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3.1 INTRODUCTION 

 The ultimate physical properties of semicrystalline materials are directly related 

to their molecular characteristics. For example, a strong, opaque plastic bin and flexible, 

transparent wrap can be made from materials having identical chemical formulas. How-

ever, the molecular architecture of plastic wrap is quite different and is composed of 

many short-chain and long-chain branches; in comparison, the molecular architecture of 

the plastic bin is primarily branch-free.  

 Long-chain branches (LCB) are well known to affect the melt dynamics of a 

polymer,1, 2 which becomes exceedingly important when semicrystalline materials are 

exposed to flow during processing.3-5 Based on their relaxation rates, molecules in a flow 

field will be perturbed from their equilibrium configuration by varying degrees, some-

times resulting in the formation of oriented crystal nuclei.6, 7 These thread-like precursors 

result in increased nucleation density and serve as a template for the formation of an ori-

ented morphology with increased crystallization kinetics.8-12 LCB materials provide an 

ideal system to probe the effects of melt dynamics because they relax through a hierarchy 

of motions;13 for example, an H-polymer exhibits two relaxation processes—that of the 

arms followed by that of the backbone.14 Systematic variation of melt relaxation times 

can be achieved through the synthesis of well-defined materials with controlled lengths 

and amounts of long-chain branching. 

 On an industrial scale, long-chain branched molecules can be synthesized using 

metallocene catalyst technology, which allows the incorporation of branches into the 

chain during polymerization.5, 15-19 However, the resulting materials are far from mono-

disperse (Mw/Mn > 2) and the LCB content is not precisely controlled.2, 20 Additionally, 
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metallocene materials have been found to contain a small amount of interchain and 

intrachain heterogeneities, leading to distributions of branches that are not entirely ran-

dom.21 In contrast, anionic polymerization followed by hydrogenation allows for the syn-

thesis of fairly monodisperse (Mw/Mn < 1.1) polyethylene molecules of well-defined ar-

chitecture, such as star, H-, pom-pom, and comb polymers, similar to the ones used in 

this work.22-26 These model polyethylenes were initially thought to be ideal systems for 

studies regarding melt dynamics.3 However, in addition to long-chain branches, short-

chain branching (SCB) are also incorporated into the chain; during the polymerization, a 

minimum 8% of the ethylene addition is 1,2 versus the standard 1,4 addition, resulting in 

a random distribution of ethyl side groups (Figure 3.1).27, 28 The resulting molecules are 

termed hydrogenated polybutadienes (HPBDs) because they are chemically equivalent to 

random, homogeneous ethylene-co-butene copolymers with a minimum of 7 wt % butene.  

1,3-Butadiene

+
- Li+

+
- Li+

s-BuLi
1-n n

H2

Pd
Ethylene-co-butene

n = 7 -100%  
Figure 3.1 HPBD synthesis via anionic polymerization followed by hydrogenation. 

 The presence of short-chain branches complicates the application of HPBD mate-

rials to probe melt dynamics since LCB effects must be isolated from SCB effects. On the 

other hand, these model systems allow for well-defined studies of the interplay between 

long-chain and short-chain branches. These systems can be used to gain further under-

standing of highly industrially-relevant materials like low density polyethylene (LDPE), 

which contains many short-chain and long-chain branches and is used abundantly for all-

purpose containers, machinable plastic parts, and computer components.  
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 Short-chain branches directly affect crystallinity and have very pronounced 

effects on the structure and properties of semicrystalline materials,29-32 spurring investiga-

tions of linear, homogenous copolymers. The presence of short-chain branches results in 

increased flexibility and toughness as a consequence of decreased crystallinity.29, 30, 33-35 

The melting point decreases with increasing SCB content due to decreased crystal size,4, 

36, 37 which leads to a deteriorated morphology. 30, 32, 37, 38 Under quiescent conditions, 

molecules with increased SCB content form thinner lamellae with decreased lateral di-

mensions and lose the ability to organize into super-molecular structures, such as spheru-

lites. At sufficiently high concentrations (>8 mol % comonomer32), crystallization is lim-

ited to neighboring ethylene sequences resulting in bundle-like crystals often termed 

fringed micelles. All of these observations are the result of the exclusion of short-chain 

branches from the crystal when the branches are longer than a methyl group (methyl 

groups are incorporated into the crystal lattice to a substantial degree resulting in dis-

torted unit cells33, 34, 39-42). Similar behavior has been observed between HPBD and LCB-

free metallocene copolymers, which have been studied containing ethyl, butyl, and octyl 

branches.43, 44 Accordingly, in most cases the branch length was found to be irrelevant 

since their primary role is as defects.34, 39, 41, 45, 46 Some authors argue that ethyl branches 

are incorporated into the crystal to a small degree,47-49  however, this effect must be mi-

nor since evidence of this is not always observed. The consequence of the exclusion of 

chain defects is that crystallization is governed by the ethylene sequence length distribu-

tion (ESLD) between these short-chain branches. The ESLD dictates the availability of 

ethylene units having sufficient length to crystallize at a given temperature and is more 

important than copolymer composition.34, 46, 50, 51  
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 Due to the dependence on ESLD, random copolymers exhibit several be-

haviors that distinguish them from homopolymers. In contrast to homopolymers, the 

morphology and thermal properties of copolymers are fairly insensitive to crystallization 

conditions.43, 52 Furthermore, this sensitivity decreases with increasing SCB content.30, 53 

As discussed below, in contrast to homopolymers, crystallization kinetics of copolymers 

appears to be only weakly dependent on melt dynamics. Additionally, there is on-going 

debate about the evolution of morphology during crystallization due to the unusual ob-

servation of dual melting endotherms by Differential Scanning Calorimetry (DSC) fol-

lowing isothermal crystallization.   

 Initial theories to account for this double melting behavior of copolymers cen-

tered on the melting-recrystallization-remelting (mrr) phenomenon that is commonly ob-

served in thin homopolymer crystals.54 However, careful DSC studies have indicated that 

the distinct double melting behavior (e.g., Figure 3.5) is not the result of mrr.21, 34, 43, 45, 55-59 

While mrr has been confirmed for copolymers with a small amount of short-chain 

branching, the phenomenon is manifested as an additional third peak that is much smaller 

in magnitude and only observed at low heating rates.60, 61 Presently, double melting is 

commonly attributed to two crystal populations having different thermal stabilities.  

 A number of theories have been presented to account for the differences in ther-

mal stability of crystals supposedly formed at the same isothermal temperature (Tc). One 

widespread theory advocates differences in morphology between the two populations: 

ethylene sequences that are long enough to rapidly chain-fold into lamellae while those 

that are shorter, but are still capable of crystallization at Tc, crystallize much slower with 

nearest-neighbor ethylene sequences into fringed micelles. 43, 45, 52, 55, 61 Another theory is 
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that the two populations contain equal lamellar thicknesses but a bimodal distribu-

tion of density and surface characteristics.62 An alternative explanation is based on a bi-

modal lamellar thickness distribution: longer ethylene sequences crystallize rapidly form-

ing thick lamellae while thinner, less thermally stable lamellar crystals form slowly from 

shorter ethylene sequences. 

 In the present work, we examine double melting behavior and other aspects of 

crystallization of HPBDs of different molecular architectures (short linear, long linear, 

star, and H-polymer). We investigate the effect of long-chain branching on thermal and 

morphological properties in these model systems. Accounting for previous studies, mor-

phology evolution both during temperature ramps and under isothermal conditions is re-

evaluated. Finally, we comment on the implications of our findings on the use of these 

materials as model systems for studying the effects of melt dynamics on flow-induced 

crystallization. 

