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ABSTRACT: More details about the coefficient of thermal
expansion (CTE) and thermal expansion anisotropy, A«, of
drawn films from polypropylene (PP) and high density
polyethylene (HDPE) are discussed. CTE of the selected
polymers are measured along different directions relative to
the drawing direction (MD). The coefficient of thermal ex-
pansion parallel to drawing direction (a)) was less than that
in the transverse direction for both of the used polycrystal-
line polymers. Also «; for PP and HDPE for different draw
ratios are measured. The morphology of measured samples
is investigated by using an optical polarizing microscope
and from the 2D-plot of the angular distribution of the
absorption coefficient of light through a polymer sample
between two crossed polarizers. An agreement between ob-
tained figures was found. Birefringence of samples was mea-

sured photometrically. The orientation of drawn polymer
chains is estimated from the birefringence measurement.
The set up of the used optical system is explained. The CTE
variations of drawn polycrystalline polymer are explained
on bases of the associated morphological variations. A rec-
ommendation was given to produce an all-PP-composite
with satisfactory dimension stability at elevated tempera-
ture. Construction and operation of a simple drawing ma-
chine is given too. © 2006 Wiley Periodicals, Inc. ] Appl Polym Sci
100: 4452-4460, 2006
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INTRODUCTION

One of the major issues for polymers in engineering
applications is to reduce the thermal expansion co-
efficient, CTE, to achieve dimensional stability more
comparable with metals. The traditional concept to
improve the CTE of polymer is the addition of par-
ticulate inorganic filler materials with low CTE'’s,
such as aluminum nitride.! Because of the poor
toughness, bad appearance, and difficulty in pro-
cessing of filled polymer composites, another tech-
nology for further reduction of the CTE of polymers
was developed. Addition of a rubber to a plastic
leads to a polymer blend with CTE values strongly
dependent on the polymer morphology.” In view of
recycle ability, polymer composites still cause envi-
ronmental problems, both in mechanical recycling
and thermal recycling (incineration). Polypro-
pylene, PP, reinforced with polypropylene fibers or
strips may have the opportunity to overcome these
problems. Such self-reinforced single polymer com-
posites have specific economic and ecological ad-
vantages since, upon recycling, a PP blend is ob-
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tained, which can be reused for PP-based applica-
tions.> When polypropylene is used to construct a
self-reinforced composite, the product was named
all-PP-composite. Construction of such a composite
needs high-drawn polymer fibers to be mixed with
the molten polymer, and then, the composite is pro-
cessed to the selected shape. In this technique,
highly drawn fibers satisfy, simultaneously, two
main conditions. The first is providing the compos-
ite with a highly mechanical strengthen support.
The second is shifting the melting point of polymer
fiber to higher value, so that the fiber keeps its
fibrous structure when embedded in the molten
from the same polymer. Therefore, studies of me-
chanical properties and melting mechanism of
drawn polymers are of great importance for the
characterization and selection of a polymer to pro-
duce an all-polymer-composite. In this work, and
from the authors point of view, a third main condi-
tion should be taken into account when selecting a
polymer for production of an all-polymer-compos-
ite. This added main condition is the variation of
linear thermal expansion of polymer due to drawing
process.*” A great thermal expansive difference be-
tween drawn and nondrawn polymer may cause a
serious shape deformation for the end product of
all-polymer-composite if it is heated some degrees
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Figure 1 Schematic diagram for the used drawing machine where A are 1 inch? iron rods, D is driving iron rod, C1 and C2
are clamps, R is a smooth steel bar of 12 mm diameter, H is a heater, K is a K-type thermocouple, S is the sample, MC is a
movable clamp, MS is a two way micro switch, T is a thermostatic chamber, W is a long 12 mm diameter screw, E is a wheel,
L is a rubber belt, G is a gearbox, and M is a DC powerful motor. [Color figure can be viewed in the online issue, which is

available at www.interscience.wiley.com.]

above the room temperature. Therefore, some addi-
tional details about the thermal expansion of drawn
polymers will be given in this work.

