affect the crucial
step (b) of the PAF process. Thickness distribution in the product is a complex interplay of all such parameters.
The plug material plays a major role in PAF. Plugs made
from varied classes of materials including wood, plastics, metals etc. are used in PAF (Throne, 1996). Those made out of insulating materials such as plastics and wood are ‘passive’ in
the sense that the plug temperature depends on the contact time
between the sheet and plug. On the other hand, plugs made from
metals like aluminum are ‘active’ since their temperature can
be independently controlled (Throne, 1991; 1996) and used to
modulate thickness variations in the component. In recent
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years, syntactic foams (SF) are being used as plug material to a
very large extent. Syntactic foams comprise glass, ceramic or
polymeric hollow spheres embedded in a matrix or a binder,
which can be epoxy, urethane or thermoplastic. The low thermal conductivity of SF foams allows for forming of sheet at
lower temperature thereby reducing cycle times (Boivin and
Tessier, 2011).
Besides the plug material, the sheet and plug temperatures
significantly influence the thickness distribution of formed components. Aroujalian et al. (1997a; 1997b) carried out plug assist
vacuum forming of HIPS sheets at different plug speeds, plug
temperature and sheet temperature. They reported that at sheet
temperature above softening temperature, material distribution
was significantly affected by plug temperature and plug speed.
Poller and Michaeli (1992) observed that plug and sheet temperatures were the major influencing parameters on wall thickness distribution in plug-assist thermoforming. Ayhan and
Zhang (2000) found forming temperature to be the principle parameter influencing wall thickness distribution. Martin et al.
(2009) studied plug assist forming of high impact polystyrene
(HIPS) and amorphous polyethyleneterepthalate (aPET) sheets
using a syntactic foam (SF) plug. It was observed for the case
of HIPS that reduction in plug temperature below the glass transition temperature (Tg*100 8C) led to large reduction in the
thickness of the component base and corresponding increase
in the thickness of the component sidewall. The use of higher
plug temperatures increased the base thickness for both the materials.
For a given plug, the COF between the plug and the sheet has
a major influence on the thickness distribution (Boivin, 2012).
The COF is in turn dependent on the temperature of the materials sliding past each other. McCool and Martin (2010) studied
plug assist forming using syntactic foam as plug material and
HIPS as sheet material. They observed large reductions in the
sheet thickness of the base and lower sidewall regions resulting
in increased thickness of the upper sidewall at plug temperatures below 100 8C. This behavior was attributed to lower contact friction at lower plug temperatures permitting the sheet in
the base to readily slide and reduce in thickness. There are several reports on the measurement of temperature dependent
COF. Hegemann and Eyerer (2003) used a torsional rheometer
to determine static and dynamic COF between HIPS/steel,
HIPS/SF, HDPE/steel and HDPE/SF. Pairs of plug and sheet
discs were glued to the parallel plates of the rheometer and
the force of friction was measured at different relative velocities between the plates and at various temperatures. For
HDPE/steel pair, the static COF was always higher than the dynamic COF at all temperatures except near the melt temperature where the two were identical. For HIPS/SF pair, the static
and dynamic friction coefficient increased simultaneous until
the glass transition temperature, whereas after Tg the static
coefficient increased much more than the dynamic. Collins et
al. (2001) measured both the static and dynamic coefficients
of friction acting between polypropylene (PP) sheet and plugs
made from Delrin, SF and aluminum at elevated temperatures.
COF was measured as per ASTM-D 1894-1895. A sled made
of plug materials mentioned above was pulled across the PP
sheet, which was fixed in a clamp frame. The temperature of
the plug materials was varied from 30 to 150 8C. Results
showed that values of COF increased from 0.13 to 0.72 with inIntern. Polymer Processing XXXI (2016) 2