3.2 EXPERIMENTAL METHODS 

3.2.1 Materials  

 The majority of the materials used in these studies are hydrogenated poly-

butadienes (HPBDs) that were synthesized via anionic polymerization followed by hy-

drogenation. This method, in conjunction with hydrosillation, allows for the synthesis of 

molecules that are well-defined in both long-chain branching (LCB) and molecular 

weight (PDI = Mw/Mn < 1.1).22, 27 The resulting materials are analogous to random ethyl-

ene-co-butenes with a minimum of 7 wt % butene—in other words, 19 or more ethyl side 

groups per 1000 backbone carbon atoms. HPBD materials were graciously provided by 
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ExxonMobil in collaboration with Professor Nikos Hadjichristidis (University of 

Athens, Athens, Greece) and characterized by Dr. David Lohse and his team (ExxonMo-

bil, Clinton, NJ). 

Table 3.1 Molecular characteristics of polyethylene materials examined. All values pro-
vided by ExxonMobil. 

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

(kg/mol) 
Mw,a 

(kg/mol) 

SCB/ 
1000 back-

bone Ca 
L53 Linear 53 <1.05 53  19.2 
L152 Linear 152 <1.05 152  19.5 
S3 3-arm star 141 <1.05  47 18.9 
H4 H-polymer 156 <1.05 112 11 26.3 
HDPE Linear 529 3.0 529  0.2 

a obtained via 13C NMR 
 

L53 L152 S3 H4

Mw,b Mw,aMw,a

L53 L152 S3 H4

Mw,b Mw,aMw,a

Figure 3.2 Schematic representation of the four HPBD materials examined: short linear (L53), 
long linear (L152), 3-arm star (S3), and H-polymer (H4).  

 Quiescent crystallization was studied on four HPBDs (Table 3.1): two linear 

chains (L53 and L152) and two molecules containing long-chain branches—a symmetric, 

three-arm star (S3) with each arm having molecular weight (Mw,a) of 47 kg/mol and an 

H-polymer (H4) with a backbone molecular weight (Mw,b) of 112 kg/mol and two 

11 kg/mol arms on each end (Figure 3.2). In this context, ‘linear’ refers to molecules that 

are free from LCB; as mentioned above, all chains contain short-chain branches (SCB). It 

is important to note that L53, L152, and S3 all contain approximately 19 branches per 
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1000 carbon atoms—the minimum SCB content accessible via anionic polymeriza-

tion. The H4 polymer has higher overall SCB content than the rest, despite having arms 

with similar SCB content to the previous three samples; the difference originates from the 

synthetic route to the telechelic backbone, which results in higher SCB content along the 

backbone. Consequently, the H4 molecule has a homogenous SCB distribution within 

each long branch but not within each molecule. Additionally, high density polyethylene 

(HDPE) was included for comparison (no LCB and very few SCB). 

 Comparison of these molecules enables elucidation of the effects of molecular 

weight (L53 versus L152) and long-chain branching (L152 versus S3). Effects of short-

chain branching are difficult to isolate because the comparison of L152 or S3 to H4 is 

more complicated due to the combined effects of LCB, overall SCB content, and in-

tramolecular SCB distribution. However, in most cases, SCB effects can be inferred 

based on prior literature. 

3.2.2 Differential Scanning Calorimetry 

 Differential Scanning Calorimetry (DSC) experiments were conducted by Dr. 

Soo-Young Park (Kyunpook National University, Daegu, South Korea) to study thermal 

transitions of each polymer (5-10 mg samples) using a Perkin Elmer 7 DSC system cali-

brated with an indium standard. Both temperature ramps and isothermal studies were 

conducted under a nitrogen atmosphere. Peak melting and crystallization temperatures 

were obtained during cooling and subsequent heating ramps performed at 10 °C/min 

from 140 to 40 °C. Additional scans at 10 °C/min were conducted by Dr. Manika Varma-

Nair (ExxonMobil, Clinton, NJ) in a larger temperature range of 160 to -30 °C. 
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 Isothermal crystallization was conducted at a variety of temperatures for 

each polymer. After erasing thermal history at an elevated temperature of 130 °C, a 5-10 

mg sample was cooled to the desired crystallization temperature, Tc, at 40 °C/min. The 

sample was left at this temperature for 30 minutes and then heated at 10 °C/min; heat 

flow was monitored throughout the experiment. Additional isothermal studies were con-

ducted by Robert Panepinto (ExxonMobil, Clinton, NJ) for independent validation using 

the same isothermal temperatures but a higher temperature (140 °C) to erase thermal his-

tory and a faster cooling rate (~200 °C/min ) to Tc. 

3.2.3 X-ray Scattering 

 Morphology development during heating and cooling ramps was followed using 

wide angle and small angle x-ray scattering (WAXS and SAXS, respectively). An IN-

STEC STC200 hot stage was used to subject samples to temperature ramps at 10 °C/min 

in a range of 160 to 0 °C. Samples were placed between Kapton tape into a holder with 

0.5 cm diameter and 1.558 mm thickness. Additional SAXS experiments, termed ‘ramp-

iso’, included temperature ramps (10 °C/min) with a 30-minute, isothermal step at a tem-

perature approximately 16 °C below Tm (apparent subcooling, ΔT = Tm – Tc ≈ 16 °C). 

There isothermal temperatures were Tc = 95 °C for L53, Tc = 87 °C for L152 and S3, and 

Tc = 76 °C for H4. For comparison, L53 was also subjected to the same ramp with an iso-

thermal step at 102 °C—the highest isothermal DSC temperature at which two melting 

peaks were observed. 

 Scattering experiments were carried out at beamline X27C of the National Syn-

chrotron Light Source (NSLS, Brookhaven National Lab, Upton, NY).63 A MARCCD 
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detector with 158 μm pixel size was used to record two-dimensional scattering 

patterns generated with x-rays having a wavelength, λ, of 1.371 Å. For WAXS experi-

ments, the detector was placed 11.4 cm from the sample and camera length was cali-

brated using aluminum oxide (Al2O3). For SAXS, the sample-to-detector distance was 

1.9 m, and calibration was conducted using silver behenate. One scattering image was 

collected every 2 °C. 

 SAXS data during temperature ramps for H4 were obtained at beamline 7.3.3 of 

the Advanced Light Source (ALS, Lawrence Berkeley National Lab, Berkeley, CA).64 

Scattering data was collected using an ADSC Quantum 4u CCD detector at a distance of 

2.84 m and a source wavelength, λ, of 1.371 Å. The sample-to-detector distance was cali-

brated using silver behenate. A Linkam calorimetry stage was used to subject samples 

pressed in aluminum pans to temperature ramps at 10 °C/min from 160 to 0 °C while 

measuring heat flow. One scattering image was collected every 7 °C. Data collected at 

both beamlines for L53 and S3 were compared for consistency. 

 X-ray data pre-treatment included the subtraction of a background and adjustment 

for incident x-ray beam flux and acquisition time. The integrated intensity was extracted 

as a function of scattering vector, q = 4πsin(θ)/λ, where θ is the scattering angle. Since 

the samples were isotropic, a Lorentz correction65 was applied by multiplying the scatter-

ing intensity, I(q), by the square of scattering vector, q: J(q) = I(q)q2.  

 The SAXS long period, Lp, was determined from the position of the peak in J(q), 

qmax, as: Lp = 2π/qmax. The long period is a measure of the periodicity within the sample 

resulting from electron density differences and is interpreted as a characteristic spacing of 

crystalline and non-crystalline domains for a two-phase system. The area under the Lor-
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entz-corrected SAXS intensity curve (for isotropic samples) in the full range of q 

(0 < q < ∞) defines the invariant, which is a measure of the total scattering power of the 

sample. Given the experimental constraints, we approximate the invariant by the inte-

grated intensity, Q, in the range available (qmin < q < qmax): 

dqqIqQ
q

q∫=
max

min

)(2 . (3.1) 

The WAXS crystallinity index, Xc, was determined as the ratio of the area of the crystal-

line peaks, Ac, to the combined area of the amorphous halo, Aa, and the crystalline peaks: 

Xc = Ac/(Aa+Ac). Areas were obtained after fitting the amorphous halo and the ortho-

rhombic crystal reflections due to the (110)- and (200)-planes with Lorentzian functions 

using Origin 7.5. X-ray data analysis was conducted using code written in MATLAB 

R2008b (Thesis Appendix A). 