EXPERIMENTAL AND RESULTS
Sample preparation

The polypropylene homopolymer used was provided
by Equate petrochemicals co, with the brand name
Ladene PP520L. Its melting index is 10 g/10 min and
it contains slip and anti blocking additives. The same
company with a brand name Ladene GPS100 also
provided the polystyrene. Its melting index being 14
g/10 min. The granulated polymer was heated be-
tween two stainless-steel plates (20 X 15 cm?) until
melting. Then the plates were placed between the jaws
of a hydraulic press and pressed to the selected thick-
ness. The steel plates were then cooled suddenly by
tap water, and then the polymer sheet is removed
from between the metal plates and dried with an air
blower. High-density polyethylene (HDPE) sheets 500
pm thick were provided by Shin-Kobe Electric co,
Japan, and used in this study too. This HDPE is plas-
ticized with unknown concentration. It could be esti-
mated from the DTA analysis. All polymer sheets are
cut in dimple shape of different dimensions and then
drawn under different condition.

Drawing of samples

A local designed drawing machine was constructed
and used. Figure 1 shows the main structure of this
machine that is designed to allow the user to, inde-
pendently, select the draw ratio, drawing tempera-

ture, and drawing speed. The sample S is clamped by
the clamps C1 and C2. From the control panel, one sets
the drawing temperature and drawing speed. By the
movable clamp MC, the user can set the draw ratio.
When starting the drawing process, the powerful DC
motor M turns on causing the wheel E to rotate
through the gear box G and the belt L. Rotation of E
causes a similar rotation for the long screw W (70 cm
long and 12 mm in diameter). Because of the nut
groove in the driving bar D, this bar moves and
stretches the sample until it arrives the stopper MC
and presses the micro switch MS, then the whole
system turns off. To determine the exact draw ratio,
marks of 1 cm separation are written on one edge of
the sample, then the separation of marks are measured
again after finishing the drawing process. It is now
easy to estimate the exact draw ratio. This machine
can draw polymer sheets either at room temperature
(cold drawing) or at selected fixed temperature (hot
drawing). In this work, polypropylene was drawn at
145°C (melting temperature of PP is 165°C) while
polyethylene sheets were drawn at room temperature
(cold drawn). All drawn and nondrawn samples were
annealed through a fixed annealing regime (2.5 h at
temperature 55°C), which is enough to relax most of
stored strains without serious changes for the struc-
tural elements of the polymer.

Investigation of samples morphology

polypropylene has isotactic chained structure, and so
it can crystallize forming semicrystalline films or fi-
bers. The thermal conditions followed during the pro-
cessing of the samples allow formation of spherulites.
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Figure 2 Polarizing optical micro-graphs at selected positions on a drawn PP film. [Color figure can be viewed in the online

issue, which is available at www.interscience.wiley.com.]

The drawing of such films deforms all structural ele-
ments composing the polymer film. Spherulites, crys-
tallites, and free volume domains are deformed, in
different amounts, by drawing the film. Figure 2
shows the differential deformation along the hot
drawn PP sample at some distinguished locations on
the film that is drawn to draw ratio of 3.5 at 145°C. An
optical polarizing microscope is used for this investi-
gation of the film morphology. The polarizing optical
micrographs given in Figure 2 show that the drawing
of PP film to draw ratio 3.5 was enough to alter the
main macromolecular structure from a, nearly, perfect
spherulitic structure to a fibrils structure at the mid-
point of the formed neck. During these serious struc-
tural changes, the number of chain folds decreases,
while the number of tie molecules between the new
fibrils is increased.’

Birefringence measurements

Measurement of changes in birefringence is an excel-
lent choice when caring for orientation in a molecular
system. The higher the birefringence along certain
direction,” the higher is the mechanical strength along
this direction. Different optical methods can be fol-
lowed for the determination of the birefringence An of
solid polymers, either films or fibers. The interfero-
metric technique is the most accurate and sensitive
technique where one can measure the refractive indi-
ces n'' and n* parallel and perpendicular to a charac-
teristic direction, respectively, then

An=nl—nt (1)

More recently, Beekmans and Posthuma de Boer®
described a spectrographic method to measure the
birefringence on line. The characteristic of this method
is using white light as light source to get the order
number of retardation automatically. In this work, a
monochromatic source was used (small laser source)
to measure the birefringence of samples at only one
wavelength (A = 635 nm). The setup of the used
optical arrangement is shown in Figure 3 The polymer
film is placed perpendicular to the propagation direc-
tion of the light beam between two parallel or crossed
polarizers, the directions of polarization of which are
set at +45° with respect to the machine direction (MD)
of drawing the sample. Transmitted light intensities
through the system for parallel and crossed polarizers
were measured by a sensitive photodiode and digital
display unit. Mueller matrix analysis of the optical
train, neglecting any dichorism, yields the following
equation for the light intensity transmitted through a
pair of crossed ((_L)) or parallel ((||)) polarizer and the
sample:

I, A

It = ze’z”sinz(w)\ n) (2)

"= Ioe’z“[ 1- sin2(rrdAn>] 3)
2 A

where I, is the intensity of the incident beam with
wavelength A, An is the birefringence, d is the sample
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Figure 3 Schematic diagram for the optical set up used for
photometric measurement of film birefringence and the an-
gular light intensity distribution. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

thickness and e > is a term that accounts for the
attenuation of light due to isotropic absorption or
scattering. Normalized, these equations give:

| It ., mdAn
N- = m = sin A (4)
| I [ mdAn
NZIL_FIH:COS X (5)
and hence
Nl - Nt = COS(deAn) (6)
A

Equations (4)—(6) are independent of I, and the at-
tenuation term e~ 2%, Thus, by the accurate measure-
ment of I and I*, one gets the value of An for given A
and d. Figures 4 and 5 show the birefringence as a
function of draw ratio of hot-drawn PP and cold-
drawn HDPE. The experimental points shows a best
fit with a second order polynomial function in the
form:

An =C; + C,R + C;R? (7)
where R is the draw ratio. Differentiating this empir-

ical relation with respect to R and equating the result
to zero leads to the value of R, which is the draw
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Figure 4 Birefringence and orientation function of hot-
drawn PP films as function of the draw ratio. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

ratio at maximum birefringence An,,, and C;, C,,
and C; are known numerical constants. So,

d(An)
dR

=C,+2CsR =0

Introducing R,, into eq. (7), one determines An,,,,
approximately. Table I shows values of An,,, as de-
termined using egs. (7) and (8) compared with litera-
ture values. Hermans represented an orientation func-
tion f(0) by a series of spherical harmonics.'" An ori-
ented sample may be considered to consist of perfectly
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Figure 5 Birefringence and orientation function of cold-
drawn HDPE as function of draw ratio. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]
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TABLE 1
Comparison Between Experimentally Determined and Literature Values of An, ., for PP and HDPE
Anmax Arll'l’\aX
Polymer C C, Cs R,, calculated literature Ref.
Pr —0.00453 0.008858 —0.00046 9.58 0.038 0.045 14
HDPE 0.01966 0.01653 —0.001166 71 0.078 0.064 15

aligned molecules of mass fraction f and randomly
oriented molecules of mass fraction (1—f). The mass
fraction f is proportional to the birefringence An as
follows:

An

— =1 5 in’0
A E(sm )

f= )

where 6 is the angle between an individual molecule
and a director (in the present case, the director is the
machine drawing direction MD). Equation (9) helps to
calculate both f and 6. Figures 4 and 5 show also the
dependence of the orientation function f{(6) and An on
the draw ratio for PP and HDPE. Figure 6 shows the
orientation angle 6 as function of the draw ratio for
drawn PP and HDPE. This figure shows that as the
draw ratio increases, the molecule backbone becomes
more closer to the stretching direction. This view sup-
ports the longitudinal deformation that observed mor-
phologically. The optical setup shown in Figure 3 can
be used also to indicate the size and shape of the
produced deformation due to drawing of polymer
samples. By rotating the sample around the propaga-
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Figure 6 The dependence of the orientation angle 6 on the
draw ratio for PP and HDPE films. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

tion direction of the light beam between the crossed
polaroids, the intensity of the transmitted light is pro-
portional to the amount of aligned chains as well as on
the film thickness. Detecting the intensity I(¢) of trans-
mitted light at different rotation angles ¢ gives the
angular light intensity distribution. To isolate the at-
tenuation due to film thickness, it was better to calcu-
late the absorption coefficient B8 from the relation
I(¢) = Le P Figure 7 shows 2D-plot of the angular
light absorption distribution at different positions of
PP sample that is drawn to draw ratio 4.3, irrespective
to the thickness differences at these positions. The
figure clarifies the progress of deformation during the
neck formation by drawing a polymer sample. Com-
parison of the results given in Figure 7 with those
given in Figure 2 confirms the potential of detecting
angular light distribution as a measure of morphology

Angular light intensity distribution
for drawn PP sample

Un-drawn Sample
Over-neck of drawn sample

Mid-neck of drawn sample
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Figure 7 The 2D-plot of the angular distribution of absorp-
tion coefficient of light by drawn PP film at different posi-
tions inside and outside the produced neck when the film is
hot drawn. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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Figure 8 CTE as function of temperature for cold-drawn
HDPE films at different angles relative to the stretching
direction (MD). [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

of polymers. This technique may be of great impor-
tance when the investigation of morphology of a
glassy polymer is the task of measurement.

