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ABSTRACT: To clarify the effect of cavitation, which is
mostly induced by crystalline phase, on the plastic defor-
mation and failure of isotactic polypropylene, solid-state
annealing at 1608C for 1.5 h is adopted to change the
crystalline phase only while the amorphous phase keeps
nearly intact. With aid of a special video setup, the
relation of true stress and strain as well as the evolution
of volume strain with axial strain has been derived.
Enhancing crystalline phase due to annealing increases
the yield stress and volume strain simultaneously. More-
over, the strain corresponding to steep increasing of vol-

ume strain is comparable with that related to yield, indi-
cating that cavitation at early stage is accompanied with
process of yield. With knowledge of toughness derived
from impact tensile stretching and essential work of frac-
ture (EWF), respectively, the relationship between cavita-
tion and toughness has been correlated to some
degree. � 2007 Wiley Periodicals, Inc. J Appl Polym Sci 105:
3274–3279, 2007
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INTRODUCTION

As in most semicrystalline polymers, tensile defor-
mation of isotactic polypropylene can induce macro-
scopic whitening.1–4 It originates from noncohesive
damage mechanisms,5 namely cavitation at micro-
scopic scale, which has been investigated by density
measurement, electron microscopy, and small angle
X-ray scattering (SAXS). It is well demonstrated that
the underlying mechanism of cavitation is related to
the misfit of mechanical properties between crystal-
line and amorphous phase in such a heterogeneous
systems. Moreover, cavitation depends on the com-
petition between yield stress of lamellae and nega-
tive pressure generated by normal stress in tension.2

The cavitation during tensile deformation can be
observed only when a negative pressure higher than
that required for cavitation is present.

s=3 ¼ �p > �pcav (1)

where p is the negative pressure generated and pcav
is the negative pressure required for cavitation. In

the system of isotactic polypropylene with high crys-
tallinity, eq. (1) always holds true and thus cavita-
tion is prevalent, especially at room temperature. In
some senses, cavitation can affect the plastic de-
formation and failure of isotactic polypropylene.
Actually, in the literature, improvement of toughness
is qualitatively related to the void formation due to
stress state conversion.1 However, the results are
based on several polymer grades with distinct chain
characteristics, such as molecular weight and isotac-
ticity. It is well known that while isotactic polypro-
pylene crystallizes from melt, different chain charac-
teristics can result in simultaneous change of cry-
stalline and amorphous phase. Therefore, strictly
speaking, void-induced toughening in isotactic poly-
propylene is debatable. On the other hand, though
the plastic deformation of isotactic polypropylene
has been investigated to a large extent especially by
construction of true stress strain curve with aid of
special setups,6,7 the effect of cavitation on the plas-
tic deformation has little been taken into account.
The relation of true stress and true strain is based on
the assumption of constant volume during tensile
deformation. In this paper, solid-state annealing of
isotactic polypropylene at high temperature will be
adopted to change the crystalline phase only while
the amorphous phase keeps nearly intact.8 Based on
this treatment, cavitation, characterized by the vol-
ume strain with aid of a CCD camera, will be corre-
lated with the plastic deformation and failure of iso-
tactic polypropylene.
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EXPERIMENTAL

Materials and sample preparation

A commercial-grade isotactic polypropylene homo-
polymer, supplied by Dusanzi Petrolchemical Corp.,
China, was used as the starting material. It had a
weight-average molecular weight Mw of 2.5 3 105 g/
mol and Mw/Mn of 3.1. Samples for the mechanical
tests were prepared in a hot press with a tempera-
ture of 2008C and a pressure of 2 MPa. After 5 min
in the press, samples were quickly transferred to a
cold press for rapid cooling under a slight pressure.
Film thickness was about 0.5 mm. The sample sub-
jected to the above procedure was referred to virgin
sample. To obtain the annealed sample, the virgin
sample was again placed in the hot press preset at
1608C for 1.5 h and then quenched to room tempera-
ture in a cold press.

