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Abstract

Our main focus in this study is to investigate the deformation behavior of PP in temperature range where the PP is partially molten using a
newly developed uniaxial stretching system. This system allows the real time study of the structural reorganization processes as reflected in
birefringence coupled with true stress and true strain at temperature and deformation rates used in industrial film process. This instrument
revealed that birefringence—stress relationship is linear beyond an initial yielding point until the onset of strain hardening beyond which
negative deviation from this linearity is observed. At lower strains the films were found to continue to change significantly during holding
stage leading to increase in birefringence. These changes observed in holding stage decreases with decrease of stretching speed and
temperature and with increase of total strain. Increased strain rates result in destruction of crystallites that involves block rotations of these
regions leading to observation of lower birefringence at faster rates. The latter process generates large amount of stretched amorphous chains

that gradually convert to crystalline state during holding.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The fundamental understanding between the processing
parameters: temperature, rate, extent of stretching and
development of structural characteristics: orientation,
crystal size, shape evolution, etc. is paramount to ultimately
control the properties that are being sought. It is difficult if
not impossible to elucidate the transitional structural
changes that occur during rapid deformation using
traditional ‘after the fact’ experimental investigations with
traditional structural tools. For this purpose, we have been
developing integrated on-line measurement systems where
mechanical as well as structural parameters specifically
birefringence are measured during the fast transient
processes that take place during deformation [1] and heat
treatment [2-5]. The real time on-line spectral bire-
fringence technique developed in our group has been
successfully applied to heat setting of pre-stretched material
and uniaxial stretching of PET.

In the film stretching of polypropylene, it is typically first
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cast into an unoriented highly crystalline state. This cast
film is then reheated to temperatures where the film partially
melts and deformation takes place at these ‘mushy’
temperature regions where the melt and crystal forms of
the same material coexist. Although there have been many
‘after the fact’ studies on the stretched PP films, there is a
lack of understanding of how these structures are altered
during the deformation at this mushy temperature range
using real time measurement techniques. This area of
structural evolution during deformation has been neglected
partly as a result of experimental difficulties in tracking time
dependent complex sequence of structural events; orien-
tation, melting, recrystallization and relaxation operating
simultaneous or sequential manner. The research in
polypropylene stretching in partially molten state stretching
has focused mainly on the after the fact experimentation
[6-10] that does not necessarily reveal the structural
sequence that take place during deformation.

In order to clarify the structural behavior during
deformation from this partially molten state we investigated
the deformation behavior of isotactic polypropylene at a
series of temperatures mainly 140-160 °C using our new
instrument.
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2. Experimental section
2.1. Material

Basic properties of the material investigated are shown in
Table 1. Isotacticity index reported in this table was
obtained as weight fraction by xylene insoluble method
based on ISO 9113:1986. A TA instruments Model DSC
2920 was used to determine the melting point (mp) at a
heating rate of 10 °C/min. We also scanned the samples
after having annealed in the oven for 10 min at chosen
stretching temperatures (Fig. 1). Crystallinity (X.) is
obtained using Eq. (1). Note that we can find the mp
above 160°C and crystallinity above 140 °C increase
remarkably by annealing before stretching at each stretching
temperature. The start of melt is 119 °C, the onset of melt
point of the cast film is 149 °C, melting peak is 161 °C and
the end of melt is 172 °C, respectively.

X, (%) = Enthalpy of fusion/AH"
(1)
AH® =209 J/g [11]

2.2. Sample preparation

PP sheets of about 0.3 mm thickness are obtained by
extrusion-casting using a 1” Prodex extruder (230 °C)
equipped with an 8" sheet casting die onto a casting roll
maintained at 40 °C. The birefringence of cast sheets are
measured by Model L305 with L 133 A Babinet
compensator (Gaertner Scientific Co), and were found to
be effectively isotropic as the birefringence values were
around 4 X 10~* at 565 nm. The cast films were cut into
dumbbell shape with narrowest width of 30 mm at 30 mm
gauge when target final strain is over 2.5, and narrowest
width of 16 mm at 30 mm gauge when target final strain
ratio is below 2.5. The stretching direction was chosen as the
original extrusion direction of the cast films.

