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ABSTRACT: Intervals of shear flow stretch polymer chains and form flow-induced precursors, 

which accelerate crystallization and transform the crystalline morphology from isotropic 

spherulites to anisotropic structures. The flow-induced crystallization of two commercial samples 

of isotactic polypropylene with nearly identical molecular weight distributions, differing in 

concentrations of catalyst residue particles, was investigated using dynamic rheology and ex situ 

Synchrotron X-ray scattering. Upon the application of flow, the sample with higher particle 

concentration crystallized at faster rates relative to the sample with lower levels of heterogenous 

impurities. The nucleation ability of these particles was particularly pronounced at lower levels of 

deformation, while flow effects became prominent as larger deformations were applied. For 

sufficiently strong flows (𝛾 ሶ ൑ 145 s-1), a lower critical shear stress (~0.096 MPa) was observed 

for the formation of shish-kebab structures in the sample with higher concentrations of particles. 
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In this work, we have also identified the formation of shish-kebab structures in the presence of 

weak flow (𝛾 ሶ ൑ 0.3 s-1) when sheared for long durations of time. For equivalent levels of specific 

work within both flow regimes, the morphologies of these anisotropic structures were found to be 

characteristically distinct from one another. The long period and degree of crystallinity were also 

found to increase with shear stress above the stress level needed for the formation of shish-kebab 

structures.  

 
INTRODUCTION 
 

Polypropylene is one of the most widely used synthetic polymers in the world. When 

semicrystalline polymer melts are subject to large deformations prior to supercooling, flow-

induced precursors can form, resulting in an increased number density of nuclei and a change in 

crystalline morphology.1–9 This phenomenon is referred to as flow-induced crystallization (FIC) 

and is ubiquitous in polymer melt processing, such as injection molding or film blowing. These 

flow fields contribute to changes in the crystalline microstructure and are associated with increased 

tensile strength relative to quiescent crystallization.10,11 

Polymer crystallization is a chain ordering process consisting of nuclei formation and 

subsequent crystal growth.12–14 The nucleation process can be altered in the presence of particles 

or with the application of flow. Nuclei may be formed in the melt itself through homogenous 

nucleation, or heterogeneously at an interface. For isotactic polypropylene heterogenous 

nucleation occurs more readily at elevated temperatures (60-150ºC), while homogenous nucleation 

becomes much more significant at lower temperatures (<60ºC).15,16 It has been suggested that 

particles can act as heterogeneous nucleation sites that lower the surface free energy barrier with 

respect to the nucleus.15,17,18 Epitaxial nucleation has also been thought to explain the nucleating 
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ability of particles, where a certain degree of lattice matching between the crystal lattices of the 

polymer and the particles has been suggested to be necessary for nucleation.19,20   

In flow, coiled polymer chains align and stretch, which lowers the melt entropy and decreases 

the nucleation barrier, allowing for an increased concentration of nuclei upon crystallization. This 

results in faster crystallization kinetics,3,5,7,18,21,22 elevated crystallization temperatures,23–25 and a 

transformation in the crystalline structure from larger isotropic spherulites to much smaller 

spherulites, and eventually to anisotropic morphologies for isotactic polypropylene.24,26–29  

Of these anisotropic structures, highly oriented shish-kebabs are one of the most distinctive 

morphologies. At high stress levels, deformations first promote close lateral packing of dense chain 

extended fibrillar structures known as shish.25–27,29–31 Thereafter, lamellae grow transversally 

outward upon crystallization to form kebab structures. Hsiao et al. observed the structure formation 

of these shish-kebabs using in situ X-ray scattering with a shear stage.26,29,32 They sheared isotactic 

polypropylene at 155 and 165ºC at a shear rate of 60 s-1 for 5 seconds and first observed scattering 

intensities parallel to the flow direction, signifying the formation of shish. A short time later the 

lamellae (kebabs) grew perpendicular to the shish, as indicated by a change in the anisotropic 

scattering profile. Using a pressure driven flow, Balzano et al.27 were able to induce shish-kebab 

structures at high shear stresses. Upon reaching a critical shear stress of ~0.14 MPa, the spherulites 

were transformed to highly birefringent structures orienting along the flow direction.  

In typical experiments performed by Peters27,31,33 and Kornfield5,21,34 groups, a Poiseuille flow 

geometry is used to apply intense shear at temperatures close to ~145 ºC.  In these geometries, the 

shear stress is largest at the walls and decreases to zero at the center of the geometry. This results 

in a “skin-core” morphology where a highly anisotropic layer is formed closest to the walls, 

followed by a fine-grain layer, and an isotropic spherulitic core, which are observed using in-situ 
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X-ray scattering or optical microscopy. To form these anisotropic shear layers, it is thought that 

the shear stress must exceed a certain threshold, while the deformation also needs to be sufficiently 

high.25,27 

The longest chains in a polymer melt play a critical role in flow-induced crystallization. Several 

studies have reported that these high molecular weight chains are most influential in generating 

FIC effects, as opposed to flow acting equally amongst all chains in a given molecular weight 

distribution.3,18,22,32 Somani et al.32 used in-situ small-and-wide angle X-ray scattering to 

investigate the role of high molecular weight species on the crystallization of isotactic 

polypropylene under shear flow. They compared two samples of isotactic polypropylene with the 

same number-average molecular weights with differing high molecular weight tails, and found 

that the sample with the higher molecular weight tail formed shish structures earlier, and exhibited 

faster crystallization kinetics. These long chains are the slowest to relax and are the easiest to be 

stretched and oriented by flow, which are essential to forming flow-induced precursors.4,18,25 To 

stretch these long chains, the shear rate must exceed the reciprocal of their relaxation (Rouse) time, 

such that 𝛾ሶ𝜏ோ ൒ 1.24,25,30,35,36  

Specific work is an important process parameter that controls the strength of flow-induced 

crystallization for low levels of deformation.1,24,37–40 This is the energy per unit volume and is 

expressed as stress 𝜎 times strain 𝛾:  

                                                           𝑊 ൌ 𝜎𝛾 ൌ  𝜂𝛾ሶ ଶ𝑡௦                                                         (1) 

where 𝜂 is the steady state shear viscosity at a constant shear rate 𝛾ሶ , and 𝑡௦ is the duration of shear 

applied to the sample. With increasing levels of specific work, more chains can aggregate and form 

stable nuclei. Even low levels of specific work have been shown to accelerate the rate of 

crystallization, while the formation of anisotropic structures only occurs after sufficient levels of 
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specific work are applied. At low levels of deformation, Hamad et al.24 observed the formation of 

rice grain morphologies using Atomic Force Microscopy of sheared samples of isotactic 

polypropylene. These structures were randomly oriented, ranging in lengths of 1.5 – 3.0 

micrometers, depending on the level of specific work. Ryan et al.4,41 had also identified a critical 

work threshold for polyethylene, where at this critical value the morphology transformed from 

being unoriented to forming structures oriented along the flow direction.  

