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ABSTRACT

Drawn tapes were manufactured by mechanical drawing on a hot plate
maintained at 82 'C from as•extrudates with different crystallinities from high-

density polyethylene (HDPE) to small quantity of linear low-density poly-
ethylene (LLDPE) . The process of drawing was analyzed to understand the

effects of the percentage crystallinity of as-extrudates on the mechanical
properties of the drawn tapes. Incorporation of LLDPE up to 15 % LLDPE

systematically decreases the percentage crystallinity of as-extrudate by 25 % . It

was also noticed that the initial differences in crystallinity were not reflected in
the drawn tapes. However, the as-extrudate with higher initial percentage

crystallinity produced a tape with better mechanical properties than the as-

extrudate with lower crystallinity. The coarse fibril formation is seen in the flake-
like crystalline bodies of the as-extrudates . This fibrillar formation is quite distinct

with HDPE as-extrudate . On drawing, the flake-like crystalline bodies

disintegrate to fibrils. The higher inter-planar spacing helps in the formation of

uniform and finer fibrils . Finer and uniform fibrils free of branching and
discontinuity perhaps are imperative for better mechanical properties . The

HDPE as-extrudate with high percentage crystallinity and good fibrillar formation

provides a better precursor for the high tenacity and modulus tape.
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INTRODUCTION

improving the tenacity and modulus of polymer
through drawing is of considerable interest due to the

lean economy involved in it compared to the develop-

ment ofnew materials.

Drawing of polymers constitutes morphological

changes responsible for the almost ten fold increase in

the mechanical properties . Substantial part of this
phenomenon is unveiled [l—7] and still there remains

a considerable dearth of information . This is an effort
to understand the mechanism of thc .transformation in

particular reference to polyethylene.
Polyethylene provides varieties of commercial

polymers with different morphologies. Therefore, it is

easy to tailor changes on the isotropic state (i .e ., as-
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extrudate) to study their reflection on the mechanical
properties on the drawn state.

Two main routes to develop high modulus and
high tenacity are to start with (i) highly crystalline
precursor (i.e ., as-extrudate) or (ii) highly amorphous
percursor . Highly crystalline precursor provides the
advantage of higher starting mechanical strength,
whereas, the highly amorphous precursor provides the
advantage of higher drawability . These two routes are
critically examined here with respect to high-density
polyethylene (HDPE) drawn tape system by introduc-
ing a desired level of amorphous phase in as-extrudate
through melt mixing of linear low-density polyethyl-
ene (LLDPE) up to 15%. The output, in the form of
as-extrudate, was subsequently drawn to 8 .4 times at
82 'C on a hot plate to obtain drawn tape.

Morphological transformation is analyzed
through tensile testing, scanning electron microscopy,
X-ray diffractometry and thermo-mechanical analysis.

EXPERIMENTAL

Materials
HDPE (Hostalen GF 7745F), a product of erstwhile
Polyethylene Industries Ltd, Mumbai, India and the
octene based LLDPE (Dowlex 2740E), a product of
Dow Chemicals, USA, were used in this study . Some
of the characteristic properties are listed in Table I.

Sample Preparation
The as-extrudate tapes were manufactured by a single
screw melt extruder (Betol 1820, UK) with a LID
ratio of 17 from thoroughly mixed HDPE and LLDPE
granules in desired proportions . The rpm was set at

Table 1 . Characteristic properties of HDPE and LLDPE .

Properties HDPE LLDPE

[µ] at 115 'C in decalin (dLig) 1 .10 1 .50
Melt flow index (g/10 min) 0 .75 1 .00
Melting point (C) 131 126

Density (g/mL) 0 .952 0 .925

Crystallinity (%) 46 36
CH3 per 100 carbon chain 1 .81 3 .00

22 and the die fitted was a bottom feed rectangular
8 x 0.4 mm 2 slot die . The temperature profile was
maintained as 160 'C at the feed, 200 at the
compression, 210 at the metering and die end . The as-
extrudates were stretched to -3 times in the molten
stage before being cooled in water maintained at
30 'C and subsequently winded off. The as-extrudates
so obtained were stretched at 82 'C to a draw ratio of
8 .4 times on a 0 .5-m long hot plate . The let off speed
was 6 m/min . The drawn tapes were quenched on
water at 30 'C online and collected on bobbins . The
drawn tapes were allowed a maturation time of 24 h at
50 'C and to cool to room temperature.

Tensile Testing
The- tenacity, elongation-at-break and modulus were
evaluated at room temperature in a Universal tensile
testing machine (Intron 4301, USA) at a deformation
rate of 100% . The gauge length set at 100 mm in each
case . The anti-slip tape grips were used.

