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Abstract 
The dynamic response of elastomeric polypropylene (ePP) prepared by metallocene 2-arylindene 
hafnium catalyst was investigated by rheo-optical birefringence as well as wide- and small-angle 
X-ray scattering (WAXS and SAXS). Solvent extraction of ePP ([mmmm] = 34%) results in three 
fractions with increasing tacticity, crystallinity, and molecular weight in the following order: ether 
soluble ([mmmm] = 21%), heptane soluble (44%), and heptane insoluble (76%).  Unstretched ePP 
reveals a crystalline phase of the α-form isotactic polypropylene (i-PP). Tensile stretching of ePP 
yields three sets of scatterings (equatorial, off-axis diagonal, and meridional arc). High-tacticity 
fractions contribute to the equatorial and off-axis diagonal scatterings, revealing molecular-scale 
orientation parallel to the strain axis and crystalline phase transformation from the α-form to the 
mesomorphic form. The meridional arc is contributed by the low-tacticity ether-soluble fraction 
with crystalline chains oriented with a preferred direction orthogonal relative to the strain 
direction. SAXS, which probes long-range ordering, exhibits broad and diffuse meridional peak 
for the intermediate-tacticity fraction. This implies that lamellae are oriented orthogonal to the 
strain direction upon stretching.  Permanent deformation of ePP after stretching, as measured by 
the residual strain (tensile set), originates from permanently oriented crystallites and chains pinned 
within crystalline networks.   
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Introduction 

 

The advent of homogeneous metallocene polymerization catalysts has produced a variety 

of homo- and copolymer of poly-(α-olefins) with tailored structures and physical 

properties.1-3  Propylene polymerization using these catalysts has produced controlled 

architecture of polypropylenes such as isotactic,4-6 syndiotactic,4,5,7 heterotactic,4,5 and 

stereoblock microstructures.8-10  Elastomeric polypropylene was first synthesized by 

Natta using heterogeneous Ziegler-type catalysts.11,12  He attributed the elastomeric 

behavior to their low crystallinity and blocks of alternating isotactic crystalline and 

atactic amorphous segments.  Subsequent to Natta’s work there have been various reports 

of related materials produced with different catalysts.1-3  Collette and co-workers 

demonstrated that  elastomeric polypropylenes could be obtained using supported tetra-

alkyl group IVB catalysts.13-15  Chien and co-workers reported the first metallocene 

catalyst to produce elastomeric polypropylenes using chiral, stereo-rigid ansa-titanocene 

catalysts.16-18  Collins and co-workers described the synthesis of elastomeric 

polypropylenes using 3-methyl substituted ansa-sirconocene catalysts.19-21  More 

recently, several classes of metallocene catalysts have been developed for the production 

of elastomeric polypropylenes.22-35 

 

Our group has reported that metallocene catalysts derived from 2-arylindene ligands 

produced elastomeric polypropylenes which could be separated into fractions differing in 

tacticity and crystallinity.8,10,36-39  Morphological investigation of these low crystallinity 

materials exhibited morphology reminiscent of classical semi-crystalline polymers 



   

 3

showing lamellae and cross-hatched lamellae which could organize into hedrites and 

spherulites depending on thermal history and crystallinity.40   

 

In the current study, we examined the dynamic response of elastomeric polypropylene 

derived from 2-arylindene metallocene catalyst with a hafnium precursor.  A combination 

of rheo-optical birefringence, X-ray scattering, and tensile stress techniques were used to 

probe the dynamic response of the materials to tensile and shear deformations.  The 

birefringence yields information on deformation-induced anisotropy arising from both 

oriented amorphous chains and crystallites.  The X-ray scattering offers complementary 

information about the response of the crystalline regions to deformation.  Wide- and 

small-angle X-ray scattering (WAXS and SAXS, respectively) reveal short- and long-

range ordering as well as the crystalline form of the materials.41,42  

 

In the first paper of this series, we present the room-temperature dynamic response of the 

whole ePP and its solvent fractions under uniaxial extensional deformation.  

Simultaneous tensile stress and birefringence offer insight to the relaxation dynamics and 

the origin of the tensile set (permanent deformation).  The crystalline response, as probed 

by WAXS, provides data pertaining to crystalline phase transformation and the 

crystalline relaxation.  The role of each solvent fraction (low-, intermediate-, and high-

tacticity fractions) is investigated to probe the effect of tacticity and crystallinity on 

deformation.  In the second paper of this series, the unusual dynamic response of the low-

tacticity fraction is discussed in detail.  Rheo-optical birefringence and WAXS were 

employed to follow the dynamic response of the neat low-tacticity fraction subjected to 
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uniaxial extensional and step-shear deformations.  The role of the low-tacticity fraction 

when blended with higher-tacticity fractions is also analyzed in the context of the 

dynamic response under deformation.   

