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ABSTRACT: Changes of morphology and mechanical
behavior of isotactic polypropylene (iPP) due to equal chan-
nel angular extrusion (ECAE) were investigated. The iPP
specimens were processed for up to two passes in the same
direction (route A), with the specimens rotate 180°around
loading axis after the previous pass (route C). The macro-
scopic observation showed that high level of shear strain is
introduced in iPP extruded twice in route A. Reflected opti-
cal microscopy revealed that the original spherulites are
elongated into ellipsoidal shape along the shear direction in
route A, and the recovery of the spherulitic shape occurred
in iPP extruded in route C. X-ray diffraction results and the
dynamic mechanical analysis showed that the crystalline

and amorphous phase are prone to orientation more favor-
ably via route A than route C. The increase of the dynamic
storage modulus (E’) indicated that iPP becomes stiffer than
other samples when extruded twice in route A. Izod impact
testing results demonstrated that the ECAE-deformed
spherulites influence the crack propagation direction. The
impact strength of iPP is greatly improved to 490.5 J/m
after processed twice in route A, 10 times of that of un-
deformed reference sample. © 2011 Wiley Periodicals, Inc.
J Appl Polym Sci 122: 2146-2158, 2011
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INTRODUCTION

Equal channel angular extrusion (ECAE), an effec-
tive metal forming technique developed by Segal in
1981,' has abstracted extensive interest in the last
few years in manipulating the morphology of poly-
mer in solid state. In contrast to other known solid
state polymer processing methods including die
drawing,” hydrostatic extrusion,”’ plane-strain com-
pression,4 and rolling,5 ECAE technique has been
identified as an advantageous method for inducing
bulk simple shear into polymer. Theoretically, the
simple shear strain as high as 200% could be
achieved in one pass extrusion.® Many polymer sys-
tems such as LLDPE’ HDPE® PET” PC'"
PMMA," glass fiber/polyacetal composites'® and
clay/nylon-6 nano-composites'* has been shear
deformed by ECAE to achieve molecular or second-
phase orientation.
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Another unique advantage of ECAE is that the
specimen has the same cross-sectional area as the
original one, which makes different controlled mo-
lecular orientation possible by multi-pass extru-
sion." If the specimen is processed repetitively with-
out any rotation, which is called route A, the total
shear strain that the specimen experienced will be
progressively accumulated. However, there are some
difficulties to achieve multi-pass processing in route
A due to the existence of warping'® of extruded
polymer. Therefore, in previous studies most poly-
mer systems were processed for only one pass in
route A, except that LLDPE was processed for up to
four passes in route A by Sue and Li.” The optical
microscopy demonstrated that the spherulites of
LLDPE are highly deformed and transformed into
fibrillar lamellar bundles after four passes extrusion
in route A. If the specimen is processed in route C,
that is, the specimen is rotated 180°around its load-
ing axis after the previous pass, then the total shear
strain will be removed in theory. The result of PET
processed for the second pass in route C by Xia
et al.” confirmed that part of the macrofibrils orienta-
tion is eliminated but the local lamellar orientation
is still maintained in route C.

The physical and mechanical properties of isotac-
tic polypropylene (iPP) depend strongly upon its
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morphology, thus controlled morphology is greatly
appreciated in many cases. ECAE was conducted on
iPP by Philips et al.,'® in which highly oriented crys-
talline lamellae in iPP sample were obtained after
two passes extrusion in route A. However, the me-
chanical properties of iPP so processed were not
reported and the structure—property relationship
was not elucidated. Furthermore, the effect of route
C on the microstructure and the mechanical proper-
ties of iPP have not been investigated. In this study,
the iPP specimens were processed at 65°C using an
experimental ECAE setup. To understand the effect
of processing route on iPP, the macroscopic flow
behavior and the morphology of iPP specimens
processed for up to two passes in routes A and C is
studied. Particular attention is paid to analysis the
mechanical behavior of iPP sample for understand-
ing the result influence of the morphology changing.

EXPERIMENTAL
Materials

Isotactic polypropylene (T300) was supplied by
Shanghai Petrochemical, China (MFI = 3.0 g/10 min,
230°C, 2.16 kg).

