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ABSTRACT:
have been prepared with a 5% in weight of different types of fiber. The effect of the fiber on the crystalline structure and

Several composites of a copolymer of ethylene and 1-octene, synthesized with a metallocene catalyst,

on the viscoelastic response is analyzed. The role of the fiber on crystallite development is discussed based on WAXS,
SAXS, optical microscopy and DSC experiments. The viscoelastic behavior is modified by incorporation of the fiber
when compared with the plain copolymer. Thus, both the intensity and location of the v, 8 and a relaxations are depen-
dent on the introduction of the fiber. The S relaxation is assigned to the glass transition temperature, in agreement with
the calorimetric results (DSC and MDSC) in the copolymer. Moreover, the stiffness is increased in the composites above
the glass transition temperature of the copolymer, allowing the analysis of the viscoelastic behavior up to temperatures
well inside the melting region of the copolymer crystals, and thus enlarging substantially the service temperature of these

composites.
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The use of metallocene catalysts has allowed a very
rapid development in the field of polyolefins. These
catalysts present single-site characteristics (and very
high activities) and thus all the sites produce nearly the
same chain architecture,! leading to polymers with nar-
row molecular weight distributions, and, in the case
of copolymers with a@-olefins, the side branches are
randomly distributed in the polymer backbone. If the
comonomer content is high enough, around 4 mol% de-
pending upon the catalyst system used, a material ex-
hibiting dual characteristics of plastic and elastomeric
behavior can be achieved.

An enhance of the mechanical and thermal proper-
ties required for load bearing engineering applications
can be achieved by the incorporation of disperse fibers
into polymers. This change in the mechanical and ther-
mal behavior is due to several factors, such as variation
in the mobility of the macromolecules in the bound-
ary layers, the orientation influence of the fiber sur-
face, the different types of fiber-polymer interactions,
as well as the effect of fibers on the structure of the
polymers.>3 Glass fibers are probably the most com-
mon of all reinforcing fibers for polymer matrix com-
posites. Their principal advantages are their low cost
and high strength. Kevlar® is one of the most impor-
tant manmade organic fibers ever developed. Fibers
of Kevlar® consist of long molecular chains produced
from polyparaphenylene terephthalamide. The chains
are highly oriented with strong interchain bonding lead-

ing to a unique combination of properties, making
them very useful in a wide variety of industrial appli-
cations. Other kind of reinforcement frequently used
are fibers of Nomex® that inhere in long rigid molecu-
lar chains produced from polymetaphenylene diamine.
They do not flow or melt upon heating, providing con-
sequently a very good dimensional stability and excel-
lent heat resistance. As disadvantage of these Kevlar®
and Nomex® fibers is their high cost. It is well known
that fibers can act as a nucleating agent modifying the
process of crystallization* ® provoking a reduction in
the crystallization time.” On the other hand, a reduc-
tion in size and perfection of crystallites in composites
compared with the isolated matrix has been pointed out
in PET.

A good balance between rigidity and elasticity might
be attained by incorporation of fibers to ethylene
copolymers with a-olefins contents higher than 4 mol%
depending upon either comonomer or fiber type or, on
the other hand, fiber contents, and therefore a new type
of thermoplastic elastomers could be obtained with
higher resistance to creep under stress by reducing de-
formation and deflection under load. Accordingly, re-
liable studies on structure-properties relationships are
necessary to be able to achieve such tailored materi-
als and to learn if the use of polymeric fibers within
this kind of matrix is economically worthy. There-
fore, the aim of this work is to investigate the effect on
the crystalline morphology and viscoelastic behavior of
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the incorporation of different types of fiber into a met-
allocenic matrix. The interaction of fiber and matrix
has been analyzed by WAXS, SAXS and optical mi-
croscopy experiments performed at room temperature
and followed along melting by DSC. In addition, the
assignment of the S relaxation to the glass transition is
discussed.

