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ABSTRACT: In this study, the mechanical performance of the

different polymorphs of isotactic polypropylene, typically pre-

sent in iPP crystallized under industrial processing conditions,

is assessed. Different preparation strategies were used to

obtain samples consisting of almost solely a, b, or c crystals.

X-Ray measurements were used to validate that the desired

phase was obtained. The intrinsic true stress - true strain

response of all individual phases was measured in uniaxial

compression at several strain rates (deformation kinetics).

Moreover, measurements were performed over a wide temper-

ature range, covering the window in between the glass transi-

tion and the melting temperature. The relation between

obtained yield stress and the strain rate is described with a

modification of the Ree-Eyring model. Differences and similari-

ties in the deformation kinetics of the different phases are pre-

sented and discussed. Furthermore, the presence of three

deformation processes, acting in parallel, is revealed. The Ree-

Eyring equation enables lifetime prediction for given thermal

and mechanical conditions. These predictions were experimen-

tally validated using constant load tests in uniaxial compres-

sion. VC 2017 Wiley Periodicals, Inc. J. Polym. Sci., Part B:

Polym. Phys. 2017, 00, 000–000

KEYWORDS: a-, b- and c-iPP; iPP-polymorphism; Mechanical

behavior; Intrinsic properties; Yield kinetics; Lifetime predic-

tions; Failure kinetics

INTRODUCTION Properties of isotactic polypropylene (iPP) result
from a complex interplay between molecular architecture,
strongly influenced by the polymerization method, additives, such
as nucleating agents, and the morphological structure, which
depends strongly on the thermo-mechanical history experienced
during the solidification procedure. These “tools” create flexibility
in tuning all kinds of properties, which is the main reason that iPP
shows such a broad application range. One can for example tune
the transparency by the addition of nucleating agent, which leads
to smaller spherulites.1,2 Toughness can be enhanced by the
addition of a beta nucleation agent,3 or the incorporation of a
copolymer,4whereas elasticity and stiffness can be tuned with iso-
tacticity.5 A growing demand of iPP is currently found in structural
applications, where temperature resistance and durability are key
issues. The thermal stability can, for example, be improved by the
addition of nanoparticles6 and the long-term properties in the
ductile failure regime improve with decreasing cooling rate.7 For
this demand of a variety of properties for all kinds of products, a
detailed understanding of the underlying relations between struc-
ture and properties is of vital importance. When focusing at a
fixed molecular architecture, in this case that of high tacticity iPP,
one can still obtain huge differences in terms of crystal lattices
and morphologies and, therewith, variation in physical and

mechanical properties. Optimization of the properties by tuning
the morphology with the applied conditions during the produc-
tion process is a novel route towards improved performance, but,
first, this requires knowledge about the structure–property rela-
tions. In this study, emphasis has been put on the effect of the
crystallographic structure on the intrinsic mechanical response
and the yield and failure kinetics. For isotactic polypropylene, it is
common knowledge that, depending on the applied conditions
during the crystallization process, multiple crystallographic struc-
tures can be formed.8,9 If the isotacticity is sufficiently high, atmo-
spheric pressure and moderate cooling conditions result in the
formation of monoclinic a crystals, schematically shown in Figure
1(a). Low isotacticity or very high pressures result in orthorhom-
bic c crystals [Fig. 1(c)],9–12 and the addition of b-specific nucle-
ation agent or the application of high shear rates gives pseudo-
hexagonal b unit cell structures; Figure 1(b).8,13,14 Moreover,
quenching iPP at high cooling rates leads to mesophase formation.
This is enhanced with increasing stereoregularity15 or propene/
ethylene random copolymer content.16 This mesomorphic form of
iPP is a disordered crystalline form that shows long-range order
only in the direction of the chain axis due to the ternary helical
conformation. The cooling rates required to obtain almost solely
mesophase in a high tacticity iPP are in the order of 200 8C/s.

VC 2017 Wiley Periodicals, Inc.
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From a practical point of view, these conditions are difficult to
fulfill and would result in large thermal and structural gradients
when preparing samples for mechanical testing. Hence, the
dimensions of tensile bars and of cylindrical samples used in ten-
sile and compression experiments, respectively, have typically
dimensions in the order of millimeters. Therefore, this form is not
considered in this work.

The macroscopic behavior of iPP containing these structures
has already been investigated extensively. For example, Van
Erp et al. investigated the yield and failure kinetics of iPP
materials containing either the dense a-phase or the less
dense mesomorphic phase in uni-axial tensile deformation.
Combinations of the two, in various compositions, were inves-
tigated and some remarkable similarities were found. The
activation-energy and volume, required to describe the yield
kinetics were the same for all compositions.7 Lezak et al. stud-
ied the plastic deformation behavior in b-iPP at different tem-
peratures in plane-strain compression17,18 and made a
comparison with a-iPP. The initial rate of strain hardening was
found to be higher for the b-iPP. The explanation for this is
that chain slip and plastic deformation is relatively easy in b

crystals since no interlocking structures or cross-hatches are
present, whereas they typically are, in the case of a-iPP. As a
result, the hardening due to molecular and crystalline orienta-
tion takes place at lower strains.19 The c-iPP phase was also
investigated by means of plane strain compression by Lezak
et al.17,20 It was found that the Young’s modulus and the yield
stress were much higher compared to the a crystals. Similar
results were found in tensile deformation where the c-form
displays elastic behavior in a relatively large range of deforma-
tion.21,22 These improved elastic properties in high tacticity
iPP are thought to mainly originate from the fact that c-iPP has
a high fraction of tie chains (compared to a-iPP) that connect
the crystalline domains and thus behave as stress transmit-
ters.23 Although the mechanical response of these crystal
structures has been topic of many studies, an extensive inves-
tigation in which the focus is on both the yield kinetics and

the failure kinetics, is still lacking. Moreover, according to the
knowledge of the authors, similarities and differences in the
kinetics measured over a broad range of temperatures and
strain rates have not been reported so far.

The present study focuses on this topic and compares samples
containing one of the individual crystal phases. The different
protocols used to prepare the samples containing either a, b, or
c crystals will be discussed first. The results of the sample
preparation are analyzed by means of X-ray. These samples are
then used to reveal the intrinsic material response obtained
from uniaxial compression experiments. The yield kinetics and
the creep behavior are determined by performing experiments
over a wide range of loading conditions. The findings are dis-
cussed separately and a model is presented that captures the
results over the whole range of experimental conditions.

MATERIALS AND METHODS

Material

In this work, an isotactic polypropylene homopolymer from
Sabic is used. The weight averaged molar mass Mw of this
injection molding grade is 320 kg/mol with a polydispersity
index Mw/Mn of 5.4. This iPP grade is synthesized with Zie-
gler–Natta catalyst and has a high tacticity.

