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ABSTRACT

The effect of drawing temperature on the mechanical properties of high-
density polyethylene (HDPE) tape is explored through scanning electron

microscope and differential scanning calorimeter using etching as a tool for

investigation . The HDPE tape was made by a hot melt extruder fitted with a

bottom fed die and was drawn in (i .e ., oriented), on-line on a hot plate

maintained at constant temperature . It is shown that the drawing temperature

of 82 'C produces a tape with better mechanical properties with a draw ratio of

8 .4 than the tapes drawn at 62, 72 and 92 'C to the same draw ratio . Thin and

notch free fibrils and those containing long chain crystallites are attributed for

this superior behaviour in mechanical properties . Taut heat setting shows that

out of varied range of crystallites produced during drawing, short folded chain
and long folded chain crystallites are stable and the long folded chain

crystallites are responsible for making tapes mechanically stronger.
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INTRODUCTION

One of the unique steps in the process of woven sack

manufacturing is the drawing of as-extrudate tapes.
The polymer chips are extruded in the form of molten

thick tapes (i .e ., as-extrudate) with the help of an

extruder through a bottom fed die and are immediately

chilled in water . The as-extrudates are then stretched

on a hot plate to a definite ratio of their initial length.

This process is known as drawing and the ratio of
stretching as draw ratio . The process is of utmost

importance keeping in view that the mechanical

properties of as-extrudate tapes enhance dramatically

after drawing.

As per the established literature [1–4] the draw-
ing plastically deformed the spherulites, disintegrated

them to lamellae which then further organized to form
an oriented fibrious structures which may in turn get

plastically deformed on further drawing. Such fibrous

(i .e ., fibrillar) structure determines the mechanical

properties of drawn tapes. In this article, the effect of
hot plate temperatures on the mechanical properties is

explored and the best drawing temperature is suggest-

ed. The difficulties involve and the time requires in
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setting of hot plate temperature entail the technologi-
cal significance.

EXPERIMENTAL

Materials
The HDPE (Hostalene GF 7745F) was a product of
Polyolefin Industries Ltd ., Bombay, India . Some of
the important characteristic properties are listed in
Table I.

Preparation of Drawn Tape
Drawn tapes were prepared from virgin HDPE chips.
The chips were fed in a melt processing extruder
(Betol, 1820 UK) with LID ratio of 17 and screw dia-
meter of 20 mm. The feed zone was kept at 160 'C,
the compression at 200, the metering zone and the die
end at 210 `C . The screw speed was maintained at 22
rpm. The molten polyethylene was extruded through a
bottom fed slot die with an opening of 8 mmx0 .5 mm.
The melt was stretched to 3 times to its original length
before quenched in the water trough maintained at
30 'C . The thick tape (i .e ., as-extrudate) was drawn
on-line on a hot plate (0 .5 long and 50 mm wide)
stabilized accurately at the desired temperatures . The
as-extrudate was drawn 8 .4 times each time . The
drawn tapes were then passed through water main-
tained at 30 'C and then collected on bobbins . The
bobbins were stored at 50 "C for 24 h and were then
allowcd for another maturation time of 24 h at room
temperature before testing.

Table 1 . Characteristic properties of high-density
polythylene .

Properties HDPE

(q) at 115 'C decaline (dUg) 1 .10

Ta fC) 131

Melt flow index (g110 min) 0.75

Density (glmL) 0.952

Tensile at yield (MPa) 24.5

CI-1 31100 carbon atom 1 .81

Crystallinity (%) 48

Compression Moulding
The compression moulding was done at (165±2) 'C
and at a pressure of 300 kg/cm 2 for 2 min, followed by
solidification under normal pressure for another 2
min . The films so obtained were quenched in water at
30 'C.

Heat Setting
The drawn tapes were warped on a 12 cm square by
10 cm square hollow steel frame of 2 .5 mm thickness
by tying at knot on both the end of the warped sample.
The frames so warped were dipped in a constant
temperature bath of diethylene glycol maintained at
110 'C temperature. After the elapse of time period the
frames were immediately placed on a water bath at
30 ' C and washed in tetrachloroethane and finally with
distilled water.

Tensile Testing
The tenacity, elongation-at-break and modulus were
evaluated in an Instron Universal tensile testing
machine (4301, USA) at a deformation rate of 100%
in room temperature. The gauge length was 100 mm
in each case. A tape grip was used. An average of 20
data points is reported for each group of sample.

Sample Preparation for Scanning Electron
Microscopy
Etched Sample
The drawn tapes were suspended freely into the
chiorosuiphonic acid from a port . The etching was
carried out at room temperature for 24 h . The samples
were then washed with distilled water and dried in a
vacuum oven at 60 'C and kept for vacuum deposition.

Peeled Sample
The tapes were partly cut across the length into the top
surface and pulled along the length to open up the
inside structure for investigation . Subsequently the
surface was vacuum deposited with silver.