3.3 RESULTS 

3.3.1 Differential Scanning Calorimetry 

3.3.1.1 Temperature Ramps 

 Heating and cooling traces for each material are shown in Figure 3.3. In agree-

ment with prior literature, the crystallization exotherms for the HPBD materials contain 

two peaks: the primary peak at higher temperatures (Tx,high) and a much smaller peak at 

lower temperatures (Tx,low; marked by asterisks in Figure 3.3a).45, 66 The low crystalliza-

tion peak is least prominent for H4. Upon subsequent heating, only one broad peak is ob-

served. Nearly identical behavior is observed for L152 and S3. As expected, HPBDs ex-

hibit smaller, broader DSC peaks as a consequence of the ethylene sequence length dis-
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tribution.21, 32, 43, 45, 52, 57, 67 
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Figure 3.3 DSC a) cooling and b) heating traces obtained at 10 °C/min. Asterisks mark Tx,low. 

 Corresponding peak melting and crystallization temperatures (Tm and Tx, respec-

tively) for each material are tabulated in Table 3.2. All three transition temperatures de-

crease with both increasing molecular weight (L53 vs. L152) and SCB content (L152 vs. 

H4), as has been observed previously as a consequence of decreased crystal size. 21, 30, 32, 

35, 36, 44, 48, 52 Transition temperatures for L152 and S3 are nearly identical.  

Table 3.2 Peak transition temperatures obtained by DSC during heating and cooling ramps 
at 10 °C/min. 

Polymer Tx,low (°C) Tx,high (°C) Tm(°C) 
L53 64.3 95.3 110.2 
L152 61.8 87.6 104.4 
S3 61.5 87.0 102.9 
H4 56.6 76.8 92.2 
HDPE  117.7 135.7 

 

3.3.1.2 Isothermal Crystallization 

 Crystallization kinetics of each material were examined during isothermal crystal-

lization. As done by Haigh et al.,68 the time necessary to reach 10% of the maximum 

crystallinity (t0.1) at a given temperature was taken as a measure of the crystallization rate. 
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From Figure 3.4, it is clear that HDPE exhibits the fastest crystallization kinetics, 

as expected, while H4 exhibits the slowest. In agreement with Haigh et al., L53 has the 

fastest kinetics out of the HPBDs examined due to its low molecular weight.35, 68 Differ-

ences in crystallization kinetics due to the presence of long-chain branching, expected 

based on prior literature,4, 68, 69 were not immediately observed since L152 and S3 exhib-

ited very similar behavior. 
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Figure 3.4 Crystallization kinetics represented as the amount of time necessary to 
reach 10% maximum crystallinity (t0.1) as a function of the isothermal crystallization 
temperature.  

 Melting traces following isothermal crystallization of HPBD materials are charac-

terized by two peaks, high-melting (Tm,high) and low-melting (Tm,low), at all but the highest 

crystallization temperatures examined.21, 43, 45, 55, 70 When comparing traces at similar ap-

parent undercoolings, ΔT = Tm – Tc, the magnitude of both peaks appears to be only a 

function of molecular weight and not SCB content or distribution. As an example, melt-

ing traces for each sample isothermally crystallized at ΔT = 16 °C are shown in Figure 

3.5. Aside from HDPE, which only exhibits the expected single melting peak, L53 has 
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the largest high-melting peak. Again L152 and S3 possess nearly identical traces. 

The melting trace for H4, although shifted to lower temperatures due to increased SCB 

content, is very similar to the two HPBDs of similar molecular weight. Closer examina-

tion, however, reveals a larger low-melting peak for H4 than for L152 and S3. 
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Figure 3.5 DSC melting traces obtained during heating at 10 °C/min following 
isothermal crystallization for each material at Tc = Tm – 16 °C.  

 An examination of the dependence of both melting peak temperatures on the iso-

thermal crystallization temperature reveals interesting behavior typical of copolymers 

(Figure 3.6). Plotting melting point as a function of the isothermal crystallization tem-

perature (sometimes called a Hoffman-Weeks plot) is often used to determine the equilib-

rium melting temperature of a semicrystalline polymer. For homopolymers like HDPE, 

extrapolating Tm versus Tc to the melting temperature of a perfect crystal (i.e., the inter-

section of a linear fit through Tm versus Tc with the Tm = Tc line) reveals the equilibrium 

melting temperature.71, 72 However, this procedure fails when applied to either melting 

peak of copolymers.43, 44, 73 The high-melting peak appears nearly independent of the iso-
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thermal crystallization temperature, while the low-melting peak is parallel to Tm = 

Tc.47, 58, 61, 70  
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Figure 3.6 Peak high-melting (symbols) and low-melting (line + symbols) tempera-
tures as a function of isothermal crystallization temperature (Tc) obtained during heat-
ing in DSC at 10 °C/min. 

 The average high-melting peak value (Tm,high) for each material is insensitive to Tc, 

in agreement with past literature,43, 70 and is very similar to the peak melting temperature 

obtained during temperature ramps (Table 3.3 versus Table 3.2).43 The extent to which 

Tm,high  changes with Tc, characterized by the approximate slope of Tm,high versus Tc, 

ΔTm,high/ΔTc (Table 3.3), is greatest for the short linear HPBD and least for the H-

polymer.  

Table 3.3 Average high-melting peak (Tm,high) obtained during heating at 10 °C/min subse-
quent to isothermal crystallization and its dependence on the change in the isothermal crys-

tallization temperature. 
Sample Tm,high (°C) ΔTm,high/ΔTc 
L53 110.5 ± 0.5 0.23 
L152 104.4 ± 0.4 0.08 
S3 103.4 ± 0.1 0.06 
H4 92.4 ± 0.1 0.02 
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 The low-melting peak (Tm,low) appears to be offset from the isothermal 

crystallization temperature by a constant (Figure 3.6).43, 55, 59, 60, 74 This constant appears 

to be independent of not only SCB content and molecular weight, as demonstrated by 

Alamo et al.,44 but also long-chain branching.  

3.3.2 X-ray Scattering 

3.3.2.1 WAXS: Temperature Ramps 

 A comparison of the temperature dependence of the WAXS crystallinity, Xc, dur-

ing temperature ramps revealed a strong dependence on SCB content (Figure 3.7).29, 30, 33-

35 Additionally, two types of behavior were observed: (1) the expected hysteresis in crys-

tallinity during cooling and heating at elevated temperatures termed ‘irreversible’ crystal-

lization and melting because crystals formed during cooling required higher temperatures 

to melt and (2) ‘reversible’ crystallization and melting at lower temperatures where crys-

tallinity values during cooling and subsequent heating overlap. These two regimes are 

consistent with previous DSC, SAXS, and WAXS studies on polyethylenes containing 

short-chain branches.45, 62, 66, 67, 75, 76  

 The presence of short-chain branching in L152 results in a decreased transition 

temperature between reversible and irreversible behavior, Tr,w (defined as the temperature 

at which crystallinity upon cooling and subsequent heating differs by less than 10%), 

compared to HDPE (Figure 3.7). A small amount of reversible crystallization of HDPE 

(~15%), occurring between Tr,w and 0 °C, is attributed to surface crystalliza-

tion/melting.75, 77 In contrast, reversible crystallization accounts for a greater percentage 

of total crystallinity at 0 °C in L152 (~25%). Additionally, irreversible crystallization and 
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melting of L152 occurs over a larger temperature range than HDPE because it is 

governed by the ESLD.50, 78 Of added interest is the lull in crystallinity evolution apparent 

at temperatures immediately above Tr,w in all HPBD materials examined (marked by an 

asterisks in Figure 3.7). Possible explanations for this observation are detailed in the dis-

cussion section. 
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Figure 3.7 Crystallinity determined by WAXS as a function of temperature during 
heating and cooling ramps of L152 and HPDE at 10 °C/min. Arrows indicate Tr,w. 
Asterisk marks lull in crystallinity evolution. 