crease in temperature. Martin et al. (2012) studied elevated
temperature polymer-to-polymer contact friction by the sled
friction test and by rotational rheometry. Sleds made of SF
and polyoxymethylene were pulled across clamped HIPS and
PP sheets. The sled and the clamping frame were placed in
two separate temperature controlled chambers and connected
through a tow-line and pulley to the universal tensile testing
machine. In the rotational rheometry test the lower fixed plate
of the rheometer was replaced with a plate made from the sheet
material and the upper moving plate was made from the plug
material. It was observed that on approaching the glass transition temperature of PS and the crystalline melting point of PP,
the friction coefficients rose sharply. Morales et al. (2014) used
a modified pendulous impact tester in Izod geometry to determine COF. They reported that for a fixed plug temperature,
COF varied significantly with sheet temperature but not plug
material. A few researchers have tried to correlate the rise in
frictional force at glass transition temperature to mechanical
dissipation occurring due to various relaxation mechanisms
(Bueche and Flom, 1958).
Temperature and velocity dependence of COF has been
studied for symmetric (polymer-on-polymer) and asymmetric
(mica-on-polymer) systems using the surface force apparatus
(SFA). The polymers used in the study were polystyrene (PS)
and polyvinyl benzyl chloride (PVBC) (Yoshizawa et al.,
1993; Hueberger et al., 1999; Luengo et al., 2000). In all cases
the friction force was related to adhesion hysteresis, which
was highest at temperature close to the bulk Tg. The adhesion
hysteresis also depended on the load, contact time, and detachment rate (Maeda et al., 2002; Chen et al., 2005). Friction force
microscopy (FFM) has also been used to study surface friction
for various substrates (Bennetwitz, 2005; Michel, 1998). Temperature-controlled FFM has been used to determine the frictional character of thin polymer films (Haugstad and Gladfelter, 1996). The temperature dependence of surface friction
was observed to correlate with Tg and secondary relaxation
mechanisms in films of poly methyl methacrylate (PMMA),
PET and PS. PMMA films showed a peak in surface frictional
force around 50 8C, which is the b relaxation temperature, and
also a peak at 125 8C, which is the Tg for PMMA. The dominant contribution to friction on polymer films was attributed
to viscoelastic mechanical loss (Hammerschmidt et al., 1999,
Sills et al., 2005). Thus it can be said that the effects of rise in
frictional forces at Tg and relaxation processes observed at the
macroscopic scale can be correlated to relaxation phenomenon
at the mesoscopic scale.
While analytical models for understanding plug assist thermoforming have been proposed (Throne 1989; 1991), finite
element methods have been predominantly used for thermoforming process simulation (Nied et al., 1990; Marchal et al.,
1998; Laapin, 1999, DiRaddo et al., 2002; Weische, 2004;
Martin and Duncan, 2007). The deformation response of the
polymer sheet during forming has been modeled using various
constitutive models such as hyperelastic models (Warby and
Whitemann, 1988; Laroche et al., 2000; Warby et al., 2003,
Dong et al., 2006), viscoelastic or elastic-plastic models (Bourgin et al., 1995; Nam et al., 2000; Christopherson et al., 2001;
Erchiqui, 2005; Karamnou et al., 2 006; O' Connora et al.,
2013), and van der Waals strain energy function model
(McCool and Martin, 2011). Commercially available simula167
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tion software for thermoforming include T-SIM (Accuform),
Polyflow (Ansys), Pam-Form (ESI) and FormView (Rheoware) (Mieghem et al., 2013). Accuracy of simulations has increased to a large extent by acquiring accurate process parameter data such as sheet temperature, plug temperature, plug
displacement, stress/strain response of the polymer sheet, cavity air temperature and cavity air pressure, and by measurements of material properties such as thermal contact conductance and COF (Collins et al., 2000; Hegemann and Eyerer,
2002; Jalham, 2005; Choo et al., 2008; Morales and Candall,
2009).
Many simulations studies have highlighted the importance
of plug friction during PAF (McCool et al., 2006; Martin et
al., 2009). Laroche et al. (2001) evaluated a non-isothermal
friction coefficient model for predicting the amount of slip in
plug-assisted thermoforming which was later integrated in finite element software. Kittikanjanaruk and Patcharaphun
(2013) studied the effect of sheet and mold temperature on
thickness distribution. The results obtained from simulation
using T-SIM were in close agreement with experimental data.
T-SIM has also been used to determine the COF between sheet
and plug materials (Tulsian et al., 2004; Harter et al., 2009) by
fitting the simulation results to experimental data obtained by
varying plug speed, temperature, depth of draw and plug shape.
From the aforementioned literature on experimental and
simulation studies of PAF it is evident that plug temperature affects the thickness distribution of components, and that this effect can be related to the temperature dependence of the COF
between the plug and the polymer sheet. However, a detailed
study of the effect of plug temperature on the biaxial stretching
of the sheet during PAF and the consequent thickness distribution has not been reported. Furthermore, there are no prior
studies on simulations of the effect of plug temperature on the
evolution of biaxial strain during PAF. The objective of the
present study is to investigate the effect of plug temperature
on the biaxial strain distribution and thickness distribution in
components formed by PAF over a wide range of temperatures
spanning below and above Tg. We also report here ‘plug-only’
experiments in which forming was done with the plug but without the application of vacuum so as to establish the effect of the
plug-forming stage on thickness distribution. In our experiments, the biaxial deformation during PAF was measured and
quantified in terms of aspect ratio using the Grid Strain Analysis (GSA) technique. Finite element simulations using a temperature dependent COF between the sheet and the plug were
also performed for a few cases. The work presented here is organized as follows. Experimental work on PAF is described in
section 2, rheology and model fitting are presented in section 3
and the main results of the work are discussed in section 4. Section 5 summarizes the conclusions of this work.

