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ABSTRACT: An operating window, which is bounded by
two temperatures and draw ratios, defines the stable and
defect-free stretching region of a polymer film. Physical prop-
erties including the coefficient of thermal expansion (CTE),
birefringence, and Young’s modulus of a recyclable polyi-
mide (PIR) film were measured under stretching conditions.
While values of birefringence and Young’s modulus
increased with increasing stretching stress in the machine
direction, the CTE was found to decrease. A semiempirical

model for the prediction of birefringence and Young’s modu-
lus under stretching conditions was developed, from which
the CTE could be estimated from the Young’s modulus data.
Theoretically evaluated physical properties were found to be
in qualitative agreement with the experimental data. VC 2011
Wiley Periodicals, Inc. J Appl Polym Sci 122: 210–219, 2011
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INTRODUCTION

Polyimide (PI) has been extensively applied in opti-
cal-electronic and other industries, owing to its supe-
rior thermal and mechanical properties. In recent
years, the use of recyclable polyimide has received
wide attention because of environmental considera-
tions.1,2 PIR is first produced in solution form by
first adding soft segments or side chains of different
materials to the main chain, to make it soluble in
certain solvents such as N-methyl-2-pyrrolidone
(NMP) or dimethylacetamide (DMAC). The solution
is then coated on substrates at room temperature,
and the PIR film is produced after drying. The PIR
film produced can also be laminated with other
materials. The addition of soft segments or side
chains such as long alkyl chains onto the PI main
chain or alkyl side chains onto the phenylene rings
of the PI chain will inevitably change the thermal
and mechanical properties of the product.3–5 For
example, the PIR tends to have a higher value of the
coefficient of thermal expansion (CTE). This could
lead to de-lamination or curling between the PIR
films and substrates such as copper foils. A conven-

tional approach to reduce the CTE of PI materials is
surface modification by introducing hard segment
molecules; for example, biphenyltetracarboxylic acid
or benzene rings can be fused at para-positions into
the main chains. The addition of inorganic nano-par-
ticles into the PI material is another approach.6 Phys-
ical methods such as sand blasting or flame, corona
and UV rays’ treatments were also considered by
various researchers.6–15 However, the main disad-
vantage of using the above approaches is that the
resulting PI materials are in general brittle, which
will be more difficult for processing.8,16–18

A conventional way of improving the mechanical
properties of polymer films is by stretching. A poly-
mer film can be uni-axially or bi-axially stretched to
change the orientations of molecules. Most research
efforts have been focusing on uni-axial stretching, as
it is harder to perform the experiments on bi-axial
stretching. Some experimental results were reported
on the CTE of certain polymers,19,20 but the theoreti-
cal analyses are very limited in open literature. Sato
et al.21 made an attempt to simulate the molecular
orientation, including its relaxation, during the
stretching of cycloolefin copolymer films. Hibi
et al.22 proposed an ideal aggregation model to pre-
dict the birefringence and Young’s modulus of
unplasticized poly(vinyl chloride) (PVC). To date,
there appears to be no theoretical prediction of phys-
ical properties of stretching PI film in the literature.
Several researchers have presented experimental

observations on the effect of stretching on physical
properties of various polymers other than PI.
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Pietralla and Kilian23 analyzed the variations of bire-
fringence of stretched polyethylene films. Engeln
et al.24 reported the effects of stretching on CTE,
Young’s modulus, and birefringence of poly(tetra-
fluoroethylene). Cakmak and Simhambhatla25 exam-
ined the surface roughness during the stretching of
poly(etheretherketone) film. Cakmak and Kim26

analyzed the molecular mechanism of necking for
poly(etheretherketone) film, as well as the effects of
polymer blend ratio on the maximum molecular
arrangement. Kokturk et al.27 studied the effects of
molecular structure and operating temperature on
the film surface and the crystallization behavior of
polylactic acid. El-Tonsy et al.28 examined the varia-
tion of CTE and the necking phenomenon of poly-
propylene during stretching. Zhou and Cakmak29

showed that by introducing polymethylmethacrylate
(PMMA) into polyvinylidine fluoride (PVDF), rapid
crystallization could be avoided during film stretch-
ing, thus minimizing the surface roughness.