Scanning Electron Microscopy
Both the drawn and as-extrudate tapes were etched in
chlorosulphonic acid at room temperature for 24 h.

Etched samples were thoroughly washed with
distilled water and dried in vacuum oven at 60 ' C. For
peeled photographs, the samples were cut 1/3 deep
along the top surface across the width and pulled apart
to open up the inside structure . Samples thus prepared
were coated with silver by vacuum deposition . The
morphology was investigated in scanning electron
microscope (Cambridge Instrument, Stereoscan 360,
UK) with zero degree tilt.

X-ray Diffractometry
The wide-angle X-ray scattering was carried out with
powdered samples exposed to Ni-filtered CuKcz
radiation, a diffractometer fitted with goniometer
(Phillips, Netherlands) . The scanning rate was 3

'
1min

for the 20 of 8 to 40 degrees [8] . The fibre diffraction
patterns were taken on a flat plate camera and the
equatorial scanning were performed with a micro-
densitometer.

The Hermans orientation factor (fe ) was estim-
ated using the method suggested by Stein [9].
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Thermo-mechanical Analysis
Drawn tapes measuring -10mm were held between
the grips of the probe (Perkin-Elmer TMA-7, USA) in
the furnace programmed to rise the temperature at the
rate of 10 . C/min with 4 mN separation force in a
nitrogen blanket . The shortening in length, due to the
exposure to heat, is calculated by the formula given
below:

Shrinkage (S, %)_ (&L/L) x I00

	

(1)

Where, L is the initial length and AL is the
decrease in length . The derivative shrinkage (DS) is
the rate of shrinkage with respect to the temperature.

RESULTS AND DISCUSSION

Tensile Properties of Drawn Tapes
Figure 1 presents the variations in tenacity, modulus
and elongation-at-break of drawn tapes against
LLDPE content . The tenacity and modulus show a
curvilinear decrease up to 10% LLDPE content
followed by an increase in their value . The
elongation-at-break show a linear increase throughout
the composition range . Quantitatively, a rapid drop of
30% in tenacity from 650 MPa and 45% in modulus
from a value of 4 GPa are noticed due to the incorpor-
ation of 10% LLDPE in pure HDPE tape.

The tenacity and modulus of drawn tape
containing 15% LLDPE show a recovery of 15 and
25%, respectively, over 10% LLDPE containing tape.
The elongation-at-break increases almost linearly
manifesting an additivity behaviour [10).

Morphology of Drawn Tapes
Scanning Electron Microphotographs
Figures 2.–2. show the microphotographs of drawn
and chlorosulphonic acid etched tapes . In general
fibrillar morphology is apparent in all the cases not-
withstanding their variations in diameter, branching
and uniformity.

The most populated fibrils are uniform with a
diameter of 0 .7 m p and free of branching in the case
of pure HDPE tape (Figure 2,) . Some discontinuities

are also seen . These fibrils are the thinnest in the
whole range of microphotographs presented . The
microphotographs representing 3% LLDPE drawn
tape (Figure 2b) greatly resemble pure HDPE tape
except that the fibrils are thicker and in the range of
1 .2–1 .5 mp. with very few fibrils are discernibly

branched . However, the microphotograph of 5%
LLDPE containing drawn tape is quite different
(Figure The fibrils are slightly thicker with
diameter - . 1 .7–2 .0 mµ and distinctly branched.
Distinct necked regions in the fibrils could also be
seen . Figures 2 d and 2 e present the microphotographs
of drawn tapes containing 10 and 15% LLDPE,
respectively. The 10% LLDPE, tape possesses larger
number of branched fibrils while the 15% LLDPE

Figuret . Plot of tenacity, modulus and elongation-at-break
against tape composition.
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(a)

	

(b)

(c)

(e)

Figure 2 . Microphotographs of chlorosulphonic acid etched drawn tapes (wt°% LLDPE) : a(0%), b(3%), c(5%), d(10%), and
e(15 %)

232

	

!r•rmir~it Pvl,dnu'r "airman." I ' )(Lime 9 iti'rrnvher 1 r_f~Ii(I



Hasa `:. K

tape comprises of thicker fibrils -2 .5-3 mp. in
diameter.

Figures 3a 3 K present the microphotographs of
drawn and peeled tapes of pure HDPE, 5% and 15%
LLDPE, respectively. Fibrillar formation is apparent
in all the cases.

The fibrils with pure HDPE tape are finer and
uniform than the other two tapes . It may be said that
the incorporation of LLDPE makes the fibrils thicker
and less uniform. The overall distinction between
peeled and etched morphology would be attributed to
the dissolution of amorphous phase [II, 12].

