
Introduction

Isotactic polypropylene (iPP) is a semi-crystalline
polymer that has been studied extensively due to its
popularity for commercial applications. This can in
part be attributed to the relatively low manufacturing
cost of iPP and its versatile properties. In particular,
the ease of which is it possible to control supermo-
lecular structure by the addition of nucleating agents
provides a simple method of obtaining a range of
mechanical properties. Thus iPP is currently the
polymer with the fastest production and consumption
growth [1].

The crystal structure of iPP exists in several different
allotropic modifications, all sharing the same threefold
helical conformation [2, 3]. The monoclinic a-form
(aiPP) is the most stable and is therefore, under standard
synthesis and processing, the predominant structure in
melt-crystallised iPP [4]. It is characterised by a lentic-
ular lamellae arrangement elongated in the [100] direc-
tion of the unit cell [5]. This ‘cross-hatched’ lamellar
morphology exhibits an 80� or 100� branching angle
between the tangential and radial lamellae [2, 6, 7].

The b-form (biPP) was first identified by Keith et al.
and is thermodynamically and mechanically less stable
than the a-form [2, 8]. This results in a significantly
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Abstract The mechanical behaviour
of semi-crystalline polymers is
greatly influenced by the properties
of the crystalline and the amorphous
phases. As a result this topic has
been the subject of extensive re-
search. However, to date, a com-
prehensive relationship between the
structure and mechanical properties
for semi-crystalline polymers has yet
to be established. This present study
concerns the commissioning of a
novel method for in situ data col-
lection during the deformation of
polymers. This involves the combi-
nation of three different techniques
into a single experiment, namely
tensile testing, synchrotron radiation
wide angle X-ray scattering, and
optical microscopy. For this current
investigation, three isotactic poly-
propylene samples have been stud-

ied, produced using different thermal
treatments. This enables the influ-
ence of thermal treatment on the
mechanical properties and crystallo-
graphic structure to be assessed. The
results indicate that tensile proper-
ties are influenced by thermal treat-
ment via the relative fraction of
b-phase material in the sample. As
the temperature increases at which
thermal treatment takes place, iPP
ductility decreases due to the greater
rigidity of the increasing a-phase
content. Differences in crystal strain
between the different iPP crystal
phases are also observed although
the reasons for such differences
remain unclear.
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lower melting temperature [1, 9, 10]. Crystallisation of
the b-form is also significantly faster than that of the
a-form [2, 9, 11]. The b-form of iPP exhibits a pseudo-
hexagonal structure and is thought to exist in a high
degree of disorder [12]. Spherulites of biPP differ sig-
nificantly from those of aiPP as they exhibit an exclu-
sively radial lamellar arrangement [6, 7].

The c-form of iPP generally only occurs during slow
crystallisation at high-pressure or during shear flow [2, 7,
13, 14]. Under standard iPP processing conditions it is
present only in small traces [13]. It exhibits an ortho-
rhombic structure and is characterised by a high degree
of molecular orientation [7, 14].

Although crystallisation of the aiPP is preferred (due
to it being thermodynamically more stable), crystallisa-
tion to the b-modification may be encouraged under
certain conditions. Such conditions include directional
crystallisation in a temperature gradient or from melts
subjected to shear forces [10, 11]. Whilst these methods
can produce iPP with a significant b-phase content,
usually the a-phase is also present in non-negligible
quantities [12]. Thus, iPP produced using these methods
is not well suited for exclusive study of the b-phase. It is
however possible to produce biPP of greater purity with
the inclusion of nucleation agents in the melt [1, 7, 11,
15, 16]. Thus the production of iPP with nucleating
agents provides a convenient basis for the study of biPP
[7].