The mounted samples were inserted into the sample
chamber and equilibrated at the chosen temperature for
10 min. After this time, the samples were stretched with 2, 20
and 300 mm/min until engineering strain reached to 5.5. After
the completion of stretching, the samples were held in the
clamps for 10 min at 300 mm/min, 12 min at 20 mm/min or
40 min at 2 mm/min as stretching rate. Except the sample with
0 min holding time was rapidly cooled by water spray, all other

Table 1
Basic properties of the material

Cast

anneal at
90°C

mp:161°C, Xc=38%

mp:161°C, Xc=39%
140°C

mp:162°C, Xc=45%
150°C

mp:161°C, Xc=45%
160°C

mp:163°C, Xc=49%
165°C

mp:165°C, Xc=50%

170°C
mp:171°C, Xc=48%

90 100 110 120 130 140 150 160 170 180

Temperature,’C

Fig. 1. DSC curves of cast sample and samples annealed for 10 min at
indicated temperatures.

samples were cooled by air to room temperature and then
removed from the clamps. The standard stretching tempera-
tures (Tyeen) are chosen as Eq. (2).

Tstretch = Tonset temperature of melting + (Tend of melting

— Tonset of melting)/3~ ()

that corresponds to 160 °C. This is also used in industry as
typical deformation temperature in biaxially oriented poly-
propylene film stretching (BOPP) process.

2.3. Instrumentation

The details of the stretching—birefringence apparatus
were reported earlier [1]. Online-birefringence is essentially
based on the method described by Posthuma de Boer et al.
[12]. The characteristic of this method is using white light as
light source to get the order number of retardation
automatically. When we use the white light, representative
light intensities through sample and a pair of cross polarizer
is shown in Eqs. (3) and (4). Here [ is light intensity. The
term e “a accounts for attenuarion of light caused by
scattering from the sample. An is birefringence and d is
thickness of the sample.

Iy _ And

It = Eoe 2a sinz(Tr/\n ) 3)
Iy _ And

= Eoe 2a cosz(ﬂ)\n ) 4)

After detecting the light intensity of each component, the
computer calculates normalization value of light intensity to

Material maker Grade MEFR (g/10 min, 230 °C) Isotacticity index (%) DSC (ramp = 10 °C/min)
mp (°C) T. (°C) Crystallinity (%)
Union Carbide 5D98 (for sheet) 34 95 161 106 38
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erase the attenuation factor Eq. (5):

N I sinz( TrAnd)
A

BVZEY ©)

The difference in period varied with the retardation. When
we put 7, to each peak of sin?(wr), the period expresses as
Eq. (6) follows.

mlw = Ity — tl = 1208511 — 1) ©

As t in sin®(wf) corresponds to 1/A in sin?(wAnd/A) and o in
sin?(wf) corresponds to mAnd in sin?(wAnd/\), respectively,
we get the following Eq. (7) which is relation between
retardation and wavelength in peak of the normalized light
intensity. Here R is retardation of sample.

R=And = Ay A/l iy 1 — Al 7)

In our case we have automated this technique to obtain real
time retardation measurements at about 3—5 Hz at 633 nm
wavelength. Representative dispersion curves are also
automatically determined by the following Eq. (8) in the
range of 460—650 nm [13]. Here R, (nm) is the retardation
at the infinite wavelength which is dependent on the degree
of molecular orientation, and a is a material constant.

R =~ Ry + alX® (8)

In order to determine the birefringence, the thickness needs
to be measured at the same time and at the same location
where the birefringence is measured. This is accomplished
using a laser micrometer that measures the width of the
sample continuously. We then use the transverse isotropy
assumption (Eq. (9)), etp = enp to calculate real time
thickness with the knowledge of the initial thickness. In
order to validate this assumption, we performed a series of
experiments where the samples were stretched to mainly
5.5X engineering stretch ratio and examined the thickness
determined by the assumption given above and indepen-
dently by cooling the sample down and determining the
results by precision micrometer. As shown in Table 2, the
difference between the two was found to be on the average
within 4% of the actual value in these conditions. This
difference becomes smaller above the onset of melt tempera-
ture. Thus the constrained strain caused by the chosen sample
shape or severe necking is found to be avoided under these
conditions given mushy state. Optical retardation is measured
at the midsection of the sample with a light beam illuminating
8 mm diameter portion of the sample.

