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ABSTRACT: Plane strain compression in a channel die is kinematically very similar to drawing; however,
the possibility of void formation is limited due to a compressive component of stress. In drawing, voids
were detected by small-angle X-ray scattering (SAXS) and density measurements in poly(methylene oxide)
(POM), polypropylene (PP), and high-density polyethylene (HDPE), but no voiding was found in polyamide
6 (PA 6), low-density polyethylenes (LDPEs), and ethylene-octene copolymer (EOC). The slope and shape
of the initial elastic part of true stress-true strain curves are similar in tension and in channel die
compression. When drawn samples of POM, PP, HDPE, and PA 6 already show yielding, the channel die
compressed samples still undergo elastic deformation to a much larger deformation and respond with a
much larger stress. Channel die compressed POM, PP, HDPE, and PA 6 exhibit strong and rapid strain
hardening up to 400 MPa in contrast to their behavior in tension. The difference in strain hardening is
related to preservation of chain entanglement density in channel die compression and disentanglement
in tensile drawing. True stress-true strain curves for polymers having crystals with low plastic resistance
and not cavitating are very similar in channel die compression and in tension. In tensile drawing there
is a competition between cavitation and activation of crystal plasticity. Cavitation occurs in polymers
with crystals of higher plastic resistance, while plastic deformation of crystals in polymers with crystals
of lower plastic resistance. The necessary conditions for cavitation and for plastic deformation of crystal
are defined. They explain why the cavitation is observed in POM, PP, and HDPE but not in LDPEs. In
PA 6 negative pressure causes cavitation but the cavities, due to their small sizes and healing action of
surface tension, are unstable, close quickly, but leave the traces of a structural damage. A model of plastic
deformation of crystalline polymers accounting for cavitation is outlined.

Introduction
Plastic deformation mechanisms of crystalline poly-

mers play a crucial role in their mechanical perfor-
mance. Recently, three reviews showing different as-
pects of plastic deformation were published;1-3 however,
the understanding of processes undergoing on a sub-
micron scale is still incomplete. Nearly all information
about plastic deformation is based on tensile type of
tests, with analysis of the necking conditions, arrange-
ment of molecules, and rearrangement of crystallites in
the neck.4-9 Much less attention was paid to the studies
of plastic deformation of polymers under compres-
sion10,11 or shear.12,13 The main mechanisms of plastic
deformation observable on a microscopic scale for amor-
phous polymers are crazing and shear yielding. It is
thought that in crystalline polymers above their glass
transition temperature the yield is determined by the
stress required for the plastic deformation of crystals.
The knowledge of plastic deformation of crystalline
phase is rather well established, with attention given
to such aspects as crystallographic slips, rearrangement
of the lamellae structure, and role of the defects of
crystalline structure.14-18 However, the role of cavitation
in plastic deformation of crystalline polymers has not
been completely clarified to this time. The possibility
of cavitation under external force strongly depends on
the character of applied deformation and is larger under
tension than under compression. Cavitation on the
macroscale is visible as whitening. The voiding was
observed in many drawn polymeric materials such as
polypropylene19-22 and high-density polyethylene,23 but

not in some others like ethylene-R-olefin copolymer.4,5

It was established in the past that a low crystallinity
level and a fine spherulitic structure are advantageous
for development of crazes in semicrystalline polymers.24

Unlike in amorphous polymers crazing in semicrystal-
line polymers is not restricted to temperatures below
Tg but occurs also above the glass transition of the
amorphous phase.25 Below Tg long crazes propagate
perpendicularly to load direction ignoring internal
polymer structure while at a temperature close to Tg
crazes are confined to several spherulites.26,27 Radicals
formed due to the chain scission of macromolecules were
observed in oriented polymers during tensile deforma-
tion.28,29

The internal cavitation observed in tension experi-
ments has been referred to as “micronecking” by Peter-
lin.30 It was supposed that “micronecking” removes
kinematic constraints between lamellae and allow them
to untangle. However, from this picture as imagined by
Peterlin, it follows that the drawing of crystalline
polymers inherently involves cavitation as an essential
feature. While the above picture is reasonable in tensile
deformation, it is not correct for the modes of deforma-
tion not producing cavitation, in which positive pressure
component prevents formation of cavities. “Microneck-
ing” is inessential for the development of nearly perfect
single-crystal textures, as was shown for several semi-
crystalline polymers that result from the deformation
modes involving a positive pressure component.31-35

One of the possibilities of cavity-free deformation is by
plane strain compression in a channel die.36 Plane strain
compression in a channel die is kinematically very
similar to drawing: the sample is extended, and its cross* Corresponding author. E-mail: andgal@bilbo.cbmm.lodz.pl.
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section decreases accordingly. However, no neck is
formed, and the possibility of voids formation is limited
due to a compressive component of stress. It is reason-
able to expect that similar elementary plastic deforma-
tion mechanisms are initiated under similar true stress
in tension and in plane strain compression. It means
that any differences in true stress-true strain depend-
ences of drawn and plane strained materials should be
attributed to the formation and development of cavities.
The number of observations of polymer deformation
behavior under positive pressure at the level preventing
cavitation which can be found in the literature37 is
limited, and no comparison with tensile drawing was
made. The aim of these studies is to show differences
in the mechanical responses of several semicrystalline
polymers in extensional deformation with and without
cavitation. Special attention was paid to the formation
of voids and to their influence on plastic deformation.