mold and plug used in the experiments are shown in Fig. 1.
Also shown in this figure is an ‘arc’, which is a curve along
the surface starting from the top of the component where it is
clamped to the centre of its base at the bottom.
Cartridge heaters were used to heat the plug, and its surface
temperature was controlled using a resistance temperature detector coupled with a PID 313 temperature controller. The plug
temperature was varied from 50 to 120 8C in steps of 10 8C.
Forming was done at sheet temperature of 160 8C, which was
also measured independently by a hand-held infrared thermometer. Dynamic Mechanical Analysis (DMA) experiments
were performed to ascertain that the forming temperature was
in the rubbery region of HIPS where thermoforming is usually
carried out. Sheets were heated on either side using infrared
heaters. The top surface temperature of the sheet was monitored continuously during the heating cycle using an IR temperature sensor. As soon as the top surface temperature reached
160 8C, the heaters were retracted. The bottom surface temperature was measured after the heaters retracted and was
found to be 163 to 164 8C. The bottom surface temperature
was slightly higher than the top surface temperature because
as the sheet sags it gets closer to the bottom heater bank. The
heating time for the sheet was about 120 seconds. Other parameters of the PAF process such as plug depth (80 mm), plug
speed (200 mm/s) and vacuum (40 kPa) were kept constant.
Prior to forming, a grid pattern of 5 mm diameter circles was
screen-printed on the HIPS sheets. Two orthogonal diameters
along the length and breadth of the sheet were also printed on
every circle. The spatial distribution of thickness of the formed
cups was quantified by measuring the thickness at the center of

2 Materials and Methods
Three-millimeter thick HIPS sheets (grade SH731, Supreme
Petrochemicals, Nagothane, India) were obtained from M/s Arihant Goldplast, Mumbai, India. Plug assist vacuum forming
experiments were performed on a single stage thermoforming
machine (Wonderpack SPM-55, Wonderpack, Nashik, India).
The dimensions and shape of the axisymmetric aluminum
168

Fig. 1. Axis symmetric plug and cavity (all dimensions in mm)
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each grid circle using a hand held ultra-sonic thickness gauge
with a maximum error of ± 2 microns over a measurement
range of 30 microns to 3 mm. Thickness was measured along
three arcs separated at 1208 from each other. These measurements were done on 2 components and their average values
and standard deviations have been reported. The grid circles
deformed into elliptical shapes or larger circles depending on
the nature and magnitude of strain during forming (Fig. 2).
Consequently, the two diameters of the grid circles also deformed into two axes of the corresponding ellipses. The lengths
of these axes were used to quantify the local surface strains of
the thermoformed component using the technique of Grid
Strain Analysis (GSA) (Sowerby et al., 1982; Schaeffler,
2006). Surface strains are defined as the absolute difference between the diameter of the original circles and the lengths of the
axes of the corresponding ellipses formed after deformation,
normalized by the diameter of the original circles (5 mm).
Thus local surface strains can be defined along the two directions of the axes of the ellipse. The results described in this
work are based on the choice of two specific directions: Direction-1 is along an arc that is so chosen that one of the axes
(axis-1) of the deformed ellipses that lie along the arc coincides
with the arc, and Direction-2 coincides with the other axis
(axis-2) of the deformed ellipse (see Fig. 2).
Dimensions of the two axes of each ellipse were measured
using a Co-ordinate Measuring Machine (CMM) (Cordimeasure E01-01, Accurate). An electronic touch trigger probe (Reinshaw, Wotton-under-Edge, UK) comprising a 1 mm diameter spring loaded steel ball stylus controlled by a hand box
with a joystick was used for the measurements. For any given
ellipse, the dimensions of its axes (oriented along axis-1 and
axis-2) were measured by positioning the probe on several
points along the axes and adding the (small) linear distance between these points. The surface strains along the two axes were
calculated from the measured dimensions. Besides the surface
strains, we have also used the aspect ratio of the ellipses as a
measure of the local deformation. The aspect ratio is defined
here as the ratio of the lengths of axis-2 and axis-1 of the ellipses along the arc.