Catalyst residues have been an issue related to polyolefin polymerization since the advent of 

the Phillips catalyst. While great efforts have been made to reduce these residues, trace levels still 

persist after polymerization. However, very little work has been performed to determine the 

magnitude to which these particulate impurities affect the flow-induced crystallization of neat 

materials. 

In this work, we investigate the flow-induced crystallization of two commercial samples of 

polypropylene that have nearly identical rheological properties and high molecular weight tails, 

but differ in concentrations of catalyst residue particles from polymerization. We use a rotational 

rheometer to apply controlled deformations and monitor crystallization dynamically in the melt to 

explore the flow-induced nucleation kinetics and linear viscoelastic crystallization temperatures. 

The structural morphology and changes in crystalline microstructure are revealed through small-

and-wide angle X-ray scattering. It was found that higher particle concentrations promoted flow-

induced crystallization effects, which resulted in faster flow-induced nucleation kinetics, and a 

slightly lower critical shear stress for the formation of anisotropic shish-kebab structures.  
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EXPERIMENTAL 
 

Materials. Two commercial samples of isotactic polypropylene (denoted iPP6 and iPP7) 

were provided by Phillips 66. The samples were produced in a slurry polymerization process using 

a Ziegler-Natta catalyst. The concentration of catalyst residue of iPP6 and iPP7 are 166 and 48 

ppm, respectively, as provided by the manufacturer. These samples were chosen to compare the 

effect of particle concentration on the flow-induced crystallization of samples with nearly identical 

rheological properties and high molecular weight tails. Material and linear viscoelastic properties 

can be seen in Table 1.  

 
Table 1. Material and Linear Viscoelastic Properties of iPP6 and iPP7 

 iPP6 iPP7 

Mw [kg/mol] 833 820 
Mn [kg/mol] 73 79 

Mmax [kg/mol] 7000 7000 
XS [%]a 3.6 3.7 

𝜂଴ [kPa s]b 170* 170 

mb 0.7* 0.7 

𝜏 [s]b 10* 10 

𝜏௧௘௥௠ [s]c 0.59* 0.59 
aXylene-soluble fraction, indicative of atactic content (ASTM D5492). 
bThe zero-shear viscosity, 𝜂଴, relaxation time, 𝜏, and shear thinning exponent, m, were estimated 
from the fit of the flow curves to the Cross Model (Eq. 2). 
cThe terminal relaxation time estimated from the inverse of the frequency at the dynamic moduli 
crossover. 
*Rheological values taken from ref,42 where iPP7 coincides with iPP6 (see Figure 2). 
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Gel Permeation Chromatography. A high temperature GPC (Polymer Char GPC IR5) 

equipped with infrared detector IR5 and an eight-angle light scattering detector (from Wyatt) was 

used in this study. GPC separation was carried out by using three columns Tosoh 30 µm mixed 

bed at 160°C, flow rate of 1 mL/min and injection volume of 200 µL. Polymer samples were 

dissolved in trichlorobenzene (TCB) at a concentration of 1mg/mL. To ensure the complete 

dissolution, samples were kept at 160°C for 90 minutes. TCB was used as the mobile phase. 

Reported values are the average of several replicates.  

The long chain branching determination can be obtained through GPC by the combination 

of a concentration sensitive detector and a molar mass sensitive detector. The long chain branching 

(LCB) detection is based on the reduction of viscosity and radius of gyration of a polymer chain 

with LCB when compared with a linear reference with same chemical composition and molar mass 

distribution. The difference in the slope of the Mark-Houwink plot (Log IV x Log M) and 

conformation plot (Log Rg x Log M) between linear and branched samples is directly related to 

the amount of LCB, as an effect of the more compact form assumed by the branched chains.43–48 

Linear Viscoelasticity. All rheological measurements were carried out using a strain-

controlled ARES G2 rotational rheometer (TA Instruments, New Castle, DE), and run under 

nitrogen to minimize sample oxidation. The linear viscoelastic responses of the two materials were 

determined using a 25 mm parallel plate geometry at 170 ºC with frequencies ranging from 0.001 

to 100 rad/sec. A strain amplitude of 0.05 was used, while at low frequencies, strain amplitudes 

were increased to provide sufficient torque to maintain measurable stress levels, while still 

remaining in the linear viscoelastic regime.  

Flow-Induced Crystallization.  To investigate flow-induced crystallization, a rotational 

rheometer equipped with 8 mm cone (0.1 rad cone angle and 0.046 mm truncation gap) and plate 
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fixtures was used to apply intervals of shear at 170 ºC and monitor crystallization using both 

isothermal oscillatory time sweeps and non-isothermal temperature ramps at frequency of 0.5 

rad/sec, with a stain amplitude of 0.05.   

Crystallization was monitored through the samples viscoelastic response at a constant 

frequency, following the criteria developed by Pogodina and Winter.49 As the sample crystallizes 

from the melt, the material properties transform from viscous to elastic response. In shear-induced 

crystallization, this is illustrated by the storage modulus (G’) surpassing the loss modulus (G’’) at 

a constant frequency, which causes a decrease in the loss tangent 𝑡𝑎𝑛𝛿 ൌ 𝐺′′ሺ𝜔଴ሻ/𝐺′ሺ𝜔଴ሻ. The 

crossover of the storage and loss moduli results in a value of 𝑡𝑎𝑛𝛿 ൌ 1, which is a convenient and 

reproducible measure for the linear viscoelastic crystallization time.7,18,38,49  

Oscillatory Time Sweep. Prior to crystallization, samples were annealed in the rheometer 

well above the equilibrium melting temperature (Tm
0 = 187 ºC)50 at 220 ºC for 5 minutes to remove 

previous thermal history from sample preparation. The sample was then cooled to 170 ºC, just 

above the nominal melting temperature, and sheared at a constant shear rate for various durations 

of time. To measure isothermal crystallization kinetics, samples were quenched to the desired 

crystallization temperature (cooling rate of ~10 ºC/min), after which an oscillatory time sweep was 

initiated using a constant frequency of 0.5 rad/sec and strain amplitude of 0.05.  

Oscillatory Temperature Ramp. A similar protocol to that described above was used to 

monitor non-isothermal crystallization, with the exception of slowly cooling the sample and 

measuring the temperature at which the sample crystallizes (where 𝑡𝑎𝑛𝛿 ൌ 1ሻ. As for the 

oscillatory time sweep experiments, samples were annealed at 220 ºC for 5 minutes, and cooled to 

the shearing temperature (Ts = 170 ºC). After applying intervals of shear at 170 ºC, an oscillatory 
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temperature ramp is initiated using a constant frequency of 0.5 rad/sec and strain amplitude of 

0.05, while cooling the sample at 1 ºC/min.  

