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ABSTRACT: The b?a phase transformation during
annealing of b-nucleated isotactic polypropylene (iPP) at
1608C for 1 h has been confirmed by differential scanning
calorimetry and X-ray diffraction measurements. The a-
crystals and related crystallinity in the annealed samples
result in higher yield stress and volume dilatation, indicated
by the true stress–strain and volume strain analysis, respec-
tively. Meanwhile, higher volume dilatation can find its ori-
gin in the lower network modulus in the annealed samples.

The increasing yield stress and volume strain, related to the
crystalline phase (including crystal form and crystallinity),
furthermore, should be responsible for the significant deteri-
oration of the fracture toughness in the annealed samples
determined by the essential work of fracture tests. � 2008
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INTRODUCTION

As an important semicrystalline polymer, the rela-
tionship between structure and mechanical pro-
perties in isotactic polypropylene (iPP) has been
conducted extensively in the past.1–10 The crystalline
domain and the entangled amorphous network in
iPP have different mechanical responses while sub-
jected to the tensile deformation. Yield is dominated
by the crystalline phase and can be formulated
within the framework of crystal plasticity theory.11

With proceeding of the strain, the mechanical
response at large strain is mostly taken over by the
entangled amorphous network that is represented by
trapped chain entanglements as well as crystallites
acting as physical crosslinks.12 Like amorphous poly-
mers,13 moreover, the mechanical responses at large
strain in iPP can be also described by neoHookean
elasticity proposed by Harward.14 Herein, crystallites
serve as fillers to enhance the entangled amorphous
network.2,6 It is desired to note that the true stress–
strain curves for extracting the network properties of
entangled amorphous phase are generally based on
the assumption of constant volume. However, upon

tensile deformation macroscopic whitening can be
inevitably induced in iPP because of the presence of
negative pressure,15–17 and it originates from noncohe-
sive damage mechanisms, namely cavitation, at micro-
scopic scale. Therefore, absence of volume dilatation
may overestimate the effect of entangled amorphous
network onmechanical responses at large strain in iPP.
On the other hand, plastic flow and strain hardening
ahead of notches play a vital role in the failure and
toughness of iPP.18 The toughness can be formulated
by the intrinsic deformation parameters, namely yield
stress and amorphous network modulus.19 Increasing
amorphous network modulus or decreasing yield
stress is helpful for improvement of toughness.
Besides, the cavitation ahead of notches can also affect
the failure and toughness to some extent.8

Different molecular characteristics, such as num-
ber of branches, molecular weight, and type of
comonomer, are usually adopted in achieving vari-
ous structures.7–9 It could lead to some controversial
results with respect to the relationship between
structure and mechanical behaviors. Concerning of
the phase transformation of b-form crystals in iPP
upon annealing at high temperature,20,21 in this study,
virgin and annealed b-iPP will be chosen to compara-
tively investigate the effect of crystalline phase and
related cavitation on themechanical behaviors.

EXPERIMENTAL

Materials and sample preparation

A commercial-grade iPP homopolymer, supplied by
Dusanzi Petrochemical Corp., China, had a weight–
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average molecular weight Mw 2.5 3 105 g/mol and
Mw/Mn is 3.1 It was modified with a selective b-
nucleation agent, N, N0- dicyclohexylnaphthalene-2,
6-dicarboxamide, in a concentration of 0.3 wt % by
melt blending conducted in a TSSJ-2S corotating
twin-screw extruder. The temperature of the ex-
truder was maintained at 160–2108C from hopper to
die, respectively, and the screw speed was about 110
rpm/min. Subsequently, the dried pellets were
placed in a hot press with a temperature of 2008C
and a pressure of 2 MPa to prepare the samples for
mechanical tests. The samples were quickly trans-
ferred to a cold press for rapid cooling under a
slight pressure after being held for 5 min in the
press. The thickness of the samples was about
0.5 mm. The samples subjected to the above proce-
dure were referred to virgin ones. The virgin ones
were placed again in the hot press preset at 1608C
for 1 h and then quenched to room temperature in a
cold press under a slight pressure to obtain the
annealed samples.

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 a- and b-iPP is 177 J/g and 168.5 J/g, respec-
tively.22

X-ray diffraction measurements

Wide-angle X-ray diffraction (XRD) was measured
on an X-ray diffractometer equipped with an X-ray
generator and a goniometer. The X-rays were gener-
ated at 35 kV and 60 mA and the wavelength of the
monochromated X-ray from CuKa radiation was
0.154 nm.