Equal channel angular extrusion

ECAE experiments were performed using a die with
a 90° intersected angular channel of identical cross
section of 13.5 x 13.5 mm? [as shown in Fig. 1(a)].
The ECAE die was installed on an electromechanical
universal testing machine CMT4204 (SANS, China).
The ECAE of iPP was conducted at 65°C and under
a constant ram speed of 25 mm/min. The shear de-
formation occurs when iPP was pushed through the
crossing plane of die channels. The load needed for
deformation was recorded as a function of the ram
displacement for each extrusion. The flow direction
(FD), loading direction (LD) and transverse direction
(TD) were defined to describe the ECAE process and
the measured samples. The iPP specimens were
injection molded into 3.3 mm thick, 13.2 mm wide,
and 90 mm long bars. Four specimens were coex-
truded through the ECAE die. One particular
advantage of this coextrusion is that a group of
specimens are easily split for mechanical tests with-
out cutting or polishing along TD. Two specimens in
the middle of four specimens for each procession
were selected and machined carefully for dual canti-
lever mode dynamic mechanical analysis (DMA)
and Izod impact testing. The testing directions were
also indicated by arrows in Figure 1(a). The extru-
sions of route A and route C were schematically
shown in Figure 1(b)."* For simplicity, samples
before and after ECAE were labeled as follow : (1)

Dual cantilever mode DMA

&4l -

$ Impact direction

L

Route A, Pass one Route A, Pass two

Same
direction

Shear plane Shear plane

Route C, Pass one Route C, Pass two

Rotate 180" |
around the

b Shear plane
loading axis |

(b)

Figure 1 Schematic illustration of ECAE of (a) general
process and (b) route A and route C.

reference, (2) Al sample- extruded in route A, pass
one, (3) A2 sample-extruded in route A, pass two,
and (4) C2 sample- extruded in route C, pass two.

Macroscopic observation

The grid lines with a size of 2.0 x 2.0 mm* were
marked on the FD-LD plane of specimen before
extrusion, which can demonstrate the macroscopic
deformation of iPP after ECAE.

Reflected optical microscopy

The permanganic etching technique'” was employed
to study the changes in the spherulitic morphology.
For etching, the 3 wt % of fine powdered KMnO,
was slowly added under agitation to a 2 : 1 mixture
(by volume) of concentrated H>SO4 and HzPO,. The
FD-LD plane of sample was polished carefully to
remove the outer surface about 1 mm. Then the
samples were floated with the polished surface
downward in the etching solution for 12 h at room
temperature. After etching, samples were washed in
an ultrasound H,O, 30% bath. Reflected optical
microscopy (ROM) of etched surfaces was taken by
a Nikon LV100POL microscope.

Journal of Applied Polymer Science DOI 10.1002/app
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Differential scanning calorimetry

The thermal measurement was carried out on Modu-
lated DSC2910 differential scanning calorimeter
purged with nitrogen. Each sample was measured in
the range of 25-150°C at a heating rate of 10°C/min.
The crystallintity Xpsc was calculated from the ratio
of AH/AH,, where AH is the enthalpy of fusion of
tested sample, and AH for 100% crystalline iPP is
taken as 148 ]/g.18

Density measurement

Density measurement was performed according to
ASTM D792. Sample weight in air and in isopropa-
nol (0.785 g/ cm’) was measured at 23°C. The
volume degree of crystallinity X, was calculated by:

p_pga
Pec = Pa

Xy = (1)

where, p, is the perfect crystalline density (0.936 g/cm?)
and p, is the amorphous density (0.854 g/cm°).

X-ray characterization

X-ray diffraction was measured by Rigaku D/max
2550 PC diffractometer with Cu-Ko radiation at 40
KV and 300 mA. The X-ray beam was perpendicular
to the FD-LD plane of samples. The X-ray diffraction
curves were collected during 26 scan at a speed of
10°/min in the region of 5-50°. The crystallinity
Xxrp for each sample was obtained from the ratio
between the area under the crystalline peaks and the
total area under the X -ray diffraction curve. The azi-
muthal scans of (110), (040), and (130) planes were
carried out using a fiber specimen attachment at a
scan speed of 72°/min with the azimuthal angle
varying from —90° to 270°.

Dynamic mechanical analysis

The dynamic mechanical behavior of samples was
obtained by TA 2980 dynamic mechanical analyzer.
Penetration mode DMA was performed with of a
controlled force of 0.005N. The temperature was ele-
vated from 25 to 150°C with a rate of 3°C/min. Dual
cantilever mode DMA was measured at a fixed fre-
quency of 1 Hz and a heating rate of 3°C/min. The
storage modulus (E’) and loss tangent (tan ) were
recorded as a function of temperature ranged from
—50 to 150°C.

Optical measurement

The transparency of iPP samples was determined on
3.3 mm thick injection molded plates. The luminous
transmittance was measured according to ASTM D

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 The load as a function of the ram displacement
normalized by the length of specimen during the extru-
sions of (a) route A, pass one, (b) route A, pass two, and
(c) route C, pass two.

1003 using a spectrophotometer (WGW, China). The
size of each tested sample was smaller than the
standard size requirement but was large enough to
cover the entrance port of the integrating sphere.