X-ray Scattering. Sample disks were compression molded into 25 mm disks under 

vacuum and annealed at 220 ºC for 30 minutes to erase any prior memory that may exist from 

pellet extrusion.18,25 The samples were sheared in a rotational rheometer using 25 mm parallel 

plates to achieve varying levels of shear stress at different radial positions on a single sample. 

Simultaneous small- and wide-angle Synchrotron X-ray scattering (SAXS/WAXS) experiments 

were performed at Beamline 5ID-D of the Dupont-Northwestern-Dow Collaborative Access Team 

Synchrotron Research Center at the Advanced Photon Source, Argonne National Laboratory. The 

patterns are shown as a function of the scattering wavevector, q, (q = (4π/λ) sin(θ/2), where θ is 

the scattering angle and λ = 0.7293 Å), measured in the range of 0.0025−4.46 Å−1.The sample to 

detector distances for SAXS and WAXS were 8505 mm and 200.25 mm, respectively. A beam 

size of 0.25 mm and an exposure time of 1 second was used per scan. SAXS and WAXS patterns 

were analyzed using Igor Pro (WaveMetrics, Portland, OR) with the Nika 2D SAS macros 

package.  
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RESULTS AND DISCUSSION 
 

To determine the effects that foreign particles have on the flow-induced crystallization of 

neat semicrystalline polymers, two high molecular weight samples of polypropylene with nearly 

identical rheological properties and high molecular weight tails were investigated.  

Sample Characteristics. From Table 1, we see both samples of polypropylene are very similar 

to one another, with the exception of the concentrations of particle impurities. These particulates 

are attributed to catalyst residue and catalyst support fragments stemming from a slurry 

polymerization process using a Ziegler-Natta catalyst, where iPP6 has roughly 3.5 times the 

concentration of catalyst residue compared to iPP7 (provided by the manufacturer).  

Elemental analysis was performed using inductively coupled plasma mass spectroscopy (ICP-

MS), where high levels of Titanium, Magnesium, Aluminum, and Silicon were found, as shown 

in Table 2. These impurities are presumably TiCl4, MgO, SiO2, and an Aluminum co-catalyst 

(metal-alkyl; Al(C2H5)3), all of which are expected in Ziegler-Natta polymerization.24,51 TiCl4 is 

the primary catalyst, while MgO and SiO2 are probable catalyst support materials. 

Table 2. Particle Concentrations of iPP6 and iPP7 
 iPP6 iPP7 

Catalyst Residue [ppm] 166 48 

Ti [ppm] 2.3 0.8 

Mg [ppm] 17.7 10.3 

Al [ppm] 73.3 29.8 

Si [ppm] 121.4 71.4 

 

The molecular weight distributions can be seen in Figure 1, obtained through gel 

permeation chromatography (GPC), where no branching has been detected in either sample. The 

absence of long chain branching can be seen in the conformation plot, where a straight line with a 

slope greater than 0.5 is expected for long and linear chains52 as observed for both iPP6 and iPP7 
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(see SI; Figure S1). From the GPC curves, both samples are similar in distribution, overlapping in 

the low and high molecular weight regions, while iPP7 has a slightly higher fraction of shorter 

chains, as seen towards the middle of the distribution. Nonetheless, the high molecular weight tails 

are of particular importance for flow-induced crystallization.3,25,32,53 These long polymer chains 

are thought to contribute most strongly towards nucleation, as these chains can most easily be 

stretched by flow fields. The high molecular weight tails of both iPP6 and iPP7 are nearly identical 

to one another. As the deformation rate increases, the minimum molecular weight for chains to be 

stretched decreases (see Figure 1b), and can be computed from the Rouse time such that54,55:  𝜏ோ ൌ

ቀெ
ெ೐
ቁ
ଶ
𝜏௘ where 𝑀௘ is the entanglement molecular weight and 𝜏௘ is the Rouse time of an 

entanglement strand. For isotactic polypropylene at 170 ºC, the entanglement molecular weight 

Me ≡ 𝜌𝑅𝑇/𝐺௘ = 5.25 kg/mol (where 𝜌 is the density, R is the gas constant, T is the absolute 

temperature, and 𝐺௘   is the plateau modulus), while the Rouse time for an entanglement strand 𝜏௘ ൌ

1.5 ൈ 10ି଻ s.18,56 To better quantify these high molecular weight tails, we will also define a 

“maximum” molecular weight (Mmax), which is obtained by taking the natural logarithm of the 

weight fraction vs linear Mw, where the slope at large Mw is defined as -1/Mmax, i.e., 

𝑤ே ~ 𝑒𝑥𝑝 ቀ ିெ

ெ೘ೌೣ
ቁ at large M (see Table 1 and Figure S2).25 Mmax is a simple means to characterize 

the exponential decay of the high molecular weight tail of the distribution.  
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Dynamic rheology is another important characterization technique for flow-induced 

crystallization. Figure 2a shows the linear viscoelastic response of both samples at 170 ºC (above 

the nominal melting temperature), with frequencies spanning five decades from 10-3 to 100 rad/sec, 

where both iPP6 and iPP7 have identical viscoelastic responses. With the two samples having the 

same linear viscoelasticity and very similar molecular weight distributions, the relaxation times 

are equivalent (see Table 1). As expected, the complex viscosity (Figure 2b) of iPP6 and iPP7 are 

also identical to one another and demonstrate an indistinguishable shear thinning behavior, 

occurring even at low frequencies, owing to their high molecular weight.  

 

 

 

 

 
 
 

Figure 1. (a) Weight fraction molecular weight distribution of iPP6 (blue) and iPP7 (red) (b)
Magnified view of high molecular weight tails. With larger shear rates, the fraction of stretchable
chains increases. 
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In a previous publication,42 our group extensively studied the rheological response of 

various entangled isotactic polypropylene melts under steady shear flows. Parisi et al. constructed 

flow curves spanning from the Newtonian plateau to a clear shear-thinning regime by combining 

various rheological techniques and instruments. These flow curves were well represented by the 

Cross model,57 

                                                               𝜂ሺ𝛾ሶሻ ൌ  
ఎబ

ଵାሺఊሶ ఛሻ೘
                                                         (2) 

where 𝜂଴ is the zero-shear viscosity, 𝜏 is the relaxation time of the chains in the distribution, 𝛾ሶ  is 

the shear rate, and 𝑚 is the shear thinning exponent (listed in Table 1). It was established that the 

Cox-Merz rule58 was well obeyed for these samples,42 as at 𝜔 ൌ  𝛾ሶ , the complex viscosity at a 

given frequency was equal to the steady state shear viscosity, |𝜂∗ሺ𝜔ሻ| ൌ  𝜂ሺ𝛾ሶ ሻ.  