 

Experimental 

 

Materials.  The elastomeric polypropylene (ePP-10) was synthesized by BP Chemical 

Co. in liquid propylene at 50 ºC with bis(2-(3,5-di-t-butylphenyl)indenyl) hafnium 

dichloride as reported elsewhere.43  13C NMR sequence analysis indicated [m] = 72.9 %, 

[mm] = 54.8%, [mmmm] = 34.0 %.  Molecular weight analysis by GPC specified Mw = 

201,000 and Mw/Mn = 2.3.  Melt flow rate was 10.6 g/10 min at 230 ºC with 2.16 kg load.   

 

Solvent extraction was carried out by successive extraction of ePP-10 with boiling 

diethyl-ether and heptane under a nitrogen environment following the procedure reported 

previously.10  A 500 ml round-bottom flask, attached to a Kumagawa extractor, was 

charged with 300 ml solvent added with 0.2% wt antioxidant 2,6-di-tert-butyl-4-

methylphenol (BHT).  Polymer (~ 10 g) was packed into a thimble layered with a plug of 

glass wool.  Extraction was conducted for 24 hrs with a heating rate such that the flushing 

frequency of the extractor was 4-5 min/flush.  After the extraction, polymer was 

precipitated in acidified methanol (3000 ml, 1% HCl) with vigorous stirring.  The 

extraction was repeated twice for each solvent.  The precipitated polymers were then 

dried in vacuum for at least 1 day.   
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Uniaxial Extensional Deformation.  Tensile stretching was conducted with a Miniature 

Material Tester, MiniMat 2000 (Rheometric Scientific, Inc.), at room temperature using 

ASTM D-1708 dumbbell specimens with a gauge length of 2.2 cm.  Specimens were die-

cut from compression-molded sheets (~ 0.5 mm thickness) pressed at 180 ºC in a hot-

press (model C, Carver, Menomone Falls, WI) and slowly cooled to room temperature.  

The crosshead separation rate for elongation and contraction was 1.0 and 0.1 mm/min, 

respectively.  The (true) tensile stress (σ) was calculated as the ratio of tensile force (F) to 

the instantaneous cross-sectional area (A) interpolated from caliper measurements: σ = 

F/A.  The strain (ε) was computed from the ratio of the change in separation distance 

between two lines (∆l = l - lo) drawn at the middle of the specimen to its original 

separation distance (lo): ε = ∆l/lo.  The degree of permanent deformation was measured in 

tensile set, which was the residual strain of the sample following a deformation.   

 

Dynamic Birefringence.  The dynamic response of the materials was probed with optical 

polarimetry following the time-dependent birefringence of a deformed sample using the 

optical train setup whose schematic is shown in Figure 1.  In the optical setup, 

monochromatic HeNe light (632.8 nm) passed through a polarizer (0º) and a photoelastic 

modulator (PEM, 45º) before it was transmitted through a sample with a normal 

incidence.  The transmitted light then passed through an analyzing polarizer (45º) and 

impinged upon a photodiode detector where the signals were demodulated using lock-in 

amplifiers.  The intensity of the transmitted beam is:44 

 [ ])'sin()sin()(21
4 1
0 δωtAJII +=        (1) 
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λ
πδ nd∆= 2'           (2) 

where I0 is the incident beam intensity, J1(A) is a calibration constant determined 

experimentally using elements of known retardation, ω is the modulation frequency of 

the photoelastic modulator (PEM), δ‘ is the retardation of the sample, d is the sample 

thickness, λ is the wavelength of the laser, and ∆n is the birefringence of the stretched 

samples.  In uniaxial extensional deformation, the sample thickness d was measured at 

some intervals of strain and interpolated between these intervals.   