In addition to the PAF experiments described above, ‘plugonly’ experiments were carried out for each plug temperature
to assess the effect of the plug assist step on the thickness distribution. Forming was stopped prior to vacuum application
and the component was cooled for one minute till the temperature reached around 70 8C. Thickness measurements were carried out along 3 arcs separated at 1208 for each component.
Average values and standard deviation for 2 such components
have been reported.
Temperature dependent COF was determined using a straincontrolled rotaional rheometer (ARES-G2, TA Instruments,
New Castle, USA). Steady shear tests at a shear rate of
7.85 s–1 under a normal force of 4N were conducted using a
25 mm aluminum disposable parallel plate geometry with
HIPS discs glued to the lower plate. The disposable alumimum
plates had a Ra value for surface roughness of 0.8 microns
while that for the plug was 1.1 microns which are very close.The lower plate was rotated at 0.628 rad/s. The normal force
of 4 N was applied to ensure proper contact between the top
plate and the HIPS disc. Measurements were made between
50 to 120 8C in steps of 10 8C. The COF was calculated using
the following Eq. 1:
 
1:5 T
COF ¼
;
ð1Þ
R
F
where T is the torque, F the normal force and R is the sample
radius. The numerical factor 1.5 in Eq. 1 is used as a correction
for the velocity gradient over the circular sample surface (Hegemann and Eyerer, 2003; Lee et al., 2001). The data of measured torque v/s time for different temperatures is shown in
Fig. 3. The oscillations in torque vs. time are observed due to
dynamic slip-stick nature of contact between the upper parallel
plate and HIPS discs. The details of the torque patterns are not
relevant to our analysis, however average values of torque calculated from many oscillations have been used to calculate an
average value of COF. Dependence of COF on normal force
was assessed by carrying out the experiments at 4 N, 7 N and
10 N force and the COF was calculated from Eq. 1. No significant variation in COF was observed. Hence a normal force of 4
N was used for all experiments. Table 1 shows the results of the
COF experiments.

3 Rheology, Model Fitting and Simulation
Simulations of the plug assist vacuum forming process were
carried out using commercial software (T-SIM, version 4.81,
Accuform, Zlin, Czech Republic). Following Lee et al. (2001)
who used the K-BKZ constitutive equation in T-SIM to fit the
uniaxial elongational data for ABS and subsequently used it
for forming simulations, we used the K-BKZ constitutive equation with Wagner I damping function (Eq. 2) to model the viscoelastic properties of HIPS.
!


Zt X
N
Gi
t
1
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
rðtÞ ¼
exp
k
ki
½1 þ a ðI1 3Þ  I2 3Þ
i¼1 i
1

Fig. 2. Formed component showing deformed grid circles at plug temperature 120 8C
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A)

B)

Fig. 3. Torque vs. time for representative temperatures above and below Tg, the horizontal lines indicate average torque values (A), experimentally
measured temperature dependent COF for HIPS/aluminum pair, encircled points are the COF values that were used in simulations at 70 8C and
110 8C (B)

S. No.

Temperature
8C

Normal force
N

Average torque · 10–6
Nm

Standard deviation of average
torque

Average torque/normal force · 10–6
m

COF

1
2
3
4
5
6
7
8
9
10

50
60
70
70
70
80
90
100
110
120

4
4
4
7
10
4
4
4
4
4

7 573
7 595
7 821
13 727
18 780
8 019
8 228
11 574
14 825
16 026

160.1
72.1
80.1
160.6
34.3
18.5
39.8
180.1
105.5
110.1

1 893
1 898
1 955
1 961
1 878
2 022
2 057
2 893
3 706
4 006

0.227
0.228
0.234
0.235
0.225
0.24
0.246
0.347
0.444
0.481

Table 1. COF results

N
X
Gi
i¼1

ki

exp



t
ki



in Eq. 2 is the memory function and Gi and

ki are respectively the relaxation moduli and relaxation time
of mode i. r(t) is the stress tensor, C–1 is the inverse CauchyGreen tensor, I1 and I2 are first and second invariants of the inverse Cauchy-Green strain tensor, and a is an adjustable parameter. Linear viscoelastic properties of HIPS were determined by carrying out Small Amplitude Oscillatory Shear
(SAOS) tests on a strain-controlled rheometer (ARES, TA Instruments, New Castle, USA) using parallel plate geometry
(25 mm diameter plates, 1 mm gap). Under conditions of the
SAOS test, the value of the damping function in Eq. 2 becomes
equal to one and consequently the K-BKZ model reduces to the
Lodge model (or equivalently, to the Maxwell model in scalar
form). Thus in SAOS flow the K-BKZ model predicts the fol170