Flow-Induced Crystallization. Shear-Induced Crystallization Kinetics. Specific work is 

a key parameter that governs the strength of flow-induced crystallization for low levels of 

deformation.1,4,9,18,37 In this experiment, we make use of a shearing and quenching protocol where 

Figure 2. (a) Storage modulus (G’) and loss modulus (G’’) as a function of angular frequency at
reference temperature of 170 ºC (b) Complex viscosity as a function of angular frequency at 
reference temperature of 170 ºC. 
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samples are sheared at 170 ºC (above their nominal melting point) and then quenched (at ~ 10 

ºC/min) to a crystallization temperature of 150 ºC without undershooting (i.e. upon approaching 

150ºC samples are cooled at a slightly slower rate to minimize temperature fluctuations below the 

desired crystallization temperature), where the time dependent linear viscoelasticity at a fixed 

frequency is monitored.  

Figure 3 presents the linear viscoelastic crystallization kinetics of iPP6 and iPP7 for various 

levels of specific work at a fixed shear rate of 1 s-1. The shear rate used in this experiment is above 

the reciprocal of the relaxation time (𝜏 = 10 s, see Table 1), where only a small fraction of chains 

in the high molecular weight tail of the distribution can be stretched by the flow (see Figure 1b). 

Both iPP6 and iPP7 have virtually identical high molecular weight tails, yet the two samples show 

different degrees of flow-induced crystallization. From the Rouse time, a shear rate of 1 s-1 

corresponds to a minimum molecular weight of 1.4 ൈ 10ସ kg/mol that can be stretched by the 

flow. The weight fraction of stretchable chains can be obtained by integrating the molecular weight 

distribution at this position upward, resulting in a fraction of 0.0029 chains that are stretched by 

the flow for both iPP6 and iPP7 at a shear rate of 1 s-1.  
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When subject to flow, iPP6 exhibits more pronounced FIC kinetics than iPP7. At applied 

work levels less than W = 18 MPa, the crystallization times of iPP6 are appreciably faster than 

those of iPP7. Moreover, the initial slope of iPP6’s crystallization time vs specific work in Figure 

3 is notably steeper than that of iPP7, until both samples reach a saturation threshold near 18 MPa. 

As the applied specific work exceeds W = 18 MPa, further increases in specific work have minimal 

effects on the kinetics, and both samples approach comparable crystallization times with iPP6 still 

being ~1.5x faster. The saturation work level in Figures 3 is in agreement with results obtained by 

Hamad et al. for lower molecular weight samples of polypropylene.18 Interestingly, in the case of 

quiescent crystallization (W = 0 MPa in Figure 3), iPP7 crystallizes faster than iPP6 (consistent 

with DSC on quiescent samples, see Figure S10), which suggests that these particles are not 

nucleating agents. Yet, the crystallization time of iPP6 is reduced by a factor of ~335 from 

Figure 3. Crystallization time versus specific work with a shear rate of 1 s-1 at a crystallization 
temperature of 150 ºC. Upon the application of flow, iPP6, the sample with more particulates,
crystallizes faster than iPP7. 
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quiescent crystallization to the maximum specific work applied (W = 38 MPa), while in the same 

range, iPP7 is only reduced by a factor of ~172.  

Under quiescent conditions, the addition of nucleating agents such as sodium 2,20 -

methylene bis-(4,6-di-tert-butylphenyl) phosphate (also known as NA11) have been shown to 

increase the rate of crystallization as higher concentrations of nucleating agents are introduced.59 

Hence, it is thought that the catalyst residues particles here are not acting as nucleating agents.  

Here it appears that only when samples are sheared, stretched polymer chains can adsorb 

onto these particles, which then act as heterogenous nucleation sites that lower the surface free 

energy of the critical nucleus.15,17,18 At higher temperatures, heterogenous nucleation occurs more 

readily than homogenous nucleation, where for polypropylene it has been reported that 

heterogenous nucleation occurs in the temperature range of 60-150 ºC.15,16 In addition to 

undergoing heterogeneous primary nucleation, where the nucleation barrier is lowered in the 

presence of impurities, adsorption of stretched chains to catalyst residue particles has also been 

hypothesized to account for the large activation energy required to anneal away FIC precursors, 

even at temperatures above the equilibrium melting point.23  

Shear-Induced Non-Isothermal Crystallization. In the previous section, we investigated the 

effect of specific work on the isothermal crystallization kinetics of polypropylene. Now, we look 

to explore the linear viscoelastic crystallization temperature as a function of specific work by 

monitoring the temperature at which the modulus crossover (𝑡𝑎𝑛𝛿 ൌ 1) occurs in a -1 ºC/min 

temperature ramp.   

Figure 4 shows the linear viscoelastic crystallization temperature versus specific work at 

two different shear rates for iPP6 and iPP7. As in the case of the isothermal crystallization kinetics, 

the FIC effects of iPP6 are considerably stronger than that of iPP7. At a shear rate of 0.3 s-1, the 
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difference in the crystallization temperatures between iPP6 and iPP7 are more prominent 

compared to those at 1 s-1 (see inset of Figure 4). Upon reaching higher levels of applied specific 

work, the linear viscoelastic crystallization temperatures of both samples appear to plateau with 

iPP6 always crystallizing at a higher temperature than iPP7 (∆𝑇 ൐ 0). Here, it appears that higher 

particle concentrations do not affect the saturation level of specific work. It is thought that the 

nucleation ability of these particles diminishes with increasing shear rates (and specific work) as 

flow effects become more influential (see inset of Figure 4). 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

 

Similar observations have also been made by D’Haese et al.60,61 during their birefringence 

experiments of polypropylene filled with different diameters of zinc oxide particles. The 

crystallization kinetics of the neat material and particle filled samples at low shear rates were more 

distinct, where the nucleating capability of the particles dominated. These differences weakened 

Figure 4. Crystallization temperature versus specific work at two shear rates (see legend) and 
shearing times for iPP6 and iPP7 using a shearing temperature of 170 ºC and a cooling rate of 1 
ºC/min. The inset plot shows the temperature difference between iPP6 and iPP7 at the two shear 
rates. 
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with increasing shear rates, while within the high shear rate region, the crystallization kinetics were 

solely driven by flow and independent of the diameter and nucleating efficiently of their particles.  

The increase in crystallization temperatures for shear rates of 0.3 and 1 s-1 in Figure 4 is 

consistent with the hypothesis that stretched chains contribute strongly to FIC. As the shear rate 

increases, a greater fraction of the high molecular weight tails can be stretched by the flow (see 

Figure 1b). Thus, good overall agreement is seen for our samples sheared at higher rates, where 

FIC effects are generally stronger at 1 s-1 than at 0.3 s-1 for comparable specific work levels. 

