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oriented shish-kebab structure in the flow direction could be inferred from the 

microscopy images. Thus, scattering measurements were required to determine the final 

crystalline structure.  

3.3.3 Small Angle X-ray Scattering 

Small angle X-ray scattering was also performed on the samples to investigate the 

effect of extensional flow on the structure and alignment of the polymer crystals. When 

X-rays are passed through a sample, they are scattered in a way which is dependent on 

their interaction with crystals and amorphous material in the sample. An illustration of 

small angle X-ray scattering and the corresponding two-dimensional scattering patterns 

for spherulitic (isentropic) and oriented crystal structures are shown in Figure 3.13. 

 

Figure 3.13: Small angle X-ray scattering and two-dimensional scattering patterns 
[Wiesner (2008)].  

 

If a regular structure were to exist, diffracted X-rays would interfere with each other 

resulting in maxima in the scattering intensity [Lyngaae-Jsrgensen and Sondergaard 
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(1995)]. For a lamellar structure, the two-dimensional scattering pattern will be 

azimuthally symmetric and the lamellae appear as rings. If an aligned shish-kebab 

structure exists, X-rays are scattered perpendicular to the direction of alignment and 

“equatorial steaks” appear in the two-dimensional scattering patterns [Samon et al. 

(1999)]. 

In addition to two dimensional scattering patterns, the scattering intensity, I, as a 

function of the wave vector, q, can also be obtained from SAXS measurements. The 

scattering vector is defined as 0 1q k k= − , where k0 and k1 are the wave vectors tangent to 

the incident and scattered x-rays, respectively [Lyngaae-Jsrgensen and Sondergaard 

(1995)]. For a lamellar crystal structure, the scattering intensity peaks occur at scattering 

vector magnitudes of 0nq q n= , where q0 is the position of first peak and n=1,2,etc. [Chu 

and Hsiao (2001)].  

SAXS measurements were performed using an instrument from Molecular 

Metrology Inc. (Rigaku S-Max3000). The X-ray beam was 0.40mm in diameter with a 

wavelength of 0.1542nmλ = . The sample to detector distance was calibrated using silver 

behenate standard peak at wave vector of -11.076nmq = , where ( )4 sinq π λ θ=  and 2θ  

is the scattering angle. The samples were placed in the instrument such that measurement 

was taken at the axial center of the filament and the flow direction was aligned 

perpendicular to the beam direction; this allows any crystal alignment in the flow 

direction to be detected in the two-dimensional scattering patterns.  

SAXS was performed for a number of samples for each extension rate examined. 

Several characteristic scattering patterns and scattering intensity versus wave vector, q, 
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are shown for an extension rate below and an extension rate above the critical extension 

rate in Figures 3.14 and 3.15, respectively.  

  

Figure 3.14: Two-dimensional small angle X-ray scattering patterns for polypropylene 
samples crystallized following stretches with extension rates of a) !! = 0.075s!1and b) 
!! = 0.25s!1  to a final strain of  3.0ε =  and an extension rate of c) !! = 0.25s!1  to a final 

strain of  4.0ε = .  The stretch direction is aligned horizontally to the scattering patterns. 

0.2 0.4 0.6 0.8 1.0
0.1

1

10

 

 In
te

ns
ity

 [a
.u

.]

q [1/nm]

 
Figure 3.15: Intensity of the scattering images presented in Figure 10 as a function of 
scattering vector, q, for polypropylene samples crystallized following stretches with 

extension rates of !! = 0.075s!1 (•) and !! = 0.25s!1  (r) to a final strain of 3.0ε =  and an 
extension rat of !! = 0.25s!1  (ó) to a final strain of 4.0ε = . 

 

All of the scattering patterns showed equally spaced axisymmetric rings, which are 

indicative of a lamellar crystal structure. The d-spacing, or distance between lamellar 

layers, the was measured to decrease slightly from 23nm to 22nm between extension 

a) b) c) 



 

40 

rates of !! = 0.075s!1  and !! = 0.25s!1 , respectively. The maximum effect on d-spacing 

was found to occur at the transition to the critical extension rate where a large increase in 

crystallization was observed. Little or no effect was observed between extension rates 

above the critical extension rate.  