Izod impact testing and scanning electron
microscope

The impact property of the iPP samples was eval-
uated from notched Izod testing according to ASTM
D256. The notch was milled at the top of each sam-
ple. The impact fractured surfaces were coated with
Au, and then observed by the JSM-6360LV SEM.

RESULTS AND DISCUSSION
Macroscopic deformation behavior of iPP ECAE

The load history that the specimens experienced is
helpful to investigate the deformation behavior of
iPP during ECAE process. The curves of load versus
normalized ram displacement were plotted in Figure
2. The load curve of iPP extruded one pass in route
A [Fig. 2(a)] was similar to that of PET.” In the pri-
mary stage of the extrusion, the load increased rap-
idly as the specimens were pushed by a ram in the
vertical channel of the ECAE die. When the speci-
mens passed through shear plane, the load reached
its maximum 13.2 kN. After that, a nearly constant
load plateau was followed, which related to the uni-
form shear deformation continually induced into
iPP.

The load curve of the second pass extrusion in
route A [Fig. 2(b)] showed a double load peaks and
obvious load drop after the maximum 11.6 kN,
which is mainly due to the fact that some of the
front region of specimens returned back when it
flew into the horizontal channel. It was found that
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Figure 3 The grid on the FD-LD plane of (a) reference, (b) Al sample, (c) A2 sample, (d) C2 sample. FD is to the right.

the required load was reduced for both the second
pass extrusion in routes A and C. Such reduction
was significant in route C [Fig. 2(c)], for example,
the maximum load was 4.7 kN, which was 65%
lower than that of A1 ECAE.

The macroscopic deformation of iPP samples was
shown in Figure 3. To increase the visibility, the grid
on the samples was coated by graphite before taking
pictures. The deformation angle (6;) measured from
FD to the tilted grid line (shear direction) is able to
quantify the shear strain (y) by using the formula y
= cotan (0,).>*! Under the present extrusion condi-
tion, the deformation angle 0; is about 36° in the
central area of Al sample, indicating that the
induced shear strain (y) is 1.38. The shear strain ()
of A2 sample is progressively increased to 2.75,
which will cause great change in the microstructure
of iPP. If the sample is processed twice in route C,
the total shear strain will be removed in theory, but
complete cancellation of the total deformation was
not observed in C2 sample with a residual shear
strain of 0.47, which is likely due to nonzero-friction
that occurred in practice.

Spherulitic morphology

Initially, the injection molded specimen often shows
a hierarchical morphology through the thickness
[named TD in Fig. 1(a)]. It has been reported that
the injection molded iPP specimen is roughly sepa-
rated into three layers along the thickness: a skin
layer, a spherulitic core, and a “subskin” between

these two layers.”” The skin layer seems to be “struc-
tureless” due to a rapid cooling rate, which is diffi-
cult to be observed under ROM. Therefore, to inves-
tigate morphological changes processed by different
ECAE routes, the FD-LD plane of the sample was
polished carefully before etching to remove the outer
surface. A literature® revealed the nature of ECAE
deformation, which concluded that the shear defor-
mation occurs only on the FD-LD plane, and the
shear strain in TD is zero. That is why the present
research of macroscopic deformation and spherulitic
morphology was focused on the FD-LD plane of iPP
samples by neglecting the variation along TD.

From the macroscopic observation of iPP samples,
it was found that the shear strain was introduced to
iPP by ECAE. As a consequence the plastic deforma-
tion of spherulites may occur in the ECAE-deformed
iPP samples. The reflected optical micrographs were
showed in Figure 4. The injection molded reference
sample showed a typical spherulitic structure with
long fibrous ribbons radiating out from a central
point [Fig. 4(a)]. After one pass extrusion in route A,
the original spherulites were deformed into nearly
ellipsoidal shape with their long axis being inclined
to FD [Fig. 4(b)]. The inclination angle (6,) measured
between the long axis of the elliptical spherulite and
FD was about 45° in Al sample. After the second
pass extrusion in route A, the spherulites appeared
to be highly elongated with a small inclination angle
of 30° [Fig. 4(c)]. The recovery of the spherulitic
shape was exhibited in C2 sample [Fig. 4(d)]. As a
consequence, the inclination angle obtained was 72°.

Journal of Applied Polymer Science DOI 10.1002/app



2150

WANG, TANG, AND CHEN

Figure 4 ROM of permanganate etched surface of (a) reference, (b) Al sample, (c) A2 sample, and (d) C2 sample. FD is

to the right.

