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Severe plastic deformation by equal channel angular extrusion (ECAE) is an ingenious deformation process
used to modify texture and microstructure without reducing sample cross-section. The application of single
ECAE pass to polypropylene (PP) was meticulously investigated at room temperature using a 90° die-angle
tooling. The ECAE-induced deformation behaviour was examined in relation to the load versus ram-
displacement curves. Depending on extrusion conditions, PP displayed various types of plastic flow. For ram
velocities beyond 4.5 mm/min, severe shear bands consisting of successive translucent and opaque bands
were observed, accompanied on the top surface by more or less pronounced periodic waves. Although the
application of a back-pressure significantly reduced the wave and shear-banding phenomena, slightly
inhomogeneous shear deformation was still observed. Shear bands were only suppressed by decreasing
extrusion velocity. The strain-induced crystalline microstructure was investigated by X-ray scattering.
Shear-banded samples exhibited a strong texturing of the (hk0) planes along the shear direction in the
translucent bands whereas perfect crystalline isotropy appeared in the opaque bands. Application of back-
pressure and/or reducing ram velocity resulted in uniform texturing along the extruded sample. Yet,
texturing changed from single shear to twin-like shear orientation about the shear direction. Mechanical
properties changes of the extruded samples due to back-pressure and extrusion velocity effects were
analyzed via uniaxial tensile tests. The tensile samples displayed multiple strain localizations in shear-
banded materials whereas quite homogeneous deformation appeared for non-banded ones. These effects
were connected with the crystalline texturing. The results also revealed significant increase in the strain
hardening after ECAE. Digital image correlation technique suitable for large deformation was used for
determining the full-field strain of the tensile samples in relation to tensile strain and ECAE conditions.

© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

Equal channel angular extrusion (ECAE), a metal forming tech-
nique developed by Segal [1] in the beginning of the 1980s, has
become the subject of considerable interest in the last few years for
controlling microstructure via high plastic deformation. The
method consists of extruding a sample through a die with two
channels of equal cross-section (Fig. 1). In the crossing plane of the
two channels, the sample is subjected to a large simple shear strain.
Considering that the sample cross-section is not modified, multi-
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pass extrusion can be performed to perform extremely large plastic
strains. The homogeneity of plastic strain field is a fundamental
condition to ensure homogeneity of microstructure and mechanical
properties. However, depending on the specific properties of the
material, the tool geometry and the process parameters, the strain
state can change from the expected homogeneous simple shear to
a complex inhomogeneous strain field.

Uniaxial and biaxial drawings in the solid-state have been used
for long to improve stiffness and strength of thermoplastic polymer
fibres and films [2,3]. Various solid-state forming techniques such
as forging [4], ram-extrusion [5], die-drawing [6], have also been
developed for improving mechanical properties of polymer bulk
pieces via large plastic deformations. However, ECAE is the only one
process that preserves the sample shape.
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Fig. 1. Schematic illustration of a 90° ECAE die (flow direction: FD, load direction: LD,
transverse direction: TD).

About 200 papers per year are published on the ECAE method (see
ref. [7] and the references cited therein). However, relatively little
attention has been focused so far on polymers processed by ECAE. The
technique was applied to a polymer (low density polyethylene) for
the first time by Sue and Li [8]. Since this first work, the ECAE was
applied to several thermoplastic polymers such as polycarbonate,
polymethylmethacrylate, high density polyethylene, polypropylene,
semi-crystalline polyethylene-terephtalate, nylon-6, nylon-12 and
polyacetal [8-27]. The morphological changes of polypropylene
subjected to ECAE were examined by Campbell and Edward [9], and
Phillips et al. [20]. However, neither the mechanics of the process nor
the mechanical properties of the extruded material were examined.
Campbell and Edward [9] used a constriction over the exit of the die
and a “sacrificial sample” to create a back-pressure and to avoid the
bending of the sample in the outer corner of the ECAE device.
However, this technique does not allow to control the applied back-
pressure and its actual role cannot be understood. Numerical simu-
lations were recently conducted to examine the detailed effects of
constitutive material behaviour, tool geometry, friction, extrusion
velocity, extrusion temperature, number of extrusion sequences and
processing route on polymer flow during ECAE [24-27].

