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ABSTRACT: A combined study of microstructure and mechanical properties for a series of single-site metallocene ethylene/1-hexene

copolymers is presented. The analysis of the results focuses on the effect of branching, which in turn modulates crystallinity and den-

sity, on the values of the elastic modulus obtained in tensile-deformation experiments. An extensive literature review is done in order

to compare our own results with previous studies. The typical variation found in the elastic modulus is discussed in terms of the

existence of a rigid amorphous phase. This rigid phase controls the macroscopic mechanical behavior of the materials, giving rise to

an increase of the elastic modulus as the crystallinity does. Mechanical coupling models for heterogeneous systems are applied in

order to describe the experimental results of the elastic modulus as a function of the variation of three different phase fractions, i.e.,

crystalline, rigid amorphous (or interfacial), and mobile amorphous. The phase fraction values obtained from the analysis of the

mechanical properties are in qualitative agreement to those found experimentally in our group by Raman infrared spectroscopy and

from the literature by positron annihilation lifetime spectroscopy. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2012
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INTRODUCTION

The basis of the specific macroscopic properties of semicrystalline

polymers lies on their hierarchical structure.1 Molecular features

and chemical composition strongly affect macromolecular

organization at the nano- and microscopic levels. The large

compositional variety achievable by copolymerization generates

polymeric materials with very different microstructures, and then

with a wide range of physical properties. In these materials, the

extensively studied uniaxial tensile patterns change from the typi-

cal plastic behavior of highly crystalline thermoplastics to the

elastomeric behavior of low crystallinity polymers.2–11 However,

the heterogeneous molecular population, mainly dependent on

the polymerization process, and the complex microstructural fea-

tures of these semicrystalline systems have veiled the understand-

ing of the microscopic mechanisms underlying the deformation

processes. Of the same importance than the molecular features

are the crystallization conditions that define the degree of macro-

molecular order in the materials. Then, molecular features and

crystallization conditions should be controlled to obtain reliable

correlations between structural features and macroscopic

properties.

The development of the single-site catalyst technology has

allowed for the synthesis of olefin-based linear homo and

copolymers with narrow molecular weight distribution and

homogeneous branching distribution. In addition, this technol-

ogy yields polymers with a large incorporation of comonomer,

offering a broad range of solid-state structures and physical

properties. Our group has previously explored these macromo-

lecular models in order to establish basic correlations between

molecular architecture, microstructure, and physical properties

using both advanced computer simulations12,13 and experimen-

tal approaches.14–18 Some works can be found in the literature

concerning the physical properties of polyethylene fractions and

model monodisperse hydrogenated polybutadiene,5,7,8 but lim-

ited to a narrow range of materials’ density and/or molecular

weight. More recent works describe the structure–properties

relationship in homogeneous series of ethylene/1-octene and

ethylene/styrene copolymers obtained by means of single-site

constrained geometry catalyst systems.19

In the context of the relationship between microstructural fea-

tures and physical properties, some authors have suggested the

existence of an amorphous rigid phase, associated with both the

mobile amorphous and the crystalline phases, and with inter-

mediate properties,20–22 whereas others identified this third

phase as an interfacial layer between the crystalline and the

amorphous material.23 Raman infrared spectroscopy has been
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widely used since the 80s in order to study these microstruc-

tural aspects of polyolefins, and more precisely to identify the

interfacial region between the amorphous and crystalline

phases.24–26 The results obtained by positron annihilation life-

time spectroscopy (PALS) also suggest the existence of a rigid

amorphous phase in this type of materials.27–29 It is clear that

the phase structure and the coupling between the phases modu-

late the mechanical properties of this important class of materi-

als. The chain segmental mobility of the amorphous regions is

gradually decreased as crystal volume in the systems increases.

As reported in the literature, chain mobility restrictions in semi-

crystalline systems can be observed by means of dynamic me-

chanical thermal analysis (DMTA) or broadband dielectric spec-

troscopy (BDS) through the changes in the segmental relaxation

processes.30–32 In this respect, the recent development of a sta-

tistical model, which accounts for the thermodynamic changes

in the amorphous regions due to the presence of the crystals,

describes the effect of the confinement on chain conformation

dynamics.33,34

In this work, we have investigated the mechanical behavior of

high molecular weight single-site metallocene ethylene/1-hexene

homogeneous copolymers with narrow molecular weight distri-

bution. One set of the materials, in the usual commercial range

of comonomer content from 0 to 2 mol %, have been obtained

from Repsol-YPF (M�ostoles, Spain). The other set of materials

have been synthesized in our laboratory, covering an unusual

low crystallinity range controlled by varying the comonomer

incorporation during the polymerization process. The materials

cover the comonomer content range between 3 and 10 mol %.