Video-aid tensile tests

Uniaxial tensile tests were performed on a dog-bone
sample (4 mm width 3 6 mm gauge length) using a
universal testing machine at room temperature. A
CCD camera (1280 pixel 3 1024 pixel) equipped
with a tunable magnification lens was adopted to
obtain true stress and true strain. Its image resolu-
tion was 80-pixels/mm. Several grids, one of which
had a space of 0.2 mm and 3 mm along the axial
and transverse direction of the dog-bone sample,
respectively, were preprinted on the sample with
ink. The grid deformed first was monitored by the
CCD camera and its space change in the axial and
transverse direction was simultaneously recorded
during tensile stretching. The value of true stress,

true strain, and volume strain can be deduced with
knowledge of load and transient space, which has
been well demonstrated elsewhere.23

Essential work of fracture tests

Essential work of fracture (EWF) tests were con-
ducted by tensile deformation of the deeply double
edge-notched 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 ligament lengths of specimens were
varied between 2.5 and 5 mm to meet the demands
of both plane stress and free constraint of boundary.
Detail descriptions as to the EWF measurements can
be found elsewhere.24–26 The ligament lengths were
accurately measured at the initial deformation stage
with aid of the CCD camera mentioned earlier. With
real time registration of images, it was possible to
directly correlate the two-dimensional deformation
states to the characteristic points of the load-dis-
placement curve. The load-displacement curves were
recorded during deformation, and from which the
absorbed energy was calculated.

RESULTS AND DISCUSSION

Properties of the crystalline phase

Figure 1 is the heating traces of the virgin and
annealed sample, respectively, at a heating rate of
108C/min. The endothermic peak below 1608C in the
virgin sample results from the melting of b-form
crystals, and the one above 1608C can be ascribed to
the melting of recrystallized a-form crystals.20–22 As
for the annealed sample, only the melting trace cor-
responding to a-form crystals is presented, indicat-
ing that annealing at 1608C for 1 h is enough to alter

Figure 1 Heating traces of both virgin and annealed sam-
ples at a rate of 108C/min.
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the crystalline phase. The crystal transformation dur-
ing annealing can be further confirmed by the XRD
results shown in Figure 2. The reflection of (300)
crystal plane in the virgin sample, a characteristic of
b-form crystals, is entirely absent in the annealed
one, suggesting b?a phase transformation during
annealing. In addition, the calculated crystallinity is
0.35 and 0.52 for the virgin and annealed sample,
respectively.

Deformation behaviors and volume strain

Figure 3 is the true stress strain curves recorded
from both virgin and annealed samples at a cross-
head speed of 2 mm/min. The yield stress is 27.5
and 40.0 MPa for the virgin and annealed sample,
respectively, which is consistent with the properties

of crystalline phase (as evidenced by DSC and XRD
results). Plastic flow becomes pronounced with
increasing of strain after yield, and is different for
the virgin and annealed sample. Steeper increasing
of stress with strain is presented in the virgin sam-
ple. The flow stress exerted by the deformed sample
can be divided into two parts: one is strain rate de-
pendent and borne by a crystalline phase, and the
other is strain dependent and consumed by a crys-
tallite-enhanced amorphous network.2,6,14,27,28 There-
fore, the total flow stress can be expressed as,

r ¼ rC eð Þ þ rA eð Þ (1)

Moreover, the stress consumed by the crystallite-
enhanced amorphous network can be formulated by
the neoHookean rule,14

rA eð Þ ¼ G exp 2eð Þ � exp �eð Þð Þ (2)

where G is the shear modulus. Fitting is made to the
data of the virgin and annealed sample, respectively,
with rC(e) and G as adjustable parameters. Such treat-
ments, illustrated by the dot lines in the Figure 3,
yield the value of rC(e) 5 31.7 MPa and G 5 2.5 MPa
for the virgin sample, and rC(e) 5 37.1 MPa and G
5 1.0 MPa for the annealed sample, respectively. The
values of rC(e) seem reasonable and are consistent
with the properties of crystalline phase. However,
much lower apparent network modulus is presented
in the annealed sample.

Figure 4 is the evolution of volume strain with
axial strain under stretching in the virgin and
annealed sample, respectively. Volume dilatation
begins around yield point and increases significantly
with strain. Moreover, more severe volume dilata-
tion is presented in the annealed sample, while com-

Figure 2 XRD patterns recorded from the virgin and
annealed sample, respectively. Note that only a-form crys-
tals are presented in the annealed sample.

Figure 3 True stress–strain curve recorded from the vir-
gin and annealed sample, respectively, at a crosshead
speed of 2 mm/min. The dot lines are the fitting results
based on eqs. (1) and (2) (see text).

Figure 4 Evolution of the volume strain with axial strain
under stretching in the virgin and annealed sample,
respectively, at a crosshead speed of 2 mm/min.
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pared with that of the virgin one. Note that the
decreasing of volume strain at large strain may
result from the healing of voids due to reorientation
of molecular chains.29 It is well known that the
volume dilatation under tensile deformation in semi-
crystalline polymers is mostly related to the nuclea-
tion and propagation of voids.30 As argued by Paw-
lak and Galeski,15 the formation of voids in tension
results from the stress-dependent negative pressure.
Increasing yield stress, related to the crystal form
and crystallinity, can promote the negative pressure
and thus volume dilatation. The a-crystal accompa-
nied by higher crystallinity in the annealed samples
is apparently the origin of higher volume dilatation.
As to the same a-form, furthermore, lamellar thick-
ness and related crystallinity is another factor affect-
ing the volume dilatation. Thinner lamellae (indi-
cated by lower melting point) with lower yield stress
correspond to lower volume dilatation, which has
been demonstrated in the quenched non-nucleated
samples with a-crystals.23 On the basis of the crystal-

line phase dependent volume dilatation, further-
more, it can be deduced that severer cavitation
should be responsible for lower network modulus in
the annealed sample shown in Figure 3 due to
microporosity.