Generally speaking polymer in molten state shows
incompressibility [14] and we also use the incompressibility
assumption (Eq. (10)) to get the true strain under these
partially molten state.

Transverse isotropy : W/W, = D,/D,, ©))

Incompressibility : D,W L, = D;W_L, (10)
Using Eq. (9)

Thickness = D, = (W,/W,)D, (11)
Using Eqgs. (9) and (10)

True strain = L/L,_; = (W,/W,)* — 1 (12)
Using Eq. (9)

True stress = F,/(W,D,) = F/{(W}IW,)D,} (13)

2.4. X ray measurements

Bruker AXS Generator equipped with a copper target
tube and two-dimensional detector was used to obtain the
unique one quadrant of the uniaxially oriented samples. The
generator was operated at 40 kV and 40 mA and was beam
was monochromatized at Cu Ka. Accumulation time of
30 min was used.

2.5. Herman’s orientation factor

Herman’s orientation factors (f) were calculated using
infrared dichroism and WAXD [15] techniques. Phase
specific bands previously identified by Samuel for PP was
used for dichroism studies [16]. The chosen wavenumbers
are as follows; crystal: 1045 cm !, transition moment angle
() = 0°, amorphous: 2720 cm™ ', @, =90°. The IR
experiments were performed with 100 scans at 0.5 cm ™!
wave number resolution. The baseline was determined
horizontally as shown as H baseline in Ref. [17]. The
samples were measured after one month room temperature
conditioning. Their retardations were also measured by
using Berek compensator.

Herman’s orientation factor f is derived from Egs. (14)
using infrared dichroism.

D—-1
=X
! D42

Dy +2
Do_l

(14)

Here, D = absorbance in ||//absorbance in L1, Dy =2 X
cos’ ay/sin® ay

a)\:OO—>D0:oo, a)\:900—>DO:00

This f value is also obtained by WAXS by using following
Eqgs. (15)-(17).

oz = (B cos’ x..) = D2 (15)

The main crystal system in polypropylene is a type which is
monoclinic and the molecular chains are parallel to ¢ axis,
thus the square of the angle between c axis and the reference
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Table 2
Shape in transformation

Temperature (°C) Speed (mm/min) Engineering strain Difference (1 — ((T/To)/(WIWy))), (%) TITy, (%) WIW,, (%)
170 300 5.5 -3.1 43 42
165 300 5.5 —-2.3 42 41
160 300 0.35 —-1.7 89 87
300 1.3 —-3.3 65 63
300 3 3.1 48 50
300 5.5 —2.8 42 41
300 7.3 —-4.0 39 38
20 5.5 —4.7 42 40
2 5.5 —-52 40 38
150 300 5.5 —4.0 43 41
140 300 5.5 10.1 39 43
20 5.5 -3.0 43 42
2 5.5 —-6.0 43 40
90 300 5.5 7.8 41 44
2 5.5 4.7 42 44

Average of absolute value

4.4

direction Z, cos? Xc 18 described as follows when we take
the (110) and (040) planes in this case.

cos? Xe,=1—1.099 cos’ X110, — 0.901 cos? Xoao; (16)

Here, cos? Xnii.c 18 obtained from the following equation

90°
> Iyy(y)sin y cos® x
c0s” Xz = o0° a7

> L(x)sin x,
0

3. Results and discussion
3.1. Deformation behavior

One of the key mechanical performance characteristics
that govern the behavior of films during deformation is the
yielding phenomenon. Particularly the stress drop after
yielding in engineering stress strain curves is an indicative
of the sharpness of the necks typically observed. This
behavior is primarily controlled by the process variables
such as rate of stretching and temperature. Fig. 2 shows that
decrease of stretching rate and increase of temperature
decreases this tendency to form sharp necks as also observed
by others [7]. Increasing the stretching temperatures to
140 °C and beyond expands this stretching rate range where
the apparent yielding is suppressed as more material gets
melted and the overall structures unravel without significant
localization of deformation.