In this paper, polypropylene samples were extruded using an
experimental setup consisting of a 90° channel. Particular attention
is paid to the analyses of the macroscopic flow behaviour during
a single ECAE pass via the load-ram displacement measurements
including the effect of back-pressure and extrusion velocity. The
evolution of crystalline microstructure and mechanical properties
of ECAE-processed samples is also meticulously investigated for
understanding the plastic mechanisms of the process.

2. Material and experimental procedures
2.1. Material

The material used in this investigation is a polypropylene (PP) of
weight-average molar weight of 180 kg/mol purchased from
Goodfellow®. The material was supplied in the form of 10 mm thick
compression-moulded plates.

2.2. ECAE experiments

ECAE experiments were conducted at room temperature (about
23°C) and under constant ram speeds in the range of 0.45-45

Fig. 2. Equipment used for ECAE with controlled back-pressure.

mm/min. Samples were cut from the as-received PP plates along the
same direction. The samples were 75 mm in length with square
cross-sections 10 x 10 mm. The ECAE die was made of stainless steel.
It is schematically given in Fig. 1. An internal angle @ of 90° between
the two channels, an outer corner angle ¥ of 10° and an inner radius r
of 2 mm were adopted. The channels had cross-sectional dimensions
of 10 x 10 mm. The ECAE tooling was adapted on an Instron® model
5800 screw testing machine (Fig. 2). The extrusion velocity and the
back-pressure are kept constant during ECAE. Before each extrusion,
the die was lubricated using silicone grease. Load-ram displacement
data were recorded for each extrusion.

The plastic shear strain assigned to a sample as it passes through
the ECAE die depends upon the two angles @ and ¥, and can be
given by the following theoretical expression [28]:

o U o ¥
Y = 2C0t(§+j>+'lfcosec(§+5> (1

In our case, Eq. (1) gives a plastic shear strain y = 1.9. Note that
this relationship assumes homogeneous shear deformation in the
extruded sample.

2.3. Structural characterizations

Wide-angle X-ray scattering (WAXS) experiments were per-
formed using the Ni-filtered Cu Ko radiation from a 2 kW Panalytical
sealed tube operated on an INEL 2000 generator at 40 kV and 20 mA.
The 2D-WAXS patterns recorded on a digital CCD camera from
Photonic Science Ltd were corrected for background scattering.

2.4. Tensile tests

The tensile tests were conducted on the Instron® testing machine
at room temperature under a constant cross-head speed 0.75 mm/
min, ie. a nominal strain rate of 10~3 s~ using sample of gauge
length 12.5 mm. Full-field strain measurements were achieved
during tensile tests using digital image correlation (DIC) technique.

2.4.1. Tensile samples

Following extrusion, tensile samples were machined from the
ECAE-processed pieces, the tensile axe being the FD axis. Three
tensile samples (bottom, middle and top), which dimensions are
given in Fig. 3, were cut from each extruded sample.
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Fig. 3. Tensile samples after ECAE.

2.4.2. Strain measurements
DIC measurements require an artificial random speckle pattern
which was generated by green dots sprayed on the surface of each

Fig. 4. Macrographs of PP samples after ECAE at a ram speed of 45 mm/min and
different back-pressures: (a) ON, (b) 100 N, (c) 300 N, (d) 600 N, (e) 900 N.

sample. The random speckle pattern was applied so that speckles do
not overlap. The studied zone was illuminated by a strong white
light beam. The illuminated random speckle pattern was captured
during the deformation by a digital CCD camera placed in front of
the sample and at a distance of 0.5 m from the sample. The images of
sample surface were recorded at a frequency of 2 Hz. DIC method is
based upon comparing images of the sample surface in the unde-
formed (reference) and deformed states. By this way, a Lagrangian
description is performed. A step of 10 images was used for the image
correlation. The zone of interest was divided into small square sub-
images of 64 x 64 pixels. The displacement vector was calculated
using the corresponding sub-image pairs extracted from the refer-
ence and deformed states of the sample. By achieving the analysis
on numerous sub-images, the full-field contours of displacement
were obtained. The analysis was performed with Davis® software
developed by Lavision®. The strain field was calculated from the
obtained displacement field. A visual basic program was developed
to calculate the true (logarithmic) strains from the full-field
displacement data.

