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B.1 INTRODUCTION 

 The physical properties of semicrystalline materials are ultimately dictated by 

their morphology in the solid state, which is a strong function of the response of the 

polymer melt to processing conditions. Under certain conditions, the formation of 

oriented nuclei under flow produces an oriented morphology,1 which results in increased 

crystallization kinetics and enhancement of physical properties.2-6 The formation of 

oriented nuclei in part depends on the perturbation of crystallizable chains from their 

equilibrium configurations in the melt. The degree of chain orientation is dictated by their 

relaxation dynamics relative to an applied flow field.3 Highly branched materials relax 

through a hierarchy of motions,7 hence, materials with well-defined architectures, such as 

hydrogenated polybutadienes (HPBDs),8-12 are ideal systems with which to probe the 

effects of melt dynamics on flow-induced crystallization (FIC) of semicrystalline 

polymers.13  

 The effect of the slow-relaxing species (i.e., the model HPBD) can be examined 

through the implementation of bimodal blends which contain a small concentration of the 

slow-relaxing species in a fast-relaxing matrix. These model bimodal systems are 

common in FIC studies, in which they are usually composed of two species with 

substantially different molecular weights (e.g., Chapter 5).14-19 The concentration of the 

slow relaxing species has a non-linear effect on FIC behavior;  greatly enhanced 

crystallization kinetics and development of oriented morphology are observed near its 

overlap concentration, c*, at which chains just pervade all sample volume (Figure B.1).13-

15 Hence, although it is important to keep the concentration of the slow-relaxing species 
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low in order to minimize its effects on the viscosity of the blend (and to not 

introduce a new experimental variable), the concentrations need to be at least as high as 

c* to observe pronounced FIC effects. 

c/c* < 1 c/c* ≈ 1 c/c* > 1  
Figure B.1 Schematic representation of overlap concentration, c*. 

 The major component of the bimodal blend must meet particular requirements 

with regard to the study of HPBD materials. Due to the nature of anionic polymerization, 

which is used to synthesize model HPBDs, the resulting materials contain short-chain 

branches (SCB) and are analogous to random ethylene-co-butenes with a minimum of 

4 mol % butene.20, 21 In order to de-convolute the effects of relaxation dynamics from 

short-chain branching, it necessary to select a base resin containing comparable amounts 

of SCB. 

 In the following section, we present preliminary FIC studies on a bimodal blend 

containing an HPBD comb polymer in an ethylene-co-hexene matrix with comparable 

SCB content. This comb polymer, which exhibits two relaxation processes—that of the 

arms followed by that of the backbone22—was anticipated to have a profound effect on 

oriented morphology following shear. 
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B.2 EXPERIMENTAL METHODS 

B.2.1 Materials  

 Molecular characteristics of the bimodal blend components are provided in Figure 

B.2 and Table B.1. The minor component in the bimodal blends was a hydrogenated 

polybutadiene (HPBD) comb polymer (C4) synthesized via anionic polymerization, 

followed by hydrogenation, in conjunction with hydrosillation.8, 20 This molecule 

contained an average of 4 teeth per backbone. The polydispersity (PDI = Mw/Mn) of the 

comb backbone and teeth components was below 1.05, but since the number of teeth per 

backbone is an average, the combs themselves could not be considered monodisperse. 

Similar to the H4 polymer in Chapter 3, C4 exhibited intrachain heterogeneity in the SCB 

distribution due to the synthetic route to the telechelic backbone; the teeth contained 

approximately 19 SCB per 1000 backbone carbon atoms while the backbone contained 

higher SCB content (approximately 40 SCB/1000 backbone C). C4 was graciously 

provided by Professor Nikos Hadjichristidis (University of Athens, Athens, Greece) and 

characterized by Dr. David Lohse and his team (ExxonMobil, Clinton, NJ).  

EH50

Mw,b

C4

Mw,a

 
Figure B.2 Schematic representation of bimodal blend components. 
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Table B.1 Molecular characteristics of blend components studied under flow. All 
values provided by ExxonMobil. 