Fig. 3 shows true stress—true strain curves. As we
reported earlier [18], although stress overshoot can be seen
in engineering stress—strain curves, the true stress shows a
smooth transition change during stretching which reflects

the intrinsic behavior of the material being investigated.
Increasing temperature naturally reduces the stresses at all
strain ranges including yield point. The onset of strain
hardening appears around 5 MPa in these partially molten
conditions. At the end of the stretching, the stress
relaxation for specific time was monitored. In this stage,
the stress relaxation decreases with the decrease of
stretching speed. This indicates that at lower speeds the
relaxation rate is comparable to stretching rates during
deformation, and this greatly suppresses final relaxation
levels. Another possibility is at high speeds, deformation
generates sufficiently looser structure with greater fraction
of original structure destroyed, resulting in larger relax-
ation to occur due to ‘loose’ structure. After holding for
this time, the final true stress of the sample stretched at
300 mm/min stretching rate becomes smaller than those
stretched at slower speed. In samples stretched to the same
engineering strain, the true strain decreases with increasing
speed (140 and 160 °C at Fig. 3). This comes from the
difference in the effectiveness of stretching, at especially
amorphous regions. That is, the samples in higher
stretching rate are not stretched effectively, so the final
stress and strain becomes smaller. The stress relaxation
after stretching seems to occur mainly due to recovery of
stretched amorphous regions.

The effect of stretching speed on the birefringence vs.
true strain curves are shown in Fig. 4. The films stretched
with highest stretching speed exhibit lower birefringence for
a given true strain values. In addition, the sample that was
stretched at the fastest speed shows the largest changes
during the holding stage. These results suggests that at high
rate of stretching, a significant destruction of crystalline
regions occurs generating highly oriented amorphous chains
that slowly convert to back to crystalline state while sample
is maintained in constrained state by the grips.

Fig. 5 shows that birefringence does not begin to increase
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Fig. 2. Engineering Stress Strain curves.

substantially unless a critical stress level in each condition is
passed. This position roughly corresponds to the start of the
large plastic deformation. This occurs around yield point at
engineering S—S curve as shown in Fig. 6 in which the
arrows indicate the onset of increasing birefringence.
Increasing temperature or decreasing speed shifts this
starting point to lower stress levels. It is also interesting to
note that the once the large birefringence changes start, it
increases almost linearly with stress essentially following
stress-optical law behavior until the onset of strain
hardening at temperatures where the samples are partially
molten.

Fig. 7 shows the effect of stretch ratio at 160 °C using
300 mm/min stretching rate. The true stress birefringence
curves show that during plastic deformation there exist a
linear relationship between the birefringence and true stress
shown broken line in Fig. 7 suggesting that this stress-
optical law with minor modifications can be extended to the
partially molten state. In addition beyond about a critical
stress of roughly 5 MPa, this response become non-linear in
this mushy temperature. Below this critical stress levels the
birefringence values were found to increase during holding
stage suggesting that additional oriented crystallization may
be taking place most possibly converting from the oriented

90°C 140°C 150°C
60 25 25
2mmfmin
%0 20
40
300mmmin 15 300mm/min

30

20 10
2~
— 10 . 5
E 2mm/min
. 0 0
% 0 1 2 3 4 5 6 7 6 7 0 1 2 3 4 5 [ 7
£
n 160°C
) 25
=
= 2 ; 20
= 2mmimin

15 . 15

300mmymin
10 10 300mm/min

True Strain

Fig. 3. True Stress Strain curves.
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True Strain

Fig. 4. Birefringence vs. True Strain.

amorphous regions. At higher stretch ratios than the
onset of the strain hardening the slope of this holding
stage decreases indicating the structure that has formed
is mostly ‘locked in’ by the deformation suppressing
further changes in the holding stage event at these fairly
high temperatures. We observed similar behavior in
stretched natural rubber earlier [1]. Fig. 8 shows the
same effect at small strains. We can find there is little
change in birefringence before stretching and even after
stretching as long as the strain is in elastic transform-
ation zone. We can see no significant change in
birefringence just by heating the unstretched sample in

3.1.1. Evaluation of stretched samples by off-line methods

Fig. 9 shows Herman’s orientation function of samples
stretched at 160 °C, 300 mm/min. The orientation factor (f)
in crystalline region (f.) and amorphous region (f,,)
increase in almost parallel with true strain till true strain 3
and there is not significant increase in the true strain greater
than 3. The orientation data obtained from IR (1045 cm™ ')
and X-ray match well, though £, by XRD is greater than f,
(1045 cm ™) in lower stretch ratio below 1.5.