One important objective of this work is to examine the effect of

branching in the mechanical tensile-deformation behavior. The

other is the application of coupling models to experimental

data, in order to explain the mechanical response of the materi-

als from a structural point of view.

EXPERIMENTAL

Materials and Sample Preparation

The copolymers are designated as EHx, being x the amount of

short chain branching determined by 13C-NMR. The branching

level and the molecular features obtained by size exclusion chro-

matography are listed in Table I for all the materials studied.

Please refer to previous works for details about materials

synthesis and molecular characterization.3–6 A set of blends

between the linear sample (EH0) and the branched samples

with the lowest branching content (EH3–EH10) have been also

studied. The blends (50/50 wt %) were prepared in a Custom

Scientific Instruments Mini-Max CSL mixer (Easton PA) at a

temperature of 160�C and a piston speed of 60 r.p.m for 15

min. Densities, measured in a gradient column at 23�C, are also

reported in Table I. The polymers (stabilized against thermo-

oxidative degradation) were melt pressed in a Schwabenthan

Polystat 200 T laboratory hot press (Berlin, Germany) at 150�C

temperature and 50 bars of nominal pressure for 5 min, adjust-

ing the thickness to a suitable one to the intended experiments.

The sheets were quenched at room temperature.

Differential Scanning Calorimetry

The thermal characterization was performed in samples with

the same heat and strain history than those used in the subse-

quent tensile-deformation testing. Thermal characterization of

the samples was conducted in a Perkin Elmer Pyris 1 calorime-

ter (Waltham, MA) in helium atmosphere and cooling liquid

nitrogen supply. Temperature calibrations were made using the

melting onset of water and indium. The masses were weighed

in a Perkin Elmer high precision scale with an accuracy of 0.001

mg. The polymers were cooled to �150�C at 100�C/min and

immediately heated up to 150�C at two heating rates: 10�C/min

and 40�C/min. Subsequent cooling and heating cycles on the

quenched samples were also performed in the same conditions.

The contribution of an empty pan was subtracted from each

Table I. Branching Content, Weight Average Molecular Weight, Polydispersity Index, Density, Glass Transition Temperature, Melting Point, Mass

Fractional Crystallinity, and Elastic Modulus of the Samples Investigated

Sample
Branching
CH3/1000 C

Mw

(kg mol�1) Mw/Mn q (g cm�3) Tg (�C) Tm (�C) wDSC E (MPa)

EH0 0 158 2.0 0.9516 – 134.2 0.70 874 6 32

EH3 2.80 124 2.0 0.9382 – 125.9 0.62 590 6 25

EH5 5.35 115 2.0 0.9311 – 121.4 0.57 451 6 20

EH8 8.10 126 2.0 0.9256 – 120.7 0.55 378 6 20

EH10 9.60 113 2.0 0.9222 – 116.3 0.52 300 6 18

EH15 15.0 200 2.1 0.908 �36.1 106.7 0.40 166 6 6.0

EH23 23.3 350 2.0 0.891 �45.4 97.9 0.33 60.6 6 2.4

EH35 35.7 370 2.0 0.879 �53.8 75.3 0.27 29.7 6 1.1

EH42 42.0 340 2.1 0.871 �58.4 66.4 0.22 17.7 6 0.6

BL3 1.40 – – 0.9441 – 130.6 0.66 745 6 30

BL5 2.68 – – 0.9397 – 128.5 0.64 668 6 27

BL8 4.05 – – 0.9374 – 128.8 0.61 597 6 21

BL10 4.80 – – 0.9358 – 127.5 0.60 559 6 21

ARTICLE

2 J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38290 WILEYONLINELIBRARY.COM/APP

http://onlinelibrary.wiley.com/


experiment. The glass transition temperature (Tg) was deter-

mined from the heat flow curves. The melting temperature (Tm)

was defined as the maximum peak of the melting endotherm.