Useful experimental configuration for the studies of
material properties under plane strain compression is
the so-called channel-die system.36,38 In the channel die
apparatus, because of the presence of side constrains,
the sample has the possibility to deform freely only in
one direction, called a flow direction. The plane-strain
deformation in the channel die configuration is kine-
matically quite similar to uniaxial tension, and the
results of both tests can be compared. When comparing
the results of experiments, a number of factors need to
be taken into account. These include the similarity of
true strain rates and whether the experiments have
been performed in tension or in compression, i.e.,
considering the tension-compression asymmetry. With
regard to the latter, one should account for the differ-
ences in the elastic part of true stress-true strain
dependence in tension and in compression, while above
this region one may use the measurements of Bartczak
et al.43 that demonstrated that polymer crystal yielding
obeyed the Coulomb law where the shear resistance is
dependent on the normal stress acting across the glide
plane.

Comparison of the material response for the two
different loading procedures, drawing and plane strain
compression, may supply the information about internal
mechanisms of plastic deformation, especially about the
role of cavitation, which should not be present when a
positive pressure component is involved.

Experimental Section
Materials. The following crystallizing polymers were se-

lected for the studies: poly(methylene oxide), POM (Tarnoform
300, Zaklady Azotowe Tarnow, Poland), polyamide 6, PA6
(Capron 8200, Allied Chem.), isotactic polypropylene, PP
(Novolen 1100L, BASF), ethylene-octene copolymer, EOC
(Exact 0203, DSM/Exxon Mobil Chem., Dex Plastomers,

Netherlands), high-density polyethylene, HDPE (Lupolen
6021D, BASF), and three branches of low-density polyethyl-
enes LDPE: Lupolen 2420H (BASF), Lupolen 1840D (BASF),
and Malen E FGAN (Orlen, Poland). The characteristics of
materials used in the studies, based on the producers and our
own data, are collected in Table 1. Samples of all materials,
with the exception of polyamide, were injection-molded, using
a Battenfeld 30 g injection molding machine. The temperatures
of the barrel were 185 °C for EOC and HDPE, 190 °C for POM
and all LDPEs, and 195 °C for PP. The temperature of the
mold was 20 °C. The shape of samples was according to ASTM
D638M-93 standard with 10 mm width and 4 mm thickness.

POM before injection was dried for 1.5 h at 100 °C. The mold
was with wide entrance, and the injection of all polymers was
performed at a low injection speed in order to avoid the
orientation effect as much as possible. The skin layer was
characterized by mostly perpendicular orientation of lamellae
with respect to flow direction for all polymers tested as was
determined by SEM examination of etched cross sections of
the samples (permanganic etchant for polyolefins, formic acid
for POM and PA6). The preferred lamellae orientation was
limited to 100-150 µm thick layer in all injection-molded
samples. One of the means to determine the skin effect on
crystallinity is to measure the difference in melting enthalpies
and melting temperature between the core and skin of the
samples. They were for POM 166.4 J/g vs 156.9 J/g and 165.9
°C vs 164.8 °C, for HDPE 194.6 J/g vs 184.1 J/g and 134.9 °C
vs 133.3 °C, and for PP 100.6 J/g vs 95.2 J/g and 164.2 °C vs
164.2 °C for the core and for the skin, respectively. As is seen
from these data, the skin effect on crystallinity is relatively
small in all tested samples.

Polyamide 6 was prepared by compression-molding, after
drying. The samples of PA 6 for studies were cut from 3.2 mm
thick sheets to the standard shape removing the skin, and
surfaces of cutting were polished.

The samples for channel die compression tests were cut out
to the size of 15 × 6 × 3.5-3.8 mm from injected pieces. Their
surfaces were machined and polished in order to remove any
surface flaws and reduce friction against the channel die walls.

Methods. Tensile tests were performed on an Instron 5582
tensile testing machine. Injection-molded samples were used
for drawing after 48 h aging since the injection. Tensile tests
were conducted at the room temperature of 23 °C. To preserve
a constant strain rate, the speed of the Instron machine
crosshead was controlled by the strain gauge placed in the
necking area of a sample. A momentary strain rate of 5%/min
was maintained for the entire drawing experiment.

In addition, the actual three dimensions of a deformed
sample in the necking area were recorded by a video camera
and used later for the precise determination of true strain and
for calculations of true stresses. Five samples of each material
were tested.

A channel die, the description of which was given in detail
elsewhere39 and briefly presented in Figure 1, was used for
performing plane strain compression. Our channel die was
similar in design to that used by Gray and Young;40 however,
its dimensions were changed to minimize friction: 15 mm
wide, 4 mm high, and only 6 mm long, and the walls were
polished. The contribution of friction to measured stress was

Table 1. Characteristics of Polymers Studied

polymer
molecular
mass Mw Mw/Mn

MFI [g/10 min]
(2.16 kg, 190 °C)

density
[g/cm3] comments

POM Tarnoform 300 (Tarnow,
Poland)

9.0 1.410 copolymerization of trioxan with
dioxolan

PA6 Capron 8200, (Allied Chem.) 3.2 × 104 1.8 1.130 extracted
PP Novolen 1100L (BASF) 3.1 × 105 5.0 5.0 (at 230°C) 0.910 injection grade
HDPE Lupolen 6021D (BASF) 1.8 × 105 7. 2 0.26 0.960 blow molding grade
EOC Exact 0203 (Dex Plastomers,

Netherlands)
7.6 × 104 2.68 3.0 0.902 ethylene based octene plastomer

(copolymer)
LDPE Lupolen 1840D (BASF) 4.5 × 105 0.25 0.919 film grade
LDPE Lupolen 2420H (BASF) 3.0 × 105 2.1 0.924 film grade
LDPE Malen E FGAN 18-D003