 A comparison between the four HPBD materials reveals that Tr,w is greatest for 

L53 (71 ± 3 °C) and is within the range of 62.8 ± 3.8 °C for the higher molecular weight 

HPBDs, with S3 being at the high end of the range (Figure 3.8, open triangles). The simi-

larity of Tr,w between L152 and H4 is inconsistent with previous observations of the tran-

sition temperature decreasing with increasing SCB content.45 The corresponding crystal-

linity at Tr,w, Xc(Tr,w), is similar for the three materials of similar SCB content (L53, L152, 

and S3) at 39 ± 4% (Figure 3.8, filled squares). As expected, H4 exhibits lower crystallin-
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ity (31 ± 3%) due to its increased SCB content.29, 30, 33, 34 A similar trend is ob-

served at T = 0 °C (Xc(0 °C) in Figure 3.8, filled circles). The slightly elevated crystallin-

ity of S3 compared to L152 at 0 °C can be attributed to the small difference in SCB con-

tent between the two materials (18.9 for S3 versus 19.5 for L152; Table 3.1) and further 

highlights the significance of short-chain branching. The relative amount of reversible 

crystallization appears to be in the same range for all four materials, with S3 again being 

at the high end of the range (difference between filled circles and squares in Figure 3.8). 

This observation is inconsistent with previous works that found that the relative amount 

of reversible crystallization increases with increasing SCB content.45, 75, 79   
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Figure 3.8 WAXS-determined transition temperature (Tr,w) to reversible crystallization, 
the crystallinity at that temperature (Xc(Tr,w)), and the maximum crystallinity obtained 
(Xc(0 °C)) for each HPBD material. 
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3.3.2.2 SAXS: Temperature Ramps 
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Figure 3.9 SAXS intensity collected during cooling of L152 at 10 °C/min (1 trace 
every ~6 °C). Arrow shows general peak movement in temperature range examined. 

 SAXS scattering curves exhibited significant variation in peak height, width, and 

position with temperature (e.g., Figure 3.9), as seen in previous investigations of poly-

ethylenes containing short-chain branching.66, 80-83 An example of the general trend is ex-

hibited by L152 during a cooling ramp. Initially, SAXS intensity, I(q), grows at low q-

values, corresponding to zero scattering angle, similar to HDPE;84, 85 then a peak devel-

ops and grows in intensity while its position moves to higher q-values; eventually, it 

reaches a maximum and declines while broadening and moving further to higher values 

of q. At lower temperatures, the peak position reaches a plateau at q ~ 0.033 Å-1 but con-

tinues to broaden at the expense of peak height.  
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Figure 3.10 Long period as a function of temperature during heating and cooling 
ramps of L152 and HPDE at 10 °C/min. Box identifies lull in long period evolution. 
Arrows mark Tr,s. 

 The long period, Lp, determined by SAXS of all materials examined exhibited 

regions corresponding to reversible and irreversible crystallization (Figure 3.10), similar 

to crystallinity evolution (Figure 3.7).67, 80 However, during reversible crystallization, the 

long period of HDPE remains constant while that of HPBD materials continues to de-

crease, as has been observed previously.48, 79, 80, 83, 86-88 Below the transition temperature, 

Tr,s (defined as the temperature at which the difference in long period during cooling and 

subsequent heating is less than 10%), the HDPE long period varies less than 2%. In con-

trast, the long period of L53 decreases by 8%, that of L152 and S3 by 14%, and that of 

H4 by 23%. The transition temperature itself follows a similar trend: largest for L53, 

lowest for H4, and of similar intermediate values for L152 and S3 (Figure 3.11, open tri-

angles). Consequently, Tr,s and the amount of change in Lp during reversible crystalliza-

tion appear to be a function of molecular weight and SCB content, but not long chain 
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branching.  

12
13
14
15
16
17

48

52

56

60

64

 

 

L53                 L152                S3                 H4

L p (n
m

)

 

 Lp(Tr,s)

 Lp(T=0 oC)
 Tr,s

T 
(o C

)

 
Figure 3.11 SAXS-determined transition temperature (Tr,s) to reversible crystalliza-
tion, the long period at that temperature (Lp(Tr,s)), and the minimum long period ob-
tained (Lp(0 °C)) for each HPBD material. 

 All HPBD materials exhibit a similar long period at Tr,s, Lp(Tr,s), of 15.5 ± 1 nm 

(Figure 3.11, filled squares). In contrast, the long period at T = 0 °C, Lp(0 °C), appears to 

be dependent on molecular weight, short-chain and long-chain branching with L53 > 

L152 > S3 > H4. The variation among the first 3 materials is inconsistent with the work 

of Alamo et al. who observed similar room-temperature long periods for samples of simi-

lar SCB content but different molecular weight.44 

 All four HPBD materials examined exhibited a lull in the evolution of long period 

during crystallization, which is highlighted in Figure 3.10. When observed in a previous 

study, this inflection in Lp versus T was attributed to the transition of the system to a ho-

mogenous crystallinity distribution.66 In agreement with this previous study, the increased 

change in long period at temperatures immediately below this lull is near the low crystal-
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lization temperature observed by DSC (Tx,low; Figure 3.3 and Table 3.2). Further-

more, this inflection point coincides with the maximum in the SAXS integrated intensity 

(Figure 3.12), which also exhibits reversible and irreversible crystallization/melting.  
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Figure 3.12 SAXS integrated intensity during cooling and heating of L152 at 
10 °C/min. Box identifies region corresponding to lull in long period evolution 
(Figure 3.10). 

 A final observation of interest is the difference in transition temperatures between 

irreversible and reversible behavior as determined by WAXS crystallinity, SAXS inte-

grated intensity, and long period. The transition temperature to reversible integrated in-

tensity behavior is the highest of the three and occurs near the maximum of the scattering 

power during cooling. The temperature to reversible crystallinity evolution is higher than 

that of long period evolution indicating that there is a small window upon cooling and 

heating during which the formation of reversible crystals leads to irreversible changes in 

long period. 
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3.3.2.3 SAXS: Temperature Ramps with Isothermal Step 
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Figure 3.13 Evolution of SAXS long period for L152 during temperature ramps at 
10 °C/min (filled symbols) and the ramp-iso protocol with an isothermal step at Tc = 
87 °C during cooling (open symbols). 

 Further insight into the crystallization behavior of these materials may be gained 

by inserting an isothermal step during cooling (“ramp-iso” protocol). During the hold at 

Tc, the long period decreased to a limiting value (e.g., L152 in Figure 3.13). For L152, Lp 

decreased from approximately 26 to 21 nm during the 30 minute hold at 87 °C. Once 

cooling was resumed, a short induction period was observed before the long period con-

tinued to decrease; the evolution of Lp during further cooling coincided with that ob-

served in a continuous ramp (compare filled and open squares for T < 75 °C in Figure 

3.13). Long period evolution during subsequent heating traces was very similar for both 

protocols (open vs. filled circles in Figure 3.13), in agreement with previous works indi-

cating minimal effects of thermal and mechanical history on random copolymers.52, 62, 86, 89 

A reversible crystallization region was still observed. Similar behavior as depicted above 

was observed for the other HPBDs. 
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 During the 30-minute isothermal hold at similar apparent subcooling ΔT = 

Tm – Tc = 16 °C, L152 unexpectedly developed a long period that was larger by almost 

1 nm compared with L53 and S3 (Figure 3.14). The long period obtained for S3 was only 

slightly smaller than that of L53. Due to its high nominal melting point, L53 was antici-

pated to develop morphology with the largest characteristic length scale out of the trio.  
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Figure 3.14 Long period of HPBD materials as a function of time during isothermal 
crystallization at Tc = Tm – 16 °C inserted into a cooling ramp at 10 °C/min.  