Please refer to Ref. 18 for details. The degree of the mass frac-

tion of crystals was calculated as wDSC ¼ DHm=DH0
m, where

DHm is the melting enthalpy of the samples and DH0
m is the

equilibrium melting enthalpy of a completely crystalline poly-

ethylene taken to be 288.4 J/g.35 The specific heat capacity is

not constant in polyolefins, being a function of the tempera-

ture,36 then we have corrected the values of DHm using the heat

of fusion values determined by Wild et al. in preparative frac-

tions of 1-butene copolymer as a function of their melting tem-

perature.37 All the thermal properties, corrected for a heating

rate of 0 �C/min, are listed in Table I.

Tensile deformation experiments

Specimens were stamped out from hot press molded mm thick-

ness sheets. The ‘‘dog-bone’’ specimens’ dimensions were 35 mm

length and 6 mm width, with a gauge length of 12 mm. An Ins-

tron machine model 1122 (Norwood, MA) equipped with a 500

N tension load cell was employed for tensile testing. The cell

was calibrated with different standards. All tensile tests were

conducted at a temperature of 23�C and 50% humidity, with a

crosshead speed of 10 mm/min. The nominal force was meas-

ured by the load cell, and the nominal stress, r, calculated

dividing by the initial sectional area of the specimens. The

deformation was carried out to fracture of the samples. The

nominal strain, e, was measured as the crosshead displacement

divided by the original gauge length of 12 mm.

Raman Infrared Spectroscopy

Raman spectra of the ethylene/1-hexene samples were recorded

at 23�C using a Renishaw microscope system RM2000 (Glouces-

tershire, UK) equipped with an optical Leica microscope (Heer-

brugg, Switzerland) and an Argon ion laser at 514 nm as the

light source. Each spectrum was based on 20 scans with �50

magnification objective lenses.

RESULT AND DISCUSSION

For the copolymers studied, the peak melting temperature (Tm)

and mass crystal content (wDSC) decrease with increasing como-

nomer content (see Table I). These trends reflect the exclusion

of the comonomer from the crystal and the progressive decrease

in the length and concentration of crystallizable ethylene

sequences. We also observe that as the branching content

increases, the values of the glass transition temperature (Tg)

decrease. This fact has been associated with an increase of the

free volume of the amorphous phase developing in the polymers

as crystallinity decreases.

It is not expected any important change in the shape of the

stress–strain tensile curves due to the differences in the molecu-

lar weight,9 but the different branching content should lead to

important variations in mechanical properties. In Figure 1 we

can realize that the reference linear homopolymer sample (EH0)

is characterized by a sharp and well-defined yield. By increasing

the branching content, there is a continuously decreased yield

stress maximum. In fact, in the sample with 15 branches/1000

C atoms no yield is present. Above this value of the branching

content, the polymers show a characteristic rubber-like behav-

ior: the stress level is substantially reduced relative to the refer-

ence homopolymer or the copolymers with a lower branching

degree. The elastic modulus, E (see Table I), has been deter-

mined from the slope of the force–elongation curve in the limit

of very small strain where the deformation is reversible (lower

than 0.2). In this region, it is supposed that the disordered

entangled structure is involved in the deformation process, but

the ordered crystalline structure is no longer affected.

We have first concentrated our attention on the influence of

crystal content in the values of E, considering a simple 2-phase

model. Figure 2 is a plot of E against the volume crystalline

fraction, a. Densities of 1 g/cm3 and 0.856 g/cm3 for the crystal-

line and amorphous phases have been considered for calcula-

tions of a from the corrected results of the mass crystallinity

Figure 1. True stress–strain curves for the materials studied: (h) EH0,

(�;) EH3, (~) EH5, (^) EH10, (n) EH15 (l) EH23, (~) EH35 (^)

EH42.

Figure 2. Elastic modulus as a function of crystalline fraction for the dif-

ferent samples studied (n) and blends of the linear and branched samples

(h).38
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content obtained by DSC. The density of the amorphous phase

has been considered independent of the amount of comonomer.