lowing equations for the dynamic storage modulus G’ and loss
modulus G@:
X
X
x2 ki 2
xki
00
G0 ¼
G
¼
;
ð3Þ
Gi
Gi
2k 2
1
þ
x
1
þ
x2 ki 2
i
i
i

where x is frequency, Gi is relaxation modulus and ki is relaxation time. To obtain the material parameters {ki, Gi} SAOS
tests were performed over a temperature range of 150 to
200 8C and over a frequency range of 0.01 to 100 rad/s to get
the dynamic moduli, G’(x) and G@(x). This data was then
shifted horizontally along the frequency axis using the TimeTemperature Superposition principle to a reference temperature of 150 8C (Fig. 4) to obtain master curves. Subsequently,
a discrete 8-mode relaxation spectrum {ki, Gi} and WLF shift
factors {aT} were obtained by fitting Eq. 3 to the master curve.
Intern. Polymer Processing XXXI (2016) 2
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Fig. 4. Time-temperature superposition obtained from SOAS

Fig. 5. KBKZ Wagner I fits for extensional data

For extensional flows, where deformation is non-linear, the inverse of Cauchy Green strain tensor reduces to
2 
3
1 2 0 0
k1
4 0
k1 0 5;
0
0 k1

finite element Lagrangian mesh. Mesh density optimization
was carried out prior to simulations. Convergence was
achieved above mesh density of 60 000 elements. Mesh density
of 100 000 was used for the present simulations. It was observed that amongst all the input parameters, thickness distribution and surface strain were most sensitive to COF.

where k1 is the extension ratio in flow direction.

I1 ¼

1
þ 2k1
k21

and I2 ¼

2
þ k21 :
k1

Hence, the equation for extensional stress is given by,


Zt X
N
Gi
t
r11 ðtÞ ¼
exp
ki
k
i¼1 i
1
!

1
1
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
k
1 ;
k1 2
½1 þ
ðI1 3Þ  ðI2 3Þ

4 Results and Discussion

ð4Þ

from which tensile stress growth function can be calculated as
r11 ðtÞ
:
ð5Þ
:
e
This equation was fit to the experimental uniaxial extensional
data to find the value of a in Eq. 2. Extensional experiments
were carried out using the SER Universal Testing Platform
from Xpansion Instruments, Tallmadge, USA, which works
on the rheometer and records the tensile stress growth coefficient as a function of time at different stretch rates. Tensile
stress growth was measured at stretch rates varying from 0.1
to 10 s–1 at 150 8C. Figure 5 shows fitting of extensional viscosity data to K-BKZ Wagner I viscoelastic model for a = 0.001.
The model fits well the onset of strain hardening; however it
fails to predict the steady-state extensional viscosity due to
the particular choice of the damping function. The value of a
along with the relaxation spectrum {ki, Gi} and WLF shift factors {aT} were used as material input parameters in the forming
simulations. The T-SIM software used in this work deploys a

gþ
e ¼
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Figure 6A shows the regions in wall thickness distribution of
the axisymmetric cup made by PAF process at representative
plug temperatures above and below Tg. The x-axis denotes positions on the cup along the arc that starts at the top of the cup
and ends at the center of the base as described earlier (Fig. 1).
The thickness distribution can be analysed in 3 regions: base,
lower sidewall and upper sidewall. During forming, the sheet
is stretched between the clamping frame and plug base. The
corners are usually the thinnest. The plug mark, which is seen
distinctly as the maximum thickness along the sidewall, differentiates the regions of the sheet that are affected and unaffected
by the plug. The plug mark appears in the region of the sidewall where the sheet loses contact with the plug and gets
stretched as a free surface between the clamping frame and
the plug. Prior to the plug stage, the sheet sags upon heating
and comes in contact with the upper portion of the cold cavity
thereby resulting in local cooling in that region. As a result it
is difficult to draw material from the upper sidewalls during
the plug stretching stage, which leads to a thicker upper sidewall. This is immediately followed by a thinner portion of the
upper sidewall caused by the drawing action of the plug. In
the final forming stage after the plugging stage, vacuum is applied in order to give requisite shape to the component. This
does not alter the nature of deformation but adds to the amount
of deformation.
As mentioned in section 2, plug assisted vacuum forming of
HIPS cups were performed at various plug temperatures in the
171

International Polymer Processing downloaded from www.hanser-elibrary.com by University of Tennessee on September 10, 2016
For personal use only.