EXPERIMENTAL

A commercial ethylene-1-octene copolymer (CEO)
with a 9.3 mol% comonomer content is analyzed in the
current paper and has been supplied by Exxon Chem-
ical. Three distinct types of fiber were utilized in
the preparation of the different composites: chopped
strands of E glass fibers of 6 mm long, grade E-11
supplied by Cristalera Espafiola S. A. Other kind of
reinforcement was a continuous Kevlar® para-aramid
fiber that was chopped up to achieve a length of around
10mm. And the third type used was a continuous
Nomex® fiber that was also chopped to attain discrete
filaments of about 10 mm long. Kevlar® and Nomex®
were supplied by Dupont.

Composites with a content in fiber of 5% in weight,
labeled as CEOGF5, CEOKS5, CEONS, for glass,
Kevlar® and Nomex®fibers respectively, were prepared
in a Haake Rheocord 9000 at 150°C and at 40 rpm for
10 min. After blending and homogenization of the two
different components, sheet specimens were obtained
as films by compression molding in a Collin press be-
tween hot plates (130°C) at a pressure of 1.5 MPa for
10 min, and subsequently quenching to room tempera-
ture.

Calorimetric analyses were carried out in a Perkin—
Elmer DSC7 calorimeter, connected to a cooling sys-
tem and calibrated with different standards. The sam-
ple weights ranged from 8 to 10mg. A temperature
range from 10° to 130°C has been analyzed on the as
molded quenched specimens and the used heating rate
was 8°C min~!. Moreover, an additional fast cooling
(100°C min~!) and a further melting from —70 to 130°C
at 20°C min~! were performed to estimate the glass
transition temperature of these composites. For crys-
tallinity determinations, a value of 290 Jg~! has been
taken as the enthalpy of fusion of a perfectly crystalline
material.”

Wide-angle X-Ray diffraction patterns were
recorded in the reflection mode at room temperature by
using a Philips diffractometer with a Geiger counter,
connected to a computer. Ni-filtered Cu-K,, radiation
was used. The diffraction scans were collected over a
period of 20 min in the range of 26 values from 3 to 43
degrees, using a sampling rate of 1 Hz. The goniometer
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was calibrated with a silicon standard.

The crystalline diffractions and the amorphous com-
ponent have been separated with a fitting program
which allows to estimate the crystallinity of the sam-
ples. The baseline has been taken just as a straight line
in the 26 range from 10 to 30 degrees, and no further
correction has been applied. The different diffraction
peaks were fitted to Voigt functions. The amorphous
peak of the different samples was found to be centered
at about 26 = 19.5 degrees.

The samples were also studied by small-angle X-
Ray scattering, SAXS, employing synchrotron radia-
tion (with 4 = 0.150 nm) in the beamline A2 at HASY-
LAB (Hamburg, Germany). A SAXS linear position-
sensitive detector was used at a distance of 235 cm from
the sample, and was calibrated with the different orders
of the long spacing of rat-tail cornea (L = 65nm). It
was found to cover a spacings range from 5 to 55 nm.

An Amplival optical microscope (Carl Zeiss Jena)
was used for the morphology studies to ascertain the
incorporation mode of a small amount of fiber and the
morphological variation by changing the type of such a
fiber. The samples were placed between glass slides,
melted above the melting point, quenched down to
around 66°C where isothermal crystallization for three
hours was allowed and examined in the optical micro-
scope under crossed polarizers. The diameter of the
fibers has been also estimated, as listed in Table 1.

Viscoelastic properties were measured with a Poly-
mer Laboratories MK II dynamic mechanical thermal
analyzer working in a tensile mode. The real, £/, and
imaginary, E”’, components of the complex modulus
and the loss tangent, tan ¢ of each sample were deter-
mined at 1, 3, 10 and 30 Hz, over a temperature range
from —150 to 100°C, at a heating rate of 1.5°C min~!.
The apparent activation energy values were estimated
on loss modulus according to an Arrhenius-type equa-
tion, employing an accuracy of 1°C in the temperature
assignment of loss modulus maxima. The frequency
dependence with temperature in the relaxation mech-
anism associated to the glass transition has been also
considered to follow an Arrhenius behavior though it is
due to cooperative motions.'? This approximation can
be made without a significant error, since the analyzed
frequencies are low enough to be fitted to such a linear
behavior just mentioned. However, if measurements
were carried out in a wider frequency range, the lin-
ear dependence would not be longer exhibited since the
non-Arrhenius inherent character of this process.!°

A Vickers indentor attached to a Leitz microhard-
ness, MH, tester was used to carry out microindenta-
tion measurements. Experiments were undertaken at
27°C. A contact load of 0.98 N and a contact time of
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Table 1.