Crystalline Orientation Factor
The crystalline orientation factor (f) for drawn tapes
in whole ranges of composition is shown in Table 2.
The numerical values of ft are quite close . A slight
decrease in tenacity on the decrease of fK may be
noticed. This decrease could well be assigned to the
increase in percent LLDPE of the tape.

The finer fibrils of HDPE tape with high
uniformity and less branching seem to be responsible
for superior tenacity and modulus. The steep decrease
in modulus and tenacity .-3% LLDPE could be
attributed to the formation of branched crystallites.
The neck appears with the fibrils at 5% LLDPE
drawn tape, which would act as stress concentrator
and result in premature failure . Furthermore, the
increase in diameter of fibrils with the increase in
percent LLDPE, perhaps resulted in less perfection,
which is also evident from the lower ff value. The
branched crystallites continued to form up to 10
percent LLDPE containing tape and the trend of
diminishing of modulus and tenacity persist . Drawn

Table 2. Hermans crystallinity orientation factor (f~) of

drawn tapes with different compositions.

Composition f, Crystallinity (X-ray)
HDPE :LLDPE (wt %) (%)

100 :0 0.955 68 .0

97:3 0 .950 87 .5

95 :5 0 .948 86 .0

90 :10 0 .952 86 .5

85 . i 5 0 .953 87 .0

Iranian Polymer Journal / l"nfumc 9 Number 1 (2000)

(a)

(b)

(c)

Figure 3 . Microphotographs of peeled samples of drawn
tapes (wt% LLDPE) : a(0%), b(5%), and c(15%) .
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tape with 15% LLDPE content, which is free of
branched fibrils, shows improvement in tenacity and
modulus.

Thermo-mechanical Analysis

Figure 4 shows the shrinkage pattern against blend
composition of drawn tapes at different temperatures.
There is no appreciable shrinkage up to a temperature

of 70 ' C. The shrinkage magnifies with the increase in
temperature and percent LLDPE in the drawn tapes.

Figure 5 presents the DS traces of the drawn
tapes against temperature at various compositions.
Interestingly, the broad DS of HDPE systematically

Figure 4. Plot of % shrinkage of drawn tapes against blend
composition at various temperatures .
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Figure 5. Derivative shrinkage trace of drawn tapes at
different compositions : a(0%), b(3%), c(5%), d(10%), and

e(15%).

transformed to a doublet with the increase of LLDPE
content . The distinctly appeared peaks at 125 and
133 'C corroborates to the melting process of two
different crystalline entities [13j.

The crystallites which melt at 125 'C mainly,
comprise of short folded chain conformation, and those
which melt at 133 'C are of extended fold varieties . The
HDPE drawn tape primarily possesses extended folded
chain crystallites and that the population of short folded
chain crystallite increases in the blend tapes with the
increase in LLDPE content.

Morphology of As-extrudate
Figures 68-6e present the microphotograph of etched
as-extrudates, containing 0—15% LLDPE. Dissolution
is quite apparent from the photographs and reveals the
flake-like crystalline bodies, which are made up of
coarse fibrils . One may infer that the increase in
LLDPE increases the dissolution of the as-extrudate.

X-Ray Diffraction
As-extrudates
The powder diffraction pattern of as-extrudates all
through the composition range (not shown, ref . 114—
16]) greatly resembles each other. The similarity
includes (i) a minor shoulder peak -20 = 20 and (ii)

70 'C

0

	

5

	

10

	

15

	

20
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(a]

	

(b)

(di

(e]

Figure 6. Microphotographs of chiorosulphonic acid etched as-extrudate at different compasition :(wt% LLOPE) ; a(O

c(5%), d(10%), and e(15%) .

), b(3%),
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two prominent reflections at 20-21 .7 which corres-
pond to (110) and at -24 corresponds to (200) . The
variations in percent crystallinity, half-width, d-
spacing and crystallite sizes are shown in Figure 7:

It is apparent from the figure that the percent
crystallinity decreases non-linearly up to 15% LLDPE
content . The decrease is steep around 3% LLDPE
than the rest of the compositions . Similar phenomen-
on is observed in the case of tenacity and modulus of
drawn tapes . Perhaps the differences inscribed in the
as-extrudates reflect in the properties of drawn tapes.

This decrease is in contrast to the percent
crystallinity measured through the differential
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Figure 7. Plot of various crystalline parameters of as-

extrudates against blend composition .

scanning calorimetry [13] and arises due to the
differences in the measuring techniques . A conversion
of amorphous phase to crystalline phase is expected to
take place during the run of calorimeter.