3.4 Extensional-Flow-Induced Crystallization with Varying Strain 

Flow-induced crystallization can be affected by the degree of strain applied in 

addition to strain rate. By applying the Janeschitz-Kriegl protocol for a range of strains at 

select extension rates, the effect of varying strain can be characterized. It has been shown 

that in order for shear induced shish-kebab formation to occur, a critical shear rate and 

shear strain must be applied [Van Puyvelde et al. (2008)]. Although much smaller strains 

are required in extension to produce a shish-kebab structure, a critical strain may still be 

required in extension. An extension rate of !! = 0.25s!1 , for which the maximum percent 

crystallization was observed at a strain of 3.0ε = , was chosen to examine the changes in 

percent crystallization as a result of varying strain in the range of 2.0ε =  to 4.0ε =  and 

to determine if an increase in strain would lead to the formation of a shish-kebab crystal 

structure. In addition, strains were applied in the range of 3.0ε =  to 4.0ε =  for an 

extension rate of !! = 0.075s!1 , for which no change in crystallization was observed from 

the quiescent state at a strain of 3.0ε = , to investigate if an increase in strain would lead 

to an increase in crystallization. The magnitude of accumulated strain was limited to 

4.0ε =  for both extension rates, due to instabilities that ensued at high strains and the 

limits of the PID control system.  
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For both extension rates, a modest increase in crystallization of a couple percent 

was observed with increasing extensional strain, however, in neither case was the trend 

significant when compared to the uncertainty in the data, refer to Figure 3.16.  
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Figure 3.16: Percent crystallization as a function of final Hencky strain for 

polypropylene samples crystallized following stretches with extension rates of (p) 
!! = 0.075s!1  and  () !! = 0.25s!1 . 

 

Additionally, SAXS measurements showed that even at a strain of 4.0ε = , neither 

extension rate resulted in the creation of shish-kebabs. Furthermore, no significant 

change in the scattering patterns or effect on d-spacing was observed as a result of 

increase in strain, refer to Figures 3.13 and 3.14. 

3.5 Crystallization Time Measurements 

In order to better understand the crystallization dynamics under extensional flow, 

the time required for crystallization to occur during flow was directly measured for 

polypropylene. By stretching the polypropylene melts for times much greater than 

prescribed by the Janeschitz-Kriegl protocol and observing crystallization, insight can be 

gained into the rate of crystal nucleation and growth under extensional-flow-enhanced 
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crystallization. In the experiments, the time of crystallization was marked by the time at 

which a sudden increase in the measured force was observed. This approach was similar 

to that used by Hadinata et al. [Hadinata et al. (2007)] for poly-1-butene, where they 

defined crystallization time to be the time at which a sharp increase in extensional 

viscosity was observed during stretching of the polymer melts.  

Polypropylene samples were stretched at extension rates ranging from !! = 0.01s!1

to !! = 0.15s!1  for accumulated Hencky strains that in some cases grew in excess of 

10.0ε = . For a number of reasons, including the fluctuating forces which ensue as a 

result of the applied velocity profile, these experiments could not be performed easily 

using the PID controller. As a result, an exponential velocity (or type II) profile was 

imposed on the end plates instead and the resulting extension rate imposed on the fluid 

filament was calculated from the radius decay as described by Equation 2.1. The range of 

extension rates which could be investigated was limited by sagging of the melts under 

gravity at extension rates below !! = 0.01s!1 and by failure of the fluid filaments before 

crystallization could occur caused by the necking instability at high strains for extension 

rates above !! = 0.15s!1 .  

In Figure 3.17, the measured force is presented as a function of time. A sudden 

increase in force can be seen towards the end of the stretch; this jump in force and 

consequential jump extensional viscosity was taken to be the crystallization time. The 

onset of crystallization is observed as an abrupt upturn in the force measurement at 

roughly 40s and 60s for extension rates of !! = 0.10s!1  and !! = 0.15s!1 , respectively. The 

crystallization time is shown for various extension rates in Figure 3.18. The 

crystallization time was observed to decrease linearly with one over extension rate. A 
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similar trend and dependency on extension rate was observed by Hadinata et al. 

[Hadinata et al. (2007)]. This indicates that the dynamics of crystallization are dictated by 

the strength of the flow.  
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Figure 3.17: Filament stretching extensional rheology measurements of force as a 

function of time for polypropylene samples crystallizing during extensional flows with 
extension rates of !! = 0.10s!1 (r) and !! = 0.15s!1 (•) at Tc = 146°C.  
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Figure 3.18: Crystallization time as a function of extension rate for polypropylene. 

 

Even at low extension rates where flow-induced crystallization is not found to enhance 

the final crystalline state or percent crystallization, flow appears to increase the rate of 
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nucleation by increasing the frequency of collisions between polymer chains and the 

opportunity for crystallization well beyond what would occur through diffusion alone. 

3.6 Flow-Induced Crystallization of Branched Polypropylene 

Branched polymers or blends of branched and linear polymers are often used in 

place of linear polymers for the manufacturing of products because of their higher melt 

strength [Yu et al. (2009)]. In many cases, the presence of branched chains can lead to an 

increase in the degree of crystallinity and therefore, superior mechanical properties 

[Agarwal et al. (2003); Yu et al. (2009)]. In addition, branched polymers tend to have 

faster crystallization kinetics. Through in situ rheo-SAXS and –WAXD measurements, 

Agarwal et al. [Agarwal et al. (2003)] demonstrated that, under shear flow, the 

crystallization of branched polypropylene was an order of magnitude faster than for linear 

polypropylene. They also found that the branched polypropylene contained a much 

greater fraction of crystals with an oriented shish-kebab morphology.  