Numata and Miwa30 analyzed the effects of rigid
and flexible molecular chains during the stretching
of PI films and found that CTE is higher for rigid
molecular chains in the stretching direction. Pottiger
et al.31 and Hardaker and Samuels32 examined PI
films of different structures during uni-axial stretch-
ing. They discovered that PI film thickness would
influence the mechanical properties of PI films.
Hinkley et al.33 investigated the effect of tempera-
ture and process variables on modulus, failure
strain, and tensile strength of the stretched PI films.
Several PI materials were identified as candidates
for further property optimization. Hawkins et al.34

analyzed the stretch-orientation of a special PI film.
King et al.35,36 studied the optical properties of uni-
axially stretched PI films. A linear relationship was
found between the optical properties and the
stretching force before necking appeared. Most of
the literature available on the properties of PI is for
virgin PI films.

To meet the environmental requirements, the use
of PIR film to replace the virgin PI for industrial
applications has recently received wider attention.
For the ease of processing, it is important that the
thermal and mechanical properties of PIR are com-
patible with the virgin PI. In this study, the stretch-
ing experiments are carried out for a PIR to establish
an operating window. The window is bounded by
temperatures and draw ratios, and stable stretching
is possible for a fixed temperature and draw ratio
inside the operating window. Optical and physical
properties of the stretched film including birefrin-
gence, Young’s modulus, and CTE are measured. In
addition, theoretical works applicable to PI films for
the estimations of birefringence and Young’s modu-
lus for a given set of temperature and draw ratio
inside the operating window are presented. CTE can

be evaluated indirectly from a master curve con-
structed from the existing data of CTE as a function
of Young’s modulus for different materials37 and dif-
ferent types of PI.

THEORETICAL

To date, no attempt has been made to predict the
CTE of a PI film directly from the uni-axial stretch-
ing data.33–36 In this study, a convenient method to
evaluate the CTE is developed. This method
requires two sets of experimental data in conjunc-
tion with some existing formulas available in the lit-
erature. The first set of data is the operating window
where the two key variables are the draw ratio k
and the temperature T, k is defined as the ratio of
the stretched film length to the original film length.
The experimental data obtained for the PIR film is
shown in Figure 1. The operating window is
bounded by two temperatures appearing on the
ordinate axis where the lower bound Tmin is the
glass transition temperature, and the upper bound
Tmax is the strain hardening temperature. The ab-
scissa axis is bounded between a minimum draw ra-
tio kRM, in which irregular surfaces with streaks
would appear and a maximum draw ratio is kRm,

beyond which necking would appear. The develop-
ment of the operating window is further discussed
in next section.
For a given set of draw ratio k and temperature T

inside the operating window in Figure 1, the bire-
fringence Dn and the optical elastic coefficient C can
be obtained with the following formulas38–40:

Dn ¼Dn0
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Figure 1 The operating window with temperature and
draw ratio as two variables. Square symbols are data
points for stretching test.
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The above information enables the determination
of the stretching stress Dr and the orientation factor
f from the following formulas39–41:

Dr ¼Dn
C

(3)

f ¼ Dn
Dn0

(4)

Once f is available, the Young’s modulus Em in the
stretching direction (MD) can be obtained from the
following formula42:

f ¼ 1� Eu

Em
(5)

where Eu is the Young’s modulus of the un-oriented
polymer, which can be determined from virgin (non-
stretching) PI samples.

The Young’s modulus Et in the transverse direc-
tion (TD) can also be evaluated with42

3

Eu
¼ 1

Em
þ 2

Et
(6)

To date, there is no theoretical formula relating
the Young modulus to the CTE of a polymeric mate-
rial. However, there were some experimental data
presented for various polymers such as acrylonitrile
butadiene styrene (ABS), polycarbonate (PC), and
others37 in the form of CTE as a function of Young’s
modulus. This is the second set of data required for
the present approach, as displayed in Figure 2. Fig-
ure 2 presents the literature data for different types
of polyimides,43–46 as well as the PI films used in the
present study, plotted in the form of CTE versus
Young’s modulus. It appears that there is a correla-
tion between CTE and the Young modulus, and a
master curve can be constructed by a least-square
fitting procedure. This curve can be used to deter-

mine the CTE from the Young’s modulus of a PI
sample. When Em and Et are available, values of
CTE in the stretching and transverse directions, MD
and TD, can be evaluated with the aid of Figure 2.37

The advantage of the proposed approach is that
once an operating temperature is fixed, and a suita-
ble draw ratio is selected, the related stress can be
readily obtained using the formulas presented
above. Consequently, values of birefringence,
Young’s modulus, and CTE can be evaluated with-
out experimentation.