3. Results and discussion

After the investigation of the extrusion behaviour of PP samples
under various processing conditions, WAXS experiments are carried
out for characterizing the structural evolution of the materials as
a function of processing parameters. Then, the mechanical proper-
ties of extruded samples are presented and discussed.
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Fig. 5. Effect of back-pressure on load-ram displacement curves for ECAE of PP
samples at a ram speed of 45 mm/min.
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3.1. Macroscopic observations of ECAE-processed samples

3.1.1. Macroscopic effects of back-pressure

Fig. 4 presents the deformation behaviour of PP samples at the end
of the ECAE operation performed at a ram speed of 45 mm/min. The
strain pattern appears in a very particular manner. Without back-
pressure (Fig. 4a), the sample does not fill up the outer corner of the
die and exhibits a wavy shape on the top surface in the exit channel:
the summit of the waves is in contact with the surface of the die
whereas the bottom of the waves is not. This suggests a heteroge-
neous strain field in the bulk which is confirmed by the occurrence of
dark grey and light grey alternated stripes inclined at about 45° from
FD along the sample length. The dark and light stripes in reflected
light are respectively translucent and opaque in transmitted light.
This means that the former ones have undergone high shear that
imparted severe deformation or destruction of the spherulitic
structure whereas the later ones went undeformed through the
transition zone of the ECAE, keeping intact the initial light-diffusing
superstructure (see for comparison the undeformed part of the
sample in the ECAE upstream channel in Fig. 4). Worth noticing is the
study by Osawa et al. [29] of forged PP that displayed strong loss of
turbidity as a result of strain-induced spherulitic size reduction. The
fact that the sample does not fill up the outer corner of the tooling in
the present study promotes the occurrence of a plastic instability
accompanied with stress drop, as can be seen in Fig. 5. This kind of
“stick-slip” phenomenon, never reported in previous ECAE studies on
polymers, may be due to the combined effects of the specific visco-
plastic behaviour of the material and the friction between the sample
and the die, as a result of an unstable balance between the yield stress
and the friction force. This interpretation borrows from previous
studies regarding solid-state extrusion [30,31] and forging [4] of PP.
The former study [30] reported stress oscillations and periodic
surface irregularities of extruded PP under specific experimental
conditions. The Russian authors developed a theoretical approach
of solid-state extrusion accounting for viscoelastic turbulences.

Fig. 6. Macrographs of PP samples after ECAE without back-pressure and different ram
speeds: (a) 45 mm/min, (b) 4.5 mm/min, (c) 0.45 mm/min.

Fig. 7. Macrographs of PP samples after ECAE at a back-pressure of 900 N and different
ram speeds: (a) 45 mm/min, (b) 4.5 mm/min, (c) 0.45 mm/min.

Kanamoto et al. [31] reported W-shape distortions of the flow profiles
of high density polyethylene during the solid-state extrusion at high
extrusion rates that were assigned to stick-slip [31]. Forging of PP has
been also reported to involve a friction to stiction transition [4], the
stiction process being responsible for yielding of the material at the
surface only. In the present study, the curly shape of the summit of the
waves without back-pressure (Fig. 4a) is relevant to plastic yielding
confined within a limited surface layer of the material. This suggests
that strong friction or stiction generates undeformed bands (light
ones) with high plastic deformation close to the surface, whereas low

45mm/min
4.5mm/min
0.45mm/min

900N

ON

load (kN)
o)

0 10 20 30 40 50 60 70 80 90
ram displacement (mm)

Fig. 8. Effect of ram speed on load-ram displacement curves for ECAE of PP samples at
a back-pressure of 0 N and 900 N.
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friction generates homogeneously sheared bands (dark ones) in the
channel corner. The unstable balance between the yield stress and
the friction force should be responsible for the both periodic stress
oscillation and the periodic banding.

Die swell is another phenomenon that may generate periodic
instabilities during the melt extrusion of polymers [32]. Viscoelastic
relaxation of high elongation strains triggers transverse expansion
of the material at the exit of the die. Die swell has been reported to
occur in the case of the solid-state extrusion of low density poly-
ethylene [33] that displays high viscoelastic capabilities owing to
the large content of rubbery amorphous phase. No instabilities
were yet mentioned by the authors. In the present study, the
contribution of die swell is unlikely since the observed instabilities
result in the opposite effect, i.e. the un-sheared bands do not fill up
the channel cross-section (otherwise the sample cross-section is
reduced with regard to the channel cross-section).