We obtain the intrinsic values by usage of two phases
model shown in the equation

_ 0 0
the Clamps- An - XcAncf;: + (1 - Xc)Anafam + Anform (18)
90°C 140°C 150°C

0.035 - 0035 - 0.035

0030 2rmm/min 0030 | 20mmimin /.:_;_, 0030

0.025 0025 0.025

0.020 0.020 armimi 0.020
E 0.015 0.015 ) " 0.015 300mm/min
gE, 0010 0010 300mmmin 0010
8 0.005 0.005 0.005
é 0.000 0,000 = 0.000

0 5 10 15 20 25 ] 5 10 15 20 25

3
g 165°C
O 0035 0035
o]
= 0030 0.030
;E 0.025 0025 300mm/min
L om 0020
m oots 0015

0.010 0010

0.005 0.005

0.000 0.000

0 5 10 15 20 25 0 5 10 15 20 25

True Stress, MPa

Fig. 5. Birefringence vs. True Strain.
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X, is the crystallinity of the samples obtained by DSC.
Conversion from weight fraction to volume fraction in X, by
using density of crystal and amorphous is 0.937 and
0.852 g/ml, respectively [11]. Each of Anl and And, is

intrinsic birefringence of crystalline region and amorphous

region, respectively. Ang,., is called form birefringence that
arises when there is an ordered arrangement of optically
isotropic particles whose size is smaller than the wavelength

of light and is ignored here.
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Fig. 8. Small strains at 160 °C, 300 mm/min.
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Fig. 9. Herman’s orientation factor at 160° C, 300 mm/min.

Rearranging Eq. (18),

Anl(Xof.) = AnQ + And(1 = X fum/(FoXo) (19)

The An? =0.0272 is obtained from the intercept and
An?, = 0.0670 (R*> =0.78) from the slope of the plot
of An/(X.f,) against (1 — X.)fum/(f.X.). These values
agree with those reported by Samuels: An = 0.0285

4
T hold Omin
S5 \
]
N
B2
0
L4 / \
z hokd 10min | 4o
0
00 05 10 15 20
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E 0m2 -
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Z 000z holdOmin
£ 0000
53]
&
/ 0 1 2 3 4
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633nm)

BIREFRINGENCE (&

633nm)

BIREFRINGENCE (&

and AnY, =0.0618 [19], An?=0.0291 and Anl, =
0.0600 [20].

3.2. Behavior during holding

Next we look into what happens during the holding after
stretch through on-line and off-line experiments. We take
the samples stretched to around 1.3 true strain then hold
them for various times ranging from O to 10 min after

0.012
0010 hold 10min | Pold 1min
0.008 \
0.006
0.004 P \
0.002 hold Omin
0.000
00 05 10 15 20
TRUE STRAIN
0.012
10 hold 1min f'\\
held 0 \ |
0.008 hold10min
0.006
0.004
0.002
0.000 Stretch till 8sec
10 100 1000
TIME(s.)

Fig. 10. Effect of holding time after stretching 300 mm/min, 160° C.
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Fig. 11. Herman’s orientation function including the holding time effects.

stretched at 300 mm/min, 160 °C. The sample with O min
holding time was cooled by spraying water just after
stretching is completed. We made these true strains similar
but slightly higher in shorter holding time samples to
eliminate the effect of strain itself. The on-line data of these
samples are shown in Fig. 10. Thus even slightly smaller
true strain results in higher birefringence after 10 min. Fig.
11 and 12 reveals that both of crystalline and amorphous
orientation increase in parallel during the holding. Fig. 12
shows the crystal size obtained by Scherrer equation Eq.
(20) obtained from WAXD data. In parallel with the above
observation in orientation, the crystal sizes obtained from
the equatorial planes also show an increase in crystallite size
indicating the scale of crystallite thickening at this stage.

L(A) = KM(Byy, cos(6)) (20)

Here, L, crystal size; K=1; A, wavelength of
K, = 1.542 A; B/, halfwidth; 6, peak position.

Omin Imin 10min

\
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2 4
< 200 (130)
& 1807 (110)
%160 |
E
172 4
€ 140
© 420 |
100 |
80

0.01 0.1 1 10 100
Holding time , min

Fig. 12. Crystallite size change during holding.