(Orlen, Poland)
0.2 0.921 film grade
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evaluated by comparing two channel die compression tests of
the HDPE sample: one without a lubricant and one with
silicon oil lubrication. It was found that for this newly designed
channel die at the stress level of 400 MPa (at the true strain
of 2.08) the effect of lubrication was within the scatter of
results for unlubricated HDPE samples; hence, no additional
lubrication was applied for channel die compression. The
temperature of the channel die was maintained at 23 °C,
similarly as for the tensile tests. The device was located inside
the working area of an Instron machine which was used for
applying a controlled load. Two parameterssforce and true
strain, determined by an extensometerswere measured. The
load was applied in a controlled way to ensure a constant
momentary deformation rate along the channel at the same
level of 5%/min as in tensile drawing. The increment of strain
in x-direction was equal to -∆h/h in a channel die having the
length L and increment of strain in tensile drawing was equal
to ∆l/l, where h and l were the momentary height and length
of the samples, respectively. The quantities -∆h/h and ∆l/l
were controlled and kept constant during tensile and channel
die experiments in consecutive time intervals.

The true strain in the case of channel die compression was
defined as e ) ∫h

h0(du/u) ) ln(CR), h being the momentary
height of the sample, h0 being the initial height of the sample,
and CR being the compression ratio while in tension e )
∫l0

l (du/u) ) ln(l/l0), where l is the momentary length of a
chosen section of the sample, l0 is the initial length of a chosen
section, and l/l0 is the local strain.

The small-angle X-ray scattering technique (SAXS) was
used for measuring the long period and for the detection of
voids. A 1.1 m long Kiessig-type camera was equipped with a
pinhole collimator and an imaging plate as a recording medium
(Kodak). The camera was coupled to a X-ray generator (sealed-
tube, fine point Cu KR filtered source operating at 50 kV and
35 mA, Philips PW 1830), equipped with a capillary collimator
(X-ray Optical Systems Inc.) enabling the resolution of scat-
tering objects up to 60 nm. The scattered radiation was
recorded using imaging plates. Exposed imaging plates were
read with a PhosphorImager SI system (Molecular Dynamics).
The scattered intensity after Lorentzian correction was a base
for the long period determination. Also the correlation function
was calculated according to the procedure described by Goderis
et al.41

Thermal properties were measured using a differential
scanning calorimeter DSC 2920 (TA Instruments). The 7-8
mg samples were heated from ambient temperature at the rate
of 10 deg/min. A nitrogen atmosphere was maintained in the
chamber during the test.

The densities of polyolefin samples were determined by the
flotation method using mixtures of ethanol and water, while
for PA6 the mixture of CCl4 + heptane and for POM the
aqueous solution of ZnCl2 was used. Measurements were
performed at room temperature after 1 h conditioning of a
sample inside the flotation mixture.

Results
Mechanical Response of Materials to Tension

and Plane Strain Compression. The mechanics of
compression in a channel die needs some comments. Let

us examine a rodlike sample with rectangular cross
section under external tensile load and a similar sample
in the channel die under external load applied by a
plunger. This portion of calculations, which follow, is
limited to the elastic range only.

The scheme of forces acting in drawing and in channel
die compression is presented in Figure 2a,b. For channel
die configuration the elasticity equations are as follows:

where ν is the Poisson coefficient and E is the modulus
of elasticity. Here σym ) F1/S1 and σz is the stress
representing the reaction of walls.

In the x-direction there are two free ends giving σx )
0 while in the z-direction there are two perpendicular
walls, which prohibit the deformation in this direction,
so εz ) 0. There are two parameters measured during
the channel die experiment: σym and εy. From the above
equations it follows that the acting stress inside the
material is

This correction for the stress must be introduced into
the true stress-true strain curves from channel die data
and then used for characterization of elastic properties
and for comparison with tensile data.

Inside the plastic region it is expected that the
Coulomb criterion42 should be applied for crystal defor-
mation. It was demonstrated43 that polymer crystal
yielding obeys the Coulomb law where shear resistance
τ is dependent on normal stress σn acting across the
glide plane according to the relation

where τ0 is the plastic resistance of a crystal in simple
shear and K is the stress sensitivity factor. The value

Figure 1. Arrangement of channel die for plane strain
compression of polymer samples.

Figure 2. Scheme of forces acting during the tests: (a) tensile
drawing, (b) compression.

εx ) 1
E

(-ν(σym + σz)) ) -
ν(1 + ν)

E
σym (1a)

εy ) 1
E

(σym - νσz) )
σym

E
(1 - ν2) (1b)

εz ) -
νσym

E
+

σz

E
) 0 (1c)

σy ) (1 - ν2)σym (2)

τ ) τ0 - Kσn (3)
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of stress sensitivity factor, K, for many polymer crystals
is usually of the order of 0.1.43

Simple calculations show that flow stress σyield in
compression should be equal to

due to the easiest slip system activated at 45° while in
tension, it should be

for the same reason. Therefore, the difference between
stresses in compression and in tension for the yield and
plastic flow should be around 20% for K ) 0.1.

The above reasoning indicates that the mechanical
response of the sample in tension and in channel die
should be very similar. The difference is in 3D stress,
i.e., the pressure: for tensile experiments the pressure
p ) -σx/3 has always a negative value because σx is
positive, while in the channel die pressure p ) -(σym +
σz)/3 has always positive values because σym and σz are
negative. For polymeric materials yielding typically at
the stress of tens of MPa, the pressure does not reach
high values; e.g., for a polymer showing yield at 30 MPa
the pressure at yield is -10 MPa in tensile experiments,
while +15 MPa in a channel die compression.