Fig. 9. 2D-WAXS patterns, viewing along FD axe, of PP after ECAE at a ram speed of
45 mm/min and without back-pressure: (a) top, (b) middle, (c) bottom.

The effect of back-pressure on the plastic flow instabilities is
shown in Fig. 4. The application of back-pressure significantly
contributes to reduce the gap between the sample and the outer
corner of the die. The wave formation is concomitantly reduced and
the alternating stripes tend to disappear with increasing back-pres-
sure. However, a slight heterogeneity of the plastic strain field is still
present along the sample length whatever the back-pressure level.

Fig. 5 shows the incidence of back-pressure on the load-ram
displacement response. The magnitude of the load oscillations
associated with the formation of shear bands decreases with the
increase of back-pressure level while, in the meantime the overall
load level increases due to both the yield stress sensitivity to
hydrostatic pressure and the increasing friction of the material on
the tooling.

3.1.2. Macroscopic effects of extrusion velocity

The effects of the loading rate on the deformation behaviour of
PP samples at the end of the ECAE process are illustrated in Figs. 6
and 7 for two back-pressure values (0 N and 900 N, respectively). It
is worth noting that, whatever the back-pressure value, under
extrusion velocities of 4.5 and 0.45 mm/min, a quite uniform
deformation field is obtained. In other words, the wave formation
and shear bands described in the previous section vanish under
these loading conditions.

This is again confirmed by the macroscopic response in terms of
applied load-ram displacement curves as shown in Fig. 8. These
curves do not exhibit oscillations as previously observed in Fig. 5.
Moreover, without back-pressure, beyond a certain threshold, the
curves exhibit a steady-state behaviour. When applying a back-
pressure, the applied load continuously increases.

To obtain a uniform deformation field, it seems therefore better
to proceed under reasonably low ram velocity and by applying
a back-pressure in order to avoid the bending of the sample.

After these general macroscopic observations, the degree of
microstructure heterogeneity and the induced mechanical proper-
ties generated in extruded samples are examined in the following
sections.

3.2. Microscopic observations of ECAE-processed samples

The WAXS patterns recorded with the X-ray beam along the FD
are quite isotropic, whatever the experimental conditions of the
ECAE process. This is illustrated in Fig. 9 in the case of a slice taken
from a dark stripe of the sample extruded at 45 mm/min without
back-pressure, for three different positions from top to bottom of
the slice, as sketched in Fig. 10. However, much different is the
situation for the edge-view with the X-ray beam normal to the FD-
LD plane. In the case of the higher ram velocity 45 mm/min and no
back-pressure, Fig. 11 displays three 2D-patterns recorded from
consecutive dark-light-dark stripes according to the sketch of

Fig. 10. Samples after ECAE for WAXS measurements.
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Fig. 10. The middle light stripe looks roughly isotropic whereas the
dark ones exhibit a strong diagonal reinforcement of the 3 first
reflections. This is relevant to a preferred orientation of the (110),
(040) and (130) planes containing the chain axis parallel to the shear
direction. Indeed, pure shear of semi-crystalline polymers is well
known to bring the chain-containing planes towards the shear
direction, which is particularly the case of PP [34]. These findings
corroborate the previous assumption that the light stripes arose
from undeformed domains whereas the dark ones have undergone
higher shear strain than the average value imposed by the ECAE
device. The destruction of the spherulitic structure in the highly
sheared bands reduces light scattering and makes them appear

Fig. 11. 2D-WAXS patterns, viewing along TD axe, of PP after ECAE at a ram speed of
45 mm/min and without back-pressure: (a) dark stripe, (b) light stripe, (c) dark stripe
(the shear direction is parallel to the beam stop arm).

darker than the undeformed bands. It is worth noticing that the
WAXS pattern is much similar to the one reported by Phillips et al.
[20] for a high shear strain y = 3.1, corroborating the above argu-
ment that the local shear strain is higher than that of the tooling.
However, it is not believed that this is the fingerprint of a fibrillar
structure since the WAXS pattern along the FD axe did not reveal
any crystalline orientation (Fig. 9).