During the optical observation of iPP samples, it
was found that the plastic deformation is nonaffine
at the spheulitic level. All spherulites can undergo
large shear deformation; however, the comparison
between inclination angle (0,) and the macroscopic
deformation angle (6,) revealed that the spherulites
deformed less than the overall specimen. Aboulfaraj
et al® observed the similar phenomenon. They
explained this in terms of the complex morphology
of monoclinic spherulites in polypropylene, where,
the daughter lamellae interlocked with the parent

Heat flow Exo

T T T T T T T T T
90 120 150 180 210
Temperature (C)

Figure 5 DSC curves of (a) reference, (b) Al sample, (c)
A2 sample, and (d) C2 sample.
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lamellae,** resulting in structural resistance to defor-
mation. X-ray and differential scanning calorimetry
(DSC) measurements confirmed that the crystalline
region in reference iPP sample is composed of
monoclinic form. Therefore, the phenomenon that
spherulites deformed less than the overall macro-
scopic deformation was also thought to be due to
the interlocking nature of the parent-daughter struc-
ture stiffening them against the shear deformation.

Crystalline evolution of iPP

Large plastic deformation introduced by ECAE may
change the crystallinity, the perfection of the crys-
tals, and the orientation of both the crystalline and
amorphous fraction of iPP samples. DSC method,
density measurement, and X-ray diffraction were
performed to evaluate the crystalline evolution of
material. The results of DSC measurements on iPP
samples are given in Figure 5 and Table I. The DSC
curves indicated characteristic melting behavior of
monoclinic crystals of iPP with the melting tempera-
ture T,, at the range of 167-169°C. It was also found
that ECAE processing decreased the enthalpy of
fusion AH, and eliminated a weak endothermic
shoulder in the low temperature range with the
onset at about 110°C. The X-ray diffraction intensity
curves of iPP samples were shown in Figure 6,
which confirmed the presence of monoclinic form in
the studied samples.
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TABLE 1 TABLE II
DSC Results, Density, and the Crystallinity of iPP The Calculated Results of iPP Samples from X-ray
Samples Diffraction Curves
X (%) Sample L110 (nm) Logo (nm) Lizo (nm) Ar1o
Sample T, (°C) AH(/g) p(gcm ™) Xpsc® X Xxwp’  Ref 96 15.6 10.6 0.617
Ref 1686 1054 09115 712 701 715 ié gg 12"91 Z'g gg%
Al 168.7 98.0 0.9057 662 630 66.2 C2 8-5 13'9 8'7 0-605
A2 167.5 94.7 0.9041 640 61.1 594 ) ) ) )
C2 168.6 100.8 0.9063 68.1 638 685

@ The crystallinity calculated from AH.

" The crystallinity calculated from p

¢ The crystallinity calculated from the X-ray diffraction
curves in Fig.6.

The density p and the crystallinity X estimated by
AH, density and X-ray diffraction are collected in Ta-
ble 1. Although the estimates of crystallinity from
different methods do not agree, the results sug-
gested that ECAE processing disrupts the original
structure of iPP and develops an altered structure
with decreased crystallinity. A number of studies
have described a decrease of crystallinity in semi-
crystalline polymers when subjected to large plastic
deformation by uniaxial compression,® and plane-
strain Cornpressic>n.26'27 In these articles, it was
reported that the crystallinity of compressed samples
decreased with an increasing strain. Consistently,
with the high shear strain, A2 sample results in a
rapid decrease of crystallinity. The intense shear de-
formation can cause the lamellae fragment into small
crystalline blocks, leading to crystalline orientation
or amorphization of the system.

For quantitative evaluation of the X-ray diffraction
curves in Figure 6, the separation of crystalline
peaks from the amorphous halo was made by fitting
the results through the software of MDI Jade 5.0.
The corresponding crystalline peaks were analyzed
in terms of the crystallite size Ly and the orienta-
tion parameter Ajyp. Lnag was determined from the

Intensity(cps)

10 20 30 40
20 ()

Figure 6 X-ray diffraction intensity curves of samples in
20 scan: (a) reference, (b) Al sample, (c) A2 sample, and
(d) C2 sample.

half-width of crystalline peak by applying Scherrer’s
equa’cion.28 Table II shows the comparison of Lo
and Loso and Ly30 of iPP samples. The size reduction
of the crystalline region was observed in the ECAE-
deformed samples, which became pronounced in A2
sample.