 

Wide- and Small-Angle X-ray Scattering (WAXS and SAXS).  WAXS and SAXS 

experiments were performed at beamline 1-4 of the Stanford Synchrotron Radiation 

Laboratory (SSRL).  The X-ray source has a flux ~1010 photons at a wavelength of λ 

=1.488 Å.  A CCD area detector (Photonic Science) was used to collect the 2-D 

diffraction data: the detector has an active area of 100 mm diameter, which is mapped via 

a tapered fiber-optic bundle to the CCD chip with a 1024 ×1024 array of 25 µm square 

pixels.  In the WAXS experiments, 2-D images were assembled from the summation of 

1,000 consecutive frames, and the portion of reciprocal space was calibrated with a 

Lupolen standard.  The 2-D scattering images of the SAXS were assembled from 20,000 

consecutive frames and were calibrated with a chicken tendon.  Sample to detector 

distance for WAXS and SAXS were 10 and 110 cm, respectively.  Data analysis was 

performed using 1-D profiles integrated either azimuthally or radially from the 2-D 

patterns and corrected for background scattering and scattering from windows associated 

with the optics.  The scattering vector q follows the relationship )sin(4 θ
λ
π=q , in which 
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θ is the scattering angle and λ is the wavelength of the X-ray.  In morphological studies, 

scattering angle 2θ is more widely used to represent the scattering vector q, which is 

derived from the above equation.45  Azimuthal scans were performed by integrating the 

intensity over a narrow band of scattering angle (2θ) as a function of azimuthal angles.   

 

Results 

 

Elastomeric Polypropylene (ePP-10).  The characterization of the elastomeric 

polypropylene (ePP) and its solvent fraction is given in Table 1.  Tensile property 

investigation, reported elsewhere,46 revealed that the whole ePP with tacticity [mmmm] = 

34% exhibited elastomeric tensile properties with a tensile strength of 8 MPa, a strain to 

break of 1300%, and good elastic recoveries as measured by a moderate tensile set of 

58% elongation (after stretching the sample to 300% elongation).  As mentioned 

previously, the parent ePP could be extracted with solvent boiling fractionation into three 

fractions differing in average tacticity, crystallinity, and molar mass.  The fraction soluble 

in boiling ether has the lowest tacticity (ES-ePP10, [mmmm] = 21%), comprising 48% wt 

of ePP-10.  The remaining ether-insoluble portion could be further extracted in boiling 

heptane to yield an intermediate-tacticity heptane-soluble fraction (HS-ePP10, 42%) and 

a high-tacticity heptane-insoluble (HI-ePP10, 10%) fraction with average tacticities 

[mmmm] of 44% and 76%, respectively.  The tensile properties of the low-tacticity 

fraction (ES) indicated that it was a weak gum elastomer, with behavior similar to those 

of atactic PP.  The high-tacticity fraction (HI), on the other hand, behaved like a typical 

isotactic PP that deforms plastically and necks upon stretching.  The intermediate-
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tacticity fraction (HS) exhibited elastomeric properties similar to the whole ePP but with 

a higher tensile modulus and better elastic recovery.   

 

The results of the simultaneous tensile stress and birefringence of the whole ePP are 

shown in Figure 2.  During tensile stretching (1 mm/min), both the tensile stress and 

birefringence increased to positive values.  Since polypropylene has a positive stress-

optical coefficient, a positive birefringence corresponds to polymer chains oriented 

parallel to the strain axis.47,48  Once the desired strain was attained, the sample was held 

for 14 hrs to follow the relaxation dynamics of both the tensile stress and birefringence, 

which relaxed to positive values.  As expected, the maximum and plateau values of both 

birefringence and stress after 14-hr relaxation increased with increasing strain, as shown 

in Figure 3.   

 

To investigate the origin of elasticity and tensile set, the stretched specimen (after 14 hrs 

under strain) was brought to zero stress by contracting the sample at 0.1 mm/min (Figure 

2).  Once the sample reached zero stress during contraction, the elongation of the sample 

was adjusted automatically to maintain zero stress for another 14 hrs.  The post-deformed 

sample was brought to the extent of an attainable recovery such that permanent 

deformation properties could be assessed.  The residual strain (tensile set) and 

birefringence, as shown in Figure 4, suggested that a complete recovery was not achieved 

following the release of stress.  The tensile set and residual birefringence increased with 

increasing initial strain.  This phenomenon implied that higher degree of deformation 
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resulted in a higher permanent deformation in the thermoplastic elastomeric 

polypropylene.   

 

Further investigation of the origin of the tensile set was carried out by varying the strain 

history prior to the release of stress.  Specimens that were immediately brought back to 

zero stress (without undergoing stress relaxation) exhibited lower tensile set and residual 

birefringence (Figure 4).  The discrepancy of the residual strain and birefringence 

between those of different strain history became larger with increasing strain, and hence 

the degree of permanent deformation correlated with elongation and strain history.   