3.2.1. Microscopic effects of back-pressure

Applying a back-pressure of 900 N during the ECAE process at
45 mm/min results in the occurrence of scattering reinforcements
on quadrant positions of the inner reflections as shown in Fig. 12.
This reveals a double texturing of the (hk0) planes with a tilted
orientation of the chain axis with respect to the ECAE shear plane. In
the present case, the back-pressure not only turns the plastic
deformation from highly heterogeneous to roughly homogeneous
but also changes the plastic processes in the crystalline phase. The
origin of the double texturing may be a double population of
oriented crystallites as already reported from small-angle X-ray
scattering studies regarding the ECAE of semi-crystalline poly-
ethylene-terephthalate [12] and PP [20] as well. The mechanism of
occurrence for this double population of crystallites was yet unex-
plained in either of the two studies. Alternatively, the double crys-
talline texturing could arise from a twinning mechanism, as already
observed for PP under cold-rolling [35] or biaxial stretching [36]. In
both instances, the driving force to the phenomenon might be the
strong pressure-sensitivity of PP plastic yielding [37] that hinders
the more compliant shear planes and thus provides opportunity for

Fig. 12. 2D-WAXS patterns of PP after ECAE at a ram speed of 45 mm/min and a back-
pressure of 900 N: (a) along TD axe, (b) along FD axe (the shear direction is parallel to
the beam stop arm).
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activation of less compliant ones. However, mechanical twinning is
a process involving crystallographic shear normal to the chain axis
in the crystal [38,39] that is inconsistent with the present findings.
Otherwise, the tilting of the active crystallographic shear plane
away from the maximum resolved shear stress plane due to the
pressure-sensitivity may generate a double shear orientation.

3.2.2. Microscopic effects of extrusion velocity

It is worth studying the effect of low ram speed extrusion that
also triggers homogeneous plastic deformation, even without back-
pressure. The edge-view WAXS pattern of a sample extruded at
0.45 mm/min without back-pressure reported in Fig. 13 looks much
similar to the one of Fig. 12, with quadrant (hkO) reflections roughly
symmetric with regard to the shear plane of the EACE device.

To sum up, reducing the ram velocity by two decades has the
same effect as applying a back-pressure of 900 N.

3.3. Mechanical properties of ECAE-processed samples

Tensile samples were cut off from the extruded material and
mechanical tests were achieved to highlight the effect of back-
pressure and extrusion velocity on the mechanical properties of
extruded samples. Tests were performed at room temperature, with
an initial strain rate of 10> s~ ! and under constant cross-head speed
condition. The measured load-displacement data were converted to
average stress-strain curves.

Tensile behaviour of as-received PP sample is given in Fig. 14.
The stress—strain curve exhibits a strain softening after yielding
occurs. The stress decreases up to reach a quasi constant value as
often reported for this material in the literature. A gradient in the
mechanical properties can be clearly seen.

Fig. 13. 2D-WAXS patterns of PP after ECAE at a ram speed of 0.45 mm/min and without
back-pressure: (a) along TD axe, (b) along FD axe (the shear direction is parallel to the
beam stop arm).
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Fig. 14. Tensile stress-strain curves of an as-received PP sample.

3.3.1. Effects of back-pressure

The comparison of tensile behaviour of extruded samples at
different back-pressure levels is shown in Fig. 15. The samples exhibit
similar stress—strain behaviour. One can observe that the higher is the
back-pressure value, the higher is the stress level. The yield stress of
extruded samples is lower as compared to virgin samples. Further-
more, the stress-strain behaviour of extruded samples differs from
that of virgin samples. Indeed, there is no stress softening but rather
a linear hardening in all cases. This strain-hardening rate decreases
with increase in back-pressure. This difference in the mechanical
behaviour stems from textural modifications subsequent to back-
pressure.

The inhomogeneity of mechanical properties in extruded
samples was examined. Fig. 16 highlights this aspect for ECAE at
a ram speed of 45 mm/min. The tensile properties of the top of the
extruded sample without back-pressure were not evaluated because
of the external waves. There is no appreciable difference between the

30
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25 l 100N
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nominal stress (MPa)

ob——

0 0.5 1 1.5 2 2.5
nominal strain

Fig. 15. Tensile stress-strain curves of PP samples after ECAE at a ram speed of 45
mm/min and different back-pressures.
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middle and the top without back-pressure. When applying back-
pressure, the mechanical properties are less uniform across the
sample width, perhaps because of the edge effects. A strain hard-
ening is observed in all cases and its rate changes across the sample
width.