Failure and toughness

Figure 5 shows the deformation states of both virgin
and annealed samples with a ligament length of
3.4 mm while subjected to tensile deformation at a
crosshead speed of 2 mm/min. Apparently, yield is
first initiated from the notches due to the stress con-
centration and thus stress-whitening zones are
formed ahead of notches. Stress-whitening zones
begin to grow from both sides and then merge into
each other with increasing of elongation. Crack
propagation sets in until the ultimate fracture of
samples after total yield of whole ligament. Semibrit-
tle fracture occurs in the annealed sample, whereas
ductile one is present in the virgin sample. With real
time registration of ligament width, moreover, the
relation of crack growth versus time can be deter-
mined. Figure 6 is, for example, such plots derived
from the virgin and annealed sample with a liga-
ment length of 3.4 mm. Consistent with the results
of two-dimensional deformation state, there are two
distinct zones during the whole tensile deformation.
In the first zone no crack grows, followed by stable
crack propagation in the second zone (indicated by
the arrows in Fig. 6). Note that increasing crack
propagation at late stage in the annealed sample is
related to its semibrittle fracture behavior. The crack
growth rate is 0.014 and 0.024 mm/s for the virgin
and annealed sample, respectively. Crack growth
rate depends on the competition between network
modulus and cohesive strength from the view of

Figure 5 Correlation of two-dimensional states to the
stress–displacement curves of the virgin (a) and annealed
(b) sample, respectively, with a ligament length of 3.4 mm
at a crosshead speed of 2 mm/min. Note that the arrows
denote the onset of yield and crack propagation.

Figure 6 Plots of the crack width versus time for both
virgin and annealed samples with a ligament length of
3.4 mm at a crosshead speed of 2 mm/min.
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fracture mechanics.31 A crack will propagate when
the network modulus exceeds the cohesive strength.
Therefore, lower cohesive strength in the annealed
sample, resulted from void formation, should be re-
sponsible for more severe crack propagation and
thus semibrittle fracture is brought out.

Figure 7 is the plots of total energy dissipated on
per unit area of ligament wf versus ligament length
for both virgin and annealed samples. As for the
same ligament, the total energy dissipated on per
unit area of ligament wf is higher in the virgin sam-
ple. The deduced specific EWF we is 15.9 and 7.4 N/
mm for the virgin and annealed sample, respec-
tively. Note that the value of we for the quenched
non-nucleated samples with thinner a-crystals is
8.2 N/mm, which is higher than that of annealed sam-
ples with thicker a-crystals in this case. Numerous
studies have suggested that fracture toughness of
iPP is related to the yield strength and craze strength
or network modulus.7,8 Increasing yield strength
and/or decreasing network modulus from the vol-
ume dilatation, related to the crystal form and crys-
tallinity, can reduce the fracture toughness, which is
the origin of lower toughness in the annealed sam-
ples. The reason lies in that the deformation is con-
fined in the notched zone during fracture tests due
to stress concentration. Fracture toughness can be
improved when the strength of the deformed mate-
rial in the notched zone is high enough to induce
the deformation of remained part in the surrounding
zone of fracture plane. In addition to different crys-
tal forms, the above principle is also applicable for
the samples with the same a-crystals while compar-
ing the fracture toughness of quenched non-

nucleated samples (8.2 N/mm) with thinner lamellae
and annealed ones with thicker lamellae in this case
(7.4 N/mm). Therefore, it can be deduced that the
fracture toughness is dominated by the properties of
crystalline phase (including crystal form, lamellar
thickness, and crystallinity) and related cavitation.
The other stated argument is that formation of void
can convert plane strain state to the plane stress one
and thus improves the toughness.8 In this case, how-
ever, void induced toughening is absent, when the
toughness of annealed sample with higher volume
dilatation is taken into account. In our viewpoint,
the effect of cavitation on the toughness is two-folds:
one is to induce conversion of stress state and thus
promote shear yield; the other is to deteriorate the
material due to decreasing of solid fraction. There-
fore, toughness can be decreased when the latter
prevails, which is the fact for the annealed sample.

CONCLUSIONS

Tensile deformation of both b-iPP and its annealed
counterpart demonstrates that the yield behavior,
plastic flow, and volume dilatation are dominated
by the properties of the crystalline phase including
crystal form and crystallinity. The a-crystal accom-
panied by higher crystallinity in the annealed sam-
ples corresponds to higher volume dilatation and
thus lower network modulus. The fracture tough-
ness, dependent of the yield stress, network modu-
lus, and cavitation, can be well correlated with the
properties of the crystalline phase.
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