Assuming that the deformation involves similar mi-
cromechanisms during plane strain compression and
tension, the corresponding true stress-true strain
curves corrected for the elastic region according to eq 2
should be similar.

The yield and plastic flow on true stress-true strain
curves, corrected for stress sensitivity factor K as
followed from Coulomb criterion, should appear at
similar stress and strain levels in the tensile and plane
strain compression experiments if the same mechanisms

of plastic deformation of crystals are activated. The
disagreement between experimental data for these two
ways of plastic deformation may indicate the activity
of other mechanisms of deformation.

Experimental True Stress-True Strain Curves.
The response of four crystalline polymers POM, PA 6,
PP, and HDPE during compression in a channel die and
in drawing is shown in Figure 3. This group of polymers
is characterized by rather high values of elastic modulus
and high yield stress which are used for stiffness and
strength requiring products.

The presented true stress-true strain curves (cor-
rected for the elastic region according to eq 2 assuming
Poisson ratio of 0.3 for POM,44 0.33 for PA6,45 0.35 for
PP,46 0.46 for HDPE,47 and corrected by stress sensitiv-
ity factor K, as followed from the Coulomb criterion, for
the remaining fragment of the curves) represent a
typical response to the deformation applied during
drawing and during channel die compression. The slope
and shape of the initial elastic part of curves are similar
in tension and in channel die compression within an
experimental error (see insets in Figure 3). This is a
good test for the correctness of the applied procedure.
The similarity of the initial elastic part of true stress-
true strain curves indicates that those curves can be
directly compared. Although all these polymers, POM,
PA 6, PP, and HDPE, were able to deform plastically,
the differences begin to be seen with the onset of plastic
yielding in drawing (see the insets in Figure 3, yield
stress and yield strain are determined as stress and
strain where the two tangents to the initial and final
parts of the true stress-true strain curve intersect).

The most intriguing difference occurs for the samples
compressed in a channel die: when drawn samples
already show yielding, the channel die compressed
samples still undergo elastic deformation to a much
larger true strain and respond with a much larger true

Figure 3. True stress-true strain curves for several polymers: (a) poly(methylene oxide), (b) polyamide 6, (c) polypropylene, (d)
high-density polyethylene. Curves 1 represent typical properties of the material during channel die compression; curves 2 represent
tensile experiments. The true stress values in channel die compression were compensated according to the correction derived in
the text.

σyield ) 2τ0/(1 + K) (4a)

σyield ) 2τ0/(1 - K) (4b)
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stress, as is seen in Figure 3. The yield stresses and
strains for all these polymers are significantly larger
in channel die compression than in tensile experiments,
as evidenced in Table 2 where the yield stresses of
crystalline polymers studied in channel die compression
and in tension, corrected for stress sensitivity factor K
as followed from the Coulomb criterion, and true strains
at yield are listed. The differences depend on the
category of a polymer. The largest differences are for
poly(methylene oxide) for which the yield stress cor-
rected for stress sensitivity factor K as followed from
the Coulomb criterion for the channel die compressed
sample is much larger than that for tensile test (95.4
MPa vs 69.3 MPa, see Table 2). A similar scale of
difference is observed for PA 6, for which the corrected
yield stress for channel die compressed samples is 63.0
and 46.2 MPa for drawn material. The true strain at
yield for channel die compressed materials are in the
range of 0.06-0.09 while for drawn samples 0.04-0.06
only. The differences in corrected yield stress for POM,
PA6, PP, and HDPE are so large that they cannot be
explained by plastic deformation of crystals alone.

Another striking difference in the mechanical re-
sponse of crystalline polymers deformed in the channel

die and in tension is their behavior at larger strains.
Channel die compressed polymers resist large true
stresses, up to 400 MPa, i.e., to the limit of our Instron
machine, for all polymers presented in Figure 3, and
most of them do not fracture at that stress. The same
materials tested in tension hardly show strength above
100 MPa and often brake at a much lower strain (POM
and PA 6). All channel die compressed samples exhibit
strong and rapid strain hardening in contrast to their
behavior in tension. Apparently, the plastic flow and the
activation of strain hardening are initiated in a different
way or involve different mechanisms.

The other group of polymers, which is characterized
by low elastic modulus and low yield stress and used
for the production of soft flexible films and packaging,
chosen for this study, consists of various low-density
polyethylenes and an ethylene-octene copolymer. Their
mechanical behavior in the form of true stress-true
strain curves is presented in Figure 4. The presented
true stress-true strain curves were corrected for the
elastic region according to eq 2 assuming the Poisson
ratio for LDPE and EOC of 0.45.48

Similarly, as for the group of stiff and strong polymers
from Figure 3, the initial slope (see Table 2) and shape

Table 2. Yield Stress of Crystalline Polymers in Channel Die Compression and in Tension, Corrected for Stress
Sensitivity Factor K as Followed from the Coulomb Criterion, Yield Strain, and Elastic Moduli Corrected According to

Eq 2

compression tension

polymer
corrected yield
stress [MPa] yield strain

Young modulus
[MPa]

corrected yield
stress [MPa] yield strain

Young
modulus [MPa]