Trotignon et al.***° proposed a parameter Ao to
evaluate the orientation of the crystalline region
along the flow direction (FD). A1y is determined as:

Lo
Aq10 = 2
" Tho + L + L3140 0m @

The value of A1y depends on the vanishing (or
decrease of intensity) of diffraction peaks of (111)
and (131 + 041) in X-ray measurement. With respect
to a highly oriented iPP crystallites, A;19 = 1, other-
wise Aj1p < 1. It was shown in Figure 6 that the
peaks of (111) and (131 + 041) occurred in all sam-
ples, which indicated that in none of the samples do
the orientation parameter A;;y reaches the upper
limit of 1. The calculated results in Table II showed
that A2 sample has the highest A;1p, 0.810, which
indicates a preferential orientation along FD in A2
sample. The difference of A;;p among other three
samples was not pronounced, which may indicate
that the crystallite orientation was not enhanced
along FD during Al or C2 ECAE procession. On the
other hand, there exists a possibility that the crystal-
lite orientation of Al and C2 samples is along other
direction different from FD.

Since the orientation parameter A1y can not reveal
enough details of the orientation state of crystalline
region in iPP samples, azimuthal scanning was per-
formed to evaluate the crystal orientation. The (110),
(040), and (130) crystallographic planes were selected
for azimuthal scanning, and the X-ray patterns for
the examined samples were sketched on the right
side of the azimuthal scanning curves, see Figure 7.

The azimuthal distribution of the reference sample
exhibited bimodal orientation from the (110) and
(130) reflections, which is contributed both from the
parent and daughter lamellae. Especially, the bi-
modal feature was easily identified from (110) reflec-
tion, where the parent section gave the meridional
reflection and the daughter section gave the equato-
rial one' The (040) reflection indicated that the

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 Azimuthal scanning curves of (110), (040), and (130) planes, and the X-ray patterns of (a) reference, (b) Al sam-

ple, (c) A2 sample, and (d) C2 sample. FD is to the right.

crystallographic b-axis is preferentially perpendicular
to FD. Although the apparent crystal orientation is
presented in the reference sample because of the
injection molding, the azimuthal distribution of this
sample still indicated symmetrical reflections around
the meridional or equatorial directions.

ECAE will induce different effects to iPP through
mechanisms like interlamellar shear, crystallographic
slips and associated crystal rotations.***® It was
found that the symmetrical reflections of crystallo-
graphic planes were not maintained in the azimuthal
distribution of ECAE-deformed samples, which sug-
gests that the rotation of crystals either by crystallo-
graphic slip or by rotation of lamellae takes place.
After one pass extrusion in route A [Fig. 7(b)], the
bimodal feature of the (110) plane remained but the
maximum reflection of the daughter section was
about 5° deviate from the equatorial direction. This
small departure angle indicates that the daughter
section rotate slowly than other crystalline sections.
The reflection of the (040) and (130) plane split into
two parts with their maxima at azimuthal angle
about 28° clockwise and 45° anticlockwise to the me-
ridional direction, as shown in Figure 7(b). This
observed bimodal reflection of (040) and (130) plane
can not be result from any parent-daughter effects,
because similar bimodal distributions were observed
in other polymer system which were not known to

Journal of Applied Polymer Science DOI 10.1002/app

form parent-daughter structure, such as PET.' The
bimodal feature of (040) and (130) reflections indi-
cated the formation of two weak crystal orientation
in Al sample, one is 28°clockwise and the other is
45°anticlockwise to the meridional line. The angle of
the orientation in our research appears to be differ-
ent from that was found in iPP by Philips et al.'® In
their research, the isotropic reference samples were
prepared by compression molding with limited mo-
lecular orientation. After one pass ECAE processing,
two preferred orientation formed, one in the meridi-
onal position and the other inclined 27° anticlock-
wise to the meridional line. This indicates that the
crystallographic planes rotate faster toward the shear
direction then that in our experiment. A possible
cause could be that the crystal orientation in our ref-
erence sample caused by injection molding will
influence the crystalline evolution of iPP during
ECAE.

As the iPP sample extruded twice in route A, the
daughter lamellae lost their visibility, and more crys-
tallographic planes rotated progressively toward the
shear direction, resulting in a strong reinforcement
of reflections around 20° anticlockwise to the meridi-
onal direction [Fig. 7(c)]. This suggested that the
whole fold chain both of the parent section and the
daughter section of iPP gradually merged and
became one peak with the increased shear strain.



MORPHOLOGY AND MECHANICAL BEHAVIOR OF IPP IN ECAE

1000 —

1 7 —a— Al

—~ 8004 —o0—A2

g | —%—C2
g 600
o 400+
-
§ 200
_g ]
0_

60 80 100 120 140 160 180
Temperature ('C)

(a)

20 40

2153
—+— Ref]|
0+ —A—AT
~ —o—A2
Ei -200- ——C2
L]
E; 4001
[¥]
8 6001
g
E  -800-
A
0D~
20 40 60 80 100 120 140 160 180

Temperature('C)

(b)

Figure 8 Dimension changes of iPP samples in the penetration mode DMA at (a) FD direction and (b) LD direction.