Along with the variations in crystallographic struc-
ture between the different iPP forms, significant differ-
ences in their mechanical properties have also been
reported [5, 7, 11]. An increase of the b-phase content is
found to decrease both the Young’s modulus and the
yield stress whilst increasing the elongation to break [7,
11]. This has been explained by the greater rigidity of the
a-phase lamellar structure where there exists a radial and
tangential lamellae arrangement [7]. An SEM observa-
tion of direct spherulite deformation also reports that
the lamellae in b-spherulites are able to slide over one
another (crystalline plastic slip) [17]. This was found to
occur during large deformations and results in a lamellar
structure oriented to the stress direction [17]. It is
thought that this sliding behaviour is made possible by
the mobility of the interlamellae amorphous zones [17].
This may also explain the higher elongation to break of
specimens with higher b-phase content as the branched
structure of the a-phase promotes breakage within the
spherulites at lower strain levels [17].

The tensile properties of iPP are reported to be rela-
tively insensitive to changes in the b-phase content [7].
Therefore, increasing the b-phase content only slowly
reduces Young’s modulus and yield stress [7]. It has been
previously suggested that individual spherulites may
simultaneously include both an a- and b-phase [7, 12].
The gradual replacement of the a- phase during heat-
treatment would explain this insensitivity [7].

As well as the differences in mechanical properties
between the different forms of iPP, an improvement in
the tensile properties of biPP is also observed during
mechanical loading [18]. This is thought to arise from
modification of the biPP crystal structure during defor-
mation [18]. The use of WAXS allows these deforma-
tion-induced changes to be investigated. Such studies
generally involve performing WAXS on pre-deformed
iPP specimens [1, 5, 19, 20]. It has been demonstrated for
biPP that the metastable b-phase can be readily trans-
formed into a-phase during solid-state drawing at
elevated temperatures [1]. Under such conditions the
b-phase fraction is found to decrease with increasing
draw ratio; however, overall crystallinity remains
unchanged [1]. In the necked region, both the a- and
b-phases show an improvement in molecular orientation
along the draw direction [1].

A mechanically-induced b- to a-phase transition has
also been reported during deformation at room temper-
ature [5, 18, 19, 20]. During such experiments the phase
transition is observed to be more extensive in the de-
formed neck region of the specimen [5]. A synchrotron
study by Riekel and Karger-Kocsis used a micro-focus
beam to assess the degree of phase transformation as
a function of distance (that is from the undeformed
region of the sample to the deformed region) along a pre-
deformed specimen [19]. The a/b ratio was reported to
increase as a function of overall strain [19]. The same
study also reported an almost pure conformationally
disordered (condis) phase (co-iPP) at the edge of the
deformed region [19]. This phase was found to be highly
oriented and to exhibit a fibre-diffraction type WAXS
pattern [19].

The transition during deformation of iPP from the
b- to a-phase has also been considered by Li and Cheung
[20]. They proposed that the b-phase of iPP is mechan-
ically stable to the yield point and transforms to the
a-phase only during necking [20]. Stress-induced melting
of the pre-existing crystallites must therefore occur [20].
This melting process is localised in areas where stresses
are particularly high rather than occurring throughout
the whole neck region [20]. This hypothesis is confirmed
using SEM where localised melting is observed in
b-phase lamellae that are parallel to the stretching
direction [21, 22].

This present study reports the initial findings of an
investigation into the influence of mechanical deforma-
tion on the crystallographic structure of biPP. Several
varieties of biPP are investigated which were produced
using a variety of thermal treatments. Thus the effect of
variations in the crystallisation regime can be assessed.
Such an approach may help elucidate the complex
relationships between the microstructure of biPP and its
macroscopic properties.

The deformation of specimens in this study has been
carried out in situ with simultaneous synchrotronWAXS.
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Whilst several previous synchrotron studies of iPP have
also been performed in situ, these have been concerned
with in situ crystallisation and melting behaviour [4, 16,
23, 24, 25, 26, 27]. A previous synchrotron study investi-
gating deformation-induced phase transitions was limited
to a pre-deformed iPP sample [19].

The use of a synchrotron radiation source for this
experiment offers several advantages over standard
laboratory apparatus. The higher brilliance of the source
permits the generation of diffraction patterns at a higher
frequency than is possible using a laboratory diffrac-
tometer. This is of particular importance for time-
resolved studies and allows samples to be tested
dynamically. The use of a synchrotron source also al-
lows the beam to be focussed to small spot-sizes. For
this experiment diffraction patterns were generated using
a micro-focus synchrotron beam. This minimises aver-
aging by reducing the volume of material from which
diffraction takes place.