D. Marathe et al.: Effect of Plug Temperature on the Strain and Thickness Distribution

range 50 to 120 8C. For sake of clarity, Fig. 6A shows the thickness distribution of cups formed only at four representative
plug temperatures, two below the Tg of HIPS and two above
the Tg. The differences in the thickness distributions of the
components formed above and below the Tg are clearly evident
in these figures. Figure 6B shows thickness data with standard
deviation for only two temperatures, above and below Tg. The
differences in the thickness distributions for the two forming
temperatures are well beyond the standard deviation indicating
that the differences are real. It can be seen from Fig. 6A and B,
that at plug temperatures above the Tg of HIPS, the thickness of
the base of the component is high. With decrease in plug temperature below 100 8C, considerable reduction of base thickness is observed. Also, a clear plug mark is seen for cups made

A)

at plug temperatures above the Tg. The plug mark smoothens
out as the temperature decreases below the Tg.
To emphasize the predominant effect of the plug on the
thickness distribution, ‘plug only’ experiments were carried
out. It may be noted that the deformation in this case is only
due to the motion of the plug. Figure 7A shows the thickness
distribution for four representative temperatures two above
and two below Tg, while Fig. 7B shows the same data along
with standard deviation for two of the four representative temperatures. Once again, the differences in the thickness data at
the two forming temperatures are evident and are well beyond
the measured standard deviations.
We now present results on surface strains measured by the
GSA technique. To recollect, surface strain along an axis is de-

A)

B)
Fig. 6. Thickness distribution in PAF for plug temperatures above and
below Tg indicating typical features in wall thickness distribution (A),
thickness distribution in PAF with standard deviation at representative
temperatures above and below Tg (B)

172

B)
Fig. 7. Thickness distribution for plug only experiments (A) and thickness distribution for plug only experiments with standard deviation at
representative plug temperatures (B)
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fined here as the ratio of change in dimension along that axis to
the original dimension. Consequently, the surface strain can be
zero in case of no deformation or positive/negative if deformation along the axis is greater/lesser than original diameter of the
grid circle. Figure 8A and B show surface strains along axis-1
and axis-2, respectively for the same four representative forming temperatures. From Fig. 8A it can be seen that in the upper
sidewall region, the surface strain-1 (surface strain along axis1) is slightly negative indicating slight compression along
axis-1. However everywhere else along the arc, the surface
strain-1 rises monotonically for all plug temperatures. A small
decrease in the strain is observed near the center of the base. It
can be seen that any given arc length, the surface strain-1 decreases monotonically with temperature. The pattern of surface
strain-2 (surface strain along axis-2) is non-monotonic for all
plug temperatures as can be seen in Fig. 8B. The surface
strain-2 increases along the upper sidewall, then decreases

A)