Polymer Type Mw,tot 
(kg/mol) PDI Mw,b 

(kg/mol) 
Mw,a 

(kg/mol) 

SCB/ 
1000 backbone 

Ca 
EH50 linear 50 2.0 50  23.2 
C4b comb 232  100 33 24.4 

a obtained via 13C NMR 

 The major component in the bimodal blends was metallocene-catalyzed random 

ethylene copolymer with approximately 5 mol % hexene. Given the strong dependence of 

crystallization behavior on SCB content, EH50 was selected due to its similar SCB 

content in an attempt to isolate the effects of LCB and SCB. EH50 was graciously 

provided and characterized by Dr. David Lohse and his team (ExxonMobil, Clinton, NJ). 

  Blends containing 1, 1.5 and 5 wt % C4 in EH50 were created as described in 

Chapter 5. Comb concentrations in the blends were selected to be above and below their 

overlap concentration, c* ≈ 0.012, which is the concentration at which chains just pervade 

all sample volume resulting in a non-linear response to the flow field.13-15 An estimate of 

c* was made based on the comb backbone length, Mw,b, as done by Heeley et al.13 

B.2.1.2 Overlap Concentration  

 If we assume that the backbone is the only part of the comb oriented by flow, it is 

possible to estimate the overlap concentration, c*, for comb-comb contact as that of a 

linear chain having comparable molecular weight to the backbone (Mw,b), as done by 

Heeley et al.13 Hence, 
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where Na is Avogadro’s number, ρ is density, and Rg is the radius of gyration.23, 

24  From small-angle neutron scattering measurements, Rg(Å) for linear hydrogenated 

polybutadienes was found to depend on Mw,tot (g/mol) as25 

Rg = 0.5 (Mw,tot)1/2. (B.2) 

Using eqs B.1 and B.2, we find that c* ≈ 0.012. As this is a rough approximation, blends 

of 1, 1.5 and 5 wt % comb in EH50 were made.   

B.2.2 Shear-Induced Crystallization 

 Isothermal crystallization of comb blends following a short shear pulse was 

studied using the same instrument and protocol as described in Section 5.2.3 of Chapter 5. 

The isothermal crystallization temperature used was Tc = 98 °C. Wall shear stresses (σw) 

imposed were 0.11 MPa for a shearing time (ts) of 10 s and 0.14 MPa for ts = 15 s. The 

total sample mass extruded, and hence the total strain, was kept relatively constant just 

below 100 mg. Morphology development was followed in situ via optical transmittance 

(I/I0) and apparent birefringence (Iperp/I) measurements. 

B.3 RESULTS  

 Shear was found to have no effect on the crystallization of 1 or 1.5 wt % comb 

blends. Apparent birefringence revealed no orientation and crystallization kinetics (as 

given by transmittance) were unchanged from the quiescent case (not shown). The 

5 wt % blend exhibited turbidity traces that were difficult to interpret with regard to 

crystallization kinetics (Figure B.3a). At first glance, sheared samples appeared to 

crystallize slower, reaching 80% transmittance multiple decades later than samples 

crystallizing quiescently. However, this lag is the result of the development of a local 
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minimum that resembles that of HDPE blends in Chapter 5 (Figure 5.5). 

Apparent birefringence traces of all sheared samples exhibit increased values during 

shear as a consequence of flow birefringence (Figure B.3b). However, the immediate 

drop in Iperp/I following cessation of shear indicates that no anisotropic structures were 

formed.3, 26 
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Figure B.3 a) Transmittance (I/I0) and b) apparent birefringence (Iperp/I) for 5 wt % comb 
blend sheared at 98 °C. 