Experimental

Materials

The samples were prepared by punching discs of mate-
rial (˘ 6.5 mm) from a thermopressed film of 0.6 mm
thickness. Afterwards, samples were subjected to a range
of thermal treatments (145, 125, 120 �C, for 1 h iso-
thermal crystallisation) with the use of DSC Q1000 (TA
Instruments) apparatus. The discs were then machined
with a CNC milling machine to produce the geometry
shown in Fig. 1. Isotactic polypropylene (Novolen
1100 N, BASF AG) was used as starting material
throughout the present study. This polymer was modi-
fied by a selective b-nucleation agent (NJ-Star NU-100,
Rika International, Manchester, UK) based on N¢,N¢-
dicyclohexylnaphthalene-2,6-dicarboxamide, which was
added into the polypropylene in the form of a master
batch. The concentration of the nucleating agent was
0.03 wt%. This has to been found to be the critical
concentration for high b-phase content in a previous
study [11].

In situ tensile testing

Tensile tests were performed on a custom-made defor-
mation rig, with measurements taken in situ during
X-ray scattering. The strain rate applied on all samples
was 0.3%/s. The rig consists of two mounting grips, on
which the sample is mounted and fixed in position using
screws. The grips move in opposing directions at con-
stant speed, and are powered through a single motor.
This setup allows observation of the same point on the
sample during the whole test period. A load cell is fixed
to one sample grip, and the displacement of the grips
measured using an electrical inductor (L). All the com-
ponents of the rig are interfaced with a PC with a data
recording frequency of 5 s for all experiments. The
measurements from the rig enable nominal force vs
displacement plots to be produced. A camera was also
employed to record images of the sample in situ during
deformation. An on-axis mirror between the final aper-
ture and sample enabled images to be captured along the
beam axis direction. Images from the camera were also
recorded at 5-s intervals during all experiments. A
photograph of the deformation rig in situ is shown in
Fig. 2.

Synchrotron WAXS

Data collection WAXS of all samples was carried out at
the European Synchrotron Radiation Facility (ESRF)
on the micro-focus beamline (ID13). The beamline was
configured with a Kirkpatrick-Baez (KB) type mirror
and collimated using a piezo-based block collimation
system to provide an on-sample beam spot-size of
approximately 5 lm. A radiation of wavelength
0.098 nm was used during all experiments. The beam
position on the sample was fixed at the centre of the
deformation region during all tests, approximately mid-
way between the mounting grips. Thus variations in
beam position on the sample arise only through sample
extension during testing.

Samples were deformed in situ using the custom-
built deformation rig attached directly to the beamline
positioning stage. For data collection a MARCCD
detector was used with an average pixel size of
64.45·64.45 lm2. Prior to the start of the experiment
diffraction patterns were obtained from corundum
powder. The reflection positions were then used in
conjunction with literature values to calculate the
sample-to-detector distance. This was found to be
159 mm. The powder diffraction rings were also used
to determine the beam centre position and calibrate
detector tilt and rotation using the Fit2D software
application [28, 29]. Prior to deforming each sample, a
background diffraction pattern was recorded. This
could then be subtracted from sample diffractionFig. 1 Tensile specimen sample geometry

856



patterns prior to analysis. This helps to eliminate
beam-stop or aperture artefacts and reduces the influ-
ence of air scattering intensity.

Diffraction patterns were generated at 11-s intervals
using an exposure time of 1 s. Sample deformation
continued in each case until either the material in the
beam was insufficient to generate diffraction data or
sample failure occurred. Figure 3 shows typical diffrac-
tion patterns taken from biPP samples thermally treated
at 120 and 145 �C. Both diffraction patterns are shown
from samples prior to deformation.

Data treatment Treatment of the WAXS data was per-
formed using a combination of the Fit2D software
application and a custom-written batch peak-fitting
program. Fit2D was used to perform background sub-
traction, spatially correct the diffraction patterns and
calculate integrations of reflection intensity. The batch
peak-fitting software was used to fit the resulting inten-
sity profiles using standard functions.