Sample Preparation and X-Ray Characterization

In order to investigate the mechanical behavior of iPP con-
taining almost solely one of the distinct crystal phases, dif-
ferent sample preparation procedures were used. X-Ray
scattering is used to determine the degree of crystallinity
and the lamellar thickness, which were measured by wide-
and small-angle X-ray scattering (WAXD and SAXS) at the
Dutch-Belgian (DUBBLE) beamline BM26B of the European
Synchrotron and Radiation Facility in Grenoble (France)24

using a Pilatus 300K and a Pilatus 1M detectors, respectively.
The pixel size of both the detectors was 172 3 172 mm2. In
the case of the WAXD experiments, the detector was placed

FIGURE 1 The crystallographic structures of the iPP-polymorphs. (a) Monoclinic a-iPP, (b) pseudo-hexagonal b-iPP, and (c) orthorhombic

c-iPP. [Color figure can be viewed at wileyonlinelibrary.com]

FULL PAPER WWW.POLYMERPHYSICS.ORG
JOURNAL OF

POLYMER SCIENCE

2 JOURNAL OF POLYMER SCIENCE, PART B: POLYMER PHYSICS 2017, 00, 000–000

http://wileyonlinelibrary.com


at a distance of approximately 210 mm from the sample,
whereas in case of the SAXS experiments, this distance was
approximately 6470 mm. The wavelength of the X-ray beam
was k51:033 Å. The exposure time was 30 s. All WAXD and
SAXS data were background subtracted and integrated with
the software package FIT2D. The intensity was plotted as a
function of the scattering angle 2h and the weight percent-
age of crystallinity followed from:

vw5
Ctot2Ca

Ctot
(1)

where Ctot is the total intensity (integrated area) and Ca is the
integrated area of the scaled amorphous halo (determined on
quenched low tacticity iPP with negligible crystallinity). The
volume percentage of the crystallinity follows via:

v5

vw
qc

vw
qc
1

12vw
qa

(2)

where qc and qa are the density of the crystal phase and the
amorphous phase, respectively. The WAXD pattern was then
used to determine the phase content of the desired crystal
structures by means of fitting of the diffraction peaks using
Voigt functions. To determine the long period from the SAXS
data, the Lorentz corrected intensity was plotted as a func-
tion of the scattering vector q, given by:

q5
4p
k
sinðhÞ (3)

where k is the wavelength and h is half the scattering angle.
For an isotropic system with a randomly oriented lamellar
morphology, the scattered intensity can be transposed to a
1D intensity using the Lorentz correction:

I1ðqÞ5IðqÞq2 (4)

After the correction, the long period and lamellar thickness
can be obtained from:

lc5lp � v5
2p

qI1;max
v (5)

where qI1;max is the value for the magnitude of the scattering
vector, corresponding to the maximum of the Lorentz
corrected intensity.

a-Crystals

Plates with a thickness of 6 mm containing a-iPP were pre-
pared using compression molding. The mold was placed in
between a stack of aluminum foil (0.2 mm) and stainless
steel plates (3 mm), and subsequently placed in a hot press
at a temperature of 230 8C. Once the polymer was in the
melt, pressure was applied stepwise until it reached a final
value of about 10 MPa. The sample was kept at this temper-
ature for 5 min, erasing thermal history, and subsequently
placed in a cold press at 20 8C. After solidification, the
sample was removed from the mold. Cylindrically shaped
compression specimens with a diameter and a height of Ø4
3 4 mm2 were machined from the plates, stored at room
temperature, and used in uniaxial compression experiments
about 1 month after sample preparation. Sample characteri-
zation was done by means of WAXD and SAXS experiments.
In Figure 2(a), the result of a radial integration on the a-iPP
pattern is shown. The characteristic a reflection at d5 4.78Å
(2h5 12.48) is marked red. The reflections of b and c crys-
tals are very small and can be found at d5 5.50Å
(2h5 10.838) and d5 4.38Å (2h5 13.318), respectively. After
fitting the amorphous halo, the volume percentage of crystals
v was determined via (eq 2) to be 60%. Further fitting of
the X-ray signal allows us to calculate the percentage of a

crystals in the sample according to:

va5
Aa

Aa1Ab1Ac

(6)

where va is the volume fraction of a crystals and Ai is the
area of the Voigt function that was used for fitting, corre-
sponding to the different crystal structures. From this, it was

FIGURE 2 Radially integrated intensities as a function of the scattering angle 2h (WAXD) and the Lorentz corrected scattering

intensity as function of the scattering vector q (SAXS) for the a samples. The WAXD pattern is fitted using Voigt functions. The

marker represents the characteristic reflection. The corresponding SAXS patterns are given in b). [Color figure can be viewed at

wileyonlinelibrary.com]
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found that a successful procedure was used to prepare sam-
ples containing mainly the a-phase with a volume percentage
of approximately 94%. The lamellar thickness is obtained
from the Lorentz corrected radially integrated SAXS experi-
ments, shown in Figure 2(b), and the WAXD data using
(eq 5). The average crystal thickness Lc is found to be 8.2 nm.

b-Crystals

To study the deformation and failure kinetics of the b-phase
iPP, a specific nucleating agent, NJSTAR NU100 (New Japan
Chemical Group), was added with a weight percentage of
0.1% using a twin skrew extruder. The b nucleated iPP pel-
lets were compression molded in a mold of 8 mm thickness.
The procedure of the melting, the stepwise application of the
pressure and the solidification was the same as for the a-iPP.
The diameter and height of the cylindrical samples for the
uniaxial compression experiments were Ø6 3 6 mm2.

The fitting of the integrated WAXD pattern, see Figure 3(a),
was again done with Voigt functions after subtraction of the
amorphous halo. The crystallinity of the b-iPP was deter-
mined at 64 volume % of which 95% was the actual
pseudo-hexagonal b-phase. The long period and the lamellar
thickness are larger than in case of the a-iPP (20.8 and
13.3 nm, respectively). This follows directly from the SAXS
result since the crystallinity is about the same, Figure 3(b).

c-Crystals

To prepare iPP containing mainly c-crystals, a device is
required that enables us to apply pressures high enough for
the formation of orthorhombic structures. From Mezghani
et al.,10 it is known that isothermal crystallization of high iso-
tacticity iPP, like the one used in this work, requires a pressure
of 180 MPa and a crystallization temperature around 180 8C.
This isothermal crystallization under these conditions pre-
dominantly results in the formation of c-crystals. For this rea-
son, a special tool was designed, enabling us to apply these
conditions during solidification.

In Figure 4, a schematic of the pressure cell and a picture of
the setup is shown. The device basically consists of a hollow

cylinder containing cooling channels and heating elements.
From bottom and top, two plungers with a diameter of
60 mm, sealed with teflon plates, are used to apply pressure
on the polymer. With the integrated cooling channels, the
applicable cooling rate is maximized and, therefore, the
required time to reach the isothermal crystallization condi-
tions is reduced. To control the temperature, thermocouples
and heating elements are placed not only in the cylinder, but
also in both the plungers, as close to the sample as possible.
The pressure is controlled manually using a jack. The sample
preparation procedure is designed on the basis of the work
of Mezghani et al.,10 and shown in Figure 4(c), where the
applied thermo-mechanical history is shown as a function of
time. The temperature is first increased to melt the iPP gran-
ulate. After erasing thermo-mechanical history and removing
the trapped air, a pressure of 180 MPa is applied. Next, the
sample is kept under isothermal conditions at 178 8C, which
is sufficiently low to crystallize the material (The melting
temperature increases approximately 30 8C when the pres-
sure is increased 100 MPa, and with that also the under-
cooling25). Finally, when the crystallization process has fin-
ished, the sample is cooled to room temperature by blowing
compressed air through the cooling channels. After reaching
room temperature, the pressure is released and cylindrical
disks containing c-iPP are obtained. As a result, multiple
compression samples of Ø6 3 6 mm2 can be machined from
1 crystallization cycle. The WAXD pattern of the c-iPP is
shown in Figure 5(a). With fitting, the c phase content is
found to be 99% of the total crystal fraction v, determined
at 67%, meaning that the used procedure resulted in almost
solely c-crystals with an average lamellar thickness Lc of
10.0 nm. The SAXS pattern is shown in Figure 5(b) and a
summary of the sample characteristics is given in Table 1.