A linear dependence between E and a is obtained for high crystal-

linity, but a clear breakdown is observed for volume crystallinity

fractions lower than a ¼ 0.4. In fact, an asymptotic dependence

of the elastic modulus to the typical values of rubber-like materi-

als at room temperatures around 10 MPa for a ¼ 0 is found.5,9,39

An extensive literature review has been done in order to compare

these results with those corresponding to other polyolefins

obtained from different sources.2–6,11 The comparison is observed

in Figure 3, where the elastic modulus is plotted against materi-

als’ density, q. Obviously, the scattering found among the col-

lected data is likely due to differences not only in the molecular

architecture (most of the polymers are polydisperse and, likely

with a heterogeneous branching distribution), but also to differ-

ences in the sample preparation conditions. In this plot, density

becomes as a structural parameter that monitors the mechanical

behavior, independently of the nature of the comonomer (1-

butene, 1-hexene or 1-octene) and the molecular topology, i.e.,

the presence of long chain branching, which is typical of some of

the samples from the literature. We have to point out that the

correlation obtained in our samples nicely follows a single corre-

lation among all the collected data.

Results obtained in the blends of linear and moderate branched

samples are included in Figures 2 and 3. These blends show vol-

ume crystalline fractions higher than a ¼ 0.4, and a melting

behavior driven by the linear species, as judged by the results

shown in Table I.38 The blends show higher Tm values for simi-

lar crystalline content than the pure EH copolymers with the

same average short chain branching content, suggesting larger

lamellae dimensions. However, the elastic modulus seems to fol-

low the same linear trend than the pure EH copolymers. This

result demonstrates that other feature than the crystal thickness

is playing a role in the values of the elastic modulus.8,9 More-

over, the reversibility of the deformation at the very small strain

region at which the elastic modulus is determined is an indica-

tion that the amorphous entangled fraction is playing an impor-

tant contribution to the modulus. The strong variation in the

elastic modulus of the materials can be ascribed then to strong

changes in the amorphous fraction: the stiffness of the amor-

phous component should drop appreciably as the branching

content decreases. The glass transition temperature in these

semicrystalline samples has shown a strong dependence of the

branching content (see Table I), suggesting a higher free volume

due to the presence of branches. Rheological measurements also

point toward substantial changes of the entangled structure in

the amorphous melt state due to an increased branching con-

tent, but the changes are only 2-fold lower than for the linear

homopolymer, which is not enough to explain the huge change

observed in Figure 2.15,40,41 A simple combination of the corre-

sponding extrapolated crystalline (100% crystallinity) and amor-

phous (0% crystallinity) moduli and phase volume fractions is

not able to explain the sudden change in the properties

observed within the crystallinity range below a ¼ 0.4. Then, the

mechanical properties should be a consequence of the combina-

tion of factors related not only to the amount of crystals but

also to the nature of the amorphous phase.

Following these ideas, it can be argued that the changes in the

amorphous regions due to the different crystal content in the

samples control the mechanical behavior. It is usual to describe

the variation of properties of semicrystalline polymers with

simple 2-phase mechanical models. Several semi-empirical

approaches have been proposed in order to represent the exper-

imental moduli. Among them, the ‘‘mean field approximations’’

developed by Kerner, Hashin-Rosen and Tsai-Halpin have been

shown to explain the behavior of polyethylene with crystallinity

independent parameters in the crystal content range a > 0.4.42

The Tsai-Halpin equation for the tensile modulus has been also

probed to describe the mechanical behavior of semicrystalline

polyethylene in this crystal content range:39

E ¼ Ea Ec þ n aEc þ 1 � að ÞEað Þ½ �
aEa þ 1 � að ÞEc þ nEa

(1)