 

In addition to rheo-optical measurements, deformation-induced anisotropy was probed by 

X-ray scattering methods.  Figure 5 shows the 2-D wide-angle x-ray scattering (WAXS) 

of ePP at 0% and 300% strain.  Unstretched ePP displayed isotropic crystalline rings 

typical of an α-form isotactic PP with three strong scattering peaks indexed as the (110), 

(040), and (130) reflections as well as a diffuse reflection of the (111) and (-131) 

planes.40,49  Tensile stretching resulted in three sets of scatterings (along the equatorial, 

meridian, and diagonal axis), the intensities of which increased with increasing strain.  

The scattering along the equatorial axis, which is typical in stretched semi-crystalline 

polymers, denoted polymer chains oriented parallel to the strain axis.  The equatorial 

scattering exhibited a diffuse hump that is characteristic of the oriented mesomorphic 

form, not the distinct {hk0} reflections of the oriented α-form.50  Along the diagonal 

axis, a diffuse weak scattering was observed.  The diffuse equatorial hump and the off-

axis diagonal scattering are often regarded as the fingerprints of the mesomorphic form of 
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isotactic PP, denoting a crystalline phase transformation upon deformation.51,52  An 

unusual behavior was detected along the meridian axis.  An increase in intensity was seen 

at the (110) scattering reflections (arcing) that implied crystalline chains orientation 

orthogonal to the strain direction.   

 

The degree of molecular anisotropy with deformation was analyzed by plotting the 

azimuthal intensity integrated along a narrow band centered at the (110) scattering peaks 

(13.4º ≤ 2θ ≤ 14.6º).  As shown in Figure 6, higher molecular chain orientation appeared 

at increasing strain.  Two sets of scatterings were evident from the azimuthal plots: strong 

equatorial scattering centered at 0º and 180º; along with faint and broad meridional arc 

centered at 90º and 270º.  It should be noted that the (110) azimuthal slices along the 

equatorial axis (0º and 180º) may contain both oriented mesomorphic form as well as 

oriented α-form since the scattering of the two forms are in general overlapping.   

 

The relaxation dynamics, as probed by WAXS, exhibited insignificant change in 

crystalline anisotropy following 1-hr stress relaxation at 300% strain.  The constant level 

of anisotropy suggested that crystalline regions did not relax appreciably.  Hence, the 

relaxation observed in both tensile stress and birefringence could primarily be attributed 

to the dynamics of the amorphous chains.  WAXS data suggested that on the short length 

scale (~ 10 Å), molecular-scale chain orientation did not change while under strain.  After 

the stress on ePP was released, the anisotropy observed by WAXS disappeared.   

 

Solvent Fractions: 
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Heptane Soluble (HS) fraction.  A WAXS profile of the intermediate-tacticity (HS) 

fraction is shown in Figure 7.  The unstretched HS exhibited isotropic crystalline rings 

typical of the α-phase isotactic PP, similar to those of the whole ePP, with sharper 

scattering peaks due to its higher tacticity and crystallinity.40  The stretched HS displayed 

two sets of scatterings that were also observed in ePP: equatorial and off-axis diagonal 

scatterings.  The equatorial scattering contained a diffuse hump (oriented mesomorphic 

form) as well as scattering peaks of the {hk0} reflections (oriented α-form).  Along the 

diagonal axis, bright peak was observed centered at 2θ = 21.5º.  The off-axis diagonal 

scattering was similar to those of ePP but with higher intensities.  Upon stretching, the 

HS fraction exhibited oriented crystalline phases of the α-form as well as the 

mesomorphic form (crystalline phase transformation).   

 

The crystalline anisotropy of HS was also analyzed by azimuthal plots integrated through 

an annulus centered at the (110) scattering peaks (13.4º ≤ 2θ ≤ 14.6º).  Unlike ePP, the 

azimuthal plots of the HS fraction only contained one set of scattering (along the 

equatorial axis), as shown in Figure 6b.  Higher anisotropies appeared in HS compared to 

the whole ePP.  At 100% strain, anisotropy of HS was clearly observed whereas the ePP 

showed only a moderate level of anisotropy.  The anisotropy at 200% strain almost 

reached a saturation level as further stretching to 300% did not appreciably increase the 

anisotropy.   

 

The relaxation properties investigated by WAXS exhibited a similar response to those of 

ePP.  No relaxation was seen from the WAXS patterns after 1 hr at 300% strain.  When 
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released from stress, the HS fraction displayed a different response than the whole ePP.  