3.3.2. Effects of extrusion velocity

The effect of extrusion velocity on the stress versus strain curves
(corresponding to samples extracted from the middle of the
extruded material) is presented in Fig. 17. It is observed that there is
a decrease in the yield stress as a function of extrusion velocity. The
effect of extrusion velocity on the strain hardening can be clearly
seen. Moreover, strain softening is also observed for the two lower
velocities. In addition, when applying back-pressure, the differ-
ences observed on the global stress level are attenuated.

Extrusion velocity also acts on the homogeneity of the defor-
mation after ECAE processing. As an example, two representative
tensile samples are shown for a given cross-head displacement in

a 25
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0 I I I I 1 I I I I 1 I I I I 1 I I I I 1 I I I I
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Fig. 16. Tensile stress-strain curves of PP samples after ECAE at a ram speed of 45
mm/min: (a) ON, (b) 900 N.
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Fig. 17. Tensile stress—strain curves of PP samples after ECAE at different ram speeds:
(a) ON, (b) 900 N.

Fig. 18. It can be clearly seen that the sample extruded at 4.5
mm/min presents a very diffused strain instability while multiple
strain localizations occur in the sample extruded at 45 mm/min.
These instabilities occur in regions undergoing high shear during
extrusion. The specific crystallographic texturing of these sheared
bands with their (hk0) planes tilted at roughly 45° from FD is indeed
highly favourable to plastic shear when applying a tensile load along
FD, owing to a maximum value of the resolved shear stress. It is
noteworthy that, due to this specific crystallographic configuration,
the tensile yield stress for the samples extruded at 45 mm/min is far
below that of the other samples extruded at 4.5 and 0.45 mm/min
(Fig. 17a). As strain increases beyond the yield point, the stress
increase allows the undeformed regions to gradually proceed into
plastic deformation process.

Further insight into the deformation behaviour is obtained by
using the DIC method. Fig. 19 presents full-field contours of true
axial strain at different stages of cross-head displacement uy: 2.5,
6.25,10 and 12.5 mm. The strain field is shown in colour level scale.
True axial strain profiles along the length of samples are given in
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Fig. 18. PP tensile samples at a cross-head displacement of 12.5 mm after ECAE without back-pressure: (a) 4.5 mm/min, (b) 45 mm/min.

Fig. 20. The deformation is quite homogeneous before yielding and
becomes inhomogeneous after strain instabilities occur. It can be
observed from these figures that strain localization occurs at
relative small cross-head displacements and increases with the
increase of total displacement. The maximum local strain of the two
examples is nearly comparable. However, the pattern of strain
localization is completely different. Indeed, when considering
multiple strain instabilities, the deformation remains nearly
concentrated in the initiation zone while the instability is more
diffused in the other case.
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I
4
' 4 : = 3
r 0.8
0.7
b - [ES { 0.6
0.5
b o3
0.2
o __HN B
\
[
= |1
¥ - -
b

Fig. 19. Contour plots of true axial strain at different stages of cross-head displacement of
a PP tensile sample after ECAE without back-pressure: (a) 4.5 mm/min, (b) 45 mm/min.
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4. Conclusion

The ECAE of PP was conducted at room temperature under
various extrusion velocities and back-pressure levels using a 90° die.
It was shown that the application of back-pressure has a significant
effect on the deformation homogeneity during ECAE. Very partic-
ular deformation behaviours were noted. Indeed, the inhomoge-
neity was externally manifested by periodic shear banding and
periodic waves depending on the applied back-pressure level. Low
extrusion velocities appear to provide benefits with regard to flow
localization. Microscopic observations revealed important details of
the deformation. Following the processing parameters different
crystalline textures developed. The flow behaviour was examined
by tensile testing of samples machined from ECAE samples. The
virgin and extruded samples showed a high difference in strain
hardening ability. The results show that multiple strain localizations
occur during uniaxial tensile testing, revealing that extrusion
velocity strongly acts on the deformation homogeneity of the
extruded samples. Full-field strain was measured under tensile
loading using an optical strain measuring technique based upon DIC
which confirms these effects.
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