Surprisingly, for the highest level of applied specific work (W = 38 MPa), the crystallization 

temperatures of iPP6 and iPP7 continue to increase when sheared at 0.3 s-1, presumably due to the 

formation of shish-kebab structures, even in weak flow. To achieve this level of specific work at 

these low rates, the melt is sheared for long intervals of time. Here, only a small fraction of very 

long chains (wN ൌ 4 ൈ  10ିସ; see Figure 1b) in the distribution are stretched, allowing for these 

chains to nucleate oriented shish precursors prior to crystallization.  

Formation of Shish-kebab Structures at Low Shear Stress. The increase in dynamic 

modulus during crystallization is attributed to the rise of interconnected networks, or gelation, 

where the crystallites act as crosslinks connected by tie chains.7 In Figure 5a,b samples of iPP6 are 

normalized following the method developed by Winter and Pogodina,7 such that 𝐺௡௢௥௠ᇱ ൌ

 log ሺ𝐺′ሺ𝑇ሻ/𝐺௠௜௡
ᇱ ሻ 𝑙𝑜𝑔⁄ ሺ𝐺௠௔௫

ᇱ /𝐺௠௜௡
ᇱ ሻ, where G’(T) is the storage modulus at intermediate 

temperatures, G’min is storage modulus prior to crystallization, which is taken as the average 

storage modulus value of unsheared samples in the temperature range of 140 – 150 ºC (0.025 

MPa), while G’max is approximated to be one-third (500 MPa) the reported Young’s Modulus of 

polypropylene (~1.5 GPa)62 (see raw data and normalization in Figures S5 and S6). In all cases, 

the storage moduli evolve as crystals grow in the melt. Generally, upon the application of flow, 
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the curves of G’ shift to higher temperatures and are accompanied by a change in slope for larger 

levels of specific work. For low levels of specific work (W < 7 MPa), the curves are shifted only 

to a minor degree, indicating a similar morphology as the case of quiescent crystallization. For 

specific work levels exceeding 13 MPa, the curves of G’ exhibit a secondary slope change in 

moduli at low temperatures (see Figure 5b). This change in slope is perhaps due to an acceleration 

of nucleation from an increased number density of nuclei with increasing levels of specific work. 

Here, the morphology is transformed from spherulites to anisotropic shish-kebab structures, where 

the shift and slope change can be ascribed to crystalline lamella growing two dimensionally off a 

fibrillar structure.3 Indeed, the morphology of these shish-kebab structures will be elaborated on 

in the following sections through X-ray scattering. 

 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
 
 

 

X-ray Scattering. Ex-situ simultaneous small- and wide-angle X-ray scattering 

(SAXS/WAXS) was employed to evaluate the effect of particle concentration on the evolution of 

Figure 5. Normalized temperature ramp evolution of iPP6 using a shearing temperature of 170 ºC
at a shear rate of 0.2 s-1 for various levels of applied specific work. The storage modulus at 1
rad/sec is monitored during cooling at 1 ºC/min. (a) Specific work levels of 0, 6.4, and 13 MPa (b)
Specific work levels of 19 and 38 MPa, where with increasing levels of deformation, a secondary
change in slope indicates a transformation in morphology. The inset shows the onset temperature
of both iPP6 and iPP7, both exhibiting similar crystallization onset temperatures at all specific
work levels. 
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flow-induced lamellar structures with increasing levels of shear stress. Two sample sets of iPP6 

and iPP7 were fabricated in weak and strong shear flow environments using 25 mm parallel plates. 

Weak shear flow samples were sheared at Ts = 170 ºC for 4128 seconds at a low perimeter shear 

rate of 0.3 s-1 prior to quenching to Tc = 141 ºC (without undershooting) for crystallization using a 

cooling rate ~10 ºC/min. The strong shear flow samples were sheared at a much higher perimeter 

shear rate of 145 s-1 for 1 second and subsequently quenched to crystallization by bringing the 

samples to room temperature, using a cooling rate ~10 ºC/min. Crystallization at Tc = 141 ºC was 

bypassed in the case of strong shear flow, as structures formed under these large stress levels have 

been shown crystallize significantly at substantially higher temperatures.25 Sheared polypropylene 

disks were prepared using 25 mm parallel plates, where the shear rate is linear in radial position 

from the center of the sample 

   𝛾ሶ ൌ  
ஐ௥

ௗ
                                                             (3) 

                                                       𝜎 ൌ  𝛾ሶ𝜂 ൌ
ఎబఊሶ

ଵାሺఊሶ ఛሻ೘
                                               (4) 

where Ω is the angular rotation rate (rad/s), 𝑟 is the radial position from the center of the sample, 

and 𝑑 is the gap height between parallel plates. From equation 4, the shear stress at a given radial 

position can be calculated using the Cross model (Eq. 2; with m = 0.7).     
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Figure 6 illustrates the different process parameters (shear rate, shear stress, and specific work) 

as functions of radial position on the parallel plate for the conditions of strong and weak flow. In 

this work, we will define three distinct morphology regimes consisting of: (1) quiescent 

crystallization; where  𝛾ሶ  < 1/𝜏, (2) the isotropic flow-induced regime (𝛾ሶ  >1/𝜏, for structures that 

have no visible orientation), and (3) the shish-kebab regime for structures with a high degree of 

anisotropic orientation (lobing) in stronger flows. We find that these shish-kebab structures can be 

induced in both strong and weak flow and will be a topic of discussion in the following sections.  

The variable of specific work has often been thought to be a “universal parameter” for shish-

kebab formation,1,4,40 while at different degrees of deformation (for the same specific work levels) 

we show that these shish-kebab structures are qualitatively different in morphology (see right side 

of Figure 6).  

 
Figure 6. Process parameters (shear rate, shear stress, and specific work) as functions of radial
position on the circular sample puck. The 2D SAXS images of iPP6 are shown in conditions of weak
and strong shear flow at equivalent levels of specific work. While the strong flow samples (perimeter
𝛾ሶ  = 145 s-1 for ts = 1 s) have a more anisotropic morphology, the weak flow sample (perimeter 𝛾ሶ  = 
0.3 s-1 for ts = 4128 s) also shows evidence of shish-kebab formation. In the intensity color bar, white
is the highest intensity, followed by red, yellow, green, and blue. The flow direction is horizontal. 
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Small-Angle X-ray Scattering Analysis. Shish-kebab Formation in Strong Shear Flow. 

Figure 7 qualitatively shows how shear affects the structural evolution of lamellar stacks at 

different radial positions on the sample disk. For relatively low levels of shear stress (Figure 7a, 

and 7f), the SAXS patterns are isotropic and show a random distribution of lamellae. Upon 

reaching a shear stress 𝜎 = 0.102 MPa, iPP6 shows the appearance of a meridional maximum 

(kebabs), while the corresponding structure for iPP7 is absent at the same stress level. The kebab 

structures of iPP6 form at a lower critical stress level and have a higher concentration of crystalline 

lamellae compared to iPP7. This is attributed to iPP6 having an increased concentration of 

particles, which increases the nucleation density of shish precursors, ultimately allowing for more 

accelerated growth of the kebab structures. 