 Further insight into evolution of morphology can be gained through the examina-

tion of scattering patterns corresponding to the first two minutes of the isothermal step 

(Figure 3.15). No noticeable crystallization occurred during cooling to a lower ΔT (L53 

at 102 °C, Figure 3.15a); during the first two minutes, SAXS intensity increased while 

peak position only shifted slightly, consistent with isothermal growth dominated by a 

single long spacing. Upon reaching ΔT ~ 16 °C, each material already possessed a well-

defined long period (Figure 3.15b, c, and d). For L53 and S3, scattering intensity initially 

increased at all q-values. L53 exhibited growth in peak intensity in conjunction with mild 
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peak position shifting until crystallization slowed significantly (evidenced by 

highly overlapped scattering curves in Figure 3.15b). In contrast to S3 and L152, L53 did 

not exhibit any obvious decrease of SAXS intensity during isothermal treatment.  
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Figure 3.15 SAXS intensity during the first 120 s of isothermal crystallization (1 trace every 
12 s): a) L53 at 102 °C, b) L53 at 95 °C, c) S3 at 87 °C, and d) L152 at 87 °C. Arrows indi-
cate trend in peak movement. 

 S3 exhibits a SAXS peak in Figure 3.15c that initially starts at a smaller q-value 

compared to L53 (corresponding to a larger Lp). This peak shifts gradually to larger q-

values while intensity first grows and then decreases before the crystallization rate slows. 

Decreasing SAXS intensity is consistent with the elimination of the corresponding long 

periods via lamellar insertion. This process is more prevalent for S3 than L53 given that 
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S3 was crystallized at a lower temperature, providing adequate driving force for 

crystallization of shorter ethylene sequences.  

 L152 exhibited strikingly different behavior: scattering intensities at low q-values 

decreased after only 12 s of isothermal crystallization. Compared with S3 and L53, L152 

underwent little isothermal crystallization, indicating that most of the crystallization oc-

curred during cooling. Hence, the predominant long period was larger due to its forma-

tion at higher temperatures—relative to the nominal melting point—compared to S3 and 

L53.  

 The pronounced difference in behavior between S3 and L152 is very surprising 

given the similarity in DSC results. Upon closer inspection, the slight difference in crys-

tallization kinetics at Tc
 = 87 °C between L152 and S3 (Figure 3.4) corresponds to ap-

proximately 10% faster crystallization of L152 compared with S3. This relatively small 

difference in crystallization kinetics has significant impact on morphology development 

because of the limited amount of copolymer that is able to crystallize at elevated tempera-

tures. Hence, the faster-crystallizing L152 completes most of its primary lamellar growth 

before reaching Tc = 87 °C. 

3.4 DISCUSSION 

3.4.1 Morphology Evolution during Cooling and Heating 

 Similar to homopolymers, copolymers require supercooling of the melt to achieve 

crystallization. Nucleation and growth is responsible for the irreversible behavior ob-

served at higher temperatures both in WAXS crystallinity (Xc; Figure 3.7, T > Tr,w), 

SAXS long period (Lp; Figure 3.10, T > Tr,s) and SAXS integrated intensity (Q; Figure 
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3.12). The irreversible crystallization/melting region of random copolymers in-

cludes two qualitatively distinct subdivisions that can be seen by comparing Figure 3.7, 

Figure 3.10 and Figure 3.12, as is done in Figure 3.16a. The irreversible regime includes 

an upper-temperature window in which the three morphological quantities, Xc, Lp, and Q, 

show a pronounced hysteresis as well as a lower-temperature window in which hysteresis 

effects are milder. Based on the dominant morphological features that form in each re-

gime (see below), we term the former ‘primary-irreversible’ crystallization/melting and 

the latter ‘secondary-irreversible’ crystallization/melting. The lowest temperature range 

defines the ‘reversible’ crystallization/melting regime, in which the three morphological 

quantities exhibit distinctly similar values upon cooling and heating. 

3.4.1.1 Primary-Irreversible Crystallization 

 During cooling, the onset of crystallization in the polymer system is followed by 

relatively fast crystallization that is associated with the largest changes in morphology. 

The corresponding formation of the primary DSC exotherm (Tx,high in Figure 3.3) indi-

cates that a large fraction of the total crystallization occurs by nucleation and growth in 

this primary-irreversible regime.67 We envision this occurring by the propagation of pri-

mary lamellae through an unconstrained melt (Figure 3.16b), in agreement with previous 

theories.45, 55 During cooling through the primary-irreversible regime, lamellae form with 

continuously decreasing long periods resulting in a shift in the SAXS peak to high 

wavevectors. This behavior is partially a consequence of kinetic effects but primarily due 

to the limit on the amount of crystallizable material at each temperature based on the eth-

ylene sequence length distribution (ESLD). 
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Figure 3.16 a) General representation of SAXS long period (Lp), WAXS crystallinity (Xc), and 
SAXS integrated intensity (Q) during cooling and subsequent heating ramps defining three 
crystallization regimes of random copolymers (Tr,w, Tr,s, and Tx,low are marked for reference). 
Schematic representation of morphology in each regime: b) primary-irreversible at high-
temperatures, c) secondary-irreversible, and d) reversible crystallization at low temperatures.  

 Due to the ESLD, the long period of random copolymers during irreversible crys-

tallization is dictated by the size of the non-crystalline layers. Previous studies have dem-

onstrated that the crystalline layer thickness is unaffected by temperature,48, 79, 88, 90 and 

this observation is confirmed by estimates of crystalline and non-crystalline layer thick-

nesses provided in the Appendix. At the relatively high temperatures in the primary irre-

versible regime, only a small number of ethylene sequences will be of sufficient length to 

crystallize. However, due to the homogenous SCB distribution, these sequences have 
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equal probability of being found in all HPBD chains. Therefore, the incorporation 

of a small portion of almost all chains results in large non-crystalline layers between pri-

mary lamellae formed at the highest temperatures. At lower temperatures in the still high-

temperature primary-irreversible regime, a greater number of ethylene sequences become 

capable of crystallization, resulting in a smaller part of the chain being left entirely out of 

the crystal corresponding to thinner non-crystalline layers. Therefore, Lp decreases with 

temperature.  

3.4.1.2 Secondary-Irreversible Crystallization  

 During cooling through intermediate temperatures between the regime of rapid, 

irreversible crystallization/melting (primary-irreversible regime) and reversible crystalli-

zation/melting, Xc and Lp are less dependent on temperature compared with the primary-

irreversible regime, consistent with decreased crystallization kinetics. We propose that 

this slowing of crystallization is a consequence of the depletion of the unconstrained melt 

(i.e., unpinned chains). Crystallization continues at a slower rate due to decreased chain 

mobility due to the majority of chains being pinned to already-formed crystals.45, 66 This 

pinning severely hinders large conformational changes necessary for chain-folding. How-

ever, since crystals formed in this regime continue to exhibit hysteresis between cooling 

and subsequent heating, nucleation and growth is still expected to be the dominant means 

of crystallization. Hence, we propose that morphology evolution in this region continues 

by the growth of lamellae from shorter ethylene sequences that are capable of crystalliza-

tion at the given temperature. These lamellae will have decreased lateral dimensions and 

include more defects that those formed during the primary-irreversible regime.80, 82 
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 A small fraction of crystallization in this regime occurs in amorphous 

‘lakes’ between primary lamellar stacks that were not able to sustain crystals at larger 

temperatures.91 However, examination of the SAXS integrated intensity (Q), which re-

mains nearly constant at its maximum value in this regime, provides further insight about 

the predominant location of secondary lamellar growth. For an ideal two-phase system, 

the integrated intensity is proportional to the electron density difference between the two 

phases (Δρ = ρc – ρa) and the volume fraction of each phase (φ1 and φ2 = 1 – φ1): 

21
2)( ϕϕρΔ∝Q . (3.2)

Therefore, for a constant electron density difference, Q will exhibit a maximum at 50% 

crystallinity. However, since crystallinity values in this temperature range are 25% to 

35%, a maximum in integrated intensity can be accounted for by a decrease in the elec-

tron density contrast that counters the increase in crystallinity.67 This can be realized via 

the formation of secondary lamellae between primary lamellae having the largest non-

crystalline layers (Figure 3.16c). Consequently, the secondary-irreversible regime is not 

present in systems like HDPE that do not form large non-crystalline layers that can ac-

commodate secondary lamellar ‘in-filling’. 