(A) (B) < (D)‘

Fig. 13. Schematic of the molecular chain and crystallite rearrangement by
crystallite thickening during holding.

We can see the crystallite thickening occurs while
birefringence increases in Fig. 12.

3.3. Structural model

3.3.1. Mechanism of increasing orientation factor during
holding

Structural characteristics of the deformation and holding
are given in model shown in Fig. 13. Here we simplify the
structure to depict this phenomenon plainly and just one
microfibril which is combination of a series of the crystallite
and tie molecular along the stretching direction and just one
or two tie molecular chains are sketched. After the process
of stretching, that is, the transformation of crystallite and
amorphous chains finish, the adjacent parts of the molecular
chains in the amorphous chains are used to thicken the
crystallite (step C in Fig. 13) [21]. Thus the length of
molecules in the amorphous regions become shorter and taut
gradually (step C and step D in Fig. 13). At the same time,
the taut tie molecular chains also tug at crystallites. As the
crystallites have been aligned to stretch direction to some
extent, the tug direction among crystallites through the tie
molecular chains is also stretch direction. Thus not only f;,
but also f, increases in the parallel during the holding.

3.3.2. The difference in molecular rearrangement ability in
each condition

As shown in Fig. 14, although the crystallites in the
spherulite grow during the holding in unoriented films [22],
because the direction of crystallite is random, the birefrin-
gence does not increase by their growth as shown in Fig.
8(c) (step A in Fig. 14). Once the material is stretched to
some extent (step B in Fig. 14), there is substantial amount
of molten material that is highly deformable. As the film is
stretched, these regions undergo substantial orientation and
orientation induced crystallization occurs. This process
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A. Before stretch

Crystallite

Spherulite

fibril

Fig. 14. Schematic of the stretching induced crystallization.

essentially is coupled with the partial break up and
reorientation and recrystallization of the some of the
preexisting crystallites. The latter two processes contribute
to the increase of birefringence. However, at elevated
temperatures, there remains a significant amount of molten/
amorphous oriented chains that upon stoppage of defor-
mation continue to rearrange and crystallize as the built up
stresses are relieved leading to higher birefringence levels.
This increase of birefringence is larger at lower strains and it
decreases as the deformation levels increases. This indicates
that the ‘pool’ of materials available to change decreases
with increased deformation (step C in Fig. 14). The rate
effect is also quite pronounced on the latter morphological

Table 3
Physical properties in the zone II

B. Stretch moderately

C. Stretch highly

Holding Holding

—>

picture. As the rate is increased, the crystallites are
increasingly destroyed at the same strains leading to lower
birefringences during stretching and since this process
generates larger fraction of molten/amorphous fraction the
holding stage involves significant levels of birefringence
increase converting oriented amorphous chains to oriented
crystalline regions or trapping these regions in amorphous
but taut state as the crystallization proceeds.

3.3.3. Molecular orientation behavior in each stage

Fig. 15 is a schematic of the birefringence behavior. We
divide the behavior into three sections. Zone I is from the
initial of transformation to yielding point. Zone II is from

Temperature (°C) Rate (mm/min) Slope (An against o, MPa™ h True strain True stress, (MPa) Birefringence

Start End Start End Start End
90 2 0.0069 0.32 1.04 7.98 9.67 0.0036 0.0142
140 2 0.0060 0.17 1.00 2.11 4.07 0.0032 0.0142
160 2 0.0059 0.02 1.22 0.32 2.13 0.0015 0.0121
90 300 0.0038 0.16 1.06 10.71 13.63 0.0002 0.0113
140 300 0.0042 0.16 1.67 3.92 6.44 0.0005 0.0119
160 300 0.0044 0.29 275 1.68 4.75 0.0010 0.0134
165 300 0.0031 0.19 3.04 0.77 3.57 0.0003 0.0103
Molten PP 0.00083 Stress optical coefficient of molten PP
Table 4
Physical properties in the linear region in the latter part of the zone III
Temperature (°C) Rate (mm/min) Slope (An against o, MPa™ ') True strain True stress (MPa) Birefringence