Differential scanning calorimetry

The thermal analysis of the samples was conducted
using a NETZSCH DSC 204, indium calibrated. Melt-
ing endotherms were obtained with 6–8 mg of sam-
ple at a heating rate of 108C/min in a nitrogen
atmosphere. The enthalpy of melting of 100% crys-
talline polymer is 177 J/g.9

Video-aid tensile tests

Uniaxial tensile tests were performed on the dog-
bone samples (4 mm width 3 6 mm gauge length)
using a universal testing machine (WDT II) equipped
with a 200 N load cell at room temperature. To obtain
true stress and true strain, a CCD camera (1280 3
1024 pixels), equipped with a tunable magnification
lens, was adopted. Its image resolution was 80 pix-
els/mm. Several grids, one of which had a space of
0.2 mm and 3 mm along axial and transverse direc-
tion of dog-bone sample, respectively, were pre-
printed on the sample with ink. During tensile
stretching, the grid that deformed first was monitored
by CCD camera and its space change in the axial and
transverse direction was simultaneously recorded.

True stress was defined as

s ¼ F

A
¼ F

A0
� w0

w

� �2

(2)

where F is the transient load, A0the initial cross-sec-
tional area and w0, w the initial and transient trans-
verse space of the grid, respectively. Note that in eq.
(2) transverse isotropy is assumed.10,11

True strain was followed Hencky’s definition,

e ¼ ln
L

L0

� �
(3)

where L0, L are the initial and transient space dis-
tance of the grid along axial direction, respectively.
Moreover, with knowledge of simultaneous space
change along axial and transverse direction, the
Hencky’s volume strain11 could be obtained as

en ¼ ln
V

V0

� �
¼ 2 ln

w

w0

� �
þ ln

L

L0

� �
(4)

where V0, V are the initial and transient volume of
the measured grid, respectively.

Impact tensile tests

Impact tensile tests were performed on the double
edge-notched sheets with a width of 10 mm at a
speed of 500 mm/min,12 using the above universal
testing machine. Notches, perpendicular to the ten-
sile direction, were introduced by a fresh razor blade
from both sides. The remaining width of ligament
between the notches was about 5 mm. Note that in
tensile tests of the samples the deformation was con-
centrated in the notched regions. The impact energy
was calculated by integration of the measured load-
displacement curve, divided by the initial cross-sec-
tional area behind the notches. Five specimens were
tested for average.

Essential work of fracture tests

Essential work of fracture (EWF) tests were con-
ducted by uniaxial tensile deformation of the deeply
double edge-notched samples prepared by cutting
the films into rectangular strips with a gauge length
of 10 mm and a width of 15 mm. Initial notches
were made perpendicularly to the tensile direction
with a fresh razor blade. The above procedure for
characterization of toughness was referred to the
concept of EWF developed recently.13–15 It had two
major advantages: one was that the toughness of
ductile polymers could be effectively evaluated due
to complete fracture of samples, unlike the situation
in common Izod impact tests; the other was that the
energy associated with the separation of a crack,
which was the intrinsic parameters of samples, could
be isolated from the total energy consumed during
the deformation. The detailed description of EWF
concept can be found elsewhere.16 In brief, a plot of
specific work of fracture wf, consumed by per unit
area of ligament, as a function of ligament length l
should be a linear relation. Its interception at zero
ligament length and its slope would give the specific
essential work of fracture we and the specific nones-
sential work of fracture.bwp, respectively. For meet-
ing the demands of plane stress and free constraint
of boundary, the ligament lengths of specimens were
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varied between 2.5 and 5 mm. The ligament lengths
were accurately measured at the initial deformation
stage with aid of the CCD camera mentioned above.
With real time registration of images, it was possible
to directly correlate the two dimensional deforma-
tion states to the characteristic points of the load-dis-
placement curve. The load-displacement curves were
recorded during deformation, and the absorbed
energy was calculated by computer integration of
the loading curves.

RESULTS AND DISCUSSION

Property of crystalline phase

Figure 1 shows the heating traces of virgin and
annealed sample, respectively, at a heating rate of
108C/min. As for both virgin and annealed sample,
there has only one endothermic peak, which is the
characteristic of a-form of isotactic polypropylene.
The onset melting temperature is about 1548C and
1608C for virgin and annealed sample, respectively.
Moreover, the melting temperature increases by
about 48C in the annealed sample. The calculated
crystallinity is 0.48 and 0.56 for virgin and annealed
sample, respectively. The above differential scanning
calorimetry results indicate that upon annealing, the
tiny crystallites in the virgin sample have been
melted and re-crystallize into thicker lamellae.8