DMTA

DMTA measurements were performed on a TA Instruments
Q800. Rectangular samples of 1 mm 3 4.5 mm 3 30 mm (t
3 w 3 l), containg a, b, and c crystals were machined from
the polymer sheets. A frequency of 1Hz in a strain-controlled
experiment with an amplitude of 5 lm/mm was applied.

FIGURE 3 Radially integrated intensities as a function of the scattering angle 2h (WAXD) and the Lorentz corrected scattering intensity

as function of the scattering vector q (SAXS) for the b samples. The WAXD pattern is fitted using Voigt functions. The marker represents

the characteristic reflection. The corresponding SAXS patterns are given in b). [Color figure can be viewed at wileyonlinelibrary.com]
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The storage and loss modulus were measured in a tempera-
ture window ranging from 280 to 150 8C.

Mechanical Testing

The mechanical characterization was done with uniaxial com-
pression experiments performed on a Zwick 1475, equipped
with a load cell of 100kN and a temperature chamber. Contact
resistance between the cylindrically shaped specimens and the
compression setup was reduced as far as possible with PTFE
tape (3M 5480) on the flat side of the cylinder. Additionally,
the contacts between the tape and the compression plates
were lubricated with PTFE spray (Griffon TF89). Constant true
strain-rate experiments were performed at rates of 1025 to
1021 s–1 and temperatures from 210 to 110 8C in true strain
control. In addition, the time to failure was measured using
creep experiments in which constant true stress was applied.
In both the type of experiments, a correction was made in the
true strain calculation to account for the stiffness of the experi-
mental setup. Before starting the compression tests, the sam-
ples were stored at the test temperature for 10 min to obtain

thermal equilibrium between the sample and the thermally
controlled environment in the oven.

RESULTS AND DISCUSSION

First, the mechanical behavior is compared in terms of
DMTA measurements. Next, the intrinsic material behavior of
iPP containing almost solely a, b, or c crystals is discussed
and compared by looking at the true stress - true strain
response following from uniaxial compression experiments
at room temperature and a strain rate of 1023 s–1. Finally,
the comparison is extended to the yield and failure kinetics,
that is, the yield and failure behavior over a broad range of
temperatures and strain rates.

DMTA

The storage (E0) and loss (E”) moduli measured on the three
iPP samples are given in Figure 6(a). Both the elastic and
viscous moduli show qualitatively similar behavior in the
lower temperature range. However, at temperatures between
40 and 120 8C, the b-iPP shows a clear discrepancy when

FIGURE 4 (a) Schematic of the tool that is used apply pressures to prepare iPP with c-crystals. The blue disks are teflon plates for

sealing. (b) A picture of the experimental setup. (c) The pressure-temperature protocol to prepare c-iPP. [Color figure can be

viewed at wileyonlinelibrary.com]

FIGURE 5 Radially integrated intensities as a function of the scattering angle 2h (WAXD) and the Lorentz corrected scattering

intensity as function of the scattering vector q (SAXS) for the c samples. The WAXD pattern is “fitted” using Voigt functions. The

marker represents the characteristic reflection. The corresponding SAXS patterns are given in b).
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comparing with the other two samples. This is reflected in
the DMTA experiments performed on these samples, as is
shown in Figure 6(b), where the relaxation mechanism in b-
iPP appears less pronounced. Here, the tanðdÞ and the
dynamic modulus Ed as a function of temperature are shown.
In the tanðdÞ curve characteristic material behavior can be
recognized and interpreted.

From the classical work performed by Boyd,26 it is known
that when going from high to low temperatures the first
peak, the ac relaxation, can be found around 90 8C. This
mechanism is related to rearrangements of/on the crystal
surface due to translational movement of the stems. These
movements can lead to redistributions of tight and loose
folds and the intercrystalline links and, therefore, softening
of the interlamellar material. The second peak, around a
temperature of 15 8C, is assigned to the b relaxation or the
aa relaxation. The relaxation mechanism is linked to the loss
of mobility in the (bulk) amorphous phase and is similar to
the glass transition in an amorphous polymer. Finally, the
last peak at a temperature of about 240 8C can be attributed
to the c relaxation. This relaxation mechanism is linked to
the loss of segmental mobility in the (bulk) amorphous
phase. All iPP samples exhibit the expected response, but in
the case of b-iPP, the ac transition is smeared out over a
much broader temperature range than for the other two

samples. The peak position of the aa relaxation is about the
same for all iPP samples. The dynamic moduli, also shown in
Figure 6(b), reveal that the c-iPP displays the highest modu-
lus over almost the entire temperature range. At low temper-
atures, the a-iPP has a much lower modulus.

An important observation for the case of iPP is that the mod-
uli in the aa and the ac relaxation regions are not a unique
function of the crystallinity.26 The variation of the moduli
with the crystallinity depends on how the crystals have been
created. Furthermore, the aa relaxation is related to the
mobile amorphous fraction (MAF) in iPP, which can change
upon storage at room temperature,27 see also Yield Kinetics
section. In DMTA experiments, the amount of MAF is
reflected in the area of the aa relaxation peak.28 With an
increasing fraction of MAF, the peak area increases. Simulta-
neously, the area underneath the ac relaxation peak reflects
the amount of rigid amorphous fraction (RAF). In a qualita-
tive way, it can immediately be observed that the b-iPP dis-
plays a different response, particularly in the temperature
window of the ac relaxation, indicating that the amount of
RAF is much smaller than in the case of the a- and c-iPP. The
amount MAF on the other hand is the largest for b-iPP
(hence, the logarithmic scale). This observation is confirmed
by the work of Policianova et al.,29 where solid-state NMR
was used to investigate the molecular mobility in the amor-
phous and crystalline domains of a and b-iPP. Compared to
b-crystals, the a-crystals exhibit larger restrictions on the
chain mobility in the crystals, as well as in the constrained
amorphous domains. Based on the DMTA results, it is
expected that the RAF in c-iPP is even more constrained.