 

B.4 DISCUSSION 

 Comb blends did not exhibit the expected behavior in response to shear. For 

reference, the evolution of transmittance and apparent birefringence is provided in Figure 

B.4 for an isotactic polypropylene (iPP) sample. In response to shear, this sample 

exhibited the expected enhancement of crystallization kinetics (evidenced by the shorter 

time to reach 50% transmittance in Figure B.4a) and oriented crystal growth (evidenced 

by growth in birefringence after cessation of shear in Figure B.4b). For iPP, the 

monotonic trend in the transmittance allows us to relate increased turbidity of the sample 

to its crystallinity development, contrary to blends of the HPBD (above) and HDPE 
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(Chapter 5). In highly oriented samples, apparent birefringence exhibits 

sinusoidal behavior (see eq 5.3 in Chapter 5).19, 27 A comparison between Figure B.3b and 

Figure B.4b quickly reveals a complete lack of oriented growth.  
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Figure B.4 a) Transmittance and b) apparent birefringence comparisons for sheared and 
quiescently crystallized iPP presented for comparison. 

 This surprising result is not a consequence of a lack of comb chain orientation in 

response to the flow field. The degree of orientation expected for comb chains can be 

inferred from the Wiessenberg number (Wi),28-31 which is a ratio of the relaxation time of 

the chains to the time scale for the shear process. The orientation of chains by flow is 

expected for Wi > 1. For the current shear process,  

Wi = combr ,τγ , (B.3) 

where τr,comb is the characteristic relaxation time of the comb chains. The shear rate, γ , 

can be estimated from 

μ
σγ w~ , (B.4) 

where μ is the viscosity of the blend. The viscosity is related to the relaxation modulus, G, 

as 



 

 

B - 9

∫
∞

=
0

0~)( rNGdttG τμ . (B.5) 

The approximation of μ as the product of the plateau modulus, GN
0, and terminal 

relaxation time, τr, is valid for monodisperse, entangled, linear melts. Given that the 

current sample only meets the entangled criterion, we acknowledge that this is not a 

rigorous calculation but, rather, an order of magnitude estimate. Using GN
0 ~ 1 MPa for 

polyethylene,32 σw ~ 0.1 MPa, and the terminal relaxation time of the melt, τr ≈ 0.005 s,33 

the shear rate for these experiments determined to be approximately 20 s-1. The comb 

polymer has a terminal relaxation time of 7.5 s,34 resulting in Wi ~ 100. Hence, we expect 

the comb chains to be strongly oriented by flow.  

 The unusual transmittance curves (Figure B.3a) further support the deformation 

of chains from their equilibrium configurations during shear. When combs are above 

their overlap concentrations (i.e., 5 wt % blend), sample transmittance decreases to a 

minimum following the cessation of shear, recovers slightly, and resumes a monotonic 

decrease at a slower rate than in the quiescent case. This behavior is most pronounced at 

highest shear stress suggesting that it is a consequence of chain response to the flow field. 

 Since we expect the orientation of comb chains by the flow field, the lack of 

subsequent oriented growth must be the result of the inability of the system to effectively 

propagate oriented crystals from these chains. Given the strong effect of SCB content on 

quiescent crystallization (see Chapter 3 and references within), we anticipate that these 

chain defects are to blame for the lack of oriented growth.  
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B.5 CONCLUSION 

 Application of a flow field to bimodal blends containing well-defined HPBD 

combs at concentrations above their overlap concentration did not result in typical flow-

induced crystallization behavior. Although comb chains were oriented by the application 

of a shear pulse (Wi >> 1), subsequent oriented growth was not observed. This lack of 

oriented morphology can be accounted for by either (1) a lack of oriented nuclei 

formation from the oriented chains, or (2) if oriented nuclei did form, the inability of the 

melt to effectively propagate oriented growth from the nuclei. We hypothesize that either 

scenario can be a consequence of the relatively high short-chain branching content of 

both the base resin (EH50 having 23.2 SCB/1000 backbone C) and the slow-relaxing 

comb polymer (C4 having 24.4 SCB/1000 backbone C). 

 To further examine this theory, we propose FIC studies on the same high-SCB-

content base resin (EH50) but blended with small amounts of a high-Mw (i.e., slow-

relaxing) high-density polyethylene (HDPE). The latter molecule is well-known to form 

oriented nuclei,35-38 hence, the effect of SCB content on the propagation of an oriented 

morphology can be examined. These studies (described in Chapter 5) can provide further 

insight into the crystallization of industrially relevant linear-low density polyethylenes 

(LLDPE). 
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