Measurement of the coefficient of thermal
expansion

Recently, a few devices have been developed to mea-
sure the absolute CTE of different solid materials
precisely.'*'*El-Tonsy'* has modified early setup for
an opt-mechanical’? device to measure the CTE of
polymer thin films automatically. This new automatic
device was used in this work to measure the absolute
CTE of some drawn polycrystalline polymers, namely,
high density polyethylene (HDPE) and polypropylene
(PP) at different draw ratios. The system was used also
to estimate the thermal expansion anisotropy of the
selected polymers. A wide drawn sample is cut into
some narrow strips in different directions with respect
to the machine direction (MD). Cutting angle 0° means
parallel ((|)) to the stretching direction or MD, while
angle 90° means perpendicular ((L)) to MD. The used
technique gives directly the values of o and o)
through the selected range of temperature, where q is
the CTE of sample parallel to the MD, and «, is the
CTE perpendicular to MD. The dependence of CTE on
the cutting direction, i.e., a(y,T) (¢ is the angle be-
tween stretching direction and the cutting direction) is
shown in Figures 8 and 9 for HDPE (R = 2.9) and PP
(R = 7.5), respectively. At the start up, the heat rate
increases gradually from zero to the selected fixed
value (~3.5°C/min). During this growth of the heat-
ing rate, the CTE values increase abruptly. As the
heating rate shows stability (below 40°C) as the CTE
changes become more representing thermal nature of
the samples only. The thermal expansion anisotropy
Aa = o — a, for the cold-drawn HDPE and hot-
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cTE ¢’

Cut at 00 deg. 1o MO
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Cull al 45 cég. I D
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Figure 9 CTE as function of temperature for hot-drawn PP
films at different angles relative to the stretching direction
(MD). [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]

drawn PP are given in Figure 10 The figure shows that
the expansion anisotropy is negative for HDPE and PP
irrespective to the conditions of drawing, but cold-
drawn HDPE shows continuous decreasing by elevat-
ing temperature, while PP shows, nearly, steady ex-
pansion anisotropy by increasing temperature. On the
other side, Figures 11 and 12 show the functions
o(DR,T) [where DR is the draw ratio ] for cold-drawn
HDPE and hot-drawn PP, respectively. These figures

Ao,

20 30 40 50 60 70 B0 a0
Temperature °C

Figure 10 The thermal expansion anisotropy as function of
temperature for cold-drawn HDPE and hot-drawn PP films.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 11 (T) of cold-drawn HDPE films for different
draw ratios. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

clarify that HDPE has changed its dimensional ther-
mal behavior from expansion to shrinkage due to
small drawing, while hot-drawn PP showed expand-
ability even at high draw ratios, but with less degrees.
Figure 12 shows also that «; drops sharply as the draw
ratio exceeds 4.5, while for higher draw ratios o,
showed little changes.

DISCUSSION

Recalling Figures 9 and 12 it is observed that values of
CTE of PP perpendicular to the MD have small vari-
ations from those of the nondrawn sample, while CTE
values parallel to MD showed serious drop to negative
values. The same trend is observed in the case of
HDPE (Figs. 8 and 11). This behavior was discussed
and explained by Orchard et al.'®. They suggested that
it relates to the presence of a frozen-in stress, which
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£ gE-5 1| CTE of drawn PP films
| | with ditferant drw ratios
E s : —— DR=1
il oy | e DRmdS
‘| —4— oras
ke T 8- orer
i | 23— DRe7s
0= DR=3
7 : H - i ! 1 | “r— DRw11
-2E6—TWWW' e e

20 30 40 50 B0 YO 80 80
Temperature °C
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Figure 12 o(T) of hot-drawn PP films with different draw
ratios. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]
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Figure 13 Thermal strain hysteresis loops for some cold-
drawn HDPE films. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.
com.]