For analysis of radial profiles, the diffraction patterns
were azimuthally integrated over a 300� range. Although
a complete 360� integration is preferred, the shadow
created by the beam-stop makes this approach unsuit-
able. By integrating around nearly the entire powder
ring, any variations or inaccuracies in the beam centre
position are eliminated. Additionally, this provides the
greatest possible intensity profile, reducing possible fit-
ting errors and eliminating any variations arising
through crystallite orientation changes. The integrated
reflections were fitted using Lorentzian functions to
determine the position of each maxima. Lorentzian
functions were chosen as they were found to provide an
accurate fit to the data. A background was also fitted
comprising of a single Lorentzian function to fit the
amorphous halo and a further fixed linear function.
Figure 4 shows a typical biPP profile to demonstrate
reflection fitting, in this case taken from the sample
thermally treated at 145 �C. To calculate crystal lattice
spacings from the determined reflection positions the
Bragg equation was used. In order to determine the
relative b-phase content of each sample, the method
proposed by Jones et al. has been employed [30]. The
b-phase fraction (Kb) is given by Eq. (1):

Fig. 2 Schematic view of experimental setup and (inset) photo-
graph showing sample deformation rig (note schematic drawing is
not to scale)

857



Kb ¼
I 2�10ð Þb

I 2�10ð Þb þ I 110ð Þa þ I 040ð Þa þ I 130ð Þa
ð1Þ

where I(210)b is the integrated intensity of the (2�10)
reflection, and I(110)a, I(040)a and I(130)a are the integrated
intensities of the (110), (040) and (130) reflections
respectively. The applicability of this method is confirmed
by its extensive use in other studies of biPP [8, 10, 11, 23,
25, 31]. For an estimation of the crystallinity index (Xc)

the apparent crystalline fraction may be calculated. In
this case the fraction of crystalline components within the
2h range of 6–16� is calculated by Eq. (2) [10, 11]:

Xc ¼
Ic

Ic þ Ia
ð2Þ

where Ic and Ia are the integral intensities of the one-
dimensionally fitted crystalline peaks and amorphous
halo respectively.

Fig. 3a,b WAXS patterns of
biPP samples thermally treated
at: a 120 �C; b 145 �C

Fig. 4 Example of diffraction
profile fitting using Lorentzian
functions (sample is biPP
thermally treated at 145 �C)
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Results and discussion

In situ camera images

Figure 5 shows images captured by the in situ camera
of the three samples under study. Note that the darker
region in the bottom right hand corner of each sample
is a shadow created by the lighting arrangement. All
three images were captured at the end of the experi-
ments, therefore showing fully deformed material.
There is a significant difference between the sample
thermally treated at 145 �C compared to the other
samples. In this case the specimen maintains the glassy
appearance visible prior to deformation whilst exhibit-
ing a network of cracks close to the failure region. This
suggests that no yielding occurred in this sample prior
to failure. Both the 120 and 125 �C samples show sig-
nificant yielding with the specimens becoming opaque
and highly extended. This suggests these samples are
ductile with significant plastic deformation occurring
prior to failure.

Failure of the sample thermally treated at 145 �C is
indicative of brittle fracture with a large fracture rap-
idly occurring across the entire sample width. The
120 �C sample shows a ductile fracture pattern with a
crack appearing near one edge of the specimen corre-
sponding to the region of maximum stress concentra-
tion. This crack then propagates across the yielded
sample with increasing strain. The mechanism of frac-
ture is very similar to the one described by Bessell et al.
[32], whereby a series of microcracks nucleate int-
raspherulitically and then coalesce to form a crack that
propagates in a ductile manner. The 125 �C sample