where Ec and Ea are the moduli of the crystalline and amor-

phous phases having volume fractions a and (1 � a), respec-

tively, and n is the reinforcement factor or contiguity factor of

the filler (crystalline phase). Polymeric materials processed by

traditional methods should show n values of the order of unity

or less.39,43,44 The Reuss inverse rule of mixtures for heterogene-

ous materials is recovered for n ¼ 0. On the other hand, the

Voigt averaging is obtained for very high values of n. The value

of Ec is well established in the literature at around Ec � 7 GPa

at room temperature,45–47 while values of around Ea � 10 MPa

can be found for fully amorphous polyethylene.3,9 With these

values in hand for the elastic modulus of the pure phases, the

mechanical properties of the samples studied here cannot

be described by means of eq. (1), nor using the Voigt neither

Figure 3. Elastic modulus as a function of sample density for the pure

materials studied (n), the blends of linear and branched samples (h)38

(the line has been drawn to guide the eye); and for different samples from

the literature. Ref. 2: branched PE samples (~). Ref. 3: Ziegler–Natta PE

samples (p). Ref. 4: Linear PE samples (!) and branched PE samples

(!). Ref. 5: NBS Linear PE samples (l); hydrogenated poly-butadiene

(HPB) linear and star samples (�); and HPB linear-linear and linear-star

blends (^). Ref. 6: single-site catalysts ethylene/a-olefin copolymers (^).

Ref. 17: single-site catalyst linear PE samples (~).
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the Reuss averages. This result has been taken in the literature as

an evidence of changes in Ea with crystallinity.5 The high crystal-

line portion of the curve (a >> 0.5) can be adequately described

with a constant value of the amorphous modulus of Ea �310

MPa in this region, by considering the Reuss averaging rule with

n ¼ 0, in agreement with the result obtained by Crist et al. for the

modulus of the rigid amorphous region (Ear 300 MPa).5

Experimental observations suggest that the amorphous fraction

of semicrystalline polymers is characterized by a heterogeneous

structure due to the presence of crystallites, which reduce locally

the molecular mobility of the disordered regions. A first approxi-

mation to illustrate this heterogeneity from the microscopic point

of view consists on a classification of the disordered phase in

‘‘confined amorphous segments’’ with a reduced mobility, and

‘‘mobile amorphous segments’’ corresponding to the chain seg-

ments in the rubber-like state. This assumption led to some

authors to suggest the existence of two glass transitions, one cor-

responding to the mobile free segments, and a higher one, corre-

sponding to the hindered segments close to the crystals.20 This

has been recently probed for some polymers like poly(4-methyl-

1-pentene) and poly(norbornene).23 However, in the case of poly-

olefins applies better the notion of an ‘‘extended glass transition,’’

developed by Struik: in a semicrystalline polymer the amorphous

phase will have a broad Tg-distribution, as a consequence of a dis-

tribution of rigidities of the amorphous phase.48,49 The lowest

temperature of the distribution will correspond to the more flexi-

ble material fraction, and the highest will depend not only on the

nature of the amorphous phase, but also on its interaction with

the crystals. The existence of this confined or rigid amorphous

phase, but associated with both a more mobile amorphous frac-

tion and the crystalline structure and with intermediate proper-

ties, has been suggested by a number of authors,20–23,48,49 whereas

others identified this third phase as an interfacial layer between

the crystalline and the amorphous material.24

A model based on the Reuss inverse mixing rule was suggested

by Takayanagi et al. to account for the reinforcement effect in

the mechanical properties of semicrystalline polymers:50,51

1

E
¼ 1 � a

wEc þ 1 � wð ÞEa
þ a
Ec

(2)

The model takes into account the one-dimensional lamellar

structure with alternation of crystalline and amorphous layers.

Then, the crystalline part occupies a volume fraction a, and the

amorphous part occupies a volume 1 � a, with the contribu-

tion of two-component parallel layers of 1 � w volume fraction

of amorphous material and w volume fraction of tie-taut mole-

cules. In this model, w acts as the additional reinforcement

parameter of the amorphous phase, and then it takes into

account the variation of the amorphous modulus, depending on

the amount present of a rigid or interfacial layer between both

the amorphous mobile and crystalline phases. In Figure 4 we

have plotted E as a function of crystallinity according to eq. (2),

and substituting the corresponding values of Ec ¼ 7 GPa and Ea
¼ 10 MPa. The consideration of w as a constant did not give to

agreement between the model and the experimental results, as it

can be observed in the figure for w ¼ 0.045 (fits only the high-

branch of a) and w ¼ 0.0015 (fits only the low-branch of a).

Then, the model is only able to describe the experimental data if

a variation of w with the crystallinity is considered. Additionally,

the rigid phase should contribute to the amorphous modulus

with a value of around Ear ¼ 310 MPa [formerly Ec ¼ 7 GPa in

first term of the left-side hand of eq. (2)], as it was pointed out

by Crist et al.5 The physical meaning of Ec in the second term of

the right-hand side of eq. (2) and a remains the same.