These new peaks appeared a relatively narrow azi-
muthal distribution, indicating the formation of high
degree of crystal orientation in A2 sample. Philips
et al.'® ascribe these new reflecting peaks to the
microfibrillar formation. From the azimuthal scan-
ning curve of A2 sample, it was indicated that high
shear strain can transform completely the initial ori-
entation of the reference sample into microfibrils ori-
ented along the shear direction.

Although the spherulitic deformation was almost
removed in the second extrusion in route C, C2 sam-
ple demonstrated analogous set of peaks compared
with those of Al sample. The bimodal feature indi-
cated that the crystal orientation was still reserved
in C2 sample. But from the reflection of the (110)
plane, it was seemed that the parent-daughter struc-
ture was probably destroyed in the second extrusion
in route C.

Dynamic mechanical analysis

In the research of Xia et al.,'” the annealing test was
performed between the glass transition temperature
(T;) and the melting point (T,) to examine the
ECAE-induced deformation in the amorphous region
of PET. The principle is that the original shape of
the PET sample will be partially recovered owing to
the relaxation of the amorphous region. Different
from the annealing test which took photographs to
reflect the recovery of shape, penetration mode
DMA performed at FD and LD directions is able to
quantitatively record the dimension changes of iPP
samples.

It was shown in Figure 8 that the thermal expan-
sion of reference sample increased linearly with the
temperature increasing, but the total amount of
expansion was slight because the relaxation of the
amorphous domains were bounded by the crystal-
line regions. The dimension changes of ECAE-

deformed samples were similar to that of the refer-
ence sample until the ECAE processing temperature
65°C was approached. Above 65°C, the relaxation of
amorphous phase in the ECAE-deformed samples
took place leading to distinctive thermal contraction
at FD direction, and thermal expansion at LD direc-
tion. The thermal contraction/expansion behavior of
A2 sample was similar to that of the Al sample
owing to the same processing route. The maximum
dimension change indicated the largest deformation
of the amorphous region in A2 sample. The dimen-
sional change of C2 sample was less than that of Al
sample, which meant that the deformation of the
amorphous region was already partially recovered
in route C. It also found that the relaxation of amor-
phous region was exhausted when the temperature
was above 100°C, and the contraction/expansion
behavior of C2 sample was suppressed again by the
adjacent crystalline region.

Consequently, we concluded that the dimensional
change in the penetration mode DMA was due to
the ECAE process. The contraction/expansion
behavior of ECAE-deformed samples indicated that
the long chain molecules in amorphous region were
stretched at FD direction, and were compressed at
LD direction after ECAE process, which will result
in the modification of the mechanical response of
the ECAE-deformed samples.

The storage modulus (E’) and loss tangent (tan 9)
were shown in Figure 9. The microstructure changes
resulted from ECAE process are responsible for the
difference in dynamic mechanical behavior of iPP
samples. The distinctive trend for E’ is E'xp> E'A1>
E're>E'c2 in the temperature range of —50°C to T,
(roughly 14°C, where there is a p-relaxation in the
reference sample). At temperature below T, the
response of iPP sample in DMA was dominated by
the amorphous region. Such a specific response of
iPP samples extruded in route A most probably

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 9 Storage modulus (E’) and loss tangent (tan J) of
iPP samples based on dual cantilever mode DMA (inset:
the p-relaxation peak of the reference and C2 samples).

resulted from the strong constraint imposed by the
slip deformation in the crystalline region to which
the amorphous region is intimately connected. And
A2 sample becomes stiffer than other samples due
to the higher strained molecules in amorphous
region. The B-relaxation peak in the tan & curve (Fig.
9) was almost disappeared in Al and A2 samples. It
is known that the p-relaxation is associated with
glass-rubber transition of the amorphous phase of
iPP.** The disappearance of the B-relaxation peak
implied clearly a substantial reduction of mobility of
chains in the amorphous region in Al and A2 sam-
ples. As for C2 sample, the deformation recovery
and the destruction of parent-daughter structure
may result in weaker constrains imposed on the
amorphous region. Therefore, the B-relaxation peak
of the tan ¢ curves reappeared in C2 sample (shown
by the inset in Fig. 9), but with a reduced intensity.
Above T,, the amorphous phase will become soft.
Most of the resistance to the testing deformation
results from crystalline phase in iPP samples. The
values of E’ at selected temperature were presented
in Table III. A2 sample still has the highest E’ in the
temperature range T, —80°C as compared with other
samples, which was contributed to the highly ori-
ented crystalline in A2 sample. The o-relaxation

(a)
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TABLE III
The Storage Modulus (E') of iPP Samples at Different
Temperature Above T,

E’ (GPa)
Sample 30 (°C) 60 (°C) 80 (°C) 90 (°C) 100 (°C)
Ref 1.66 0.9 0.60 047 0.36
Al 2.19 1.10 0.56 0.36 0.27
A2 2.30 1.24 0.62 043 033
2 1.75 0.93 0.49 0.36 0.28

appeared as a shoulder at about 90°C indicated on
tan 6 curves (Fig. 9). It was found that the a-relaxa-
tion is facilitated in ECAE-deformed samples, which
may come from the decrease of crystallinity of these
samples.