 The formation of these shish-kebab structures is a two-step process.26 Deformation first forms 

a core fibrillar structure (shish) where these chain extended crystals then allow for folded-chain 

crystalline lamellae (kebabs) to grow epitaxially outward from the shish. Hsiao et al. used in-situ 

X-ray scattering to investigate the formation of shish-kebab structures in polypropylene and 

polyethylene.26,28,29 In these studies, samples were sheared at 60 s-1 for 5 seconds, where the initial 

scattering intensities were present in the flow direction, indicating the formation of shish 

structures. A few seconds thereafter, the crystalline lamellae (kebabs) could be seen growing 

perpendicular to the shish.   
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Figure 8 illustrates a qualitative comparison of identically prepared sample pucks of iPP6 and 

iPP7 that were scanned in 1 mm increments to map the structural morphology as a function of 

increasing shear stress (and shear rate). The central regions of both sample disks show the presence 

of isotropic flow-induced structures (inside the solid green circles). From Figure 8b it is seen that 

iPP7 has a flow-induced crystallization (FIC) diameter of 8 mm, while iPP6 has a smaller FIC 

diameter of 6 mm, resulting in a lower critical shear rate (and shear stress) for the onset of shish-

kebab formation. The critical shear rate (𝛾ሶ ∗) of iPP6 is ~35 s-1, while that of iPP7 is ~46 s-1. The 

corresponding critical shear stress (𝜎∗) necessary to induce shish-kebab structures for iPP6 and 

iPP7 are ~0.096 and ~0.106 MPa, respectively.  

In knowing the respective flow-induced diameters, we can then calculate the relative amount 

of shish-kebab content present per sample disk in strong shear flow. The shish-kebab area per 

circular sample disk can be expressed as a percentage area of an annulus such that: ሺ𝑅ை௨௧௘௥
ଶ െ

𝑟ூ௡௡௘௥
ଶ ሻ/ሺ𝑅ை௨௧௘௥

ଶ ሻ, where ROuter  is the radius of the sample puck (12.5 mm) and rInner is the 

Figure 7. The onset and evolution of shish-kebab structures of iPP6 (top) and iPP7 (bottom) at
five stress levels for strong shear flow with perimeter 𝛾ሶ  = 145 s-1 for ts = 1 s. See Figure 6 for 
associated intensity colors.  
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respective interior flow-induced radius. Using this approach, we find that the sample disk of iPP6 

is comprised of ~ 94% shish-kebab structures compared to ~ 90% for iPP7. It is evident that even 

small traces of catalyst residue play an integral role in promoting the formation of shish-kebab 

morphology. Mi et al. have reported that even small increases in shish-kebab content can improve 

mechanical properties. They found that with increasing shear layer thickness, the tensile and 

impact strengths increased, while the elongation at break decreased.10 

 

 
From the evolutions of the shish-kebab structures in Figure 7, the initial ex-situ SAXS patterns 

show weak equatorial scattering corresponding to chain extended crystals. However, for shish-

kebab structures formed at the highest shear stress 𝜎 = 0.138 MPa, a clear equatorial streak (shish) 

and very strong meridional scattering (kebabs) are observed in Figure 9. This suggests at low shear 

stresses that only a small fraction of chains contribute to the formation of shish, while with 

Figure 8. SAXS morphology evolution at different radial positions on a 25 mm diameter sample
disk. Samples were subject to a perimeter shear rate of 145 s-1 for 1 second at a temperature of 170ºC.
(a) iPP6 has a FIC diameter of 6 mm (solid green circle) resulting in a critical shear rate of ~35 s-1

(𝜎∗ ~0.096 MPa) for shish kebab formation (b) iPP7 has FIC diameter of 8 mm (solid green circle) 
resulting in a critical shear rate of ~46 s-1 (𝜎∗ ~0.106 MPa) for shish kebab formation. 
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increasing shear stresses a greater quantity of chains can be incorporated. For instance, at the edge 

of the parallel plate (𝛾ሶ  = 145 s-1), this stress level would correspond to a substantially higher weight 

fraction of stretched chains (wN = 0.18), relative to lower shear rates (see Figure 1b).   

With the formation of dense kebab structures (𝜎 > 0.11 MPa), the 2D SAXS images show the 

development of higher order peaks. As the shear stress increases, the scattering intensity of these 

peaks becomes more prominent. In both samples, the intensity of these higher order peaks become 

similar to one another (see top of Figure 9), indicating that the spacing between the kebab 

structures are equivalent to one another.32 

 

 
 

 
 

 
 
 
 
 

 
 
 
 
 
 

 
 

 

Shish-kebab Formation in Weak Shear Flow. As illustrated in the previous section, the 

formation of shish-kebab structures are typically linked to intense deformations and high shear 

stresses.25–27,33,34,63 Figure 10 shows that these anisotropic structures can also arise in the presence 

of weak shear flow (𝛾ሶ௣௘௥௜௠௘௧௘௥ ൌ 0.3 s-1). When the shear stress reaches a value of 𝜎 = 0.013 MPa, 

a qualitative change in morphology is seen in both samples, where the SAXS patterns show the 

Figure 9. 2D SAXS images of sheared iPP6 (left) and iPP7 (right) at the highest stress level of
σ = 0.138 MPa. In such strong flows, the flow effects dominate over the difference in particle
concentrations. See Figure 6 for associated intensity colors.  
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emergence of dense anisotropic lamellar crystals (kebab structures). As in the case of strong shear 

flow, the intensity of the kebab structures of iPP6 is greater than that of iPP7. In these samples, 

the ex-situ SAXS patterns also show weak equatorial scattering corresponding to shish, 

presumably due to the small fraction of chains that make up the shish.29,38,64 Nonetheless, the 

presence of shish can be indirectly inferred by the kebab structures, as the shish serve as nucleation 

sites for kebab growth.4,26,27,29,65,66  

  
 
 
 
 
 
 
 
 
 

 
 
 
 

 
In Figure 11 we present the shish-kebab morphology with a clear equatorial streak formed 

at a stress of 𝜎 = 0.016 MPa, indicating the robust presence of shish in both iPP6 and iPP7. Note 

that this stress level is induced closest to the edge of the parallel plate geometry, where flow-

instabilities, such as edge fracture, are most pronounced. As such, quantitative analysis at this 

stress level (𝜎 = 0.016 MPa) will be excluded in the following section due to the complexities of 

interpreting the scattering patterns affected by these flow-instabilities. 