Tabatabaei et al. [Tabatabaei et al. (2009)] recently studied the effect of 

concentration of branched chains in linear polypropylene. They found that increasing the 

concentration of branching led to an increase in the number of crystals and the speed of 

crystallization kinetics. They attributed these phenomena to instantaneous and 

heterogeneous nucleation brought on by the presence of branched chains. More 

interestingly, their results showed an increase in percent crystallization up to a critical 

concentration, followed by a decrease. The initial increase was a result of the increase in 

nucleation sites caused by the presence of branched chains. However, at a certain 

concentration the decrease in chain mobility caused by the addition of branched chains 
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outweighed the benefit of increased nucleation sites and resulted in a decrease in percent 

crystallization. [Tabatabaei et al. (2009)] 

3.6.1 Materials 

Long-chain branched polypropylene (LCBPP) samples were prepared in the same 

fashion as for linear polypropylene. The LCBPP, WB140HMS, was also provided from 

Borealis in the form of pellets. WB140HMS has a molecular weight of 

350,000g/molwM =  and a polydispersity of 6.0. The entanglement molecular weight is 

on the order of 7,000g/moleM = . 

3.6.2 Shear Rheology 

The linear viscoelasticity of the LCBPP was measured using the same methods as was 

used with the linear polypropylene melts, as described in Section 3.1. The master G’ and 

G” curves and dynamic viscosity curve are reported at a temperature of 150°C in Figures 

3.19 and 3.20, respectively. The results are typical of branched polymers which display 

stronger shear thinning than their linear counterparts [Tabatabaei et al. (2009)]. 

Furthermore, the presence of long-chain branches results in an increase in the elasticity of 

the polymer. It can be seen from Figure 3.19, that the plateau storage modulus of LCBPP 

is a couple orders of magnitude greater than that of the linear polypropylene, although the 

shear rheology experiments were not performed at high enough frequencies to actually 

observe the plateau.  
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Figure 3.19: The oscillatory shear master curves for LCBPP at 150°C. Included are the 
solutions of modulus master curves with storage modulus, G’ (�), and loss modulus, 

G”(•). 
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Figure 3.20: The oscillatory shear master curve with dynamic viscosity, 'η , for LCBPP 

at 150°C. 
 

A seven-mode Maxwell model was fit to the shear rheology of the LCBPP to 

determine the disengagement time of the LCBPP melt. The spectrum of modulus 

coefficients, G, and relaxation times, λ, are reported in Table 3.2 for LCBPP. The 

viscosity weighted average disengagement time was calculated to be on the order of 
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80d sλ = . The order of magnitude difference between the disengagements time for 

LCBPP and linear polypropylene is a result of the presence of long-chain branches which 

affect the relaxation of stress in the polymer melt [Tabatabaei et al. (2009)].  

Table 3.2: Spectrum of modulus coefficients and relaxation times for LCBPP at 150°C. 

Mode Modulus Coefficient,  
G [Pa] 

Relaxation Time,  
λ [s] 

1 8.27E+04 1.73E-03 
2 1.65E+04 2.23E-02 
3 6.52E+03 1.15E-01 
4 2.94E+03 5.07E-01 
5 1.55E+03 1.94E+00 
6 7.75E+02 8.22E+00 
7 3.81E+02 3.19E+01 

 

3.6.3 Extensional-Flow-Induced Crystallization Experiments 

Experiments starting by identifying a range of temperatures for which the 

Janeschitz-Kriegl protocol could be applied to the LCBPP. Crystallization time 

experiments were performed to characterize the crystallization dynamics of LCBPP under 

extensional flow and to identify the temperatures at which the LCBPP would crystallize 

during flow after large strains had been applied. These experiments allow the limits of 

temperature and stain to be identified for the Janeschitz-Kriegl protocol. 

Samples were initially heated from room temperature to a temperature of 200°C, 

36.7°C above the peak melting temperature of 163.3°C, at a rate of 17.5K/min and held 

for an additional 5min to erase any thermal and mechanical histories. The samples were 

then quenched to a crystallization temperature at a rate of 5K/min and then allowed to 

equilibrate. Though trial and error, the range of workable temperatures for the 

crystallization time experiments was identified to be between 148°C and 155°C. 
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Temperatures below 148°C resulted in crystallization of the samples either before 

equilibration or in a time which was too short to allow for stretches to be performed. 