Intrinsic Material Response

To investigate the intrinsic stress-strain response, that is, the
material behavior in homogeneous deformation (to eliminate
effects of sample geometry), the mechanical behavior is stud-
ied by means of uniaxial compression experiments. A typical
example of results obtained from such experiments is
shown in Figure 7, where the response, measured at room

TABLE 1 Sample Preparation and Resulting Crystallinity (vw

and v), long period Lp, lamellar thickness Lc, and amorphous

layer thickness La

a-iPP b-iPP c-iPP

vw weight% 63 66 69

v volume% 60 64 67

Lp ½nm� 13.5 20.8 14.9

Lc ½nm� 8.2 13.3 10.0

La ½nm� 5.3 7.5 4.9

FIGURE 6 (a) The elastic and storage modulus of the iPP polymorphs as a function of temperature and (b) the dynamic modulus

and the tanðdÞ as a function of the temperature. The dynamic modulus Ed is the lowest for a-iPP and the highest for c-iPP in almost

the entire temperature window. The ac relaxation of b-iPP is smeared out over a much broader transition range compared to a-iPP

and c-iPP. [Color figure can be viewed at wileyonlinelibrary.com]
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temperature and a strain rate of 1023 s–1, of a-, b-, and c-iPP
is shown. Initially linear elastic behavior is displayed but
with increasing strain, and consequently increasing stress, a
growing deviation from this behavior can be observed. The
increasing stress makes the system more mobile, and there-
by facilitates plastic deformation. At the yield stress, the
mobility has become that high that the plastic deformation
rate equals the applied strain rate. A higher applied strain
rate requires a higher stress to achieve this balance for
yielding, giving rise to the rate dependency of the yield
stress. Mobility is also facilitated by temperature, making
plastic flow more easily at elevated temperatures. After
yielding, softening can be observed, subsequently followed
by hardening. Obviously, these mechanical characteristics are
strongly connected to the morphology and structure on a
microscopic scale. In the following sections, we elaborate on
the structural features that are of importance for these prop-
erties, and make a comparison between the different crystal
structures.

Elastic Modulus

The elastic modulus is taken from the slope of the stress–
strain response in the region were the behavior is linear
elastic. The moduli show a strong temperature, see Figure 8,
and rate dependence, originating from the time-dependent
nature of polymeric materials. Determination of the modulus
between true strains of 0.4 and 1% reveals that the value of
the modulus is the highest for the c crystals and the lowest
for the a crystals. As expected, this is correlated to the crys-
tallinity of the samples, Table 1. However, another contribut-
ing factor to the Young’s modulus is the part of the
amorphous phase that is in the glassy state at a given tem-
perature. Besides crystallinity, the constraints imposed by
the different crystallographic structures also affect the elastic
modulus. The trend is in good agreement with the complex
modulus measured with DMTA and plotted in Figure 6(b).

Yield Stress

The yield stress of polymers depends strongly on loading
conditions and, in the case of semicrystalline polymers, it
depends on structural features like crystallinity or lamellar
thickness as well.7 Furthermore, imperfections in the crystal
lattices can have a pronounced effect.30 It is difficult to draw
clear conclusions on the effect of these distinct structural
features, since it is hard to vary single features without
affecting others. The crystallinity of the a, b, and c-iPP stud-
ied in this work is quite similar, but differences are present
in, for example, the lamellar thickness. Moreover, the amount
of imperfections in the crystals cannot be easily quantified.
Although the crystallinities are comparable, the c-samples
show a much higher yield stress than b and a-iPP, see Figure
7. The lamellar thickness of a-iPP is much smaller than the
lamellar thickness of b-iPP, but the yield stress is similar.
This illustrates the before mentioned difficulties. For a given
crystal phase, the yield stress is correlated to the lamellar
thickness; an increase of about 2 nm in the lamellar thick-
ness of a -IPP yields an increase of approximately 8 MPa in
the yield stress.31 This gives rise to the presumption that an
additional feature like the crystal unit cell structure or the
accompanying amount of imperfections affects the level of
the yield stress as well. In Yield Kinetics section, we give a
possible explanation for the large differences in the yield
stress of the c-phase compared to a and b -iPP, based on the
fact that in deformation at least half of the chains in the c

crystals is loaded under an angle. The amorphous layer
thickness and the constraints applied by the crystals on the
amorphous domains most likely affects the level of the yield
stress, as was already observed in the DMTA experiments.

Strain Softening

In the amorphous phase, physical aging results in an
increase in the yield stress. Upon deformation, the stress
decreases and, therefore, mechanically rejuvenates the sam-
ple. This process is called softening and is also observed in a

and c-iPP (Fig. 7). The glass transition temperature Tg of

FIGURE 7 Intrinsic stress–strain response in uniaxial compres-

sion experiments, measured at room temperature and a strain

rate of 1023 s–1. [Color figure can be viewed at wileyonlinelibrary.

com]

FIGURE 8 The Young’s moduli obtained from uniaxial com-

pression experiments at a strain rate of 1022 s21 at different

temperatures for the three iPP polymorphs. [Color figure can

be viewed at wileyonlinelibrary.com]
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bulk amorphous iPP is about 210 8C and is therefore lower
than the temperature employed in the experiments. However,
the transition from crystalline toward amorphous domains is
not sharp. In the vicinity of the crystals, the amorphous
phase is constrained and thus less mobile. This leads to a
gradient in the glass transition temperature. As a result,
parts of the amorphous domains can be in the glassy state,
even at temperatures far above the bulk amorphous Tg. For
example, at room temperature, in the specific case of iPP, a
distinction can be made between mobile amorphous domains
and rigid glassy amorphous domains. These domains are
possible contributors to the softening behavior observed in
the true stress–true strain response, depending on the tem-
perature. Moreover, the amount of softening varies with the
thermodynamic state and the fraction of the rigid amorphous
phase. Besides the amorphous contribution to softening,
there can also be a crystalline contribution. Yielding or
plastic flow induces the destruction of crystals at low tem-
peratures or phase transitions at elevated temperatures.
Especially, the destruction of crystals is generally accompa-
nied by a decrease in the resistance against deformation
(softening) and, therefore, a reduction of the stress in a con-
stant rate experiment. The level of destruction is governed
by the mobility of the chains within the crystallographic
structure which is connected to the density. A comparison
between the softening of a, b, and c-iPP, Figure 7, reveals
tremendous differences. Where the b-crystals do not show
softening in their stress–strain response, the c crystals
display a yield drop of about 15 MPa and the a-crystals are
in between.

Strain Hardening

In Figure 7, it can be seen that b-iPP shows much stronger
strain hardening than a-iPP. The hardening of c-iPP samples
is slightly stronger then that of a-iPP. In general the level of
hardening is assigned to the network density, which is high
for c-iPP.32 In the case of semi-crystalline polymers this den-
sity consists out of entanglements and tie-molecules, since
both can act as stress transmitters.

The entanglement density is related to the chain stiffness. Since
in this work all samples are prepared with the same polymer
this can not explain the large differences observed in the experi-
ments. From Schrauwen et al.,33 it is known that within the
exact same polymer, different hardening moduli can be found.
This observation was attributed to reeling in; rearrangement of
polymer chains that are folded into the crystals. In the case of b
iPP, nucleating agent is used and therefore the crystallization
kinetics are very fast, reducing this phenomenon.34 The c-iPP on
the other hand is isothermally crystallized, allowing in theory
for chains reeling in and thus more disentanglement of the
amorphous phase. Observing significant differences in the hard-
ening modulus caused by reeling in requires much larger differ-
ences crystallization times. Indeed, the time scales used by
Schrauwen et al. to investigate reeling-in were much higher
than the time scales required for the sample preparation in this
work, taking this effect as an explanation for differences
between the hardening of a-, b-, and c-iPP into question.