Fiber characteristics and DSC values of the enthalpies of melting and crystallinities, and WAXS and SAXS data estimated for

the metallocene ethylene-1-octene copolymer and its composites with the different fibers in a content of 5% in weight®

Diameter  Density of
Sample Type of of fiber ﬁberf AHmnOTnalized fCDSC . chAXS ‘ [ SAXS
fiber {m gem™ Jg! total  disordered  orthorhombic nm
CEO - - - 53 0.18 0.23 0.08 0.15 12.0
CEOGFS5  Glass fiber 9 2.6 58 0.20  0.30 0.07 0.23 11.8
CEOKS5S Kevlar® 12 1.5 57 0.20 0.31 0.07 0.24 12.2
CEONS Nomex® 16 0.7 61 0.21 0.31 0.09 0.22 12.1

*Estimated errors: enthalpies + 4 J g™!; fVAXS+ (0.04; L%+ 0.4 nm; diameter of fiber +1 um. The values of AH,, and crys-
tallinity have been normalized to the corresponding polymer content in the different composites. *Supplied by manufactures.
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Figure 1. X-Ray diffraction patterns, at room temperature, of
the different samples. From top to bottom: CEO, CEOGFS5,
CEOKS, CEONS. A metallocenic HDPE pattern has been added
on the top for comparative reasons.

25 s were employed. MH values (in MPa) were calcu-
lated according to the relationship:

MH = 2 sin 68°P/d* (1)

where P (in N) is the contact load and d (in mm) is the
diagonal length of the projected indentation area. As
will be shown bellow, this technique was used to test
the homogeneity in the composites.

RESULTS AND DISCUSSION

Crystalline Structure

Figure 1 displays the different X-Ray patterns found
at room temperature for all of the specimens analyzed.
Polyethylene crystallizes in the typical orthorhombic
lattice.'’> 1> Figure 1 shows a considerable distortion of
the polyethylene crystal lattice due to the presence of
comonomer in CEO, 9.3 mol% in 1-octene, though the
(110) and (200) diffractions peaks of the orthorhom-
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bic unit cell are still observed. Compared to a met-
allocenic polyethylene homopolymer (upper pattern in
Figure 1), a very significant decrease of the intensity in
the crystalline diffractions is exhibited, in such a way
that the (200) peak becomes a shoulder in the CEO
pattern. In addition, diffractions are broadened and
shifted to lower angles indicating a diminishment in
the crystallites size and less perfect crystals, respec-
tively because the branches are not incorporated into
the crystallites. Exclusively, the methyl branches are
included in the lattice at a substantial degree'3~!7 and,
in a small proportion, the ethyl ones have been also
found in crystalline environments.'®~2° Moreover, for
high comonomer contents, like in the current case, be-
sides the (110) and (200) orthorhombic reflections, a
third crystalline reflection, centered at about 4.53 A, is
observed. The origin of this extra reflection is not clear,
since it can be ascribed to either monoclinic or hexag-
onal crystals.ﬂ*25 It seems evident, however, that it
arises from very imperfect crystals,?% 27 probably with
a bundle-like structure instead of a lamellar one. There-
fore, we will designate it as “disordered” crystals or
“disordered” modification.