Permanent crystalline orientation persisted in HS as observed from the WAXS residual 

anisotropy.  The residual scattering peaks were crystalline arcs, different than the diffuse 

hump (blob) observed when the sample was under strain.  The equatorial crystalline arcs 

denoted chains in the α-form crystals that were permanently oriented along the strain 

direction.  The disappearance of the equatorial diffuse hump and the broadening of the 

off-axis diagonal peaks suggested some degree of reversibility of the mesomorphic form 

back to the α-form.   

 

Long-range ordering was examined with small-angle X-ray scattering (SAXS).  SAXS 

results for unstretched HS displayed an isotropic scattering pattern typical of semi-

crystalline materials.  At 300% strain, SAXS showed broad scattering peak along the 

meridian axis.  For HS, the long-range anisotropy under 300% strain was similar to that 

obtained after the application of a strain of 300% for 1 hr and released for one day, which 

is shown in Figure 8.  The azimuthal intensity plot, integrated in the range 0.46 ≤ q ≤ 0.80 

nm-1, showed broad scattering peak centered along the meridian axis.  The meridional 

scattering peak implied the presence of lamellae oriented with a preferred direction 

orthogonal to the strain axis (under strain and released from strain).  The release of strain 

caused the maximum scattering peak to shift to a higher scattering vector (smaller d-

spacing).  The shift in the scattering peak suggested that amorphous chains between the 

lamellae relaxed to some extent upon the release of stress.  Long-range ordering with d-

spacings centered at 11.3 and 10.0 nm is evident for HS held at 300% strain and after 

released from stress, respectively.   
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Heptane Insoluble (HI) fraction.  WAXS results of the tensile deformation of HI are 

presented in Figure 9.  Similar to the whole ePP and HS, unstretched HI showed isotropic 

scattering rings typical of the α-phase isotactic PP.40  Compared to the lower-tacticity 

fractions, the scattering rings of the HI were more prominent, as expected from its higher 

tacticity.  The WAXS response of HI upon stretching showed similarities to those of the 

HS fraction.  Bright diffuse hump developed along the equatorial axis, the intensity of 

which increased with increasing strain.  As shown in Figure 6c, the {110} azimuthal plots 

of HI under deformation exhibit a weak meridional scattering similar to that commonly 

observed [a*] chain packing of the α-form isotactic PP.53,54  The off-axis diagonal 

scattering, similar to those seen in HS, also occurred in HI but with lower intensity.  As in 

the ePP and HS fraction, the crystalline anisotropy did not change appreciably during 1-

hr relaxation at 300%.  Permanent deformation of HI, as probed by WAXS, appeared to 

show plastic behavior in that no relaxation was observed after releasing from stress.   

 

Ether Soluble (ES) fraction.   Figure 10 contains the response of the low-tacticity 

fraction as probed by WAXS.  The unstretched ES exhibited an isotropic scattering halo 

typical of an amorphous material.  Upon stretching, crystalline arc with d-spacing of 

0.551 ± 0.02 nm (2θ = 16.0º) appeared with their center along the meridian axis.  Figure 

10c displays the 2-D WAXS pattern of ES at 300% strain after subtracting the amorphous 

background of the unstretched sample.  The scattering peak coincided with the dominant 

crystalline peak of the β-form with d-spacing of 0.553 nm (2θ = 16.1º).  However, the 

second characteristic β-form crystalline peak with d-spacing of 0.417 nm (2θ = 21.2º) 
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was not found in the stretched ES.49  The development of anisotropy with strain is 

illustrated in the azimuthal plots shown in Figure 6 through an integration of the first-

order crystalline scattering (15.2º ≤ 2θ ≤ 16.8º).  These plots revealed that chains in the 

crystalline domains were oriented with a preferred direction orthogonal to the applied 

strain (shifted 90º from the primary peaks of ePP, HS, and HI).  WAXS also showed that 

the crystallites did not relax when held at 300% strain for 1 hr.  Upon releasing from 

stress, the ES fraction relaxed as observed from the decreased peak intensity.   

 

As reported in part (2) of the series, the rheo-optical birefringence response of the ES 

sample was positive during stretching and became negative during stress relaxation.  The 

negative birefringence implied that on average chains were oriented orthogonal to the 

strain axis, which is in agreement with the meridional arc observed in WAXS.  Thermal 

investigation of the negative birefringence showed that the negatively-birefringent 

crystallites melted near 75 ºC.   