Relation of true stress and strain

Figure 2 shows the true stress strain curves of virgin
and annealed sample, respectively, at an initial strain
rate of 0.005 s21. Both curves follow the common de-

formation characteristics of semicrystalline polymers.
At the initial stage with a strain less than 0.05, sam-
ples deform elastically. The calculated Young’s mod-
ulus is 1.05 and 1.30 GPa for virgin and annealed
sample, respectively. Consistent with the heating
traces obtained by differential scanning calorimetry,
the increased modulus in annealed sample can be
ascribed to the increasing crystallinity and lamellar
thickness (deduced from the increasing melting tem-
perature). Subsequently, nonlinear deformation sets
in and a strain softening is brought out, which is
more severe in the annealed sample. The yield stress
is 37.5 and 43.7 MPa for virgin and annealed sample,
respectively. Note that the maximum stress around
yield is directly taken as yield stress for annealed
sample, whereas the determination of yield stress for
virgin samples is not straightforward. Therefore, the
following definition of yield point is used: the yield
point is at the intersection of measured stress-strain
curve and a straight line parallel to initial slope of
the curve and offset by 2% of strain.17 In the frame-
work of crystal plasticity, yield is related to the slip
of dislocation in the slip plane. Increasing lamellar
thickness results in increasing slip resistance and
thus enhancing the yield stress, which has been well
demonstrated in the literatures.18–20 On the other
hand, yield stress could be related to the crystallin-
ity, which is a long-standing topic in the litera-
tures.21,22 Increasing crystallinity can reduce the
amorphous thickness between adjacent lamellae and
thus enhance the coupling of the crystal network,
which in turn could be contributed to the increased
yield stress in the annealed samples. With increase
of strain, plastic flow becomes pronounced after
yield, followed by strain hardening until fracture.
The fracture stress is lower in the annealed sample,
while compared with that of the virgin one.

Figure 1 Heating traces of both virgin and annealed sam-
ples at a rate of 108C/min.

Figure 2 True stress-strain curve of virgin and annealed
sample, respectively, at an initial strain rate of 0.005 s21.
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Evolution of volume strain

During tensile deformation, significant stress whiten-
ing is observed in both virgin and annealed samples.
It results from the formation of cavities at micro-
scopic scale and can be mostly related to the crystal-
line phase.23 Meanwhile, cavitation at microscopic
scale can give rise to macroscopic volume dilatation,
which can be determined by registering the volume
change of the desired grid with aid of a CCD cam-
era. Figure 3 shows the evolution of volume strain
with strain for both virgin and annealed samples.
Apparently evolution of volume strain for both sam-
ples follows the same tendency. In the beginning
volume strain increases slightly until yield sets in.
With continuing increase of strain to about 1.3 signif-
icant increasing of volume strain can be observed at
the second stage. Finally volume strain drops at the
third stage, which may be resultant from the healing
of voids due to reorientation of molecular chains.24

On the other hand, distinct results can also be
observed in both virgin and annealed samples. The
strain corresponding to the onset of the second stage,
indicated by the arrows in Figure 3, is lower in the
annealed sample, which is consistent with the yield
strain shown in Figure 2. It again indicates that cavi-
tation in the beginning is accompanied with yield
due to competitive relationship between them.2

Moreover, the volume strain is higher in the
annealed sample, while compared with that of virgin
one. It can be easily understood because more sites
of stress concentration, which trigger the formation
and growth of voids, are presented in the annealed
sample as a result of higher crystallinity and thicker
lamellae.

Failure and toughness

To disclose the effect of cavitation on the failure of
isotactic polypropylene, two methods are adopted.
One is impact tensile stretching of double edge-
notched sample at a crosshead speed of 500 mm/
min. Figure 4 shows the typical side-view optical
photographs of both virgin and annealed samples af-
ter fracture under impact tensile deformation. Few
stress whitening outside fracture plane is visible, in-
dication of nearly brittle fracture. The calculated
impact strength by integration of load versus dis-
placement is 9.4 and 10.7 N/mm for virgin and
annealed sample, respectively.

As suggested by the other method, i.e., EWF con-
cept, the energy absorbed during failure can be di-
vided into two parts. One is the energy associated
with the separation of a crack, which is the intrinsic

Figure 3 Evolution of volume strain with axial strain
under tensile deformation in virgin and annealed sample,
respectively, at an initial strain rate of 0.005 s21. The
arrows indicate the onset of steep increasing of volume
strain at the second stage.