POM 95.4 0.07 3170 69.3 0.04 3190
PA6 63.0 0.09 1980 46.2 0.04 2000
PP 49.6 0.09 1360 34.1 0.05 1350
HDPE 31.5 0.06 1050 25.3 0.04 1030
EOC 5.4 0.07 210 5.5 0.06 215
LDPE Lupolen 1840D 8.1 0.07 195 7.7 0.06 190
LDPE Lupolen 2420H 9.0 0.06 250 9.9 0.05 250
LDPE Malen E 9.9 0.07 195 8.8 0.05 205

Figure 4. True stress-true strain curves for several polymers: (a) EOC Exact, (b) LDPE Lupolen 1840, (c) LDPE Lupolen 2420,
(d) LDPE Malen E. Curves 1 represent typical properties of material during channel die compression; curves 2 represent tensile
experiments. The true stress values in channel die compression were compensated according to the correction derived in the text.
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(see the insets in Figure 4) of the true stress-true strain
curves are very similar in channel die compression and
in tension. In contrast to strong and stiff polymers from
the first group, the yield of soft polymers is reached in
channel die compression and in tension at a similar
corrected true stress and at a similar true strain (see
Table 2). Parts of the true stress-true strain curves
beyond yield are also very similar for both deformation
modes, indicating similar acting mechanisms of plastic
flow.

The true strains at break for those tensile samples
are in the range of 0.7-1.7, being smaller than in the
compressed samples, for which they were in the range
of 1.4-2.1. However, the mechanisms involved in frac-
ture of crystalline polymers are different than those
exhibited in their plastic deformation. Cross-sectional
and surface instabilities, which operate in tensile ex-
periments rather than in channel die compression, may
lead to a premature fracture in tension.

Observation of Cavitation. A visible sign of cavita-
tion during deformation of a polymer is its significant
whitening. A comparison of transparency of drawn
samples of the polymers studied is presented in Figure
5. The regions with large plastic deformation and
undeformed ends of samples are shown. Intense whit-
ening due to plastic deformation occurs in drawing for

POM, PP, and HDPE but not for PA 6, EOC, and all
LDPEs (Lupolen 1840, Lupolen 2420, and Malen E). In
contrast to the drawn samples, all channel die com-
pressed polymers showed no whitening and became
progressively more transparent when compressed to a
higher compression ratio, irrespective of a polymer type.

The cavitation influences the density of the deformed
material. The densities of materials are presented in
Table 3. For LDPEs and EOC the differences in densi-
ties before and after deformation are insignificant,
within the range of the accuracy of measurements (0.005
g/cm3).

For other polymers a decrease in density was observed
for drawn samples: poly(methylene oxide) (4%), polypro-
pylene (5%), and HDPE (9%). Only 1% decrease of
density was recorded for drawn polyamide 6.

No differences of densities were recorded for channel
die compressed samples, with the exception of PP, for
which the density decreased from 0.909 to 0.895 g/cm3.
However, the entire decrease of the density of PP can
be attributed to a decrease in its crystallinity which
occurred during channel die compression as it follows
from the decrease of enthalpy of melting from 100.6 to
85.2 J/g (see Table 4). In other polymers the crystallinity
also changes due to deformation, but the changes are
diverse and rather small.

The crystallinity increases slightly due to drawing for
LDPEs of initial density of 0.917 g/cm3 and ethylene-
octene copolymer where the effect is similar to orien-
tational crystallization of rubber.

Similar behavior was also observed earlier in PP and
PA 6 where the crystallinity increases slightly due to
drawing.49,50 In HDPE the crystallinity decreased slightly
due to channel die compression as found earlier.51,52

Changes in the internal structure caused by deforma-
tion can be detected in SAXS patterns. The scattering
from voids is much more intense than from periodic
amorphous-crystalline stacks due to much larger den-
sity difference. The voids are easily detected in SAXS
scattering images if their size is in the range from 2 to
60 nm.

The selected SAXS scattering images obtained from
POM, PA 6, PP, and HDPE samples drawn to increasing
true strains are presented in Figure 6. The direction of

Figure 5. Comparison of transparency of drawn samples.
From left to right: POM, HDPE, PP, PA 6, LDPE Malen E,
LDPE Lupolen 2420, LDPE Lupolen 1840, EOC.

Table 3. Density Changes in Tested Materials

polymer
initial density

[g/cm3]
true strain
in drawing

density after
tensile test [g/cm3]

true strain in channel
die compression

density after
compression [g/cm3]

POM 1.407 0.8 1.361 1.7 1.402
PA6 1.143 0.9 1.136 1.4 1.137
PP 0.909 1.8 0.861 1.2 0.895
HDPE 0.957 1.9 0.872 2.0 0.949
EOC 0.905 1.7 0.910 1.4 0.905
LDPE Lupolen 1840D 0.917 0.7 0.918 1.6 0.916
LDPE Lupolen 2420H 0.921 1.0 0.922 2.0 0.922
LDPE Malen E 0.921 0.8 0.922 1.5 0.920