 

Discussion 

 

Rheo-optical birefringence and WAXS show that both amorphous chains and crystallites 

in ePP are oriented in response to an external stress (Figures 2 and 5).  WAXS data 

contains anisotropy arising from crystallites while the positive birefringence originates 

from both oriented amorphous chains and crystallites.  As expected, the degree of 

orientation increases with increasing deformation.  WAXS reveals three sets of 

scatterings in ePP, each denotes the type of crystalline orientation: an equatorial diffuse 
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hump, an off-axis diagonal reflection, and a meridional arc.  The scattering along the 

equatorial axis implies that the polymer chains are oriented parallel to the strain axis.  

The broad diagonal reflection and the equatorial diffuse hump suggest a crystalline phase 

transformation from the α-form to the mesomorphic form.50  The unusual meridional arc 

is indicative of crystalline chains preferentially oriented orthogonal to the strain direction. 

 

The analysis of neat solvent fractions provides insight into the role of each solvent 

fraction in the ePP in response to deformation.  Tensile experiments indicate that the low-

tacticity ES behaves like a weak gum elastomer, whereas the high-tacticity HI shows 

plastic deformation.  Only the intermediate-tacticity HS exhibits elastomeric behavior.  

WAXS results offer additional information from a molecular viewpoint: the unstretched 

HS and HI crystallize in the α-form isotactic PP, similar to ePP.40,49  WAXS data also 

indicate that HI undergoes plastic deformation as no relaxation was observed after it was 

released from the stress field.  Under similar conditions, the HS fraction exhibits some 

reversible crystalline anisotropy.  In terms of crystalline reflections, as determined by 

WAXS, the intermediate- (HS) and high-tacticity (HI) fractions give rise to the observed 

equatorial diffuse hump and the off-axis diagonal scattering.  The low-tacticity (ES) 

fraction, on the other hand, only displays meridional arc.  From these observations, the 

contribution of each fraction in ePP can be identified.  HS and HI are responsible for both 

the equatorial and off-axis diagonal scatterings, while the low-tacticity ES enhances the 

meridional arc.   
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Crystalline Phase Transformation.  The diffuse equatorial hump and the off-axis 

diagonal scattering in the whole ePP, HS, and HI under stretching are fingerprints of the 

mesomorphic form of isotactic PP.50  The four distinct diagonal reflections indicate that 

the mesomorphic form maintains a 3-fold helical conformation, as confirmed by many 

earlier studies.49,51,55-57  We believe the deformation-induced crystalline transformation is 

due to crystalline phase conversion from the α-form or its defective form.  The applied 

stress destroys the α-form crystalline structure (or its defects) and pulls the chains into the 

mesomorphic form with random helical hands (left or right).  Similar behavior has also 

been reported by Hsiao and co-workers on the deformation of isotactic polypropylene 

fibers.51  The authors reported the amount of mesomorphic form increased with 

increasing strain, as observed from the increase in intensity of the off-axis diagonal 

peaks.   

  

Comparison of the stretched HS and HI allows an analysis of the crystalline phase 

transformation as a function of tacticity and crystallinity.  Qualitatively, the HS fraction 

undergoes a higher amount of crystalline phase transformation to the mesomorphic form 

compared to the HI fraction.  We believe that the higher amount of crystalline phase 

transformation is due to a higher number of defects in the HS than that in the HI fraction.  

When subjected to deformation, the chains with higher defects are more susceptible to 

crystalline transformation to the less-ordered mesomorphic form.   

 

Lamella Deformation Model.  The deformation behavior of the HS can be explained 

using the model proposed by Schultz on stretched polyethylene.58  Crystalline phase 
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transformation arises during the development of the lamellae orientation following the 

stages shown in Figure 11.51  In the first stage of deformation at low strains, almost all of 

the strain is accommodated by the interlamellar amorphous chains aligning with the strain 

axis.  At this stage, the lamellar ribbons slip rigidly past each other.  The energy provided 

by the stress is not sufficient to deform the crystallites but the chains in the amorphous 

phase can be oriented between lamellae.  At higher strain when the tied chains are highly 

extended, deformation occurs by the slip-tilting of the crystalline lamellae.  Chains 

packed in the lamellae are aligned with the strain direction, in agreement to that observed 

in WAXS.  The chain alignment may destroy the crystalline α-form and convert the α-

form crystallites to the mesomorphic form.  At even higher strain, the lamellar ribbons 

are ruptured by blocks of crystals pulled out of the ribbons.  The large energy provided 

by the strain is able to pull the helical chains in the crystal to become stretched helical 

chains, which may be aggregated into bundles with no specific arrangement of helical 

hands (mesomorphic form).  The blocks from the same lamellae are still attached to each 

other by their side chains.  At a very high strain, the blocks of ruptured lamellae become 

individual smaller blocks with minimal interactions between blocks.  The lamellae are 

preferentially oriented orthogonal to the strain direction, in agreement with the observed 

weak meridional peak of SAXS.   