EXPERIMENTAL

The procedure for preparing the PIR was described
previously by Wang et al.,47 which was based on a
patented formulation.48 The polymerization was
carried out in one-step chemical imidization. Bis(tri-
mellitic acid anhydride)phenyl ester 45.8 g (0.1 mol),
1-(4-aminophenoxy)-4-(4-aminophenyl)-2,6-di-tert-
butyl-benzene 38.8 g (0.1 mol), and NMP(270 g)/xy-
lene(68 g) cosolvent were mixed at a temperature
273–277 K for about 4 h in a nitrogen environment.
The mixture was then heated to 453–473 K, and sub-
jected to dehydration reaction at that temperature
for 3 h. The PIR obtained has an intrinsic viscosity
of 0.8 dL g�1 (NMP, 0.5 dL g�1, 303 K), and a molec-
ular weight between 30,000 and 40,000 g mol�1

(MW). The glass transition temperature is around
578 K, and its specific gravity is 1.4. The PIR was
dissolved in N-methyl-2-Pyrrolidone (NMP), with an
initial solid content of 14.6 wt %. The viscosity of
the PIR solution was around 5000 mPas. For the
stretching experiments, the PIR solution had to be
hand-coated on a flat steel plate, then peeled and
dried. The detailed procedures: for the film prepara-
tion are as follows:

1. A highly polished steel plate with surface
roughness less than 1 lm was first cleaned
using a nitrogen spray gun to remove dusts,
then wiped by acetone. The plate was then
immersed into an ultrasonic DI water bath
(DC300H, Delta) for 20 min. The plate was
wiped by paper and then cleaned again with
the nitrogen spray gun.

2. The PIR solution was placed in a mixer (ARE-
250, YSC) with steady stirring and de-gassing
for 20 min. The solution was then coated on
the steel plate by a laboratory blade coating
system.

3. The steel plate with the coated film was placed
in an oven for drying. The drying temperature
was set at 393 K and the drying time was
around 500 s.

4. According to the peeling window found by
Wang et al.,47 the PIR film could be peeled

Figure 2 CTE as a function of Young’s modulus. Data
points were taken from open literature and the present
study.
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successfully if the solvent concentration of the
PIR was between 6.5 and 16.5 wt %. In the
present study, the solvent concentration of PIR
samples was selected to be 12 wt %.

5. A sharp steel knife was used to cut the coated
PIR film into many stripes, each having a
width of around 1 cm. One end of the sample
was removed from the steel plate, and the
stripe was peeled with a Shimadzu machine
(AG-5000A, Shimadzu). The peeling speed was
fixed at 500 mm min�1. After peeling, each PIR
film stripe was cut into rectangular pieces of
size 1 cm � 2 cm for further drying.

6. The PIR samples were placed in a vacuum
dryer. The drying temperature was set at 473 K
for the first 2 h, and then raised to 523 K for
another 2 h. The samples were completely
dried and then removed from the oven after
4 h.

7. The residual solvent concentration of the PIR
samples was measured with a thermogravime-
try analysis (TGA7, Perkin–Elmer), following
the procedure of Wang et al.47 The solvent con-
centration was found to be less than 0.5 wt %
for all the samples.

Before carrying out the stretching experiments, the
range of operating temperature that is suitable for
stretching had to be established first. This range
should be between the glass transition and the strain
hardening temperatures. It has been reported20 that
when the stretching temperature is below the glass
transition temperature of the material, the material
is still in its glassy state and a large stress is
required to stretch the film. This could cause slip-
page between the holding device and the film being
stretched. On the other hand, if the stretching tem-
perature exceeds the strain hardening temperature
of the material, the material structure is too strong
for it to be stretchable.