After yielding and plastic flow, chains can move through the
crystals and therefore tie molecules loose their ability to act
as a stress transmitter. However, it is known that upon
deformation the solid state phase transitions take place into
either meso-phase or other crystal structures.17,18,20,21,35–37

This means that the structural integrity is at least partially
maintained, and the destruction, transformation or reforma-
tion of crystals upon the application of strain can in that per-
spective no longer be neglected. To reveal the exact role of
the different mechanisms and find out wether they explain
the large differences in hardening, further research is
required.

Yield Kinetics

The intrinsic yield kinetics are investigated by means of
compression tests of which the results are shown in Figure
9, where the true stress as a function of the true strain is
plotted for some of these experiments. The markers indicate
the yield stress, defined as the maximum. Occasionally, in
the case of b-iPP, a well defined yield point is missing. In
these cases the yield stress was defined as the true stress
corresponding to a true strain of 0.16 [-], which is chosen
since this is a strain at which yielding typically occurs.

First, we will focus on the yield kinetics of a-iPP to discuss the
typical behavior and the dependence on the loading conditions,
that is, temperature and strain rate. When plotting the yield
stress as a function of the applied strain rate [Fig. 10(a)], it can
be observed that at room temperature the rate dependency is
much stronger than at elevated temperatures. This typical
behavior is observed for many polymeric systems, either amor-
phous38 or semi-crystalline39 and the presence of multiple rate
dependencies is related to the different deformation mecha-
nisms that are active.

A successful way to describe this behavior was proposed by
Ree and Eyring,40 who modeled the different rate dependen-
cies by two stress activated deformation processes acting in
parallel according to eq 7:

rtotal5
X

i

ri5
X

i

kT

V�
i

sinh21 _�

_�0;iexpð2DUi=RTÞ

� �

; (7)

where k is the Boltzman constant, R is the universal gas con-
stant, T is the temperature in [K], _� is the applied strain rate,
V�
i is the activation volume of deformation mechanism i, DUi is

the activation energy of mechanism I, and _�0;i is the rate con-
stant. In this study, however, the experimentally assessed tem-
perature window is extended so that a third deformation
mechanism is required to adequately describe the yield kinetics.

Using this equation to fit the experimentally obtained yield
stress for a-iPP results in the description shown in Figure 10(a).

The same fits are made for b- and c-iPP shown in Figure
10(c,e), respectively. At room temperature the rate dependence
of the c-iPP is clearly the strongest and the yield stress is about
20% higher than in case of the a or b-iPP. This is partly due to
the fact that for c-iPP, the contribution of the third-rate
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dependency can already be observed in the response at room
temperature [This is more clear in Fig. 10(b,d,f)].

In the case of a-iPP the appearance of a third slope is less
obvious than in the case of c-iPP, when only looking at the
rate dependency. For this reason, the yield data are pre-
sented in a different way, see Figure 10(b,d,f), where the
yield stress is plotted as a function of the temperature for
different strain rates. From this figure, it is very obvious that
the temperature dependency displays three different regions,
each with their own slope.

The parameters used to describe the yield data are given in
Table 2 for all crystallographic structures and the three
deformation mechanisms. The activation volume is a mea-
sure for the rate dependency, whereas the activation energy
is directly related to the temperature dependence. The rate
constants are state parameters and depend on for example
the lamellar thickness or physical age of the rigid amorphous
domains.7 Variations in the rate constants are only meaning-
ful if the activation energy and volume are kept constant.
For that reason they are not discussed further in this section,
where the values of the Eyring parameters (for the different
crystal structures) are compared.

The presence of the additional third deformation mechanism
has already been observed before,41,42 and for the interpre-
tation we start from Figure 10. Here, it can be clearly
observed that for all three polymorphs the yield stress con-
tribution of process 2 becomes negligible at a temperature
of 80 8C and a strain rate in the order of 1022–1023 s21.
This implies that, at higher temperature or lower strain
rates, there is sufficient thermal mobility to facilitate the
molecular deformation process without the requirement of
substantial stress activation. The DMTA results in Figure 6
indicate that this “fade-out” region of the deformation mech-
anism II contribution coincides well with the onset of the so-
called ac-relaxation. This transition finds its origin in the
migration of conformational defects within the crystalline
phase, causing a translational mobility of chains throughout
the crystal lattice (chain diffusion).26,43 This chain mobility
releases the constraint on the inter lamellar amorphous
region, allowing it to relax and deform. This creates the
peculiar situation that the relaxation strength of the ac-tran-
sition is linked to the interlamellar amorphous regions,
whereas the mobility undoubtedly originates within the crys-
talline phase.26 In the case of the a and b-polymorphs, the
activation energy for process II, 195 kJ/mol, is well within

FIGURE 9 (a) The stress–strain response of a-iPP for different strain rates and temperatures. The temperature range varies

between a minimum temperature around the glass transition and a maximum well below the melting temperature of the crystals.

The strain rates shown in the graphs are 1024; 1023
, and 1022 from bottom to top. (b) The stress–strain response of b-iPP and (c)

the stress–strain response of c-iPP. The markers represent the yield stress. [Color figure can be viewed at wileyonlinelibrary.com]
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the range of 163-222 kJ/mol reported for ac-relaxation in lit-
erature.44,45 It seems therefore appropriate to assign process
II to deformation of the inter lamellar amorphous regions.
Remarkably, the value for the c polymorph is considerably
lower with only 125 kJ/mol. To our knowledge, however,
there are no previous reports for ac-relaxation in c-iPP. A
hypothesis for the large differences observed between c-iPP
and the other crystal structures is given later in this section.

Concerning the high temperature/low strain rate process I,
plastic deformation of the crystalline lamellae through a
crystallographic slip mechanism was previously proposed as
the underlying mechanism.30,46–48 Remarkably, however, the
results presented here for the different polymorphs seem to
disagree with this interpretation. As presented in Figure 1,
the crystalline unit cells are considerably different for the
three polymorphs, and, consequently, it is difficult to imagine

FIGURE 10 The yield kinetics of (a) a-iPP, (c) b-iPP, and (e) c-iPP. Markers represent the yield stress found with uniaxial compres-

sion experiments and lines are best fits of eq 7. The yield kinetics of (b) a-iPP, (d) b-iPP, and (f) c-iPP presented as a function of

temperature. Again, lines are descriptions using the Eyring theory and markers represent the experimentally obtained yield stress.