shows a fracture behaviour quite different to that of the
120 �C sample. In this case a critical flaw appears in
the centre of the specimen which propagates outwards
with increasing strain. The mode of failure is similar to
the mechanism termed as ‘cup-and-cone fractures’ [33].
Heterogeneities, such as inclusions and second-phase
particles, result in the nucleation of holes that grow by
plastic deformation in the non-uniform stress field of
the neck (usually in the centre of the neck). The plastic
cavities then grow due to the additional tensile stresses
normal to the tensile axis generated by the neck
geometry. In the case of semi-crystalline polymers it
has been previously shown that cavitation occurs dur-
ing tensile testing [34]. It is possible that these cavita-
tions become critical flaws that either grow plastically,
coalescing to form ductile cracks in the centre of the
neck or edges of the sample, or they coalesce rapidly to
form a brittle crack that causes a swift catastrophic
failure. However, which mechanism operates under
which conditions in the case of iPP is still unclear at
this point. The possibility of accelerated failure through
localised beam heating cannot be excluded, but seems
unlikely considering the small beam size used in this
study.

In situ tensile results

Figure 6 shows a nominal force vs strain plot for the
three different biPP samples. Nominal force has been
determined from the voltage output of the force sensor
whilst strain has been calculated from the movement
of two marked points on the video images with

Fig. 5a–c In situ camera images
of deformed biPP samples
thermally treated at: a 120 �C;
b 125 �C; c 145 �C
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deformation. This value can be taken as strain in the
middle of the specimen (approximately in the locality
of the beam).

In the low-strain region (up to around 12%) all
samples show a linear relationship between nominal
force and strain. This initial deformation is predomi-
nantly elastic in nature with no significant differences in
the results obtained between different samples. This
suggests that thermal treatment has little influence on
tensile behaviour in the low strain region when defor-
mation is occurring under an elastic regime.

Failure of the sample thermally treated at 145 �C
occurs comparatively rapidly at approximately 12%
strain. The fact that the tensile plot of this sample is
approximately linear until failure indicates that only
negligible plastic deformation occurs and sample fail-
ure is through brittle fracture. This is consistent with
observations from the in situ camera images (Fig. 5).
Deformation of the other biPP samples continues to
much higher strain levels before failure. In the sam-
ples thermally treated at 120 and 125 �C, nominal
force becomes relatively constant at strain levels
greater than 12%. This indicates that the yield point
for all biPP samples occurs at around 12% strain.
Thus, the samples thermally treated at lower temper-
atures are ductile in nature with deformation leading
to significant yielding. This conclusion also correlates
well with the images obtained from the in situ camera
(Fig. 5).

Nominal force begins to decrease with increasing
strain above 130% and 100% strain for the samples

thermally treated at 120 and 125 �C respectively. The
time at which this decrease occurs corresponds to the
appearance of the fracture mechanisms observed on
the in situ camera images. It is evident from these results
that thermal treatment has a significant influence on
material tensile properties. The higher the thermal
treatment temperature, the less yielding occurs during
deformation. Thus, increasing temperature decreases the
ductility of biPP. It is also worth noting that the
observation in previous studies that the tensile proper-
ties of biPP improve during mechanical loading is not
evident from the results obtained in this study (Fig. 6)
[18]. Such an improvement has previously been attrib-
uted to a mechanically-induced phase transition of
b-phase iPP to the a-phase modification. One possible
explanation for the absence of this effect is that pre-
mature sample failure may have occurred. The elonga-
tion to break of biPP reported in previous studies is
much greater than that achieved in this study, with
deformation continuing to well above 200% strain [11,
18, 20].

Also shown in Fig. 6 are the diffraction limits for
each biPP sample. These limits reflect the fact that dif-
fraction data could not always be collected until sample
failure. Thus the diffraction limits indicate the point at
which further data collection was not possible for each
sample. This situation arises due to either no sample
material being in the beam path (when a fracture
appears for example) or because sample gauge volume
becomes too low to generate meaningful diffraction
data.