A dynamic mechanical analyzer (Q800, TA) was
needed to perform the film stretching test. The PIR
sample was placed under a fixed stretching tempera-
ture for 1 h, so that residual stress remained in the
film could be totally relaxed. A stretching stress, as
calculated from eq. (3), was set and a creep mode
was selected to stretch the film until the film
reached the specified draw ratio. The sample was
then removed from the sample holder and quenched
rapidly at room temperature to prevent further mo-
lecular relaxation. The final molecular orientation of
the sample should be as close as possible to the con-
dition just at the end of stretching.

Several mechanical and optical properties of the
stretched samples were measured. A film thickness
detector (ID-C112MB, Mitutoyo) was used to mea-
sure the film thickness. Following the suggestion of

Cakmak and Simhambhatla,25 the average film
thickness was obtained by averaging 10 thicknesses
taken at MD position and 10 at TD position. The
thickness variation in both MD and TD locations
can be presented by a parameter d, which is defined
as

d � St
tave

¼
PN

i¼1 hi�taveð Þ
tave

ffiffiffiffiffiffiffiffiffiffiffiffiffi
N� 1

p (7)

Here, St is the standard deviation of film thick-
ness, tave is the average film thickness at every draw
ratio, hi is the film thickness at different positions on
the same PIR film, and N is the number of positions
on the same PIR film.
Birefringence of a polymer is defined as

Dn ¼ nx�ny, where nx and ny are the principal val-
ues of the ellipsoids in the x and y directions,
respectively. Values of birefringence at three loca-
tions of the PIR film were measured using a birefrin-
gence analyzer (21ADH, Kobra). The average of
these three values was taken as the birefringence of
the sample.

Dn0¼ 2p
9

n2
avþ2

� �2
nav

Da
Vint

(8)

Vint ¼ M

qNA

(9)

According to Ando et al.,41,49 as the molecular
weight of polymer increases, birefringence would be
more significant. The effect of coating thickness was
not included in the theoretical model developed
here. Values of the average refractive index were
needed before examining the birefringence of a poly-
mer. The average refractive index is defined as

nav � nxþnyþnzð Þ
3 , where nz is the principal value of

the ellipsoids in the thickness direction. The refrac-
tive index was measured by using a prism coupler
(SPA-4000, Sairon). As suggested by Coburn et al.,50

a Shimadzu machine (AG-5000A) was used to mea-
sure the Young modulus of the stretched film, with
the environmental condition set at 296 K, and 50%
RH. The film was stretched at a steady rate of 5.04
mm min�1. The Young’s modulus was taken as the
slope of the stress–strain curve.
Values of CTE of the PIR samples were deter-

mined by a thermal mechanical analyzer (Q400, TA).
The measurement was conducted initially at room
temperature and then the temperature was raised at
a rate 5 K min�1 from 298 to 623 K. The CTE was
taken as the slope of the dimension change for tem-
perature between 298 and 473 K, which is the appro-
priate range for industrial applications of various PI
films. Following the work of El-Tonsy et al.,28
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images of the molecular orientation at the mid-neck
section and the two ends of the PIR film samples
were taken using a polarized optical microscopy
(POM) (BX51, Olympus).

RESULTS AND DISCUSSION

Values of parameters required for the theoretical cal-
culations are listed in Table I. All the parameters
were determined experimentally. The average film
thickness is about 18 lm. In carrying out the stretch-
ing experiments, a temperature range suitable for
stretching must be decided first. Observations on the
variation of Young’s modulus as a function of tem-
perature can serve as an indicator to determine the
operable temperature range.20 Values of Young’s
modulus obtained for various PIR samples as a func-
tion of temperature are displayed in Figure 3. It is
observed that Young’s modulus is independent of
temperature in the low temperature range up to T ¼
573 K. The Young modulus then drops sharply as
the temperature rises from 573 to 613 K. It reaches a
minimum at around 613 K, and increases again with
further increase in temperature. According to Shir-
ouzu et al.,20 a sharp drop of Young’s modulus in
the temperature range between 573 and 613 K indi-
cates a structural change from the glassy to rubbery
state, where the strength of the structure is weak-
ened. When the temperature exceeds 613 K, strain
hardening is likely to appear and the strength of PIR
is enhanced. It is easier to carry out stretching
experiment in the temperature range between 573
and 613 K because the stress required to stretch the