[Color figure can be viewed at wileyonlinelibrary.com]
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that the slip kinetics of the polymorphs would be compara-
ble. Nevertheless, the deformation kinetics (in terms of
activation volume and thus stress dependence) are nearly
identical for all three crystallographic structures. An explana-
tion for this observation can possibly be found in the fact
that the only structural similarity between the three crystal-
lographic structures is the presence of isotactic chains in a
ternary helical conformation. Since, above the ac-relaxation
temperature, or at appropriate time scales, these chains will

have obtained translational mobility, the origin of the plastic
deformation of the lamellae might be found in a collective
diffusive mobility of the chains from which the crystal is
comprised. This collective translational mobility renders the
crystal “fluid-like”, giving rise to a diffuse type of deformation
that is quite distinct from crystallographic slip.49

The third process, appearing at low temperatures or high
strain rate appears to be linked to the low temperature tran-
sition observed in DMTA, generally assigned to the glass
transition of the unconstrained amorphous phase. For all
three crystallographic structures the activation energy and
activation volume of this aa-relaxation (or b-relaxation) is
identical. The yield kinetics in the low temperature region
are not influenced by the crystals and as expected, the
Eyring parameters are similar, independent of the crystal
structures.

A schematic interpretation of these three different mechanisms
follows from the classical work of Boyd,26 and is depicted in
Figure 11.

Considering this schematic representation, combined with
the observations made for the intra-lamellar deformation
mechanism I, a discussion is triggered to find an explanation
for the difference in activation energy between c-iPP and the
other two polymorphs. First of all, this mechanism is inter-
preted as a diffuse type of deformation, rather than the slip
of planes within the crystallographic structure itself. There-
fore it is suggested that the mobility of the helix is the domi-
nant factor to determine the stress and temperature
dependence of this process. However, as mentioned before,
the activation energy for the a and b-iPP can be chosen the
same, whereas the activation energy of c-iPP is distinctly
higher. This activation energy of the intra-lamellar deforma-
tion mechanism is not related to the amount of imperfec-
tions in the crystals or the lamellar thickness, since both can
be modeled successfully by only varying the rate constant,
as is shown by Pepels et al.30 and van Erp et al.7 respective-
ly. Therefore this can not be an explanation for the huge dif-
ference in activation energy observed for c-iPP. On the other
hand, it is known that c crystals display a crossed stacking
of the chains within the lamellae, see Figure 12. This might
possibly be at the origin of the high activation energy and
yield stress. Due to the chain packing within the crystal lat-
tice, stresses arising upon deformation always act under an

TABLE 2 List of Parameter Values

V�
i ½m

3� DU i ½J�mol21� _�_0;i ½s
21�

a-Crystals

Mechanism I 7:70 � 10227 3:84 � 105 2:0 � 1043

Mechanism II 2:31 � 10227 1:95 � 105 4:1 � 1027

Mechanism III 2:89 � 10227 3:95 � 105 6:5 � 1068

b-Crystals

Mechanism I 7:70 � 10227 3:84 � 105 4:2 � 1044

Mechanism II 2:31 � 10227 1:95 � 105 5:9 � 1027

Mechanism III 2:89 � 10227 3:95 � 105 1:6 � 1067

c-Crystals

Mechanism I 7:70 � 10227 5:30 � 105 2:0 � 1063

Mechanism II 1:59 � 10227 1:25 � 105 9:6 � 1015

Mechanism III 2:89 � 10227 3:95 � 105 2:0 � 1065

FIGURE 11 A schematic representation of the structure prior to

deformation and after intra lamellar deformation or crystal slip

(mechanism I), interlamellar or ac relaxation (mechanism II)

and b or aa relaxation (mechanism III). [Color figure can be

viewed at wileyonlinelibrary.com]

FIGURE 12 A schematic representation of iPP chains in c

lamellae. The force applied perpendicular to the lamellar stack

can be decomposed in components parallel to the chain. [Color

figure can be viewed at wileyonlinelibrary.com]
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angle since chains are stretched perpendicular to the lamel-
lae (also lamellar stacks with a different orientation will at
some point rotate perpendicular to the deformation direc-
tion). This will hinder the diffuse crystal deformation and
thus increase the resistance against yielding. The stress act-
ing on the chain perpendicular to the lamellar stack can be
decomposed in the following two parts: a component parallel
to the chain and one perpendicular to the chain. The stress
working parallel to the chain axis direction, that is, the stress

required for diffuse crystal deformation, is a factor cos(408)
lower than the stress applied perpendicular to the lamellar
stack. Remarkably, if we apply this same factor to the yield
stress determined with the c-iPP parameters, at high temper-
atures, where only deformation mechanism I contributes to
the mechanical response, it follows that the yield stress is
roughly the same as the ones found for a- and b-iPP. Instead,
when comparing for example the yield stresses found at a
strain rate of 1022 and a temperature of 110 8C, values of

FIGURE 13 A comparison of the deformation mechanisms between the different crystallographic structures. Panels (a) and (b)

show the rate and temperature dependence of process I, (c) and (d) show these dependencies for deformation mechanism II, and

(e) and (f) show the same for mechanism III. [Color figure can be viewed at wileyonlinelibrary.com]
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27.8, 26.2 and 26.7 MPa are found for a-, b- and c-iPP,
respectively. This confirms the hypothesis that the mobility
of the helix within the crystal determines the deformation
kinetics, rather than the crystal structure on its own. Never-
theless, the packing of the chain within the lattice seems to
have a major influence on the level of the yield stress.

Besides a comparison based on the parameters used in the
Eyring equation, differences and similarities in the three
deformation mechanisms can also be visualized by plotting
the contributions separately. In Figure 13(a,c,e), three
distinct deformation mechanisms at room temperature are
plotted for the a, b, and c crystals. From these figures, it fol-
lows immediately that the strong stress dependence of c-iPP
(at low temperatures or high strain rates) in comparison
with a- and b-iPP results from the inter-lamellar deformation
mechanism and is therefore directly related to the con-
strained amorphous phase.

In order to compare the temperature dependence of each
deformation mechanism similar plots are made and shown
in Figure 13(b,d,f). In the intra-lamellar deformation mecha-
nism the c crystals display the strongest temperature depen-
dence and the highest yield stress. Around a temperature of
120 8C, the descriptions coincide. Here, the c and b crystals
transform to the more stable monoclinic a- form18,20 during
deformation, and thus the model description does not hold
at temperatures in this range. For the inter-lamellar defor-
mation process it is found that the temperature dependence
is the weakest for c-iPP (smallest DU), however, if the effect
of _�0;II is taken into account it appears that the mobility is
the lowest, which might be explained with a higher amount
of constraints on the amorphous regions in the vicinity of
the crystal lattices. Finally, the bulk amorphous contribution
shows a temperature dependence that intersects at 0 K,
which is expected when the activation energy and volume
are equal, as can be deduced from eq 7.

So far, all the mechanical analyses are performed on samples
that had aged at room temperature for at least 1 month. In
the intrinsic material response, a relation exists between the
(aged) rigid amorphous fraction and the amount of softening,
or the yield drop. Softening resulting from the glassy part is
twofold: first, the yield drop depends on the age of rigid
amorphous phase and, second, the amount or fraction of
material in the rigid amorphous state also affects the soften-
ing. As a result, there is a clear relation between the age of
the iPP and the yield kinetics below the ac temperature. This
is shown by Yue et al.50 who investigated the effect of physi-
cal aging at room temperature. In their work, it is suggested
that aging results in a decrease of the activation volume. To
our knowledge, this effect has not been studied for b- or c-
iPP. In amorphous materials, the rate constant is typically
the only state-dependent variable that is modified as a result
of aging, although Senden et al. showed that in specific situa-
tions also the activation energy can increase with aging.51,52

Modifying the rate factor of deformation mechanisms II
and III, where physical aging can be observed, is therefore
the most straightforward way to incorporate aging in the
Eyring-based description.