 The onset of the intermediate temperature region is marked by a well-defined lull 

in Xc at approximately 75 °C for L152 in Figure 3.7. Similar observations have been 

made in other studies, and left unexplained;66, 67 however, these lulls are not abundant in 

the literature on copolymer crystallinity evolution. In S3, for example, this lull was al-

most entirely masked by the uncertainty in Xc, raising the question of whether or not this 

feature is real. 

 A possible explanation for these lulls is that they are artifacts of improper fitting 
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of the WAXS intensity curves. A number of previous studies have noted that fit-

ting the amorphous halo with two peaks, rather than one as was done in this work, yields 

a better fit and more reasonable behavior of all peaks considered (position, width, etc.).33, 

92-96 Sajkiewicz et al.92 also observed a lull in the crystallinity evolution upon cooling of 

linear low density polyethylenes (LDPEs). These authors advocated the use of a three-

phase model to account for the presence of a phase having intermediate properties to 

those of the crystalline and amorphous layers; although this resulted in a better fit and 

more reasonable behavior of the amorphous halo, the lull in the evolution of crystallinity 

remained. Hence, we conclude that the lull observed here is not an artifact of an improper 

fit to the WAXS features. 

 Based on their theory of the existence of an ‘intermediate phase’, Sajkiewicz et al. 

attributed the lull in crystallinity evolution to reorganization of the intermediate and crys-

talline phases.92 Although this is a plausible explanation, arguments have been put forth 

that contribution to the scattering pattern from an intermediate region that is distributed 

between the crystalline and amorphous phases should be uniform and not limited to a par-

ticular angular region.33, 93 This controversy is further examined in the following chapter 

using two-dimensional correlation analysis. Without concrete evidence for the existence 

of an intermediate phase, we attribute the lull to an induction period, which accounts for 

the temperature difference between the consumption of the unconstrained melt by propa-

gating lamellae and the onset secondary crystallization can occur in constrained melt.  

3.4.1.3 Reversible Crystallization at Low Temperatures 

 At lower temperatures, Xc, Lp, and Q exhibit dynamic yet distinctly similar behav-

ior upon cooling and subsequent heating. A small amount of reversible crystallization of 
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HDPE (15% of total) occurs at a constant long period and is accounted for by sur-

face crystallization/melting.75, 77, 97 In contrast, HPBD materials exhibit changes in crys-

tallinity during the reversible step accounting for 20% to 30% of the total at T = 0 °C 

with corresponding long period changes of 8% to 23%. For copolymers, reversible crys-

tallization and melting can be attributed to very small crystals that form and melt at simi-

lar temperatures.76 This lack of hysteresis suggests a crystallization mechanism domi-

nated by clustering of neighboring ethylene sequences that are capable of crystallization 

at a given temperature.67 These ethylene sequences are quite short and bundle into small, 

imperfect crystals, which are termed fringed micelles. To avoid ambiguity, in this work 

we define a fringed micelle as a bundle of non-folded chains with some crystallographic 

order and lateral dimensions that are on the same order of magnitude as the thickness (d ~ 

l; Figure 3.17). These structures are distinct from lamellae, even poorly formed ones, 

which have thicknesses that are much smaller than their lateral dimensions (d << l).  

d

l

d
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Figure 3.17 Schematic representation of a) fringed micelle and b) lamellae. 

 This fringed micelle morphology is consistent with the observations of Alizadeh 

et al., who found DSC crystallinity to be independent of cooling rate in the reversible re-

gime.45 This result suggests that crystallization kinetics are not dependent upon the de-

gree of subcooling and is in agreement with fringed micelle formation that is the result of 

local conformational fluctuations. These fringed micelles form between pre-existing la-

mellae as evidenced by decreasing SAXS intensity at all q-values during reversible crys-
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tallization while crystallinity is below 50% (Figure 3.12). 

3.4.1.4 Transition Temperatures 

  For the HPBD materials, the transition to reversible behavior of the SAXS inte-

grated intensity, Q, occurs near its maximum value. At this temperature, Q becomes 

dominated by the electron density contrast in the system and not crystallinity, since crys-

tallinity values are still below 50% (see eq 3.2). This temperature is also very close to the 

transition between the primary-irreversible and secondary-irreversible crystallization re-

gimes, providing further evidence for ‘in-filling’ of primary lamellae via secondary la-

mellar growth occurring during secondary-irreversible crystallization. 

 Furthermore, the transition temperatures to reversible behavior of crystallinity 

and long period are separated by 4 – 8 °C. At an intermediate temperature, T1, such that 

Tr,s < T1 < Tr,w, the system exists with the same crystallinity during heating as during 

cooling. However, upon heating, the long period at T1 is smaller than during cooling. A 

possible explanation for this observation is if the crystals that melted upon reheating to T1 

are located in different locations than those that formed during cooling below T1. The 

implication then is that some crystals formed at lower temperatures turn out to be more 

stable than those formed at higher temperatures. These more stable crystals are located 

further away from pre-existing crystal structures, as deduced from their noticeable effect 

on long period, changes in which are believed to be dominated by changes in the amor-

phous layer thickness (see Appendix).80 Upon heating, less stable crystals near crystal 

surfaces melt, suppressing the expected increase in the long period. This explanation is 

consistent with the observation that the smallest difference between Tr,s and Tr,w is exhib-
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ited by the H4 polymer, which has a limited number of ethylene sequences of suf-

ficient length to form crystals having increased stability during reversible crystallization.  

3.4.2 DSC Double Melting 

 The evolution of morphology during temperature ramps described above can be 

reconciled with morphology formation during isothermal crystallization and account for 

the two DSC melting endotherms (Figure 3.5). We propose that the high-melting peak 

(Tm,high) is due to primary lamellae that form from the longest ethylene sequences in un-

constrained melt both during cooling to and at the isothermal temperature (Tc). Evidence 

for crystallization during cooling is demonstrated by the appearance of a SAXS peak 

immediately upon reaching Tc (Figure 3.15). Additionally, the temperature of the high-

melting peak (Tm,high) following isothermal crystallization and the peak melting tempera-

ture (Tm) following a cooling ramp are nearly identical, as previously observed.43 Fur-

thermore, our observation that Tm,high is nearly independent of Tc is supplemented by ob-

servations in prior literature showing that Tm,high  is also independent of crystallization 

time (tc).45, 58, 70 These observations indicate that the high melting fraction is primarily 

formed during cooling and thus is unaffected by isothermal treatment, as previously sug-

gested by others.45, 70  

 On the other hand, monotonically increasing scattering intensity observed during 

the first two minutes of isothermal crystallization of L53 and S3 (Figure 3.15a-c) indi-

cates a continuation of the crystallization occurring during cooling, resulting in a fraction 

of primary lamellar formation at Tc. These lamellae melt at temperatures dependent upon 

their formation temperature (i.e., Tc) and affect the dependence of Tm,high on Tc
 when 
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enough lamellae are present. In most cases, as evident from the nearly constant 

Tm,high with Tc (Figure 3.6 and Table 3.3), the portion of primary lamellae formed at Tc is 

low relative to the amount formed during cooling. However, some samples, like L53, ex-

hibit homopolymer-like behavior manifested in a noticeable slope of Tm,high versus Tc 

(Figure 3.6 and Table 3.3).45 For these materials, a significant fraction of primary lamel-

lae within the system formed at Tc rather than during cooling. Molecules having lower 

molecular weight and SCB content are able to crystallize at higher temperatures, at which 

greater chain mobility and decreased nucleation rates result in less pinning of chains to 

crystal surfaces; consequently, more unconstrained melt is available for propagation of 

primary lamellae at the relatively high isothermal temperatures used for these materials. 