Start Start Start

90 2 0.00015 2.8 30.2 0.024
140 2 0.00024 43 19.1 0.024
90 300 0.00017 2.5 17.2 0.024
140 300 0.00038 3.6 11.8 0.027
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Fig. 15. Identified stages in the Birefringence vs. stress change during
stretching and holding.

yielding point to onset of strain hardening. Zone III is after
onset of strain hardening. Zone I is elastic zone. Bire-
fringence increases slightly during the stretching and
holding after stretching. The yield point in Zone II is the
onset of the increase of birefringence. In this II zone,
birefringence increases almost linearly. Physical properties
and the slopes of birefringence against true stress in linear
regions in Zone II and Zone III are shown in Tables 3 and 4,
respectively. The slopes 165 °C and the below are greater
than stress-optical coefficient [23] of the molten PP. The
values of these physical properties vary with the tempera-
tures and stretch rates. The end points of linear zone at
slower speed occurs at lower strains. This means the slower
the speed, the more effective the orientation, so the
structural tightening process starts at lower strains. In
zone III the birefringence increase is slower and starts
deviating from the linear behavior observed in zone II and
both of f, and f,,, also hardly increase as shown in Fig. 9.
Some samples in lower temperature show linearity in the
latter part in the Zone III. These slopes are smaller than
stress-optical coefficient. In this region, the easily deform-
able body’s has already been exhausted and the birefrin-
gence increase become increasingly difficult as the structure
begins to ‘lock in” as some of the chains become fully taut.
The increase in birefringence in the holding stage is
minimal.

4. Conclusions

A fully automated tensile stretcher/spectral birefringence
system developed in our group was used to follow real time
stress—birefringence—strain behavior during uniaxial
stretching of polypropylene at ‘mushy’ temperature ranges.
This allowed us to investigate the deformation behavior and
resulting structural changes during stretching without
having to stop and separately examine the sample being
stretched and subsequently held in clamps undergoing
relaxation.

This instrument revealed that birefringence—stress
relationship is linear beyond an initial yielding point until
a critical stress reached. This critical stress coincides with
the onset of strain hardening in the partially molten state. At

low strains the films were found to continue to change
significantly during holding stage leading to increased
crystallinity and orientation that increase the overall
birefringence. This change in holding stage decreases with
the increase in deformation that increasingly create oriented
‘constrained’ morphology. Increased strain rates result in
destruction of crystallites that may also involve block
rotations of these regions. The latter process generates large
amount of stretched amorphous chains that gradually
convert to crystalline state during holding.
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Appendix A

Each of crosshead separation rates (Eq. (21)) and Hencky
true strain rates at the center of the sample (Eq. (23))
detected from the width measurements of the sample under
incompressibility assumption (Poisson’s ratio = 0.5) in
several stretch conditions are shown in Fig. 16 (Strain rate
of these experiments.).

Cross head separation rates

: cross head separation speed (mm/s)/{L,(1 +€)} (21)

Hencky strain:

1
el =J # =In(l + €) (22)
ly

Here, € is strain.
Hencky true strain rate = degue/dt (23)

This Hencky true strain rate can be obtained from the time
variation of width under transverse isotropy assumption Eq.

).
Width decreasing rate at each time = d(AW,/W,)/d¢ 24)

Hencky true strain rate

= d(AW,/W,)/dt/(Poisson’s ratio) (25)

The calculated crosshead separation speed, that is shown by
line in Fig. 16, is maximum at the start and gradually
decreases with deformation under constant crosshead
separation speed. Hencky true strain rate of the sample,
which is shown in the plots and R? value is calculated using
the crosshead separation rates, starts at lower value than the
crosshead separation rate. This is caused by the delay of
response of the sample due to the initial slack, etc. When the
sample begins to transform homogeneously, the Hencky
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Fig. 16. Change of strain rate with strain.

true strain rate at the center of sample is the same as the
crosshead separation speed. On the other hand, when sample
shows necking, the initial part of Hencky strain rate is
higher than crosshead separation speed due to localization
of deformation. After that the Hencky strain rate becomes
less than crosshead separation speed due to propagation of
necking. We can see the large deviation in the crosshead
separation rate at temperatures lower than 140 °C,
especially 90 °C at which temperature the sample has not
began to melt. This deviation at lower temperature becomes
smaller at lower speeds where the necking is generally less
pronounced. The deviation becomes smaller above 150 °C.
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