Because of the above-mentioned effects, it makes sense to
eliminate the contribution of aging and look at the mechan-
ical properties of the rejuvenated iPP. In this study, a ther-
mal treatment is used to rejuvenate the rigid amorphous
fractions. The samples were first heated to 85 8C and kept
there for 5 min to thermally rejuvenate, that is, mobilize,
the constrained amorphous phase. After this, the samples
were quenched in ice-water and tested immediately after.
This treatment leaves the crystals unaffected and therefore
enables us to look at effects in the amorphous contribu-
tions only. The result of the uniaxial compression experi-
ments performed at room temperature and a strain rate of
1023 S21 are shown in Figure 14.

The effect of the rejuvenation treatment is particularly obvi-
ous for the c-iPP, see Figure 14. The yield stress is much
lower and the softening afterwards is less pronounced,
hence the yield drop is much smaller. After softening, the
hardening of the rejuvenated material coincides again with
the hardening response of the aged iPP. This behavior is sim-
ilar to that observed in amorphous polymers like polycar-
bonate and polystyrene.53 The effect on the true stress - true
strain of the a- and b-iPP is much smaller. However, both show
a decrease in yield stress and the softening is less strong. Sub-
sequently, the aged and rejuvenated material follows the same
stress–strain response.

Yield Kinetics and Rejuvenation

Since the yield behavior is clearly affected by the rejuvena-
tion treatment this will also be reflected in the kinetics. In
order to reveal the changes, experiments on rejuvenated
samples are performed. Figure 15 shows the deformation
kinetics of the aged material (open markers) together with
the yield stress resulting from rejuvenated samples. New
Eyring parameters values are determined for the yield data

FIGURE 14 Intrinsic stress–strain response in uniaxial compres-

sion, taken at room temperature and a strain rate of 1023 s–1.

The lines are the responses measured on the aged iPP and the

dashed lines are measured on the rejuvenated iPP. [Color fig-

ure can be viewed at wileyonlinelibrary.com]
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of process II, see Table 3, and the results are represented by
the dashed lines in Figure 15. For the c-iPP, the rate depen-
dence becomes much less strong. This difference of c-iPP
with respect to a- and b-iPP can either be a result of the
sample preparation procedure or it can be related to differ-
ences in aging kinetics. To model this, the rate constants of
deformation mechanism II and III both have to be adapted.
When looking at the new parameters values (Table 3) it
indeed follows that with only a change in ��0;II and ��0;III the

kinetics of the rejuvenated material at temperatures of 23
and 50 8C can be captured, as is illustrated in ref. 15 for all
crystal structures. The temperature and rate dependence of
the inter lamellar deformation mechanism for the rejuvenat-
ed samples is shown in Figure 16 and compared with that of
the aged samples. As observed before, rejuvenation only
leads to a shift in the rate and temperature at which the
mechanisms become active. The decrease in yield stress
seems to be inversely proportional to the amount of RAF.

FIGURE 15 The yield kinetics of the iPP polymorphs for a range of temperatures. Open markers represent the yield stress obtained

from aged iPP and solid markers are measured on rejuvenated material. Solid and dashed lines are Eyring descriptions of the aged

and rejuvenated iPP respectively, for (a) a-iPP, (c) b-iPP, and (e) c-iPP. The complex modulus and the tanðdÞ of aged (solid lines) and

rejuvenated (dashed lines) iPP containing (b) a, (d) b, and (f) c crystals. [Color figure can be viewed at wileyonlinelibrary.com]
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DMTA

Finally, the rejuvenation is examined with DMTA experiments.
Again the behavior of rejuvenated material is compared with
that of aged iPP, see Figure 15(b,d,f). It immediately becomes
clear that the biggest differences are observed in the tempera-
ture range of approximately 0–75 8C. This corresponds to the
temperature window at which a distinction can be made
between rigid and mobile amorphous domains, and is in good
agreement with the work of Struik.54 At lower temperatures,
where the entire amorphous volume fraction is in a glassy
state, and, at higher temperatures, where the amorphous mate-
rial is completely in the mobile state, the complex modulus is
equal for aged and rejuvenated samples. The tanðdÞ at low
temperatures has decreased in the case of the beta-iPP.

Failure Kinetics

In creep experiments, in which a constant load is applied
and the resulting strain is measured, three creep regimes
can be distinguished. First, the primary creep regime can be
identified during which the strain increases with a decreas-
ing plastic strain-rate. Subsequently, secondary creep will be

observed. In this regime, the plastic strain rate is steady and
accumulation of plastic strain takes place. Finally, in the ter-
tiary creep regime, acceleration of plastic strain rate takes
place results in the occurrence of failure. A set of typical
results measured on a-iPP at room temperature is shown in
Figure 17(a). The lines represent the creep curves, the red
symbols mark the minimum in the plastic strain rate and the
green markers indicate the time of failure, corresponding to
a maximum in the strain rate. The determination of these
points is done with a Sherby–Dorn plot, given in Figure
17(b). With increasing stress levels or temperatures, the
accumulation of plastic strain is accelerated and thus failure
takes place at shorter time scales. The strain at which the
failure occurs, �f, is always in the order of 0.9 [-].

In the work of Bauwens-Crowet et al., it is shown that creep
in the secondary regime is identical to the plastic flow in the
yield point.55 Since the mode of failure in the creep experi-
ments is similar to the mode of failure in the constant strain
rate experiments, the same kinetics will be followed. To illus-
trate that this holds also for experiments performed in this
study, the applied stress of the creep experiments are plotted
as a function of the plastic flow rates obtained from the
Sherby–Dorn plots, Figure 18. The Eyring description (gray
lines), used with the parameters determined on the constant
rate experiments and given in Table 2, coincides with the
creep data.

In order to use the Eyring equation to describe and predict
the time to failure under a constant load, one can use the
concept of critical strain. This concept is based on the obser-
vation that the plastic flow rate as a function of the applied
stress, multiplied with the time to failure, is constant:

ttf ðrÞ � _�plðrÞ5C (8)

This relation also holds for the experiments performed here.
This is validated with Figure 19(a), which shows that the
relation between the time to failure and the plastic flow rate
is linear with a slope of 21 in a double logarithmic plot,
that is, confirming eq 7.