It follows that copolymer effects on thermal behavior are gradual, with greatest ho-

mopolymer-like behavior observed in systems with low SCB content and at high tem-

peratures.45 

 The low melting peak (Tm,low) is universally attributed to species formed at the 

isothermal crystallization temperature, as is evidenced by the lack of Tm,low after short 

times at Tc.56 However, there is some speculation as to the morphology of these structures 

and, hence, the reason behind their decreased thermal stability. We attribute the low-

melting peak (Tm,low) to secondary lamellae that form isothermally from ethylene se-

quences whose lengths are dictated by Tc. It follows that the thickness of these crystals, 

and hence, their melting temperature, also depends on Tc. In agreement with Rabiej et 

al.,62 but in contrast to other work,43, 45, 52, 55, 61 we do not use the term fringed micelles to 

describe these structures since Tc = Tm – 16 °C is in the primary-irreversible crystalliza-

tion regime where fringed micelle formation is not expected. Secondary lamellar growth, 
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although unexpected, occurs because isothermal treatment provides sufficient time 

to overcome its sluggish kinetics. 

 The manifestation of these secondary lamellae is seen in Figure 3.15 as a decrease 

in scattering intensity at low q corresponding to the elimination of the largest long peri-

ods. This observation indicates that these secondary lamellae form between pre-existing 

primary lamellae having the largest non-crystalline regions.98, 99 This ‘in-filling’ is most 

pronounced for L152 and S3 (Figure 3.15c and d). Based on DSC results (not shown), 

approximately 10% and 17% of total crystallinity at the end of 30 minutes at Tc = 87 °C 

is attributed to secondary lamellae for L152 and S3, respectively. This significant per-

centage of secondary crystal growth can be accommodated by the relatively large non-

crystalline layers found between lamellae in random copolymers (see Appendix).48, 79, 80, 

88, 90 

 Previous literature regarding the increase of Tm,low with increasing time at Tc (i.e., 

offset of the low melting peaks from Tm = Tc in Figure 3.6) has attributed the effect to 

crystal thickening,58, 100 decreased conformational entropy of the amorphous phase due to 

secondary crystallization,45 or an instrumental artifact.62 Instead, we propose that sluggish 

secondary crystallization of short ethylene sequences can result in crystals having pro-

gressively greater stability when given more time for close-neighbor ethylene sequences 

to reorganize. 

3.4.3 Effects of Molecular Characteristics 

 The four HPBD materials were selected in order to evaluate the effects of mo-

lecular topology: molecular weight, short-chain and long-chain branching. Comparisons 
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between L53 and L152 enable the isolation of molecular weight effects. Insight 

into long chain branching is gained by examining L152 and S3 and effects of short-chain 

branching can be inferred from L152, S3, and H4. It was found that SCB content and mo-

lecular weight has the greatest influence on morphology and crystallization kinetics.  

3.4.3.1 Crystallinity 

 The transition temperature to reversible crystallization, Tr,w, upon cooling can be 

interpreted as the temperature at which the long ethylene sequences capable of nucleation 

and growth of primary and secondary lamellae have been consumed, and only shorter se-

quences capable of fringed micelle formation remain. Hence, the crystallinity at Tr,w de-

creases with the amount of long ethylene sequences in the molecule and, consequently, 

with increasing SCB content. In agreement, H4, having the highest SCB content, exhibits 

the lowest crystallinity at Tr,w out of the four HPBD materials examined. 

 The values for Tr,w vary from 32 to 43 °C below the peak melting point deter-

mined by DSC, Tm, and speak to the difficultly in defining similar apparent subcoolings 

(ΔT = Tm – Tc) for the different samples. Tr,w appears to be dependent primarily on mo-

lecular weight, which determines the amount of pinning of chains during crystallization. 

For example, at the same temperature, L152, which has three times the molecular weight 

of L53, contains three times as many crystallizable ethylene sequences, and hence three 

times as many pinning cites, resulting in greater constraint on the melt.  

 Two apparent inconsistencies with prior literature were observed in the current 

study. First, Alizadeh et al. observed a decrease in Tr,w with increasing SCB content,45 

hence similar values, differing by just 2 °C, for L152 and H4 would be unexpected 

(Figure 3.8). Second, reversible crystallinity has been observed to account for more of the 
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total Xc as SCB increases,45, 75, 79 yet again L152 and H4 are unexpectedly similar 

(difference between circles and squares in Figure 3.8). However, Alizadeh et al. com-

pared samples with a greater variation of SCB content. A difference of approximately 

20 °C in Tr,w was observed between samples that differed in comonomer content by 

9 mol % (Figure 5 of ref. 45). In contrast, L152 and H4 only differ by 1.4 mol % co-

monomer, for which we could estimate an expected difference in Tr,w of 2-3 °C and little 

change in the reversible fraction, consistent with our observations.  

3.4.3.2 Long Period 

 The transition to reversible behavior of the long period occurs at similar values of 

Lp for the HPBD materials studied (15.5 ± 1 nm; filled squares in Figure 3.11). This ob-

servation suggests that Tr,s is dictated by the distribution of the lamellar crystals. The 

temperature at which each material develops this similar morphology that can only sup-

port fringed micelle formation (Tr,s) depends on molecular weight and SCB content: ma-

terials with larger Mw,tot (S3 and L152 as compared to L53) and higher SCB content (H4 

as compared to L152 and S3) require cooling to lower temperatures (Figure 3.11).  

 Although the long period at Tr,s is the same, the long period at  T = 0 °C differs 

among the HPBDs (filled circles in Figure 3.11), following a similar trend as the peak 

crystallization temperature. Since L53 begins crystallization at a higher temperature, it 

initially forms a larger long period which keeps the average long period higher than that 

of the other materials when compared at the same temperatures. For this thermal history 

(cooling at 10 °C/min), molecular characteristics are found to affect lamellar formation 

and hence influence the final long period. In contrast, previous studies have observed a 

long period of approximately 15 nm independent of molecular weight (Mw > 10 kg/mol) 
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and SCB content (>20 SCB/1000 C) following quenching to room temperature.44, 52 

This discrepancy suggests the formation of different nanostructure, likely governed by 

different physics, for the two thermal treatments. The work of Voigt-Martin et al. con-

firms differences in structure formation; the authors observed that an HPBD with a mo-

lecular weight of 108 kg/mol was able to form medium-length, curved lamellae under 

slow-cooled conditions, but exhibited no lamellar character subsequent to quenching.101 

Additionally, Goderis et al. demonstrated that crystal thickness is greater in ethylene-co-

octene samples that were slowly cooled compared to quenched.88 During quenching, the 

majority of crystallization occurs from neighboring ethylene sequences having insuffi-

cient time to find most stable conformations. In contrast, crystallization during cooling 

ramps (even at 10 °C/min) provides adequate time for crystallization occurring from eth-

ylene sequences of intermediate length, and hence, a greater effect of molecular charac-

teristics is observed.  

3.4.3.3 DSC Crystallization Kinetics 

 In the present study, the long-chain branched (LCB) molecules (S3 and H4) ex-

hibited only slightly slower kinetics than linear samples; strong differences can be attrib-

uted to increased molecular weight (S3 vs. L53) and short-chain branching content (H4 

vs. L152).29, 30, 33-37, 44 The strong effect of long-chain branching on crystallization kinet-

ics, expected based on prior literature, was not observed.4, 68, 69 Although some qualitative 

agreement was seen with the work of Haigh et al.,68 the conclusions reached here are 

quite different. In their work, Haigh et al. studied a short linear HPBD and a star HPBD 

similar to the ones examined here and observed the same relative behavior (i.e., the 3-arm 

star crystallized much slower than the linear polymer having molecular weight matching 
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one of the arms; see Figure 3.4). The authors argued that the crystallizing entities 

of the two polymers were the same (since the branch point cannot crystallize), and hence, 

the strong decrease in crystallization kinetics was attributed to long-chain branching. 