  

Figure 10. 2D SAXS pattern evolution of shish-kebab structures under weak shear flow (perimeter 
𝛾ሶ  = 0.3 s-1 with ts = 4128 s). As the threshold shear stress of 0.013 MPa, both samples show the onset
of kebab formation. See Figure 6 for associated intensity colors.  
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A key feature of the present work is that both iPP6 and iPP7 are sheared above their 

nominal melting temperature (Tm ~ 165 °C), remarkably still allowing for the formation of stable 

shish precursors. Operating at these elevated shearing conditions (Ts = 170 ºC) permits a clear 

separation of nuclei formation during flow, and the subsequent crystal growth upon cooling. It has 

been hypothesized that the stretched polymer chains adsorb onto the particle impurities within 

iPP6 and iPP7,23 imparting unexpected stability to the FIC precursors.  

In nearly all previous works, iPP has been sheared at relatively low temperatures (below 

the nominal melting point), where flow and crystallization effects can be indistinguishable. At 

these temperatures, nucleation is activated by both temperature and shear, allowing for rapid 

crystal growth during shear. Chains can be incorporated in multiple growing crystal nuclei that are 

then stretched by the flow as the nuclei separate, allowing for structures to be induced with high 

degrees of orientation.4,24 In-situ optical microscopy experiments performed by Zhang et al., 

observed the formation of shish-kebab structures in weak flow (𝛾 ሶ = 0.5 s-1) of iPP when sheared 

at 140 ºC.67 At temperatures below the melting point, it was suggested that a smectic ordered liquid 

Figure 11. 2D SAXS images of sheared iPP6 and iPP7 at a corresponding stress level of σ = 
0.016 MPa. The strong equatorial streak indicates shish formation, even at low shear stress, when 
sheared for long intervals of time (4128 sec). See Figure 6 for associated intensity colors.  



 28 

crystalline structure68 or helical crystallite could be induced by shear flow through network 

stretching, subsequently allowing for adjacent chains to nucleate normal to the flow direction and 

form kebab structures.67  

In addition to particles stabilizing the melt in iPP6 and iPP7, it is thought that the long 

interval of shear (ts = 4128 seconds) plays a vital role in forming these robust precursors. For 

polymer chains to be stretched by flow, the shear rate must be larger than that of the Rouse 

relaxation rate for the longest chains. Given that the shearing time is very long, stretched chains 

have sufficient time to find one another, or particles to adsorb to, and nucleate fibrillar shish 

structures that remain stable upon cessation of flow.37,38 The increased flow time allows for the 

formation of a stable nucleus even in the presence of weak flow, as enough chains can still be 

stretched and incorporated to form shish structures.4,38 Hence, for low levels of deformation, 

specific work has long been identified as an important parameter that governs the strength of flow-

induced crystallization. Mykhaylyk et al. have even proposed that specific work is indeed the 

control variable for the formation of shish-kebabs.4,37 They interpreted that the stress component 

(𝜎 ൌ 𝛾ሶ𝜂ሻ is responsible for initially generating nucleating entities, while the strain (𝛾 ൌ 𝛾ሶ𝑡௦), 

allows time for these objects to bundle together into a nucleus. However, Figure 6 clearly shows 

very different morphologies are formed at the same specific work level in weak and strong flows. 

Lamellar Spacing. For quantitative analysis of the lamellar structure, the 2D SAXS images 

are reduced to 1D intensity profiles as a function of the scattering wavevector ሺq ൌ

 ሺ4π/λሻ sinሺθ/2ሻ, where 𝜃 is the scattering angle and 𝜆 is the wavelength. Figure 12 shows the 

Lorentz-corrected69,70 (Iq2) intensity profiles as a function of shear stress for iPP6 (see Figure S7 

for strong and weak shear flow comparison). Here, the data are circularly averaged over the 
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azimuthal angle to account for contributions that perhaps arise from parent and daughter 

lamellae.70 

As the shear stress increases, the scattering intensity becomes stronger and results in more 

ordered crystalline structures. Upon reaching a critical shear stress (~ 0.1 MPa), the positions of 

the structural peaks shift to smaller wavevector values as the kebab structures begin to grow. At 

this critical stress, second order scattering peaks appear at q ~ 0.075 A-1, which are attributed to a 

high degree of chain alignment within the oriented crystals. Upon the formation of shish-kebab 

structures, we see two populations in the scattering profile of Figure 12, where the shoulder to the 

right of the kebab qmax peaks have similar spacings to structures formed at lower stress levels 

(~0.054 MPa). It could be thought that daughter crystals33,71 are formed epitaxially on the kebab 

structures, suggesting daughter crystals have similar spacings to isotropic crystals.  

The long period, or spacing between crystalline lamellae, can be determined from the peak 

position of the intensity maxima (𝑞௠௔௫ሻ of the meridional SAXS patterns through 𝐿௣ ൌ 2𝜋/𝑞௠௔௫. 

This represents the sum of the average crystal and amorphous layer thicknesses of the kebab 

structures that dominate the semicrystalline morphology.72  
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Figure 13 illustrates the evolution of the long period (red markers) and degree of 

crystallinity (blue markers) in weak and strong shear flow.  For quiescent conditions (𝜎 < 0.009 

MPa), the long periods of iPP6 and iPP7 were found to be 170 Å and 163 Å, respectively. In weak 

shear flow (Figure 13a) these long periods are maintained until a stress of 0.01 MPa is exceeded. 

Thereafter, iPP6 has a noticeable upturn in lamellar spacing, reaching a value of 𝐿௣= 194 Å, 

indicating the formation of shish-kebab structures, even in the presence of weak shear flow. This 

is further corroborated by a characteristic comparison of the long period of shish-kebab structures 

formed in strong shear flow (𝜎 > 0.05 MPa) as seen in Figure 13b. At the critical shear stress of 

~0.1 MPa, an abrupt jump in the lamellar spacing is observed for both iPP6 and iPP7, with iPP6 

once again exhibiting a distinctive long period value of 𝐿௣= 194 Å. Notably, we also find that the 

long period values of iPP6 and iPP7 at 𝜎 = 0.015 MPa exceed those of the highest shear stress (𝜎 

= 0.138 MPa) by nearly 15 Å.  

 

 

 

 

 

 

 

 

 

Figure 12. SAXS Lorentz-corrected intensity profiles of iPP6. This sample was subject to strong
shear at Ts = 170 ºC with a perimeter shear rate of 145 s-1 (ts = 1 second) and quenched to
crystallization. With increasing shear stress, the scattering peaks become sharper and shift to lower
wavevector values, increasing the long period. 