sample is smaller, thus preventing the slippage
between the PIR film and the holder. Hence, the two
operating temperatures selected for the stretching
experiment in the present study were 583 and 608 K.
Another critical parameter for the stretching

experiment is the draw ratio. The PIR film thickness
may become nonuniform during stretching. The
nonuniformity can be either in the machine direction
(MD) or the transverse direction (TD). The variation
of film thickness d obtained as a function of draw ra-
tio is presented in Figure 4. It is observed that the
PIR films are not uniform in TD if the draw ratio is
smaller than 1.4. Increasing the stretching stress can
minimize the nonuniformity of the film. According
to Galay and Cakmak,51 the surface smoothness is
determined by the molecular structure of the film. If
the structure is strong, then the resulting surface is
smooth; and if the structure is weak, then nonuni-
form surface will appear during stretching. Higher
stretching temperature will reduce the strength of
the molecular structure and consequently increases
the possibility of surface nonuniformities. The film
surface can be smoothened by increasing the draw
ratio, owing to the higher stretching stress.
King et al.35,36 observed the appearance of necking

when the draw ratio was too high. Necking implies
a variation of physical properties of the test sample
due to the unevenness of molecular orientation.
However, necking cannot be easily identified by just
observing the appearance of samples. Photographs
of the PIR samples taken at two temperatures and
different draw ratios are shown in Figure 5. Even
though the widths of the PIR samples are smaller in

TABLE I
Numerical Values of Parameters for the Theoretical Models

Maximum draw ratio kRM ¼ 3 Minimum draw ratio kRM ¼ 1.2
Young’s modulus of the un-oriented polymer Eu ¼ 4000 MPa Number of positions of the PI film N ¼ 10
Average refractive index Tmax ¼ 1.63 Intrinsic birefringence Tmin ¼ 0.0077
Strain hardening temperature Tmax ¼ 620 K Glass transition temperature Tmin ¼ 575 K
Polarizability anisotropy Da ¼ 2.96 � 10�29 m3

Figure 3 Young’s modulus as a function of temperature
for PIR samples.

Figure 4 Variations of thickness of PIR film samples in
both MD and TD at two temperatures.
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the middle section at high draw ratio, there is no
guarantee that necking exists simply from its
appearance. King et al.35,36 proposed that necking
could be evaluated by examining the birefringence
of the stretched samples. El-Tonsy et al.28 suggested
that necking could also be observed at the mid-neck
and the two down-neck points by polarized optical
microscopy. In the present study, birefringence data
were taken at three points in each sample: one in the

middle section and two close to the two end sec-
tions. Figure 6 presents values of birefringence of
each sample measured at three specific locations, as
denoted as 1, 2, and 3 on the abscissa axis and the
average value. Values of the stress at different draw
ratios were computed using eq. (1). It was found
that at draw ratio k ¼ 3, the variation of birefrin-
gence between the two experimental temperatures
appears to be the largest. Hence, this is considered
as the maximum draw ratio for necking. Above the
maximum draw ratio, necking becomes significant
and no uniform physical properties could be
obtained. A film is considered to be uniform film
when the standard deviation divided by the mean
thickness is less than 5%.51 The data shown in Fig-
ure 4 indicate that films are uniform at two tempera-
tures 583 and 608 K when the draw ratio is between
1.4 and 3. On the basis of the above analysis, an
operating window for film stretching the window,
bounded by temperature and draw ratio, is pre-
sented in Figure 1. The operable temperature range
is between the glass transition point and the strain
hardening point. The thickness of the sample will be
non-uniform when the draw ratio is too low, and
necking will appear when the draw ratio is too high.
Comparison of the theoretical predictions of birefrin-
gence, Young’s modulus and CTE of PIR samples
with the experimental results were carried out at
temperatures and draw ratios inside the operating
window, as indicated by the square symbols in
Figure 1.
Comparison of the theoretically predicted values of

birefringence with the experimental results is dis-
played at Figure 7. Data were based on five draw
ratios from 1.4 to 3.0 at two temperatures. It is seen
that birefringence increases with increasing stretching
stress increases at both temperatures. At the same
stretching stress, higher temperature yields a lower
value of birefringence, owing to the relaxation of
stretching molecules at higher temperature. The theo-
retical predictions are higher than the experimental

Figure 5 Photos of samples at different draw ratios and
temperatures.