The d-spacing and half-width of (110) and
(200) planes decrease slightly with the increase in
LLDPE content . The sizes of cyrstallites increase
throughout the studied composition range obeying a
slight curvilinear profile . The substantially greater
half-widths with the (110) and (200) reflections of
HDPE as-extrudate indicate a wide size distribution
and that the higher d-spacing due to die greater inter-
planar distances of the crystallites . The as-extrudate
HDPE tapes with wider size distribution and small
crystallites and the higher percent crystallinity is
expected to occupy higher volume of matrix than its
LLDPE blend as-extrudates . The increase in the
percent LLDPE systematically reduces it. This
crystalline system is believed to be formed in an
interacting network structure.

Besides, the higher d-spacing with HDPE as-
extrudate would manifest in lower binding between
the crystalline planes. Thus on drawing, the crystal-
lites easily disintegrate and rearrange further to form
fibrils . Due to the presence of less pendent group in
the HDPE chain (i .e., lower CH3/100 C), the packing
of chains is tighter and the fibrils resulted out show
high regularity . The presence ofLLDPE in the system
increases the pendent groups . These groups prevent
tighter packing of chains and as a result the fibrils are
formed with higher d-spacings.

The already formed uniform fibrils in HDPE as-
extrudate become thinner on drawing . In contrast, the
formation of fibril is not that distinct with the blend as-
extrudates . The flake-like crystalline bodies disinteg-
rate to fibrils. As the flakes are non-uniform, the fibrils
resulted from such conversion seem to be non-uniform.

The higher d-spacing helps in easier transform-
ation of crystallites to fibrils. However, the lower d-
spacing for as-extrudate with higher percent LLDPE
possess difficulty in transformation to the extent that
necking remains frizzed upon them.

Drawn Tapes
The flat plate diffraction pattern of parallel HDPE
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drawn tape is shown in Figure B . The scattering
patterns of other tapes are not shown here because

(a)

(b)

Figure 8 . (a) Fibre diffraction pattern of HDPE drawn tape;
(b) Equatorial scanning of fibre diffraction patterns of drawn
tapes at different compositions:

(0%),

	

(3%), ._ (5%), .--. (10%), and .- . . (15%)
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qualitatively they are similar.
The diffraction pattern indicates very high

crystalline orientation [17] . The equatorial scanning
of flat plate photographs obtained through the micro-
densitometer scanning are shown in Figure

Two strong reflections corresponding to (010)
and (110) are seen from this figure . Thus it is apparent
that the shoulder peak of as-cxtrudate at --20 = 20
corresponding to (010) manifests to a strong reflection.
whereas, the considerably strong peak at -28-24 (i .e .,
200 plane) of as-extrudate is lost due to this transform-
ation . An additional peak appeared at --20-28 Ouite
strong reflections at --2(. 36 . corresponding to (0201
and 45 ' corresponding to (220) could also be noticed.

The reasons for the loss of reflections at (200)
are difficult to assign . A complete change of crystal-
line habits may be possible . The orthorhombic unit
cell perhaps is transformed to a monoclinic [18) unit
cell during drawing.

A gradual shift of reflections towards the lower
20 with the increase in LUNE content is discernible
from Figure 4. The drawn tape of pure HDPE shows
a reflection at higher 20 than the tapes containing
LLDPE . The higher angle of reflection for HDPE.
indicates the lowering of d-spacing which would
mean the tight packing of chains in the crystallite of
the fibrils . Conversely the packing of chains prog-
ressively loosens due to the increase of LLDPE . Some
incorporation of side pendent groups of I .LDPE in the
crystallite could explain this loosening effect.

The comparable crystallinity of drawn tapes
even with as-extrudates of considerable differences in
crystallinity signifies a substantial transformation of
amorphous phase due to the crystalline phase during
the drawing process.

CONCLUSION

As a precursor of high tenacity and high modulus tape
from HDPE, the highly crystalline . as-extrudatc is
advisable. It has been seen that the initial differences
in the percent crystallinity of the precursor nullify
during drawing . A close and direct relation among
fibrillar fineness, uniformity, continuity and the
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absence of necking was noticed with mechanical
properties.

The higher d-spacing of as-extrudate indicates
easier and better transformation to drawn tape . The
higher the d-spacing the lower would be the inter-
planar interaction and the better will be the
orientation of chains and better will be the mechanical
properties.

The unit cells in as-extrudate mainly observed
are orthorhombic crystalline habits . On due course of
drawing, the orthorhombic unit cell is transformed to
a monoclinic unit cell.
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