Table 4. Thermal Properties of Oriented Samples Studied by DSC

enthalpy of melting [J/g] temperature of melting [°C]

initial stretched compressed initial stretched compressed

POM 166.4 166.6 167.2 165.9 166.7 167.0
PA6 67.2 71.0 67.9 222.6 223.5 223.0
PP 100.6 105.5 85.2 164.2 164.7 165.4
HDPE 194.6 199.2 189.9 134.9 137.8 137.5
EOC 90.1 93.8 96.5 99.7 99.8 99.8
LDPE Lupolen 1840D 110.0 116.6 109.0 108.8 109.4 109.6
LDPE Lupolen 2420H 122.8 123.4 126.1 112.4 113.4 112.8
LDPE Malen E 126.9 122.6 129.6 111.2 112.4 113.5
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deformation is horizontal, and the true strain was
chosen from 0.1 in small increments up to 1.8 or to true
strain just before fracture. For POM, PP, and HDPE
the sudden appearance of a large fraction of voids is
detected at low true strain of 0.1. No scattering by voids
was detected for PA 6 at any true strain. For HDPE
voiding is detected at low and intermediate true strains.
For higher true strain the scattering in SAXS pattern
disappears, suggesting that the voids are either larger
than the resolution of the SAXS camera or have disap-
peared. The results of density measurements (Table 3)
suggest that in the drawn or compressed PA 6 no voids
are present, while in the drawn HDPE there is the
largest fraction of voids among the polymers studied.
Apparently, voids in the HDPE drawn to high true
strain are larger in either direction than the upper
resolution of the SAXS camera used.

The short axis of voids can be calculated from the
profile of scattered intensity based on the Grubb and
Prasad53 and Wu54 approach. Calculations give 22 nm
for the short void axis in highly drawn PP, 31 nm for
POM, and 40 nm for HDPE (true strain 1.1). In drawn
POM, PP, and HDPE initially the voids are slightly
elongated along the direction perpendicular to drawing
and mimic the dilatational crazing. In PP the voids
become reoriented with longer axis along the drawing
direction at the true strain of 0.2 and higher, while for
POM and HDPE the voids do not change their orienta-
tion as the true strain increases.

2D SAXS patterns for channel die compressed POM,
PA 6, HDPE, and PP do not indicate any voiding. No
voiding was found by SAXS measurements for LDPEs
and EOC in drawing and in channel die compression.

It is reasonable to assume that the physics of cavita-
tion occurring in the amorphous phase during deforma-
tion of crystalline polymers is similar to cavitation in a
molten fraction of a polymer during its crystallization:
it requires the generation of a negative pressure at a
similar level of -3.5 to -20 MPa (HDPE from -3.5 to
-10 MPa,55 PP from -13 to -19 MPa,56-58 POM from
-10 to -18 MPa56-58).

It is known that the stress in heterogeneous systems
is not homogeneously distributed. On sites with a misfit
of mechanical properties the stress concentrates; its
value may increase locally manyfold and trigger cavita-
tion. In the case of crystalline polymers such sites are
between differently oriented packets of lamellae, and
the stress concentration factor can reach 3 or more.

In the paper by Galeski, Argon, and Cohen,59 the
imprints of cavitation were revealed by osmium tetrox-
ide staining in drawn PA 6, Capron 8200sthe same
material and the same samples which were used in
these studies. The cavitation occurred in the amorphous
layers confined by the crystalline lamellae. In fact, the
cavities left traces of damaged material having the size
of the order of the interlamellar distance, i.e., 4-5 nm.

Since cavitational voids are having sizes on the
nanoscale level, there is a problem of their stability. On
each nanopore the surface tension is exerted from the
very beginning of its formation, which tends to close a
pore. To preserve a pore, the action of a negative
pressure is required at the level which is reciprocally
proportional to the pore radius:

where γs is the surface tension and r is the size of a
pore. It follows then that the smallest pores are healed
readily, while larger ones can be preserved only if the
negative pressure is maintained at a sufficiently high
level. The lack of negative pressure or its inadequate
level will lead to a spontaneous healing of cavitational
pores; otherwise, they can grow in the course of drawing.

In the paper by Muratoglu et al.60 it was shown that
when cavitational pores arise they form initially spheri-
cal voids (which later grow and become elongated). It
is then logical to suppose that at the moment of cavity
formation the stress concentrates around spherical
inhomogeneity and, as was calculated by Goodier61 for
spherical inclusions, is increased by the factor of 2. Also,
the negative pressure generated is increased accord-
ingly.

In Table 5 the data on surface tension, thickness of
the amorphous layers, negative pressure needed to
maintain the cavity open (according to eq 5 assuming
the radius of newly formed cavity equal to half of the
amorphous layer thickness), and the yield stress in
drawing are presented. In the last column of Table 5
the negative pressure generated at yield around newly

Table 5. Surface Tensions62-64 and Negative Pressures Involved in Cavitation during Drawing

polymer
surface tension

[mJ/m2]
amorphous layer
thicknessa [nm]

negative press. needed
to maintain cavity open

[MPa]
tensile yield stress,

σyield [MPa]

negative press. generated
at yield around newly
formed cavities [MPa]

POM 44.6 4.69 -35.8 63 -42.0
PA6 38.4 5.59 -33.6 42 -28.0
PP 29.4 8.16 -13.7 31 -20.7
HDPE 35.7 9.45 -15.1 23 -15.3
LDPEs 35.3 7.50 -17.6 7 -4.7

a Calculated on the basis of SAXS long period and DSC degree of crystallinity.

Figure 6. 2-D SAXS patterns for undeformed and deformed
samples. Direction of drawing and flow direction in the case
of channel die compression are horizontal. From left to right:
undeformed polymer, after drawing (different local true strains)
and after channel die compression (C). True strains are shown
below respective SAXS patterns.

p ) -2γs/r (5)
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formed cavities is listed. These values of pressure result
from the stress at yield (-σyield/3) increased by the factor
of 2 arising from the stress concentration as predicted
by Goodier.61

It is clearly seen that the negative pressure at
concentration sites, which is the negative pressure at
yield (-σyield/3) multiplied by stress concentration factor
3, can cause cavitation in the case of PA 6, POM, PP,
and HDPE because it is higher than the negative
pressure for cavitation in polymer melts (HDPE from
-3.5 to -10 MPa,55 PP from -13 to -19 MPa,56-58 POM
from -10 to -18 MPa56-58), but not adequate for
cavitation of LDPEs.