1

E
¼ 1 � a

wEar þ 1 � wð ÞEa
þ a
Ec

(3)

We have now a mechanical model describing the coupling of

the three different phases in the polymeric system: the amor-

phous phases are coupled in series, and both in parallel with

the crystalline filler. The result of the application of the model

can be observed also in Figure 4. As a result of the fitting (val-

ues of w as a function of a), we can obtain the rigid amorphous

ar ¼ w(1 � a) and the mobile amorphous am ¼ (1 � w)(1 �
a) fraction for each material.

It is possible now to compare the values obtained from the

model for each of the phases with those obtained experimen-

tally. Raman infrared spectroscopy has been widely used since

the 80 s in order to study the microstructure of semicrystalline

polymers, but more precisely to identify and characterize the

interfacial layer in semycrystalline polyolefins.24–26 Other studies

have obtained signatures of the rigid amorphous phase in ethyl-

ene/a-olefin copolymers by PALS.27–29 The question that arises

is whether the results obtained from the fitting to the mechani-

cal properties could be related to the so-called interfacial or

rigid amorphous phase measured in Raman infrared spectros-

copy and PALS in ethylene/a-olefin copolymers. Following the

procedure developed by Mutter and coworkers, the fraction of

the different phases in the samples studied can be obtained

from the observed intensities in the internal mode region of the

Figure 4. Application of the Takayanagi model [eq. (2)] to the experi-

mental data of the elastic modulus (n) for two values of w to the elastic

modulus of the samples studied (dashed and dotted lines), and consider-

ing variable w with the crystalline content (solid line). The solid line rep-

resents the best fit to the experimental elastic modulus with Ec ¼ 7 GPa,

Ear ¼ 310 MPa, and Eam ¼ 10 MPa.
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Raman spectrum (600–1600 cm�1).52–54 Information about the

results obtained in Raman experiments for the same samples

studied here can be found in a previous work made in our

group.16 Overlapping peaks were resolved by fitting a series of

Lorentz functions to the corresponding experimental intensities

in the Raman spectrum for each material. The mass fraction of

the orthorhombic crystal component, Xc, was derived by the

intensity of the CH2 bending band at 1416 cm�1. Similarly, the

mass fraction of the amorphous region, Xa, was estimated from

the CH2 twisting vibrations. This amorphous region consists in

two different fractions, a mobile amorphous part (liquid-like)

and a transition region with molecules with a different confor-

mation than in the pure liquid. The liquid-like mobile phase

fraction, Xm, was obtained from the CH2 rocking vibration, and

then the fraction of the transition region was easily obtained as

Xim ¼ Xa � Xm. Finally, the fraction of material in the crystal

interface was obtained as Xic ¼ 1 � Xim � Xc � Xa. We have

considered that the material in the transition region and at the

crystal interface form both part of the rigid amorphous phase,

then Xr ¼ Xim þ Xic. The results are listed in Table II. The dif-

ference found between wDSC (obtained by DSC experiments)

and Xc (by Raman experiments) is a common result in this type

of systems. In Figure 5(a,b) is plotted the comparison of the

values of the different phase mass fractions obtained from

Raman measurements in the materials studied here (Table II)

with other data from the literature obtained by PALS27–29 and

Raman measurements in polyolefins.53,54 The agreement is

good, as it can be observed in the figures. In general, an

increase of the mobile amorphous fraction and a decrease in

the interfacial fraction as crystal content decreases is observed.

On the other hand, it is possible to calculate the corresponding

mass phase fractions Xc, Xr, and Xm from the volume fractions

obtained from the fit of the 3-phase model to the mechanical

response (a, ar, and am), taken from the crystal, interfacial

(rigid), and amorphous phases density values from the litera-

ture: 1, 0.9, and 0.856 g/cm3.53,54 We have included these calcu-

lated fractions in Figure 5(c), together with our experimental

values obtained by Raman experiments. The result in this figure

indicates that there are differences in the fractional values found

for both the mobile and the interfacial (rigid) amorphous

phases, depending on the considered approach. Notwithstand-

ing, it is worth to point out that the crystal content dependency

of both amorphous phases fractional content obtained from the

model is qualitatively similar to that obtained in the experiments.