Fig. 6 Nominal force vs strain
curves from in situ deformation
rig measurements
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Synchrotron WAXS

Undeformed samples

Figure 7 shows WAXS radial intensity profiles of all
three undeformed biPP samples for direct comparison.
The intensity values have been offset for clarity and the
reflections indexed in accordance with several previous
studies [1, 2, 12, 19, 26, 31]. All samples show prominent
reflections around 0.55 nm (reflection (2�10)) and
0.42 nm (reflection (2�11), characteristic of the iPP b-
phase [1, 6, 19]. The sample thermally treated at 145 �C
also shows significant scattering intensity for reflections
associated with the a-phase. By contrast, a-phase scat-
tering is almost completely absent from the samples
thermally treated at 120 and 125 �C. Therefore with
increasing thermal treatment temperature, the b-phase
content decreases and the fraction of a-phase increases.
This relationship is confirmed by calculating the b-phase
fraction using Eq. (1). The results of this calculation are
collected in Table 1. Error values have been estimated
based upon fitting uncertainty and variations between
consecutive data fits. The fact that the error is greater for
samples with a higher b-phase content reflects the diffi-
culty in fitting a-phase reflections with a significantly
lower intensity. The relationship between crystallisation
regime and b-phase content is well documented [1, 11,
23, 25]. The maximum radial growth rate of biPP
spherulites occurs during crystallisation at 123 �C [7].
This accounts for the higher b-phase fraction in the
samples crystallised at 120 and 125 �C in this study.

Furthermore, the formation of b-phase crystals is not-
favoured in thermal regimes much above 140 �C, thus
formation of the thermodynamically more stable a-
phase crystals takes place [35]. It is therefore of no
surprise that the sample thermally treated at 145 �C
predominantly contains a-phase crystals.

Values for the initial crystallinity index of the biPP
samples have been calculated according to Eq. (2) with
the results collected in Table 1. The error values for
crystallinity index are estimated based upon the fitting
uncertainty; however it should be noted that there may
be other larger errors due to differences in amorphous
material between samples. A more accurate calculation
of crystallinity is precluded by the difficulty in obtaining
purely amorphous iPP material. The values for crystal-
linity index are similar between all samples, being
around 60% (within experimental error). Both b-phase
fraction and crystallinity index are also similar to those
observed in a previous study for the samples thermally
treated at 120 and 125 �C [11].

The WAXS results can also be used to explain the
variations in tensile behaviour observed in Fig. 6 and in
the in situ images shown in Fig. 5. The fact that
increasing b-phase content increases the elongation to
break has been previously attributed to the greater
rigidity of the a-phase lamellar structure [7]. For large
deformations the lamellae in b-phase spherulites are
subject to crystalline plastic slip, as reported from SEM
observations [17]. This yielding behaviour is precluded
in a-phase material. Thus the elastic deformation and
brittle fracture of the biPP sample thermally treated at

Fig. 7 Indexed radial intensity
profiles of biPP samples
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145 �C may be attributed to its predominantly a-phase
content. In addition to this, it has also been shown that
samples with larger spherulites fail in a brittle manner
[17]. Extensive crazi and void formation takes place at
spherulitic boundaries inside which, low molecular
weight material and other impurities are concentrated.
These therefore serve to act as stress concentration
points [17, 36].

It is also clear from Fig. 6 that the sample thermally
treated at 120 �C has a higher elongation to break than
the 125 �C sample. Whilst this could be adequately
explained by a different b-phase fraction between the two
samples, the b-phase fraction is in fact similar. It is also
interesting to note that the crystallinity index values
appear to be the same between these two samples
(Table 1). The differences in elongation to break shown in
Fig. 6 are therefore probably related to the variations in
fracture behaviour observed in Fig. 5. There is no expla-
nation at this point as to why these two quite similar
samples exhibit such differences in their mechanisms of
fracture. However, there are probably other factors which
would also be influential such as cavitation for example.

Also noteworthy in Fig. 7 is that the sample ther-
mally treated at 145 �C shows a significant degree of
asymmetry from scattering associated with the (110)
reflection. This can be attributed to heterogeneity in the
specimen, specifically variations in the distribution of
crystalline regions along the beam axis direction. Fig-
ure 3 also shows that scattering associated with the (2�10)
reflection is anisotropic for the same sample. This may
suggests the existence of local texturing in b-phase
crystalline regions. The significance of the anisotropy is
difficult to gauge considering the small sample volume
irradiated by the micro-focus beam.