B)
Fig. 8. Surface strain along axis-1 (A) and axis-2 (B)
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along the lower sidewall and finally increases again along the
base region. In the side-wall region the surface strain-2 is higher for the higher temperatures (T > Tg) and lower for the lower
temperatures (T < Tg). This pattern is reversed in the base region of the component. For the upper sidewall region the high
surface strain-2 coupled with low surface strain-1 clearly indicates uniaxial extension along direction 2. In contrast for the
base region, the strains along the axis 1 and 2 are simultaneously high indicating biaxial stretching in this region.
In order to assess the temperature dependence of COF, experimental determination of COF was carried out using a rotational rheometer for the temperature range 50 to 120 8C in steps
of 10 8C as mentioned earlier. It can be seen from Fig. 3B and
Table 1 that the average COF increases gradually from 0.218
to 0.25 between 50 8C and 90 8C. As the temperature nears the
Tg, the COF rises rapidly to 0.35 at 100 8C and to further 0.5
at 120 8C. The oscillations in torque also reduce in amplitude
and frequency as the temperature crosses Tg. These results
show similar trends as those reported by Hegemann and Eyerer
(2003) and Martin et al. (2012).
The experimental data for the temperature dependence of
component thickness, biaxial strains and COF can now be discussed together. First we look at the thickness distribution. A
simplistic argument based only on heat transfer rates might
suggest that lower plug temperatures would lead to rapid conductive heat transfer between sheet and plug leading to decrease in sheet temperature and hence thicker base of the component, while higher plug temperatures would result in a
thinner base. However, the experimental data shows exactly
the opposite. This is on account of the fact that cooling of the
sheet also influences the friction between the plug and the
sheet. The COF data shows that at temperatures below Tg the
COF is lower indicating that the HIPS tends to slip along the
aluminum plate. On the other hand, at temperatures above Tg
the COF is higher indicating that the HIPS tends to stick to
the aluminum plate. As discussed in section 1, frictional behavior is related to viscoelastic losses. At temperatures below Tg
since viscoelastic losses are negligible, the sheet does not stick
to the plug but in fact predominantly slips along the plug surface. This allows the material to slide from the base towards
the sidewall resulting in thinner base of the component. At the
same time, the plug mark is pushed towards the upper sidewall.
In contrast for plug temperatures near Tg, the viscoelastic loss
becomes significant and when the plug-sheet interfacial temperature reaches Tg the stick behavior becomes predominant.
Consequently, the sheet sticks to the plug at the base resulting
in higher base thickness. The plug mark is predominant and
shifts towards the base. Thus, the results show that temperature
dependent friction is the predominant factor determining the
thickness distribution, and these are in agreement with the results of Martin and Duncan (2007) and McCool and Martin
(2010).
For the ‘plug-only’ experiment at 120 8C the base thickness
is around 3 mm (Fig. 7A and B), which is almost equal to the
initial sheet thickness therefore indicating no-slip behavior between the plug and the sheet at this temperature. But for plug
temperatures below 100 8C, the base is thinner indicating slip
behavior between sheet and plug base. Thus in addition to
thickness distribution results obtained in PAF experiments,
the 'plug-only' results co-relate well with results of COF ex173
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periments. This re-emphasizes the primary role of plug temperature on the thickness distribution.
Coming now to the biaxial strain distribution results, for
temperatures above 100 8C the strains along both axes are low
for the base region indicating lesser biaxial deformation. Also
at these temperatures, the surface strain-1 on the sidewalls is
higher than the surface strain-2 indicating predominantly uniaxial deformation along the sidewalls (Fig. 8B). Thus it is clear
that at plug temperatures greater than Tg, the sheet stretches
uniaxially along the side walls but does not stretch much along
the base. As already mentioned, the ‘stick’ boundary condition
is predominant between the plug and the sheet at these temperatures. Thus at the component base, where the sheet is in
contact with the plug, the sheet remains anchored. It is also anchored at the clamping frame, and hence as the plug moves
down the sheet stretches uniaxially along the sidewalls. As
mentioned earlier, vacuum applied after the plugging stage
does not alter the nature of deformation but adds to it.
For plug temperatures below Tg, the ‘slip’ boundary condition is predominant between the plug and the sheet. Hence during the plug motion, the sheet slips along the plug at the base of
the component and is therefore drawn biaxial. This is seen from
the high values of surface strains along both the axes in the
base region in Fig. 8A and B. Consequently, the sheet is anchored to a lesser extent between the base and clamping frame

A)

C)
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and hence the extent of uniaxial stretching in the wall region
is lower at plug temperatures < Tg relative to the case of plug
temperatures > Tg.. This is seen from lower values of surface
strain-1 along the sidewall as compared to surface strain-1 values for higher plug temperature. Figure 9A and B indicate
photographs of component base at plug temperatures above
and below Tg while Fig. 9C and D show photographs of component sidewalls at Tplug > Tg and Tplug < Tg. It can be seen in
Fig. 9A and B that the grid circles are larger at plug temperatures below Tg, indicative of larger strain at the base as compared to that above Tg. Figure 9C and D show that the grid circles are transformed into ellipses with their major axis along
axis-2 being larger for Tplug > Tg than for Tplug < Tg indicating
uniaxial extension along axis-2 for plug temperatures greater
than Tg.
The before mentioned trends can also be illustrated by using
the aspect ratio of the ellipses, which are shown in Fig. 10. A
ratio of unity indicates equibiaxial stretch, a ratio > 1.0 indicates tendency to stretch uniaxially along axis-2 and a ratio < 1.0 indicates tendency to stretch uniaxially along axis-1.
Figure 10 shows greater uniaxial extension for the sidewalls at
110 8C and 120 8C as compared to lower temperatures, whereas
near equibiaxial deformation is seen at the base for all plug
temperatures. Thus, the deformation along the sidewalls is predominantly uniaxial, especially for Tplug > 100 8C.