Scanning Electron Microscopy
Both the etched and peeled tapes were shaded with
silver by vacuum deposition technique . The surface
morphology was scanned under the electron beam
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normal to the surface by a Stercoscan 360 scanning
electron microscope, Cambridge instrument, UK.

Differential Scanning Calorimetry
The powdered samples weighing about 10 mg were
taken in an aluminium crucible and crimped . The '
samples were scanned at a heating and cooling rate of
10 'C/min for melting endotherm and crystallization
exotherm, respectively under nitrogen blanket . The
samples were first run through a heading cycle for
recording the melting endotherm and halted there for
2 min before the cooling cycles were recorded . The
melting endotherms at crystallization exotherms were
normalized against sample weight by employing
software provided with the instrument . The peak
width is the width of peak at half height and the
percentage crystallinity is proportional to the peak
area [5] .

0
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92
Drawing temperature (' C)

Figure 1 . Plot of various mechanical properties against
drawing temperature.

Figure 2. Microphotographs of peeled tape drawn at 82 'C
to 8.4 lines.

RESULTS AND DISCUSSION

Mechanical Properties
Figure 1 shows the variation of tenacity, elongation-
at-break and initial modulus as a function of drawing
temperature . A rapid increase in tenacity value is
observed from the drawing temperature of 62 'C to the
drawing temperature of 82 `C . This follows a drop in
tenacity as the drawing temperature increased further
to 92 ` C . On the contrary, the elongation-at break
shows a rapid decrease up to 82 'C followed by an

increase. The modulus almost follows the profile of
tenacity with respect to the drawing temperature.

Morphology
Figure 2 presents the microphotograph of a peeled
tape drawn at 82 ' C . In general, a fibrous texture is
apparent with fibre like and ribbon like [1] fibrils
being the constituting members of the tape . The
average dimension of the fibril across the width is
around 5—7 gm . The photographs of the tapes drawn
at other temperatures are similar except the dimension
of the fibrils that are not shown here.

Figure 3 shows this microphotography of
chlorosulphonic acid etched samples drawn at
different temperatures . The fibrillar formation for all
these samples is apparent.

The macro-fibrils of the tape drawn at 62 `C are
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ribbon-like with the average width of 10 mµ, which in
turn composed of slightly distinct fibrils with 2,5 µm
width . The samples at 72 ` C and 92 'C present similar
features except that the ribbon-like macro-fibrils are
about 5 um width . Few notches and inter-crystalline
bridges are also seen . However, the photograph of
tape drawn at 82 'C seems to be quite different . The
thick ribbon-like macro-fibrils are not seen at the
same time the fibrils are distinctly evident with a
circular cross-section . On an average the diameter
varies from 1 .5 to 2 .5 mµ.

DSC Studies
It is imperative to understand the effect of chloro-
sulphonic acid on drawn HOPE [5 and 6] tape as the

subsequent discussion is based on the melting and
crystallization behaviour of the etched tape morpho-
logy and their correlation with mechanical properties.
Majority of the workers believe that the chloro-
sulphonic acid acts as an etchant, however, the effect
of chlorosulphonic acid on the compression moulded
and as-extrudate sample explored to understand its
effect and the understanding is extended to explain the
morphology of drawn tapes.

Figure 4 and Table 2 present the melting endo-
therms of compression moulded and as-extrudate
samples before and after etching . While, the melting
endotherms of compression moulded samples are
almost similar the small difference between the
melting endotherms of non-etched and etched samples

(j

(b)

	

(d)
Figure 3. Microphotographs of tapes drawn at (a) 62 'C (b) 72 'C (c) 82 'C (d) 92 'C with draw ratio of 8 .4 and etched in chloro-
sulphonic acid.
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Table 2. Crystallization and melting parameters of as-extrudate and compression moulded samples before and after etching.

Sample ID
Melting endotherms Crystallization exotherms

Tonaai(C) To (C) Crystallinity (%) Tanset(C) T5 ('C) Crystallinity (%)
As-extrudate non-etched 124 130 54 118.7 114 .6 66

As-extrudate etched 124 130 57 118 .5 114 .9 65
Compression moulded
non-etched 124 .3 130 51 .5 118 .0 115.0 65

Compression moulded
etched 124 .5 130 _

	

52 118 .0 115 .0 65

m
2

are slightly different and could be from Table 2. These
differences are believed to arise out of freeing
constraints of crystallites embedded in the matrix of
as-extrudate tapes . Forcing the melt through the die
and stretching the molten tape perhaps introduces
more crystallites and organizes the crystallite into
rows . Subsequent quenching freezes the stress impart-
ed in this process.

Thus dissolution of amorphous phase intro-
duces freedom to crystallites, which is reflected in the
difference between melting parameters of the etched
and non-etched as-extrudates . Whereas, the compress-
ion moulded sample is primarily isotropic and
therefore, the crystallites are primarily free of
constraints and therefore, due to this fact no such
phenomenon is observed. The similar cyrstallization
exotherms (Figure 5, only a typical graph is shown
and Table 2) in all the cases entail that the differences
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Figure 4. Melting endotherms of un-etched (a) and etched
(b) compression moulded samples and unetched (c) and
etched (d) as-extrudate samples, respectively .

in melting endotherms are due to their morphological
inequalities.