In POM, PP, and HDPE the yield stress generates
sufficient negative pressure around cavities to maintain
them and to boost their further growth. In fact, the
cavitation in those polymers during drawing is evi-
denced by density decrease (Table 3) and strong small-
angle X-ray scattering (Figure 6). However, it is also
evident that the negative pressure generated around
newly formed cavities is not sufficient to keep them open
in the case of PA 6; the cavities in PA 6 are unstable
and will heal quickly. Actually, the transmission elec-
tron microscopy (TEM) examination59 of the same
material does not expose any empty voids but only
traces of chemically changed material between crystal-
line lamellae. It should be mentioned here that the
growth of cavities proceeds in fact due to the deforma-
tion of the surrounding matter; therefore, it is due to
the action of deviatoric stresses and not due to negative
pressure.

Competition between Cavitation and Crystal
Plasticity. The data on initial lamellae thickness and
crystallinity of the materials studied, based on SAXS
and DSC measurements, are collected in Table 6. There
is a large spectrum of long period values from 8.0 nm
for PA 6 to 27.8 nm for HDPE. The values based on the
determination of the correlation function from SAXS
data are slightly lower but consistent with those deter-
mined from peak intensity (Lorentz corrected) vs scat-
tering vector curves. Also, the crystallinities are differ-
ent: from 29 to 43% for ethylene-octene copolymer and
low-density polyethylenes through 35% for PA 6 to 66-
67% for HDPE and POM. Comparison of these data with
mechanical properties leads to the conclusion that
polymers with higher crystallinity and thicker long
period, e.g., POM, PP, and HDPE are those for which
large differences in tensile and plane strain compression
responses are visible. The exception from this scheme
is PA 6, which is not very crystalline having a small
long period, but characterized by high melting temper-
ature. It suggests that its crystals are rather strong,
exhibiting high resistance to shear. In fact, polyamide
6 exhibits high critical shear stress for crystallographic
slips.35

From Table 6 it is evident that the differences in
tension/channel die compression tests were the largest

in those polymers in which the crystals were more rigid
and resistant to plastic deformation, such as in POM,
PA 6, PP, and HDPE. The level of stress necessary to
achieve plastic deformation of crystals in the second
group of materials is much smaller than in the first
group. Negative pressure generated at concentration
sites under such stress is then lower than the negative
pressure needed to cause cavitation (below -20 MPa).
In compression, the yield stress reflects the plastic
resistance of crystals.

There are clear dependencies describing the activation
of either cavitation or crystal plasticity: the cavitation
during drawing can be observed only in polymers in
which stress σ generates a negative pressure higher
than that required for cavitation.

where p is the negative pressure generated and pcav is
the negative pressure required for cavitation. If we
account for the stress concentration between lamellae,
where cavitation preferably occurs, then the stress
concentration factor may be as high as 3 or more and
the pressure, p, is increased accordingly.

In the other case a crystallographic slip will occur
earlier relaxing the stress, and cavitational pores will
not appear. This necessary condition for the activation
of crystallographic slips can be written in the form

From the above condition it follows that cavitation
during drawing can be expected in such polymers as
nylons (the easiest slip for PA 6 is at τ0 ) 16.24 MPa35),
polypropylene ((010)[001] slip at around τ0 ) 22-25
MPa17,65), poly(methylene oxide)66 because the negative
pressure for cavitation in those polymers is at the level
of 10-19 MPa only. If thick crystals are present,
cavitation can be observed in polyethylene, since only
thick PE crystals exhibit high enough plastic resist-
ance.67-69 No cavitation is expected during deformation
of low-density polyethylene and quenched high-density
polyethylene, both having usually thin lamellar crystals,
but cavitation can be found in HDPE which is slowly
cooled when forming thick wall products.

It follows that in drawing there is a competition
between cavitation and activation of crystal plasticity:
easier phenomena occur first, cavitation in polymers
with crystals of higher plastic resistance, and plastic
deformation of crystals in polymers with crystals of
lower plastic resistance.

Strain Hardening. Beyond the yield in all channel
die compressed polymers from Figure 3 a short region
of plastic flow is followed by a strong strain hardening.
In drawing (Figure 3), the plastic flow region is longer
and strain hardening is slight (PA 6, PP, and HDPE)
or even not pronounced before fracture (POM).

Table 6. Parameters of Nondeformed Materials Determined by SAXS and DSC

polymer
long period from SAXS

intensities [nm]
long period from

correlation function [nm]
peak melting

temperature [°C]
crystallinity from

DSC [%]

POM 14.2 13.0 165.9 67
PA 6 8.0 7.6 222.6 35
PP 15.4 14.0 164.2 47
HDPE 27.8 25.8 134.9 66
EOC 12.2 12.0 99.7 29
LDPE Lupolen 1840D 12.4 11.4 108.8 37
LDPE Lupolen 2420H 12.4 10.6 112.4 42
LDPE Malen E 13.2 12.0 111.2 43

σ/3 ) -p > -pcav (6a)

σ > 2τ0/(1 - K) (6b)

Macromolecules, Vol. 38, No. 23, 2005 Plastic Deformation of Crystalline Polymers 9695



In polymers strain hardening is known to originate
from straightening of the network of entanglements. In
drawing there are evidences from the recovery experi-
ments6,70 that a significant chain untangling takes
place. Evidently, in channel die compression the chain
disentanglement is strongly limited.