FIGURE 16 (a) The rate dependence of the interlamellar deformation mechanism and (b) the corresponding temperature depen-

dence. [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 3 List of Parameter Values for the Rejuvenated Samples

V �
i ½m3� DUi ½J�mol21� _�0;i ½s

21�

a-Crystals

Mechanism I 7:70 � 10227 3:84 � 105 2:0 � 1043

Mechanism II 2:31 � 10227 1:95 � 105 2:0 � 1028

Mechanism III 2:89 � 10227 3:95 � 105 1:0 � 1069

b-Crystals

Mechanism I 7:70 � 10227 3:84 � 105 4:2 � 1044

Mechanism II 2:31 � 10227 1:95 � 105 1:0 � 1028

Mechanism III 2:89 � 10227 3:95 � 105 1:6 � 1068

c-Crystals

Mechanism I 7:70 � 10227 5:30 � 105 2:0 � 1063

Mechanism II 1:59 � 10227 1:25 � 105 5:5 � 1016

Mechanism III 2:89 � 10227 3:95 � 105 9:0 � 1066
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This constant C, can be visualized in a plot where the plastic
strain, accumulated as a result of the applied stress, is plot-
ted as a function of time (both on a linear scale), see Figure
19(b). This clarifies that the constant C is considered here as
a critical strain �cr, which is different from the strain at fail-
ure �f. Making use of the fact that �cr is independent of the
applied loading conditions [Fig. (19(b)] enables us to predict
the time to failure according to:

ttf ðr;TÞ5
�cr

_�plðr;TÞ
(9)

where �cr follows from the creep experiments and _�pl is the
plastic strain rate. From this equation, it directly follows that
at a time to failure of 1 s, �cr5_�pl , the value of the critical
strain equals the one of the plastic flow rate indicated with
the dashed line in Figure 19(a). For a given stress, the plastic
flow rate _�pl follows directly from the Eyring equation, using

the parameters given in Table 2. Application of this concept
is straightforward in the case of the a and c crystals. Howev-
er, in the case of b-iPP, the Sherby–Dorn plots do not always
display a minimum and/or maximum. Based on the creep
experiments performed at lower temperatures, where there
was a clear minimum and maximum, the plastic strain rate
was determined at a true strain of 0.2 [-] and the time to
failure at a true strain �f of 0.4 [-]. The critical strain �cr used
to describe the creep data of all the crystallographic struc-
tures is 0.24 [-].

When applying eq 9, the predictions shown in Figure 20 are
obtained. The markers in these figures are the result of the
creep experiments and the match proofs the validity of the
concept of critical strain. For all loads and temperatures, excel-
lent agreement is found, except for the creep experiments per-
formed at 110 8C. For these experiments, increasing deviations
can be found upon longer times to failure. It is likely that this
deviation is caused by structural evolution (annealing), which
increases the yield stress as a result of the applied tempera-
ture and stress level within the experimental time scale.

CONCLUSION

To study the performance of iPP polymorphs different sam-
ple preparation procedures are used on an injection molding
iPP grade. It is shown that these protocols result in samples
containing almost solely the monoclinic a-, the pseudo-
hexagonal b- or the orthorhombic c-crystal unit cell structure
and therefore allow to study their mechanical response. A
comparison of the intrinsic material response shows that:

� The c samples have the highest modulus and the a sam-
ples have the lowest. Although differences in crystallinity
are small, it is assumed to partially cause the differences
in the Young’s modulus. The other contribution to the
modulus follows from the part of the amorphous phase in
the glassy state (RAF) and, therefore, is directly related to
the constraints imposed by the crystals.

FIGURE 17 (a) The strain as a function of time under constant loading conditions. Markers indicate the minimal (red) and maximal

plastic flow rate (green) in the creep experiment. (b) The accompanying Sherby–Dorn plot to illustrate the plastic flow rates for the

set of creep experiments. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 18 The applied stress of a-iPP is plotted as a function

of the plastic strain rate for different temperatures. Lines are

model descriptions using the parameters given in Table 2

substituted into eq 7. [Color figure can be viewed at wileyonli-

nelibrary.com]
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� The level of the yield stress turns out to be very similar for
the a-crystals and the b-crystals (for the whole range in tem-
perature and strain rate), even though significant differ-
ences in lamellar thickness are found. The c-crystals show a
yield stress level which is clearly higher. It is therefore

plausible that besides crystallinity (similar for all three sam-
ples) and lamellar thickness (b much higher than a- and c-
iPP) the chain packing within the crystal lattice contributes
to the magnitude of the yield stress. Moreover, the con-
straints of the amorphous chains in the vicinity of the

FIGURE 19 (a) The plastic flow rate as a function of the time to failure on a logarithmic scale. The open markers represent the

temperatures at which the creep experiments were performed, and the filled marker is the critical strain. (b) Creep curves of sam-

ples subjected to different loads to illustrate the effect of loading conditions. Furthermore, the definition of the critical strain and

the strain at failure is indicated. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 20 Time to failure as a function of the applied load for different temperatures of (a) a-iPP, (b) b-iPP, and (c) c-iPP. The lines

are the predictions based on the concept of critical strain and the Eyring theory and the markers represent experimentally obtained

creep data. [Color figure can be viewed at wileyonlinelibrary.com]
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crystals have significant influence on the yield stress and
appear to be the strongest for c-iPP.

� Softening after yielding is linked to the thermodynamic
state of the rigid amorphous fraction and was the most
pronounced for c-crystals, whereas b-iPP showed no soft-
ening. This observation fits the hypothesis that c crystals
impose the largest constraints on the amorphous phase
and suggests that constraints imposed by b crystals are
relatively weak.

� Hardening of the b samples was much stronger compared
to the a and c samples. In this work, no direct factors or
structural features were found that could be on the basis
of this observation. However, it is expected that further
research into the structural evolution upon deformation
could explain the results.

The performance under various loading conditions of iPP, con-
taining one of the polymorphs, is also investigated. It is
remarkably found that the yield kinetics in the intralamellar
deformation regime (at high temperatures and/or low strain
rates) are the same for all three samples in terms of activation
volume. This could be an indication that the kinetics of this
deformation mechanism are determined by the mobility of the
3/1 helix, rather than the crystal slip systems. The high activa-
tion energy of c-iPP with respect to a- and b-iPP is hypotheti-
cally explained by taking the angle of the chains with respect
to the lamellar surface in c-crystals into account.

In the interlamellar deformation regime, which contributes
at temperatures where the rigid amorphous fraction is pre-
sent in the vicinity of the crystals, c-iPP has the highest
resistance against yielding. Rejuvenation of the samples
yields a decrease in the yield stress which is particularly
strong in c-iPP. This is matches with the above mentioned
findings with respect to softening, and illustrates that the
constrained amorphous fraction is a very important factor
affecting the yield stress (hence, the crystals remain unaffect-
ed by the rejuvenation treatment). The contribution of the
bulk amorphous phase to the yield kinetics, observed at low
temperatures, can be described with the same activation vol-
ume and energy for all three samples.

To predict the time to failure as a function of applied stress
and temperature, the concept of critical stain is successfully
used. It is shown that the same critical strain can be used for
all three crystals. It is predicted that, in the plasticity-
controlled failure regime, the performance of c-iPP is better
than that of a- and b-iPP. The predictions were validated with
experimental results obtained from creep experiments and
match very well. At high temperature and long testing times, a
deviation is found between the predictions and the experi-
ments, probably caused by structural changes of the samples.
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