 

Orthogonally Oriented Crystalline Chains.  As is elaborated in Part (2) of this series, 

the low-tacticity ES exhibits unusual deformation properties.  The unstretched ES, with 

tacticity [mmmm] = 21%, shows properties typical of an amorphous material.  WAXS 

and DSC show a very low amount of crystallinity (1-2 %) and do not show evidence of 
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any increase in crystallinity after annealing at 120 ºC for 6 hrs.40  The observed 

crystallization of ES occurs under both tensile stretching and step-shear deformations.  

Rheo-optical birefringence and WAXS independently confirm that crystalline chains are 

oriented orthogonal to the strain direction.  The crystallization of the low-crystallinity ES 

(1-2% by DSC and WAXS) implies there exist crystallizable isotactic sequences to 

accommodate crystallization.  The isotactic sequence lengths must be sufficiently long to 

allow crystallization, but concurrently the overall tacticity of the chains must be low to 

maintain solubility in boiling diethyl-ether.   

 

The crystalline form of the neat ES under deformation is not fully understood.  As 

displayed in Figure 10, the meridional arc occurs at scattering angle 2θ = 16.0º that 

coincides with the first characteristic reflection of the β-form isotactic PP.  However, the 

second smaller peak characteristic of the β-form is not observed.  When the ES is blended 

with higher-isotacticity fractions, as in the parent ePP, the meridional arc is increased by 

a large amount.  However, the meridional arc occurs at 2θ =  14.0º, corresponding to the 

(110) reflection of the α-form.  The same behavior is also observed in the ES/HI blend as 

reported in part (2).  The different crystalline reflection of the neat ES as compared to the 

parent ePP and ES/HI blend shows that ES possesses different crystalline growth 

mechanisms when it is in its neat form and when it is blended with the α-form isotactic 

PP.  These results suggest that when ES is blended with higher-tacticty chains, it can co-

crystallize with the α-form crystals (see Part (2)).   
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Relaxation Dynamics and Tensile Set.  The relaxation dynamics of ePP when held at 

constant strain was monitored by tensile stress, birefringence, and WAXS.  Simultaneous 

stress-birefringence experiments showed that both quantities decayed over time when 

held at constant strain.  The faster relaxation of birefringence compared to the tensile 

stress (Figure 2) suggests that the stress relaxation is primarily due to the relaxation of 

amorphous chains.  Both oriented amorphous chains and crystallites contribute to the 

birefringence.  We believe the plateau in birefringence is attributed to oriented 

amorphous chains as well as oriented crystallites.  WAXS results, as shown in Figures 5 - 

6, confirm that relaxation occurs primarily from amorphous chains, as the crystalline 

anisotropy does not decay significantly during stress relaxation.  Qualitative assessment 

of the amount of crystallinity during constant strain does not indicate any increase.  The 

number of oriented chains, either in crystallites or pinned within the crystalline network, 

increases with increasing strain as shown by the increase in the stress and birefringence 

plateaus with increasing strain (Figure 3).   

 

As exhibited in Figures 2 and 4, the tensile set, expressed as residual strain, correlates 

with the residual birefringence of the sample at zero stress.  The residual birefringence 

implies that chains are not fully relaxed to an isotropic state.  We believe the permanent 

deformation arises from immobile oriented crystalline chains and “trapped” amorphous 

chains between the deformed crystalline networks.  The permanent anisotropy that 

remains without an applied stress is dependent on strain history, as shown in Figure 4.  

The longer a sample is held under strain, the more crystallites and amorphous chains are 

permanently oriented.  This suggests that at room temperature ePP chains have high 
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enough chain mobility to reorient in response to external stresses.  The observation is 

similar to the heat-setting process in oriented structures.   

 

Conclusions 

 

Tensile stress, rheo-optical birefringence, and X-ray scattering studies of the elastomeric 

polypropylene (ePP) produced by 2-arylindene catalysts provide insight into the dynamic 

response and the origin of tensile set within these materials.  Tensile stretching of ePP 

causes both amorphous chains and crystallites to orient in response to the stress field.  