Figure 6 Values of birefringence at three points and the
average of each sample.

Figure 7 Comparison of theoretically predicted birefrin-
gence with experimental data of PIR samples at two
temperatures.
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observations for both temperature and stretching
stress ranges. The discrepancies appear to be more sig-
nificant at high stretching stress. This observation was
further examined from the polarized optical micro-
scopic images (POM), which show the molecular ori-
entation patterns of samples at different draw ratios
between 1.4 and 2.7, and temperatures 583 and 608 K,
as shown in Figure 8. El-Tonsy et al.28 observed a fibril
structure of the stretched poly(propylene) sample at
the mid-point of the sample at lower k, and the struc-
ture was less regular at two end points of the sample.
The images in Figure 8 show a similar pattern. Regular
fibril structure was observed when k is less than 2.4.
At k ¼ 2.7, irregular patterns shown inside the dotted
enclosure as marked by arrows were observed at two
end points. When the draw ratio is above 2.4, mole-
cules at the mid-neck section in the stretched PI film
are regularly oriented, but not at the two ends. The
model developed here was based on the assumption
that molecular orientation would not be influenced by
imminent necking. Hence, the prediction may not be
correct if necking affects the molecular orientation.
Therefore the deviations between the predictions and
the experimental results are larger at high draw ratios.

Comparison of the theoretical predictions of
Young’s modulus Em in the MD direction with the
experimental results is displayed in Figure 9. The

trend is similar to the birefringence results shown in
Figure 7, i.e., the Young modulus increases with
increasing stretching stress due to the molecular ani-
sotropy in the stretching direction. For the same
stretching stress, Em is smaller at higher stretching
temperature, because the sample becomes more iso-
tropic. The differences of Em between the two tem-
peratures are less significant at lower stress. The the-
oretically predicted values of Em are higher than the
experimental values, with a maximum deviation of
about 10%, occurring at the draw ratio 2.7.

Figure 8 POM images at three locations of PIR samples at different draw ratios. Arrows mark the areas with higher
irregular patterns of molecular orientations.

Figure 9 Comparison of theoretically predicted Young’s
modulus in MD with the experimental data at two
temperatures.
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Pottiger et al.31 found that there exists a linear
relationship between Young’s modulus and stretch-
ing stress for polyimide films. This appears to be not
the case from the present findings. It should be
pointed out, however, that the observation of Pot-
tiger et al.31 was based on draw ratios less than 2.
At higher draw ratios, the linear relationship may
no longer exist owing to the increasing nonuniform-
ity of molecular orientations at two ends of the
stretched PIR samples, as shown in Figure 8.

Figure 10 compares the predictions of CTE in the
machine direction (MD) and the experimental
results. Both theory and experiment indicate that
stretching can effectively reduce the CTE of the PIR
films. CTE is an indicator on the deformation resisti-
bility of the material during the temperature ramp.
Values of CTE become smaller as the stretching
stress goes up because the molecular orientations of
PIR samples become more and more anisotropic and
enhance the deformation resistibility. In contrast to
the birefringence and Young’s modulus, the pre-
dicted CTE values are lower than the experimental
results throughout the whole range of stretching
stresses. This is due to the fact that the model
assumes molecules are arranged in perfect order,
which is not valid especially in the higher stress
region. In addition, although the effect of tempera-
ture on CTE appears to be insignificant from the
prediction, the experimental CTE drops markedly
over a 20� drop in the stretching temperature. The
experimental results indicate the importance of tem-
perature because of the relaxation behavior of PIR
molecules during stretching.

Theoretical predictions of Young’s modulus and
CTE in the transverse direction (TD) as a function of
stretching stress are displayed in Figure 11. Owing
to the narrow width (less than 1 cm) of the PIR sam-
ples prepared, it was difficult to carry out experi-
mental measurements of Young’s modulus and CTE.
The theory predicts that an increasing Young’s mod-
ulus and decreasing CTE as the stretching stress
increases.