becomes more effective at high temperatures due to
the fall in the tensile modulus with increasing temper-
ature. This means that annealed samples should be
excluded from this behavior, where annealing process
removes most of stored stresses due to drawing. This
explanation shows an agreement with most PP sam-
ples at all draw ratios. But a big, formally, contrast is
observed in the behavior of HDPE samples (see Fig.
11). These samples are nonconstrain annealed for
about 2.5 h at 55°C (about half its melting tempera-
ture) before measuring the CTE, but they showed
shrinkage when they are heated. The shrinkage is
greater for greater drawing. So, one may decide that
the selected same annealing regime was suitable for
PP but not enough condition to remove frozen-in
stresses in drawn HDPE. Figures 13 and 14 show the
thermal strain hysteresis of HDPE and PP, which sup-
ports the above statement. The ability of molecular
structure to respond the applied annealing regime
should be another condition when dealing with the
removal of these stresses. The shrinkage of annealed
HDPE samples may be understood as a symptom of
the existence of plasticizer and the still frozen-in
stresses, and hence, more shrinkage and more nega-
tivity for the measured o is observed. This estimation
is supported by the low changes in birefringence of
HDPE, due to drawing in comparison with that of PP,
which means that drawing power caused more chain
sliding than the orientation of molecular chains of
HDPE.

On the other hand, one may relate the thermal
anisotropic features of polycrystalline polymers to the
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Figure 14 Thermal strain hysteresis loops for some hot-
drawn PP films. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

presence and deformation of crystallites or spherulites
within the amorphous-oriented polymer chains. This
can be understood by considering the CTE behavior of
atactic polystyrene (PS) where there is no chance for
crystals formation, Figure 15 The figure shows that
there are no valuable differences between ¢, «,, and
the coefficient of thermal expansion of nondrawn
polystyrene sample.

Recalling Figure 2 it is easy to note that at draw ratio
of 3.5, the PP macrostructure was changed from spheru-
lites to fibrils structure, which represents the maximum
distinguished structural changes due to drawing, ie.,
draw ratios higher than 3.5 for PP films will not enhance
the fibril amount or distribution, only decreasing few
degrees for orientation angles 6, Figure 6. This above
correlation between the draw ratio and morphological
changes may explain the great drop of o of PP films at
draw ratio greater than 3.5, followed by few changes at
higher draw ratios as seen in Figure 12.

This study shows the major dependence of thermal
expansion behavior of drawn polymer on the size and
rate of deformation that is always associated with the
drawing process. Deformation can occur in both
spherulites or crystallites. Deformation of macromo-
lecular structure of glass polymers, like PS, appears as
just more orientation of molecular chains or chain
segments. Such deformation do not cause serious vari-
ations in the thermal expansion anisotropy.

With respect to the shape stability of all-PP-compos-
ite products under elevated temperature, it is now
recommended to embed the reinforcement PP fibers
that are initially drawn to high draw ratio (say DR

simeq 10) into the molten PP as a host matrix. The
composite can now hot drawn to low value (say DR
simeq 4). From one side, this treatment will reduce the
value of o of the host matrix to be close to that of the
implanted fibers, which increase the shape stability of
the composite for further thermal treatment. On the
other side, that treatment enhances the strength of
both host material and the embedded fibers.

CONCLUSIONS

Drawing of polycrystalline polymer causes remark-
able deformations in the polymer morphology. The
detection of the angular distribution of transmitted
light intensity through a polymer film is an easy
method to investigate the morphology changes.

The modified system for automatic measurement of
CTE of polymer thin films is a promising technique for
evaluation of different dimensional thermal behaviors of
polymer films. Thermal expansion anisotropy of HDPE
films varies greatly by the drawing process because of
presence of a plasticizer as well as a still frozen-in
stresses. This, in turn, causes higher shrinkage for higher
drawn samples. High drawn PP films show less varia-
tions in the thermal expansion anisotropy, this may be
due to the presence of the —CHj side group in the PP
chain structure, which restricts the recovery of the de-
folded chains when reheating the samples. Therefore,
nonconstrained annealed PP samples did not show
shrinkage even for high-drawn samples. «; of PP

1E-4 —p-----rmmm s m oo o
BE-§ =f-----mrerre et o g A oo
= BE-5—
o
w o
o
4E-5 — : :
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2E-5 — 1 - 4
——— DR=4.5 Paipen .
o DR=4.5 Parrallel
L S TR i i Sl R B

30 40 50 60 70 a0 90 100
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Figure 15 «;, o and «, as functions of temperature for
the nondrawn and drawn polystyrene film prepared by hot
pressing. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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dropped sharply by increasing the draw ratio up to 3.5,
where the macromolecular structure reaches, nearly, sta-
ble arrangement. Little changes in ¢ are observed above
this draw ratio.

For the production of all-PP-composite with satisfac-
tory dimension stability, it is recommended to implant
the high-drawn PP fibers into the bulk PP matrix to form
the composite, as known technically; then the composite
should be drawn to a low draw ratio just above 3.5.
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