A continuous increase from nearly zero (at high a values) to one

(in the amorphous limit) for the mobile amorphous phase is

clearly observed. The rigid amorphous phase shows a different

and characteristic behavior, reaching maximum values of around

Xr ¼ 0.4 at intermediate crystallinity and approaching to zero in

both the amorphous and the crystalline limits. It is also worth to

point out that the application of the mechanical model gives rise

to lower values of the rigid amorphous fraction (or higher values

of the amorphous mobile fraction) at a given crystal content

than Raman infrared spectroscopy or PALS techniques.

The differences between the experimental and predicted elastic

moduli are an indication of the inability of the proposed model

to capture all the phenomena related to the rigid amorphous

phase, although it improves some aspects not included in the

previous ones. To illustrate this defect we have introduced to

the model the measured values of the different phase fractions

Table II. Mass Fraction of the Different Crystalline, Rigid (Interfacial),

and Mobile Components in the Samples Studied Obtained by Raman

Spectroscopy

Sample Xc Xr Xm

EH0 0.66 0.21 0.12

EH3 0.58 0.25 0.17

EH5 0.48 0.34 0.18

EH8 0.41 0.37 0.22

EH10 0.38 0.38 0.24

EH15 0.29 0.34 0.36

EH23 0.20 0.26 0.54

EH35 0.08 0.19 0.72

EH42 0.04 0.12 0.84

Figure 5. (a) Mobile (Xm) and (b) rigid (Xr) amorphous mass fractions

versus mass crystalline fraction (Xc) obtained from Raman in the ethyl-

ene/1-hexene samples studied (solid symbols)16 compared to those

obtained from the literature by PALS (solid lines)27–29 and Raman (open

symbols).53,54 In (c) the results obtained from Raman in our samples are

compared to those obtained from the fitting to the mechanical model

given by eq. (3).
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obtained by PALS.27–29 As it can be observed in Figure 6, the

predicted elastic modulus is near one order of magnitude higher

than the obtained experimentally in the samples with the lower

crystal content. The difference observed may suggest a non-

linear coupling between both mobile and amorphous phases in

this region or a softening of the rigid amorphous phase caused

by the presence of an increasing amount of branches in the

materials as crystallinity decreases.

CONCLUSIONS

The dependence of the elastic modulus on short chain branch-

ing content in the semicrystalline ethylene/1-hexene copolymers

studied here is primarily modulated by the crystalline content.

The comparison of the results obtained in pure homo, copoly-

mers, and blends shows the same values of the modulus for the

same crystalline content, although the blends display higher

melting temperatures (and then crystal thickness) than the

copolymers with the same branching content. The changes in

the amorphous modulus, which can be extracted from measure-

ments in the melt state, can neither explain the variation found

in the measured elastic moduli. The strong dependence of this

mechanical property with crystallinity is then ascribed to the

presence of a rigid amorphous fraction, which gives rise to

strong changes in the amorphous modulus with crystallinity

and controls the mechanical properties. The experimental varia-

tion of the elastic modulus in these semicrystalline materials

can be easily described by assuming a simple mechanical cou-

pling among three phases; mobile amorphous, rigid amorphous,

and crystalline. The model is only dependent on the volume

fraction of the phases. The variation obtained for each amor-

phous fraction with crystalline content, by assuming a parallel–

series coupling between amorphous and crystalline phases, is

only qualitatively similar to that experimentally obtained by

Raman infrared spectroscopy and PALS in ethylene/a-olefin

copolymers.
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Hübner, Ch.; Alam, M. A.; Hill, M. J. J. Polym. Sci. Part B:

Polym. Phys. 2002, 40, 65.

29. Dlubek, G.; Bamford, D.; Rodrı́guez-Gonz�alez, A.; Borne-

mann, S.; Stejny, J.; Schade, B.; Alam, M. A.; Arnold, M. J.

Polym. Sci. Part B: Polym. Phys. 2002, 40, 434.

30. Balt�a Calleja, F. J.; Flores, A.; Di Marco, G.; Pieruccini, M.

Phys. Rev. B. 2007, 75, 224201.

31. Balt�a Calleja, F. J.; Flores, A.; Di Marco, G.; Pieruccini, M.

Phys. Rev. B. 2009, 79, 019903.
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