Figure 13. Shear stress evolution of lamellar spacing (red) and degree of crystallinity (blue) for iPP6
(solid markers) and iPP7 (open markers). (a) Structure development in weak shear flow. Samples were
sheared at Ts = 170 ºC with a perimeter 𝛾ሶ  = 0.3 s-1 and crystallized at Tc = 141 ºC to ensure 
crystallization of weakly oriented structures. (b) Structure development in strong shear flow. Samples
were sheared at Ts = 170 ºC with a perimeter 𝛾ሶ  = 145 s-1 and subsequently quenched to crystallization.
Using 25 mm parallel plates, the long period results were averaged between four of the same radial
positions, with the error bars denoting the standard deviation. With weak shear flow, the long period
starts to increase at an order of magnitude lower shear stress than in 1 s of strong shearing. 
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Given that both sample sets were prepared with different process parameters, the long 

period and degree of crystallinity in both sample sets exhibit distinct characteristics. In the weak 

flow regime, the long period of iPP6 consistently exceeds that of iPP7, while in strong flow, these 

values converge. From Figure 13a, the larger lamellar spacing observed in iPP6 is attributed to a 

higher nucleation density, perhaps arising from the increased concentration of catalyst residue 

particles. This is consistent with the impact that nucleating agents have on the flow-induced 

crystallization of isotactic polypropylene. Balzano et al.73 found that samples of isotactic 

polypropylene with higher concentrations of nucleating agents resulted in larger lamellar spacings, 

which was also accredited to the formation of thicker crystals in the presence of these nucleating 

agents.  

At sufficiently high shear stress levels (Figure 13b), flow effects are predominant. The 

increase in length scales of the lamellar structure can be ascribed to a higher fraction of chains that 

are stretched and oriented by the flow. As the shear rate increases, a greater proportion of long 

chains can be incorporated into the crystal fraction, resulting in longer relaxation times and 

sustained orientation. Shorter chains, however, relax at a much faster rate upon cessation of shear, 

leading to more uniform length scales.38  

Wide-Angle X-ray Scattering Analysis. Upon converting the 2D WAXS patterns to 1D 

Intensity profiles, the degree of crystallinity (𝜒c) was obtained by fitting the crystalline peaks and 

amorphous halo to Gaussian functions upon performing a baseline correction (see Figure S8), such 

that:  

                            𝜒ୡ ൌ  
ூ೎ೝ೤ೞ೟ೌ೗

ூ೎ೝ೤ೞ೟ೌ೗ାூೌ೘೚ೝ೛೓೚ೠೞ
                    (5) 
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where 𝐼௖௥௬௦௧௔௟ is the total integrated intensity of α,β, and γ crystalline peaks, and 𝐼௔௠௢௥௣௛௢௨௦ the 

integrated intensity of the amorphous halo. The five predominant α phase reflections are: (110) at 

q = 1.0 Å-1, (040) at q = 1.19 Å-1, (130) at q = 1.31 Å-1, (111) at q = 1.49 Å-1, and (131) at q = 1.53 

Å-1. It should also be noted that many of these α crystalline peaks can have contributions of β and γ 

crystalline fractions, while the (130) reflection consists exclusively of α phase crystals.33,74 The 

reflections assigned exclusively to β and γ crystalline fractions are (300) at q = 1.13 Å-1 and (117) 

at q = 1.41 Å-1, respectively (see Figure S9 for comparison of WAXS profiles).  

The evolution of the degree of crystallinity for iPP6 and iPP7 as a function of shear stress 

is also shown in Figure 13 (blue markers). In weak shear flow, the overall crystallinity fractions 

are higher than that of strong shear flow, which is due to the longer duration of time required to 

completely crystallize the structures formed under low shear stress. Here, polymer chains have 

increased mobility and more time to organize and pack into crystals, leading to overall larger levels 

of crystallinity.75 Nonetheless, we find that upon formation of shish-kebab structures in both flow 

regimes, the degree of crystallinity progressively increases with applied shear stress. In weak flow 

this change is gradual, while with strong shear flow an abrupt jump in crystallinity is seen when 

the shear stress exceeds ~0.1 MPa. Transitioning from the flow-induced regime to the shish-kebab 

regime, the degree of crystallinity raises by ~2%. This is perhaps driven by the perfect lattice 

matching ability between shish crystals and lamellar kebab structures, which has been suggested 

to promote crystallinity.27 In both cases of weak and strong shear flow, the crystallinity of iPP6 

and iPP7 are approximately the same for all stress levels, due to both samples having similar 

tacticities.76  
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CONCLUSIONS 
 
The flow-induced crystallization of two high molecular weight samples of isotactic polypropylene 

with differing concentrations of catalyst residue was investigated. Both samples are polydisperse 

with Mw = 656 kg/mol, obtained from the zero shear rate viscosity for entangled linear polymer 

melts.42 The samples have identical viscoelastic responses, and nearly indistinguishable high 

molecular weight tails that contain only linear chains. Using a rotational rheometer, we 

investigated how the isothermal flow-induced crystallization kinetics and crystallization 

temperatures upon cooling evolve with increasing levels of applied specific work. Synchrotron X-

ray scattering was used to map the structural morphology and transition in crystalline 

microstructure of sheared samples. 

For both samples, we find that the crystallization rate increases with applied specific work 

until a saturation threshold is reached, where FIC remains relatively constant as specific work is 

further increased, possibly set by reaching a maximum number density of nuclei for the given 

levels of deformation. Similarly, we find that the linear viscoelastic crystallization temperature 

shifts to higher temperatures with increasing levels of deformation. In both cases, the sample with 

higher particle concentrations resulted in faster crystallization kinetics and crystallized at higher 

temperatures for all levels of applied specific work. The crystallization times from quiescent 

crystallization to the maximum specific work applied decreased by a factor of ~335 for iPP6, while 

in the same range iPP7 decreased by a factor of ~170. The effect of increased particle concentration 

on FIC was more profound for lower levels of deformation, while flow effects became 

predominant with larger deformations. Upon the formation of shish-kebab structures, it is thought 



 34 

that the effect of particles becomes inconsequential, while the shish structures serve as a better 

nucleation mechanism relative to polymer chains adsorbing onto these heterogenous impurities.  

 The flow-induced morphology was investigated in conditions of weak and strong shear 

flow.  In strong shear flow (perimeter 𝛾ሶ  = 145 s-1 for ts = 1 s), we find that the sample with higher 

concentrations of particles formed shish-kebab structures at a lower critical shear stress (~0.096 

MPa) and resulted in an approximately 4% increase in shish-kebab content per sample disk 

compared to the sample with fewer particles. Although typically linked to large deformations, 

remarkably, we have also uncovered the formation of these anisotropic structures in the presence 

of weak shear flow (perimeter 𝛾ሶ  = 0.3 s-1 for ts = 4128 s) when sheared for long intervals of time.  

For equivalent levels of specific work within these two flow regimes, the structural morphologies 

of the shish-kebab structures were found to be characteristically distinct from one another. The 

spacing between adjacent lamella and degree of crystallinity were also found to increase with shear 

stress upon the formation of shish-kebab structures. This is due to the near perfect chain-extended 

conformation of the shish interface, which can serve as a substrate to promote crystallization and 

thicker interlamellar layers, driven by specific work, either from large deformation rates very long 

or durations of shear at lower shear rates.  
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