However, here, we were able to compare a star polymer to a linear HPBD of similar mo-

lecular weight and SCB content. The nearly identical thermal behavior of the two materi-

als indicates that one long chain branch has negligible effect.  

 Similar crystallization kinetics between L152 and S3 indicate that melt dynamics 

do not dictate crystallization of random copolymers. L152 exhibits relaxation behavior 

that scales as a power law with its molecular weight.102 In contrast, the star polymer re-

laxes by arm retraction and has relaxation times that scale exponentially with the molecu-

lar weight of the arms.103 Therefore, despite the three-fold difference between Mw,a for 

the star and Mw,tot for the long linear polymer, the relaxation time of the star is signifi-

cantly slower. The profound difference in melt dynamics yet nearly identical crystalliza-

tion kinetics is another example of a principle difference between random copolymers 

and homopolymers. While crystallization kinetics of random copolymers are primarily 

dictated by molecular weight, this effect is not a consequence of melt dynamics, but 

rather because Mw,tot dictates the amount of chain pinning to crystal surfaces. 

3.4.4 Implications for Flow-Induced Crystallization 

 While a few long-chain branches have negligible effect on quiescent crystalliza-

tion, their effect on the relaxation time of a molecule becomes important when exposed to 

a flow field. As relaxation time increases with LCB content,13, 14, 104 molecules have a 

greater response to the flow field, allowing the for formation of oriented nuclei,11, 105 
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which enhance crystallization kinetics and result in oriented morphology. 3, 4, 8, 105 

Therefore, the ultimate material properties of processed semicrystalline polymers, which 

are directly related to morphology, are highly dependent upon the slow-relaxing mole-

cules.12, 105, 106 Model hydrogenated polybutadienes are thought to have opened the door 

for well-defined studies of the effects of melt dynamics on flow-induced crystallization 

(FIC).3 The number and length of long-chain branches can be well-defined to systemati-

cally alter the relaxation times of these materials and can be used control the morphology 

formation subsequent to flow.107, 108  

 We conducted preliminary studies to probe the effects of melt dynamics on flow-

induced crystallization (FIC) by examining a bimodal system containing a small concen-

tration of a slow-relaxing species in the form of a model comb polymer blended with 

fast-relaxing matrix (short, linear copolymer). The bimodal components were selected to 

have matching SCB content in order to specifically isolate the effect of long-chain 

branches. Details of the experiment are provided in Thesis Appendix B. Contrary to our 

expectations, neither increased crystallization kinetics nor preferred orientation was ob-

served. This surprising result suggests that even under flow, short-chain branching sig-

nificantly hinders crystallization. The effect of short-chain branching on FIC is explored 

in Chapter 5. 

3.5 CONCLUSION 

 The study of model hydrogenated polybutadienes (HPBDs) of complex architec-

ture revealed that the interplay between long-chain and short-chain branches is dominated 

by the ethylene sequence length distribution (ESLD). Differences in thermal and morpho-
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logical behavior observed between (1) a short, linear chain, (2) a long, linear chain, 

(3) a star-polymer, and (4) an H-polymer are primarily explained by differences in SCB 

content and molecular weight. This is also the case for crystallization kinetics, which 

have previously been reported to be strongly dependent on long-chain branching.68 

Nearly identical crystallization kinetics observed between materials having significant 

differences in melt dynamics, highlights the importance of ESLD in the crystallization of 

random copolymers. Even in the presence of a flow field, oriented crystallization in the 

presence of a slow-relaxing comb polymer was suppressed, indicating the dominance of 

SCB content. 

 The evolution of morphology in SCB systems was examined both during tem-

perature ramps and under isothermal conditions. During temperature ramps, three tem-

perature regions defined by specific morphology development were identified:  

(1) The ‘primary-irreversible’ regime is characterized by rapid, irreversible 

crystallization at relatively high temperatures via the propagation of pri-

mary lamellae in an unconstrained melt. 

(2) The ‘secondary-irreversible’ regime is characterized by slower, irre-

versible crystallization at intermediate temperatures via the formation of 

secondary lamellae in constrained melt between previously-formed lamel-

lae having the largest non-crystalline regions. 

(3) The ‘reversible’ crystallization regime is characterized by slow, reversi-

ble crystallization at low temperatures via the formation of fringed micelles 

between pre-existing crystals.  

 In light of these regimes, double melting behavior observed by DSC subsequent 
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to isothermal crystallization is explained by the melting of primary and secondary 

lamellae. The high-melting peak (Tm,high) is attributed to the same rapidly-crystallizing, 

primary lamellae that form at the highest temperature during cooling ramps (primary-

irreversible regime). These primary lamellae form both during cooling to and at the iso-

thermal crystallization temperature (Tc). Given that the isothermal temperature used in 

these, as well as in many other studies,44, 45, 55, 62, 109 is in the irreversible regime, the low-

melting peak (Tm,low) is attributed to the melting of secondary lamellae—and not fringed 

micelles—that form from ethylene sequences whose length, and hence thermal stability, 

is dictated by Tc.  

 The effect of the heterogeneous morphology in copolymers is manifested as dy-

namic SAXS and WAXS data obtained during crystallization. This data is well suited for 

a prevalent technique in the field of vibrational spectroscopy to examine changes in spec-

tra as a function of a perturbation variable, such as temperature or time. Two-dimensional 

correlation analysis is used in the following chapter in order to further examine morphol-

ogy development and explore questions regarding the presence of an intermediate phase 

and the onset of crystallization. 
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3.6 APPENDIX—Crystalline and Amorphous Layer Thickness 

 For an ideal, two-phase system, it is possible to estimate the crystalline and 

amorphous layer thicknesses (Lc and La, respectively) from the long period (Lp) and vol-

ume fraction crystallinity (φ1). Volume fraction crystallinity for each material was esti-

mated from Xc by taking the density of purely crystalline PE to be 1.0 g/cm3 and that of 

amorphous PE to be 0.855 g/cm3.110, 111 Hence, 

Lc = Lpφ1, (3.3) 

and 

La = Lp(1 – φ1). (3.4) 

We acknowledge that this analysis is not rigorous due to both the assumption of a two-

phase model112 and the fact that SAXS and WAXS are sensitive to different morphologi-

cal features: WAXS identifies crystalline unit cells, and SAXS arises as the result of elec-

tron density contrast.67, 113-115 However, a number of qualitative observations from this 

analysis are useful for elucidating the morphology.  

 This analysis indicates that the decrease in the long period during cooling is the 

result of a strong decrease in the apparent thickness of the amorphous layer (Figure 3.18). 

The crystalline layer thickness remains relatively constant with decreasing temperature, 

in agreement with past literature.48, 79, 88, 90 From Figure 3.18, it is apparent that the tem-

perature of the transition to reversible behavior is dominated by the amorphous layer. Be-

low this transition temperature (shaded region in Figure 3.18), estimated La and Lc values 

are invalid, since we do not expect formation of lamellae in this region. Additionally, the 

crystalline layer exhibited reversible behavior with little change at temperatures below 
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the primary crystallization temperature, as determined by DSC (Tx,high). For all 

HPBD materials, the amorphous layer was thicker than the crystalline layer at all tem-

perature examined and dominated Lp behavior. 

0 20 40 60 80 100 120
0

5

10

15

20

25

30

35

40

45

 

La
ye

r T
hi

ck
ne

ss
 (n

m
)

Temperature (oC)

Tx,high

Figure 3.18 Long period (Lp, triangles), crystalline (Lc, squares) and amorphous (La, cir-
cles) layer thicknesses of L152 during cooling (solid symbols) and subsequent heating 
(open symbols) at 10 °C/min. 
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