Figure 4 The side-view optical photographs of fractured
virgin (a) and annealed (b) samples under impact tensile
deformation, respectively.
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parameters of samples, independent of tensile speed.
The other is the energy consumed in the outer zone,
namely plastic work, which is mostly affected by the
loading rate. Based on the above arguments, EWF
concept could be more suitable to characterize the
toughness of isotactic polypropylene with considera-
tion of its viscoelasticity. Figure 5 shows the typical
two dimensional deformation states of deeply dou-
ble edge-notched specie of annealed sample with a
ligament length of 4.2 mm, subjected to tensile defor-
mation at a crosshead speed of 2 mm/min. Note
that the arrowhead in Figure 5 denote the onset of
crack propagation (see below). Apparently, yield is
first initiated from the notches due to stress concen-

tration and stress-whitening zones are formed ahead
of notches. With increasing of elongation, stress-
whitening zones begin to grow from both sides and
then merge into each other. After total yield of
whole ligament, crack propagation sets in until the
ultimate fracture of samples. With real time registra-
tion of ligament width, moreover, the relation of
crack growth versus time can be determined. Figure 6
shows, for example, such plots derived from virgin
and annealed sample, respectively, with a ligament
length of 4.2 mm. Consistent with the results of two-
dimensional deformation state, there have two dis-
tinct zones during the whole tensile deformation. In
the first zone no crack grows, followed by stable
crack propagation in the second zone (indication of
the arrows in Fig. 6). Moreover, The crack propaga-
tion is almost same in both virgin and annealed sam-
ples and its growth rate is 0.036 mm/s.

Figure 7 shows the plots of total energy dissipated
on per unit area of ligament wf versus ligament
length for both virgin and annealed samples. From
the interception of fitted lines at zero ligament
length, specific essential work of fracture we can be
obtained. It is 8.2 and 8.9 N/mm for virgin and
annealed sample, respectively. It is evident that the
toughness obtained from impact tensile stretching
and EWF method, respectively, is very similar. The
reason is that in the impact tensile deformation, the
energy is mostly consumed to propagate the fracture
plane, demonstrated by few stress whitening outside
of fracture plane (see Fig. 4), which is exactly the
physical meaning of essential work of fracture, we.

Figure 5 Correlation of two-dimensional states to the
stress displacement curves of annealed sample with a liga-
ment length of 4.2 mm at a crosshead speed of 2 mm/min.

Figure 6 Plots of the crack width versus time for both
virgin and annealed samples with a ligament length of 4.2
mm at a crosshead speed of 2 mm/min.

Figure 7 Plots of specific work of fracture wf as a func-
tion of ligament length for both virgin and annealed sam-
ples with deeply double edge notches at a crosshead speed
of 2 mm/min. Its interception at zero ligament length and
its slope would give the specific essential work of fracture
we, and the specific nonessential work of fracture bwp,
respectively.
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Based on the results of volume strain and toughness,
it is natural to inspect the effect of cavitation on the
failure of isotactic polypropylene. In the literature, it
is stated that formation of void can convert plane
strain state to plane stress one and thus improve the
toughness.1 In this case, however, void-induced
toughening is not obvious, while comparing the
results of both virgin and annealed samples. In our
viewpoint, the effect of cavitation on the toughness
is twofold: one is to induce conversion of stress state
and thus promote shear yield; the other is to deterio-
rate the material due to decreasing of solid frac-
tion.25 While the above two effects is comparable, lit-
tle change of toughness can be observed.

CONCLUSIONS

The role of cavitation in the plastic deformation and
failure of isotactic polypropylene has been explored
with aid of video-aid uniaxial tensile and fracture
tests. Macroscopic volume dilatation becomes more
severe in the annealed sample, indicating that micro-
scopic cavitation is mostly related to the crystalline
phase, since solid-state annealing at 1608C can
reserve the amorphous phase nearly intact. In line
with the yield strain, moreover, steep increasing of
volume strain sets in earlier in the annealed sample.
Based on the results of toughness, derived from
impact tensile deformation and EWF method, re-
spectively, the effect of cavitation on the failure of
isotactic polypropylene has been discussed to some
extent.
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