B)

D)

Fig. 9. Component base at 70 8C (A), 120 8C
(B) and component side walls at 70 8C (C)
and 120 8C (D)
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A)
Fig. 10. Aspect ratio for the ellipses

We now present results of PAF simulations, which were performed using the constitutive model described in section III.
The simulations were performed only to qualitatively ascertain
the hypothesis that stick/slip behavior at the sheet-plug interface governs the thickness and biaxial strain distribution in the
component during forming. Two representative simulations
were carried out at plug temperature of 70 8C and 110 8C,
which are respectively above and below Tg using the experimentally determined COF. Figure 11A and B show comparison between experimental and simulated thickness distribution
of the component. The simulation results are in qualitative
agreement with experimental data except for the plug mark. In
particular, the simulations correctly predict the lower thickness
of base at 70 8C (Tplug < Tg) and larger base thickness at 110 8C
(Tplug > Tg). These results are similar to those obtained by Lee
et al. (2001) and Kittikanjanaruk and Patcharaphun (2013).
Further, Fig. 12A and B show the predicted surface strains
for the same two plug temperatures of 70 8C and 110 8C. Except
for the region along the lower side-wall where the sheet leaves
the plug, the salient features of the predicted strains are in fair
agreement with the experimental results shown earlier in
Fig. 8A, B. For example, the surface strain-1 increases monotonically till a point inside the base region followed by a slow
decrease till the center of the base. Also, the surface strain-2
in the base region is greater for Tplug = 70 8C than for
Tplug = 100 8C. Similarly the surface strain-2 shows two maximums, one along the sidewall and the other along the base.
The surface strain-2 along the sidewall is greater for
Tplug = 100 8C than for Tplug = 70 8C,while the trend is reversed
for the base of the component. The simulations predict equibiaxial stretching along the base and uniaxial stretching along
axis-2 along the sidewall, which is higher for Tplug = 100 8C
than for Tplug = 70 8C. These predictions are also in qualitative
agreement with the experimental data shown in Fig. 10.
The differences between the experimental results and simulations may arise due to several reasons. In experiments, some
material from the clamped surface of the sheet gets drawn into
Intern. Polymer Processing XXXI (2016) 2

B)
Fig. 11. Comparison of thickness distribution by experiments and simulation for 70 8C (A) and at plug temperature 110 8C (B)

the cavity during forming as can be seen in Fig. 9C and D. In
the simulations, however the surface was assumed to have no
slip boundary condition, which prevents any drawing of material in the cavity. This can be one reason why the experimentally determined thickness is greater than that obtained from
simulations (see Fig. 11A and B). Also, it is difficult to predict
the point of separation of the sheet from the plug because of the
discontinuity in boundary conditions between the region where
the sheet drapes the plug and the free sheet. As a result, the
simulations are unable to predict the plug mark (see Fig. 11A
and B). Furthermore, the KBKZ constitutive equation does
not quantitatively capture all aspects of rheological behavior
of the HIPS melt. As can be seen from Fig. 5, even though the
experimental data might reach steady state, the predicted elongational viscosity continues to show strain hardening. Despite
these obvious differences, the simulations are in qualitative
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A)

role in governing the surface strain distribution and thickness
distribution of the components. Independent friction measurements between HIPS and aluminum showed that the COF increased rapidly over a narrow temperature range near the Tg
from 0.227 at 90 8C to 0.481 at 120 8C. This modulation of the
contact friction results in a significant difference (on average
*85 %) for the base thickness when thermoformed at temperatures below and above the Tg. Similarly, the difference in surface strains for components formed above and below Tg was
as much as 55 % and 69 % respectively for axis-1 and axis-2.
The COF measurements suggest a greater slip between the plug
and the sheet in case of plug temperatures lower than the glass
transition temperature. This caused thinning of the component
base and reduced uniaxial extensional deformation of the sidewall of the component. In case of forming experiments wherein
the plug temperature was equal to or higher than the glass transition temperature of the sheet, reduced slip between the plug
and sheet resulted in higher thickness of the base of the component and higher uniaxial extension of the sidewall. ‘Plug-only’
experiments validated the predominant effect of plugging stage
on the final thickness distribution. Simulations were performed
using a viscoelastic constitutive model for the polymer sheet
and using temperature dependent coefficient of friction between the plug and the sheet. The simulated surface strain distribution and thickness distribution showed qualitative agreement with experimental results.
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Fig. 12. Surface strains along axis 1 (A) and along axis 2 (B) from
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5 Conclusion
Plug assist thermoforming experiments were carried out at various plug temperatures keeping constant the plug material (aluminum) and sheet material (high impact polystyrene).
Axisymmetric cups were thermoformed and their surface
strain distribution and thickness distribution were experimentally measured and quantified using Grid Strain Analysis technique. It was found that the plug temperature plays a significant
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