Optical property

After ECAE, iPP samples became translucent. As
shown in Figure 10, the printed letters are clearly
visible through A1l sample in contrast to the refer-
ence sample. The results in Figure 11 showed that
the luminous transmittance of the ECAE-deformed
samples is increased comparing with that of the ref-
erence sample. Furthermore, A2 sample with high
shear deformation showed the highest luminous
transmittance in iPP samples. Worth noticing is that
Bartczak et al.*® observed the similar phenomenon
that the rolled iPP with the higher deformation
ratios become more transparent in contrast to the
opaque bar of neat iPP.

In the case of semicrystalline polymers, light scat-
tered on the different structure units will make the
products opaque.®® In iPP sample, the incident light
is scattered on the spherulites, crystllites, and also
on the interface between the amorphous and crystal-
line phases having different refractive indices. The
incident light wavelength is ranged from 380 to750
nm. Often the spherulites are large enough to inter-
fere with the incident light and this interference
results in the loss of transparence.’” Therefore, the
shear destruction of spherulites induced by ECAE
will increase the luminous transmittance of iPP. In

(b)

Figure 10 The photographs of (a) reference and (b) Al sample.
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Figure 11 Luminous transmittance results of iPP

samples.

addition, the crystalline structure change such as
crystalline size reduction and crystal orientation ini-
tially organized in a higher order spherulitic mor-
phology is also benefit for the increasing of transpar-
ency with reduced refractive index fluctuations.

Izod impact testing results

Neat iPP is always comparatively brittle due to its
monoclinic spherulites that has been formed under
normal crystallization conditions, thus limiting its
strategy for

applications. A widely employed

Figure 12
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improving the impact strength of iPP has involved
in the incorporation of dispersed elastomeric®® or
rigid phase.” Different from the addition of the sec-
ond phase to the polypropylene matrix, iPP has an
opportunity to be self-reinforced by solid state orien-
tation. As discussed in the previous paragraphs,
ECAE process has been shown to be effective in ori-
enting iPP material. The notched Izod impact testing
was achieved to highlight the orientation structure
on the impact fracture behavior of ECAE-deformed
iPP samples.

The crack development of iPP samples after Izod
impact test was shown in Figure 12. The reference
sample showed a normal crack paralleling to the
impact direction, however, the crack of the ECAE-
deformed samples was different and spread out
along the shear direction similarly. Furthermore, the
inclination angle 0; between the crack and FD
(shown in Fig. 12) was consistent with the spheru-
lites deformation angle 0, (Fig. 4). Previous observa-
tions of crack initiation and propagation through
centers and boundaries of spherulites indicate that
these are sites of weakness in spherulites of iPP, of-
ten resulting in premature mechanical failure.**™**
According to this view, the inclination of the crack
further confirms the deformation of spherulites in
ECAE-deformed samples.

The notched Izod impact strength of iPP samples
was compared in Figure 13. After one pass extrusion
in route A, the impact strength of iPP was increased

63 =45°
FD

(d)

Photographs of iPP samples after Izod impact testing: (a) reference, (b) Al sample, (c) A2 sample, and (d) C2

sample. The white arrows indicate the impact direction. FD is to the right.
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Figure 13 The Izod impact strength of iPP samples.

to 107.2 J/m. Moreover, the impact strength of A2
sample was greatly improved and reached 490.5 J/
m, which is 10 times to that of the reference sample
(45.3 J/m). However, less fracture resistance was
encountered in C2 sample and showed only 52% of
the impact strength of the reference sample.
Considering iPP samples extruded in route A, one
realized that they exhibits higher resistance toward
Izod impact crack propagation than the reference
sample. One explanation influencing impact resist-
ance is the microstructure orientation during ECAE.