Temperatures over 155°C were too close to the peak melting temperature to be certain 

that any flow-induced crystallization would not be erased during the experiment.  

3.6.4 Results and Discussions 

The LCBPP samples were stretched at extension rates ranging from 

0.01s!1 " !! " 0.25s!1  at various temperatures in the identified workable range. At low 

extension rates, the samples pulled out of the top plate as a result of the high elasticity of 

LCBPP. At high extension rates, the samples were not observed to crystallize during 

stretch, even for strains in excess of 10.0ε = . The accumulated strains which could be 

obtained were limited by the height of the extensional rheometer. None of the samples 

tested were observed to crystallize during stretch, even at low temperatures, where 

quiescent crystallization occurred shortly after equilibration. The observations from the 

flow-induced-crystallization time experiments suggest that the application of extensional 

flow hinders crystallization of long-chain branched polypropylene. Further investigation 

is needed to characterize the crystallization of LCBPP under extensional flow and the 

causes for the impedance of crystallization.   
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CHAPTER 4                                                                                            

CONCLUSIONS 

The degree of crystallization of polypropylene was found to be strongly affected 

by the application of extensional flow. A critical extension rate was found to be required 

for an increase in crystallization to occur. At this critical extension rate, the Weissenberg 

number had reached 1Wi =  and the flow was strong enough to align the tubes of 

constrained polymer chains. The critical extension rate corresponds to the maximum 

Trouton ratio, which verifies the occurrence of alignment and deformation of tubes of 

constrained polymer chains in the flow direction. Percent crystallization increased to a 

maximum, which was 18% greater than the quiescent case, at the peak extension rate. 

After the maximum, the percent crystallization decreased to a plateau. In this region the 

percent crystallization was a few percent greater than the quiescent case. Polarized light 

microscopy verified an increase in the number of spherulites and decrease in spherulite 

size for extension rates at or above the critical extension rate. Microscopy also showed a 

continued increase in number and decrease in size of spherulites until the peak extension 

rate at which the maximum percent crystallization occurs. No apparent change in 

spherulite size or number was observed for extension rates above the peak extension rate.  

Small angle X-ray scattering was used to investigate the crystal structure of the 

stretched polypropylene samples. The scattering patterns of all of the samples examined 

displayed a lamellar crystal structure which is indicated by an azimuthally symmetric 

scattering pattern with radially spaced bright rings. A 7% decrease in d-spacing was 

observed at the transition to the critical extension rate. Inter-lamellar spacing was not 
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found to be greatly influenced by the strength of flow as it was not observed to change 

for an increase in extension rate past the critical extension rate.  

The trends in percent crystallization for varying extension rates are similar to 

those found by Chellamuthu et at. for poly-1-butene [Chellamuthu et al. (In Press 2011)], 

even though a shish-kebab structure was not detected for any of the samples in the SAXS 

measurements or polarized light microscopy images. This suggests that the maximum in 

percent crystallization is not dependant on the formation of a shish-kebab crystal 

structure, as suggested by Chellamuthu et al. [Chellamuthu et al. (In Press 2011)], but is 

a more general result for a wide spectrum of polymers. It is interesting to note, however, 

that the plateau in percent crystallization for poly-1-butene, which possessed a shish-

kebab crystal structure, was still 10-20% greater than the quiescent case [Chellamuthu et 

al. (In Press 2011)]. However, the plateau in percent crystallization for polypropylene, 

which did not possess a shish-kebab crystal structure, was only a few percent greater than 

the quiescent case. These results suggest that in some cases the formation of a shish-

kebab crystal structure can lead to a greater degree of crystallinity in the final state.  

The onset of crystallization for polypropylene was also studied. The onset of 

crystallization time, tc, was found to be proportional to the inverse of extension rate, 

tc ! !!
"1 . This coupling demonstrates the strong dependence of crystallization time on the 

extension rate. The results display the same trend as those reported by Hadinata et al.  for 

poly-1-butene [Hadinata et al. (2007)]. The decrease crystallization time with increasing 

extension rate can be attributed to the reduction in the kinetic barrier for crystallization 

resulting from alignment of the polymer chains as well as the increased interaction 

between polymer chains induced by flow.   
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Interestingly, the decrease in the crystallization time was observed for extension 

rates well below the critical extension rate, where no increase in percent crystallization 

from the quiescent state was observed. This indicates that even for flows which do not 

result in an increase in crystallization, the kinetics of crystallization are strongly 

influenced by the application of extensional flow. In these cases the flow is not strong 

enough cause alignment or deformation of the polymer chains since the time scale of the 

flow is long in comparison to the relaxation time of the polymer melt. The decrease in 

crystallization time is therefore likely due to the enhanced interaction between polymer 

chains as they are advected in the imposed extensional flow.  
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