The aggregation model of Hibi et al.22 can be used
to predict the physical properties such as birefrin-
gence and Young’s modulus of PI film, but it does
not include the temperature effect. Shirouzu et al.20

and Engeln et al.24 pointed out that stretching tem-
perature could be important as it influences the mo-
lecular orientations and the physical properties of
the polymer. Since the theoretical model presented
here neglects the relaxation behavior during stretch-
ing, consequently the predicted effects of tempera-
ture on both Young’s modulus and CTE in the both
MD and TD are not significant.

CONCLUSIONS

The effects of applying uni-axial stretching to con-
trol and reduce the coefficient of thermal expansion
for a recyclable film were examined in the present
study. An operating window, bounded by two lim-
iting temperature and draw ratios, for stable
stretching was established experimentally. The two
limiting temperatures are the glass transition and
the strain hardening temperatures. The two draw
ratio bounds are the minimum draw ratio, which
marks the onset of rough and nonuniform surface,
and the maximum draw ratio, before the appear-
ance of necking.
A PIR film is stretchable without defects for a

given set of operating temperatures and draw ratios
inside the operating window. Physical properties
including CTE, birefringence and Young’s modulus
were measured under stretching conditions. It was
found that both birefringence and Young’s modulus
in the machine direction of the PIR film increases as
the stretching stress increases, but an opposite trend
was observed for CTE. The effect of temperature is
less significant on these physical properties.
A model for the estimation of the mechanical and

thermal properties of PIR film was proposed. The
birefringence and Young’s modulus can be esti-
mated for a given set of operating temperature and

Figure 10 Comparison of theoretically predicted CTE in
MD with the experimental data at two temperatures.

Figure 11 Theoretically predicted Young’s modulus and
CTE of PIR samples in TD at two temperatures.
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draw ratio, from which the required stress can be
determined. A master curve can be constructed
based on the experimental data that relate Young’s
modulus to CTE for different types of PI materials
currently available in open literature. This curve can
be used to estimate the CTE of PIR from Young’s
modulus data.

Comparisons of the theoretical predictions with
the experimental data showed that the theory over-
predict the birefringence and Young’s modulus, but
under predicts the CTE at the same stretching tem-
perature and stress. This is due to the fact that the
theoretical model does not include the effect of mo-
lecular orientation. Although there are certain dis-
crepancies between the theoretical and experimental
values, the general trends of variation are similar
and qualitative agreement is obtained. Young’s mod-
ulus and CTE in the transverse direction were diffi-
cult to obtain experimentally due to sample size, but
they can also be evaluated from the model.

Valuable suggestions of Prof. Carlos Tiu,Monash University,
Australia, were highly appreciated.

NOMENCLATURE

Alphabets

C Optical-elastic coefficient, (2) m N�2

Em Young’s modulus of stretched PI film
in MD, (5) N m�2

Et Young’s modulus of stretched PI film
in TD, (6) N m�2

Eu Young’s modulus of the un-oriented
polymer, (5) N m�2

f Orientation factor, (4)
hi The film thickness on different

positions of the PI film, (7) m
k Boltzmann constant, (2) J K�1

M Molecular weight of polymer, (9) g
mol�1

N Number of positions of the PI film, (7)
NA Avogadro’s number, (9) mol�1

nav Average refractive index, (2)
nx Refractive index of the ellipsoids in the

film plane
ny Refractive index of the ellipsoids in the

film plane
nz Refractive index of the ellipsoids out of

the film plane
Dn Birefringence of polymer film, (1)
Dn0 Intrinsic birefringence, (1)
St Standard deviation of film thickness,

(7) m
T Stretching temperature, (2) K
Tmax Strain hardening temperature, K

Tmin Glass transition temperature, K
tave Average film thickness at every draw

ratio, (7) m
Vint Intrinsic volume of repeating unit, (8)

m3

Greek letters

Da Polarizability anisotropy, (2) m3

d Parameter of thickness variation, (7)
k Draw ratio, (1)
kRM Maximum draw ratio
kRm Minimum draw ratio
q The density of polymer, (9) kg m�3

Dr Stretching stress,(3) N m�2
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