WAXS shows that crystallites are not only oriented but also undergo crystalline phase 

transformation from the α-form to the mesomorphic form.  Stress relaxation occurs 

primarily due to the amorphous chains that are not pinned within the crystalline networks.  

When ePP is free from stress, the imperfect elasticity originates from the permanent 

orientation of the crystallites and amorphous chains that are pinned within the crystalline 

network.   

 

WAXS studies of each solvent fraction comprising the ePP (ES, HS and HI) reveal the 

contribution of each solvent fraction in the whole ePP.  High-tacticity fractions (HS and 

HI) undergo crystalline phase transformation from the α-form to the mesomorphic form 

under deformation.  The low-tacticity ES fraction contains crystalline chains 

preferentially aligned orthogonal to the strain direction.  In a deformed ePP matrix, the 

ES fraction forms crystallites of the α-form isotactic PP.  Neat ES undergoes a different 
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deformation model and the type of crystalline form produced is not conclusive, although 

the observed WAXS crystalline reflection suggests a β-form crystalline phase.   
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Tables 
 

Table 1. Polymer Characterization 

Sample wt

% 

Mw
a  

(K) 

PDIa mmmm 

%b 

m 

%b 

IR 

indexc 

Tm 

(ºC)d 

∆H 

(J/g)d 

Crystallinity% 

(DSC) (XRD) 

ePP-10 100 201 2.3 34 73 0.34 42-149 22 11 8 

ES-ePP10 48 147 2.1 21 67 0.19 41-45 2 1 2 

HS-ePP10 42 220 2.3 44 79 0.38 42 32 15 11 

HI-ePP10 10 432 2.5 76 92 0.70 47-155 82 39 37 
a determined by GPC (waters 150 ºC) at BP Chemical Co. 
b determined by 13C-NMR 
c determined by the ratio of absorbance intensity A998/A975  
d determined by DSC endotherm scan from 0 ºC to 200 ºC at 20 ºC/min 
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Figure Captions. 
 

Figure 1. Rheo-optical birefringence setup and the cartesian geometries defining the 
uniaxial extensional and shear deformations.     

Figure 2. Simultaneous tensile stress and birefringence response of elastomeric 
polypropylene ePP-10 under various strains.  All samples followed the following 
procedure: 1) elongation at 10 mm/min to a specified strain, 2) hold at strain for 14 hrs, 
3) retraction (reversed-elongation) at 1 mm/min to zero stress, and 4) maintained zero 
stress by adjusting strain.  

Figure 3.  Stress and birefringence plateaus of ePP-10 at various strains. 

Figure 4.  Tensile set and birefringence set of ePP-10 after complete relaxation of strain 
(zero stress) following two types of strain history: 14-hr relaxation at constant strain or 
after an immediate recovery following the deformation.  

Figure 5. 2-D WAXS patterns of ePP: (a) before deformation, and (b) at 300% strain with 
a vertical strain axis.   

Figure 6. Azimuthal plots of integrated intensity for: (a) ePP, (b) heptane-soluble 
fraction, (c) heptane-insoluble fraction, and (d) ether-soluble fraction.  Integration was 
carried out at the (110) scattering reflection for (a), (b), and (c); at the scattering arc for 
(d).  Curves have been shifted vertically for clarity.   

Figure 7. 2-D WAXS patterns of the intermediate-tacticity (HS) fraction: (a) unstretched, 
(b) at 100% strain, (c) at 200%, (d) at 300%, (e) at 300% after 1-hr relaxation, (f) after a 
relaxation for 1 hr at 300% strain and a stress-free period for 1-day.  Strain axis is 
vertical.   

Figure 8. SAXS of the intermediate-tacticity (HS) fraction after 1-day released from 1-hr 
of 300% strain: intensity scattering profile along the meridian axis (top) and azimuthal 
intensity profile (bottom).   

Figure 9. 2-D WAXS patterns of the high-tacticity (HI) fraction: (a) before stretching, 
and (b) at 300% strain with vertical strain axis.   

Figure 10. 2-D WAXS images of the low-tacticity (ES) fraction with strain axis along the 
vertical direction: (a) unstretched, (b) at 300% strain, and (c) at 300% strain after 
subtraction of the unstretched scattering pattern.   

Figure 11. Lamellar deformation model adopted from Schultz.58   
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