The melting endotherms of tapes drawn at
different temperatures and etched in chlorosulphonic
acid are shown in Figure 6 . At a cursory glance, one
may notice the large differences in their shape . The
melting peaks of tapes drawn at 62 and 72 ' C are quite
broad, whereas, the melting peak of tape drawn at
82 'C is distinctly doublet and narrowest in this set.
However, the melting peak of tape drawn at 92 'C is
singlet and wider than the peak of tape drawn at 82 'C.

Figure 7 presents the effect of draw temperature
on the percentage crystallinity and the peak width.
The percentage crystallinity slowly increases up to a
draw temperature of 82 'C from 62 ' C and decreases
slightly at 92 'C. The peak width shows the opposing
trend to that of percentage crystallinity . The higher
peak width at lower drawing temperature perhaps
indicates coarse and wider distributions of crystallites.
The doublet appeared in melting endotherm of tape
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Figure 5. Typical crystallization exotherm of HDPE.
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Table 3. Crystallization exothermic parameters of HDPE as-extrudate drawn at various
temperatures and etched subsequently.

Draw ratio
Drawing

temperature (C)
Onset

temperature (C)
Peak crystallization

temperature (C)
Crystallinity (°/a}

8 .4 92 118 .0 116 .6 39 .0
82 118 .7 116 .5 39 .0
72 1 18 .0 116 .5 39 .8
62 118 .2 116 .0 37 .5

drawn at 82 'C indicates a tendency of crystallites to
form stable conformation which either melts at higher
temperature or at lower temperature.

The finer fibrils with narrow distribution could
be responsible for better mechanical properties . At the
same time, the lower overall crystallinity of tapes at
lower draw temperatures would lead to further
decrease in the mechanical properties . It seems that a
drawing temperature of 82 ' C provided the as-
extrudate of enough fluidity [2–4) for drawing so that
the crystallites disintegrate [1–4) to organize in the
forms of fine and narrowly distributed fibrils . On the
other hand, at lower temperature the fluidity of tape is
not enough for such orientation, The thick fibrils are
formed from the disintegrated crystallites and carried
out moieties of crystallite. While the disintegrated
crystallites may be responsible for the formation of
higher melting crystallites, the carried out moieties
melt at lower temperature. And continuous spectra of
such crystallites present in the tapes at the drawn
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Figure 6. Melting endotherms of tapes drawn at different
temperatures.

temperature are not sufficient enough for disintegr-
ation of crystallites to make the endotherm a broad
one . Whereas, drawing the as-extrudate at 92 'C
makes it so fluid that the disintegrated crystallites
again reorganize to form fibrils with similar conform-
ation .

The differences on tenacity, elongation-at-break
and modulus of tape drawn at different temperatures
seem essentially arise out of differences in morpho-
logy as the crystallization exotherms yield similar
crystallization parameters (see Table 3). However, one
should note the fact that the percentage crystallinity
for drawn samples are quite lower than the as-
extrudate and the compression moulded samples . The
nrinin of such differences is not explored here.

Figure 7 . Percentage of crystallinity and peak width of

melting endothermy of drawn tapes as a function of drawing
temperature.
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Heat Set
With the view to isolating which one of the doublet is
responsible for achieving better mechanical properties
to establish the stable crystallite confirmation [7], the
sample of drawn tape at 82 'C was heat 'set in taut
condition at 110 ` C for different time periods . These
heat set samples were analyzed through DSC and
tensile testing.

Figure 8 presents the melting endotherms of
taut heat set samples. The increasing heat setting time
leads to the distinct formation of doublet . Figure 9
shows the plot of heat setting time against tenacity,
elongation-at-break and modulus of tape . The tenacity
and modulus increase obeying a curvilinear profile,
whereas, the elongation-at-break decreases . One may
conclude that the prominence in higher temperature
melting peak increases the tenacity and modulus of
the drawn tape. The higher temperature peak
represents crystallites with long folded chain length
and that lower temperature peak represents the
crystallite of short folded chain length [7].

CONCLUSION

The drawing temperature of 82 ' C seems to be
optimum for a draw ratio of 8 .4 for the manufacturing

a
d
0
m

5

	

10

	

15

Heat setting time (min)

Figure 9 . Plot of mechanical properties of heat set tape
drawn at 82'C against heat setting time.

of HDPE drawn tapes with better mechanical proper-
ties . It seems that at this drawing condition the as-
extrudate possesses sufficient fluidity to develop fine
fibrillar morphology with narrow distribution in the
drawn tapes . The finer the fibrils the better is the
mechanical properties . It is also seen that higher temp-
erature melting endotherm, which is an indication of
long folded chain crystallites, is responsible for better
mechanical properties.
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