During deformation

Figure 8 shows the variation in b-phase fraction with
deformation. The sample thermally treated at 120 �C
exhibits the greatest decrease in b-phase fraction of
approximately 15% in total. The specimen thermally
treated at 125 �C also shows a significant decrease at
approximately 60% strain, although the b-phase frac-
tion appears to increase again in the final two data
points in the series. The 145 �C sample shows no sig-
nificant reduction in b-phase fraction with increasing
strain; however, only four measurements were obtained
prior to sample failure.

These results are consistent with the findings of pre-
vious studies which report that deformation of biPP may
induce a b- to a-phase transition [5, 19, 20]. The fact that
the b-phase of iPP is mechanically stable to the yield
point explains the absence of a significant decrease in

Table 1 Variation of b-phase fraction and apparent crystallinity
between specimens

biPP 120 �C biPP 125 �C biPP 145 �C

b-Phase fraction (Kb) 85.8% 86.0% 7.9%
(±5.5) (±5.6) (±1.9)

Crystallinity index (Xc) 55.6% 60.0% 61.9%
(±4.7) (±6.5) (±4.8)

Fig. 8 Variation in b-phase
fraction with deformation
between biPP samples
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b-phase fraction in the sample thermally treated at
145 �C [20]. Whilst these results are consistent with those
of previous studies on samples deformed ex situ the
magnitude of this effect is much less than previously
reported [5, 19, 20]. A previous study by Li and Cheung
[20] measured the change in b-phase fraction in a pre-
deformed biPP sample using DSC measurements [20].
The b-phase fraction was found to decrease by
approximately 35% at 230% elongation [20]. Conversely
the a-phase content was found to increase 27% in the
same specimen [20]. The low magnitude of the b- to
a-phase transition reported in this studymaybe attributed
to the lower strain achieved during testing. Diffraction
data could not be obtained at high sample strain because
of the occurrence of fractures in the locality of the beam
position and the reduction in scattering intensity due to
the decreasing sample volume. The greatest extension
achieved during this study was for the sample thermally
treated at 120 �C which attained 165% strain. This is still
significantly lower than the 230% elongation reported by
Li and Cheung [20]. It is also worth pointing out that an
accurate determination of the b-phase fraction is more
complex for samples with a higher b-phase content due to
the lower scattering intensity from a-phase reflections.
This favours the use of samples with lower b-phase frac-
tions for studying b- to a-phase transitions, such as those
used by Li and Cheung [20].

The full width at half maximum (FWHM) of WAXS
reflections may be related to crystallite size, sample
heterogeneities (in the beam axis direction) or distribu-
tions in lattice distortion. In the case of deformation at
room temperature, such variations may be considered as
indicating the degree of homology in the stress distri-
bution within the material. Thus a range of stresses
acting upon different crystallites results in a distribution
in lattice spacing, which corresponds to the reflection
FWHM. By monitoring the change in FWHM with
increasing strain, it is possible to determine whether
macroscopic stress leads to a more or less homologous
microscopic stress distribution within the crystal struc-
ture. Figure 9 shows the percentage change in FWHM
with strain for the (2�10) reflection of the different biPP
samples. The overall uncertainty of the calculation
comes form the fit and in our case it was always less than
2.4% of the calculated value. As this reflection is asso-
ciated with the b-phase, the FWHM can therefore be
regarded as a measure of the degree of homology in the
stress distribution within b-phase material. At low strain
levels (up to the yield point), the samples thermally
treated at 120 and 125 �C show a similar increase in
FWHM with increasing strain. The 145 �C sample
shows a much greater increase in FWHM that the other
samples within this strain range. This indicates a greater
range of lattice distortion in the 145 �C sample which
can be attributed to the onset of sample failure. As
localised failure begins to occur, a re-distribution of

stresses takes place within the material. This results in a
greater distribution in lattice distortion as some regions
may be highly stressed, whilst those in the failure region
will be under comparatively little stress.