3 18000, @880 14 38
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Since 1960s, several models**™*” have been proposed
to understand the structure-property relationship in
oriented semicrystalline polymers. Among these
models, the fibril model first proposed by Peterlin*
has been proved to be successful in understanding
Young’s modulus increase in along FD in ECAE-ori-
ented PET sample.” The key feature of fibril model
is the formation of the macro- or microfibrillar struc-
tures. The macrofibrils are transformed from the
original spherulites, while the microfibrls are origi-
nated from the initial crystalline lamellae. As a
result, two types of taut tie molecules (TTMs) will
be found: intermacrofibrillar and intemicrofibrillar
TTMs. The experiment results mentioned above indi-
cated that the original spherulites have been highly
elongated into macrofibrils after ECAE. These mac-
rofibrils will render the material more resistant to
crack development and deflect the direction of the
primary crack to propagate at an angle with FD.
Moreover, to accommodate the orientation of fibril
structure, it is highly likely that the TTMs connect-
ing these fibrils become stretched along FD in the
iPP samples extruded by route A. One proof is that
Al and A2 samples showed distinctive thermal con-
traction at FD direction in the penetration mode
dynamic mechanical analysis. When these highly
stretched molecular is perpendicular to the impact
direction, more energy to be required for the crack

Figure 14 SEM micrographs of the impact fractured surface of (a) reference and (b) Al sample.

Journal of Applied Polymer Science DOI 10.1002/app



MORPHOLOGY AND MECHANICAL BEHAVIOR OF IPP IN ECAE 2157

propagation. It had been found that two pass extru-
sions in route A resulted in a finer fibril structure
than one pass. In the case of A2 sample the initial
structure was transformed completely into microfi-
bils as observed by azimuthal scanning. Further-
more, the fraction of intermicrofibrillar TTMs in A2
sample will be increased by the chain unfolding in
the microfibrils formation. These TTMs will also
improve interlamellar adhesion, resulting in highest
improved impact strength for A2 sample. Although
there is no clear explanation for the decrease of the
impact strength of C2 sample, the following sugges-
tion can be raised. The microcracks/crazes formed
by microdomain rotation in C2 ECAE processing
may have a deleterious effect on the Izod impact
properties of C2 sample. These pre-existed micro-
cracks/crazes were not investigated in my research,
but were observed in C2 ECAE processed PET.’

The impact fractured surface was examined in
Figure 14 to understand further the nature of the
deformation mechanism involved during crack prop-
agation. The fracture surface of reference sample
appeared flat and smooth. Wave-like break lines
[indicated by the arrows in Fig. 14(b)] were found in
Al sample. Whereas, C2 sample showed irregular
break lines in contrast to Al sample. These fracture
features may relate to the point that the spherulites
centers or boundaries accommodate high stress con-
centrations and develop crazing and cracking prefer-
entially under deformation.*** Spherultic morphol-
ogy changes may result in different appearances of
break lines for Al and C2 samples. On the other
hand, a very rough texture involving fibrous zones
[indicated by the arrows in Fig. 14(c)] was observed
in the fracture surface of A2 sample. Different from
the crazing deformation mechanism in other sam-
ples, this feature indicated that plastic deformation
in front of the crack tip must have occurred during
crack propagation. A possible explanation for this
change is the formation of microfibrillar structures
with TTMs in A2 sample, which alter the stress state
in the material and induce plastic deformation with
considerable energy dissipation.

CONCLUSION

ECAE is a potential technique to manipulate the
morphology of polymer in solid state. iPP was proc-
essed for up to two passes in routes A and C at
65°C by ECAE. It was shown that high shear strain
about 2.75 is introduced to iPP extruded twice in
route A. Morphological evolution induced by proc-
essing routes in ECAE was measured by ROM and
X-ray diffractions. The spherulites of iPP appeared
to be elongated into ellipsoidal shape and oriented
along the shear direction in route A, and the recov-
ery of the spherulitic shape exhibited in iPP sample

extruded in route C. ECAE processing decreased the
crystallinity, as estimated from DSC, density and X-
ray diffraction; it thus disrupts the original structure
of iPP, developing an oriented crystalline structure.
The azimuthal scanning suggested that the crystal
rotation took place by the shear deformation, result-
ing in two weak crystal orientations in Al sample
and a high degree of crystal orientation A2 sample.
The penetration mode DMA confirmed that the
amorphous phase of iPP is highly strained in route
A, which is responsible for the increase of the high
dynamic storage modulus (E’). After processed in
routes A and C, iPP sample exhibited different Izod
impact behavior. The ECAE-deformed spherulites
play a dominant role in the crack propagation direc-
tion. The inclination angle of the crack is consistent
with the spherulites deformation angle. iPP samples
extruded in route A exhibited higher notched Izod
impact strength than the un-deformed reference
sample, especially, the impact strength of A2 sample
was greatly improved due to the oriented structure.
However, less fracture resistance was encountered
in iPP sample extruded in route C.
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hua University) for his help with X-ray characteriza-
tion. Dr. Shengguang Weng (East China University
of Science and Technology) is also gratefully
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analysis.
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