In the paper by Schoenherr, Vancso, and Argon71

concerning the AFM studies of channel die compressed
HDPE deformed to the compression ratio of 6.44 (the
sample from the work of Galeski et al.31), a molecular
resolution in AFM images was achieved. The molecular
resolution reached in their studies revealed no clearly
identifiable amorphous layers over several expected long
period dimensions, confirming the dispersion of the
amorphous material and the diffusion of previously clear
amorphous-crystalline interface. Careful scrutiny of
those micrographs, however, revealed a collection of
well-dispersed chain defects in the form of flip-overs of
two parallel chains and other ill-defined short-range
irregularities among the well-aligned macromolecules.
These defects can be identified as entanglement knots
which were carried along with lamellae fragments at
high compression ratio and incorporated into newly
formed crystals. The number of entanglement knots
which can be counted from a series of four AFM
micrographs from the paper by Schoenherr et al.71 gives
the average chain fragment between entanglement
knots at the level of Mw ) 1350 (66 knots visible in four
micrographs of the (100) crystallographic plane areas
of 10 nm × 10 nm). An earlier estimate based on the
rheological studies of polyethylene melt gives the aver-
age molecular weight of a chain fragment between two
entanglement knots of 1200-1300.72-74 An important
conclusion can be drawn from the fact that these two
values are very close: no significant disentanglement
takes place during plastic deformation of polyethylene
up to the high strain, provided that there is no cavita-
tion. A similar result is expected for other polymers
based on the observation of strong strain hardening in
plane strain compression.

Conclusions
Plane strain compression in a channel die is kine-

matically very similar to drawing: the sample is ex-
tended, and its cross section decreases accordingly.
However, the possibility of void formation is limited due
to the compressive component of stress. It means that
the differences in true stress-true strain dependencies
of drawn and plane strained polymers should be at-
tributed to the formation and development of cavities.
Slopes of the elastic region of true stress-true strain
curves are similar in tension and plane strain compres-
sion. The difference in mechanical properties of poly-
mers sets in at yielding in tension. The scale of
difference depends on a particular polymer: the yield
in drawing for POM, PA 6, PP, and HDPE takes place
at a much lower stress than in plane strain compression.
For polymers with low crystal plastic resistance, LDPEs
and EOC, the stresses at a selected deformation ratio
were very similar for both modes of sample loading. The
conclusion is that the cavitation during deformation can
be observed only in those polymers in which the value
of negative pressure generated at yield is higher than
the value of negative pressure required for cavitation.
Otherwise, the crystals will deform earlier relaxing the
stress and cavitation will not appear.

Beyond the yield in channel die compressed POM, PA
6, PP, and HDPE, a short region of plastic flow is

followed by a strong strain hardening, while in drawing
the plastic flow region is longer and strain hardening
is only slightly pronounced before fracture. Nearly no
difference in plastic flow and strain hardening is
observed for soft LDPEs and EOC in drawing and plane
strain compression.

SAXS, densitometry, and TEM59 show a clear cor-
relation of the formation of cavities in tension with a
decrease of the yield stress when compared to the yield
stress without cavitation (plane strain compression). It
is also evident that cavitation is the reason for low strain
hardening and intense chain disentanglement during
drawing with cavitation. In turn, no significant disen-
tanglement takes place during plastic deformation of
polymers up to a high strain, provided that there is no
cavitation.

Mechanisms associated with plastic deformation of
crystalline polymers can be explained better on the basis
of two examples of isotactic polypropylene subjected to
drawing and to plane strain compression in a channel
die. The envisioned differences between deformation
with and without cavitation are summarized in Figure
7.

The initial part of the elastic region of true stress-
true strain curves is common for drawing and for plane
strain compression. As the strain increases, the material
starts to yield in drawing at the stress level which is
usually considered as the yield stress of a particular
polymer and placed in product information sheets.
However, the stress level at yield corresponds rather
to the onset of cavitation and not necessarily to the onset
of plastic deformation of crystals. With the progress of
drawing, the cavitational pores extend in the direction
of drawing and the polymeric material between them
starts to deform plastically, including now crystal
plasticity mechanisms, giving rise to the long known
“micronecking” phenomena and leading for large draw-
ing ratios to a “microfibrillar” morphology. Along with
cavitation and micronecking the chain disentanglement
takes place, promoted by the formation of a large
fraction of new free surfaces of voids. The chain disen-
tanglement becomes intense; it results in loosening of
the entanglement network and limits significantly the
strain hardening.

In plane strain compression, the elastic region extends
to a larger strain and larger stress because the forma-
tion of cavitation is not in operation, while crystal
plasticity needs higher resolved shear stresses to become
active. When the stress reaches the level sufficient for
triggering the easiest crystallographic slip (for example
of iPP as in Figure 7 (100)[001] chain slip system at

Figure 7. Mechanisms associated with plastic deformation
of crystalline polymers explained on the example of isotactic
polypropylene: curve 1, channel die compression; curve 2,
tensile experiment.
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the critical resolved shear stress of 22.6 MPa,17 also 25
MPa65), crystal plasticity overtakes the control of further
deformation process. The real yield stress for polypro-
pylene from Figure 7, as determined by crystal plastic-
ity, is now at the level of 50-55 MPa.

In plane strain compression the plastic flow ends
shortly and strain hardening induced by straightening
of the entanglement network sets in. Since no or little
chain disentanglement occurs, the stress reaches very
high values at a relatively low true strain.
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