If the samples thermally treated at 120 and 125 �C are
again considered, both show a region after the yield
point of no change in FWHM with increasing strain.
This suggests that plastic deformation within the mate-
rial occurs relatively homogeneously during yielding.
The onset of failure in both these samples is again
accompanied by an increase in FWHM for the (2�10)
reflection. The fact that this increase is of a much greater
magnitude than that observed in the 145 �C sample may
be due to the comparatively lower rigidity of the b-phase
compared to the predominantly a-phase 145 �C sample.
In addition, the mode of failure for these two samples
indicate a large amount of plastic deformation taking
place. It is well known that under plastic deformation
stress is distributed in a highly inhomogeneous mode
[37]. Thus, the abrupt increase of the FWHM may also
be caused due to this high stress inhomogeneity.

Figures 9 and 10 show the variation in crystal strain
calculated from changes in lattice spacing in the low
tensile strain range (<40%). Once again, also here the
error comes from the uncertainties due to the fitting,
and always the error was les than 2.3%. At such low
strain levels a deformation-induced improvement in
crystallite orientation is negligible as it is only observed
during relatively extensive yielding in iPP [1, 19].
Investigations of crystal strain within the low strain
range therefore preclude differences in crystallite orien-
tations between samples from influencing the results. In
Fig. 10 crystal strain is calculated from the (110)
reflection which corresponds to scattering from the a-
phase. Conversely, in Fig. 11 crystal strain is calculated
from the (2�10) reflection which corresponds to scattering
from the b-phase The failure point of the sample ther-
mally treated at 145 �C is indicated in Fig. 10 for clarity
due to the close proximity of the other data series. It is
worth noting that a direct comparison of crystal strain
between the different crystal planes is somewhat
misleading due to the different unit cell structures of the
a- and b-phases of iPP. However, relative comparisons
between different samples in both Figs. 9 and 10 are still
valid.

If the region prior to yielding is first considered, it is
immediately apparent that changes in crystal lattice
spacing for the (110) reflection of the a-phase are con-
sistent between all biPP samples. Thus increasing tensile
strain results in similar levels of crystallographic defor-
mation in a-phase material independent of thermal his-
tory. This is contrasted by the crystal strain results
calculated from the (2�10) reflection shown in Fig. 11. In
this case whilst the samples thermally treated at 120 and
125 �C both show a similar result, the 145 �C sample
exhibits a different behaviour. The rate of crystal strain
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increase with increasing tensile strain is greater for the
145 �C sample. The fact that this difference is only evi-
dent in the b-phase reflection and not also in the a-phase
reflection is particularly interesting. One possible
explanation for this may be that the higher content of
the rigid a-phase in this sample acts in such a way as
to concentrate stress in the dispersed b-phase regions.
Although such a hypothesis seems reasonable, without

further analysis this conclusion remains purely specula-
tive.

Conclusions

A novel method combining the three different tech-
niques of tensile testing, synchrotron radiation WAXS,

Fig. 9 Percentage change
during deformation in FWHM
of the (2�10) reflection fit

Fig. 10 Variation in crystal
strain calculated from the (110)
reflection in the low tensile
strain region
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and optical microscopy has been successfully commis-
sioned to study deformation mechanisms in three dif-
ferent grades of biPP. The results indicate that although
the three different samples have statistically the same
apparent crystallinity, the b-phase content varies with b-
phase fraction decreasing with increasing temperature
during thermal treatment. Additionally, the three
samples also appear to exhibit quite different modes
of failure.

The determination of FWHM from the (2�10) reflec-
tion associated with the b-phase crystal planes indicates
a high level of inhomogeneity in the stress distribution.
This is especially apparent approaching sample failure.
This result is consistent between samples, irrespective of
the thermal treatment conditions. In addition, the b-
phase content is found to decrease during the applica-
tion of tensile strain. This effect is noted to be of a
somewhat lower magnitude than previously reported
in literature, presumably due to the samples lower

elongation to break. A correlation is observed between
the b-phase content and yielding during deformation
due in part to differences in crystal phase rigidity. Thus,
the higher the thermal treatment temperature, the
greater the fraction of a-phase material and the more
brittle the sample during testing. However, it also ap-
pears that the deformation behaviour of iPP does not
exclusively depend upon the different crystal phases.
Other factors are also thought to be significant such as
spherulitic size, and lamellar arrangement. There is
currently ongoing work using synchrotron radiation
SAXS with in situ tensile testing in order to shed more
light on these complex relationships.
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