The composites with the different types of fiber ex-
hibit rather similar diffractograms than the copolymer
matrix. However, the introduction of the fiber pro-
vokes an important increase in the intensity of the (110)
diffraction, suggesting the participation of the fibers on
the crystallization process in some extension, acting as
nucleation agents. Accordingly, the orthorhombic con-
tribution to the crystallinity estimated from data in Fig-
ure 1 increases in the composites by comparison with
the unreinforced CEQO, being similar for all of the com-
posites, as listed in Table I. The differences in the “dis-
ordered” crystalline phase are, however, well inside the
determination error in all the samples. The deconvolu-
tion corresponding to two of the samples is presented
in Figure 2.

The Lorentz-corrected SAXS profiles are displayed
in Figure 3. Though the 1-octene content in the CEO
is high, 9.27 mol%, long spacings are exhibited either
for the plain copolymer or the composites at room tem-
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Figure 2. Deconvolution of CEO and CEON5 X-Ray diffrac-
tion patterns (symbols) into the amorphous component, the disor-
dered crystalline one, the (110) and (200) orthorhombic peaks (dot
lines) and the overall fit (solid line).

CEO

CEOGF5

Lorentz-corrected intensity (a. u.)

1 n 1 n 1 s
0.05 0.10 0.15 0.20
1/d (1/nm)

Figure 3. Lorentz-corrected SAXS profiles, at ambient tem-
perature, for the different samples. From top to bottom: CEO,
CEOGFS, CEOKS, CEONS.

perature. Such a long spacing is attributed to the pres-
ence of lamellar crystals. Its value is quite similar for
all the samples, as reported in Table I. It seems that
a slightly higher long spacing is developed for those
composites reinforced with polymeric fibers (CEOKS
and CEONS), though the different values are inside the

178

P B
2N I

Yy ‘a‘:"f‘{ 2 )

Figure 4. Morphology of different samples crystallized at
66°C for 3h: CEO (upper left), CEOGF5 (upper right), CEON5
(lower left) and CEOKS (lower right). The total width of each pho-
tograph frame represents 380 um.

experimental error.

Figure 4 shows the optical micrographs for the dif-
ferent samples analyzed. The upper left picture, related
to CEO plain copolymer, displays the morphology ex-
pected, i.e., very small spherulites of around 14—-17 um
with no banding pattern because of the high content
in 1-octene within CEO. Crystallization was performed
under the same temperature and time for the different
composites (glass fiber: upper right picture; Nomex®:
lower left picture; and Kevlar®: lower right picture).
In CEOGF5 and CEONS, an increase of the nucleation
rate is observed but additional morphological details
are not possible to be attained because of the dark-
ness in the matrix since a slightly higher ratio of small-
est spherulites is developed in these two composites in
comparison with pure CEO, as DSC results corroborate
by the higher intensity of the heat flow in the tempera-
ture range of 20-55°C. The difference found between
these two type of fibers is that the Nomex® one ex-
hibits birefringence and the glass fiber not. In CEOKS,
morphological details could not be obtained since some
Kevlar® fibers have undergone a peeling process, prob-
ably, along the mixing step. Consequently, the origi-
nal fiber of about 12 um (see Table I) provides birefrin-
gent filaments much smaller (of around 3+1 um) which
cause a network-like fibrous structure that endorses a
higher contact with the CEO matrix. This better inter-
action with CEO will be reflected in the whole spectra
of properties in CEOKS. A further and deeper analy-
sis about how nucleation and the overall crystallization
takes place is not possible due to the small size of the
crystallites, though, it has to be said that transcrystal-
lization is not occurring for any of the distinct fibers
analyzed due to, probably, the different chemical com-
position of the matrix and fibers.

Figure 5 shows the DSC melting curves of the differ-
ent samples, normalized taking into account the actual
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Figure 5. DSC first melting curves for the different samples at

a heating rate of 8°C min~!. Curves has been normalized consider-
ing the actual amount of copolymer in the composites.

amount of polymeric matrix within the composite. The
shape of the curves is rather similar for all of the spec-
imens. Two different endothermic processes are ob-
served: one at lower temperature, associated with the
melting of crystallites annealed during the stay of the
material at room temperature after processing, and the
other one, at higher temperatures, that corresponds to
the main melting endotherm, associated with crystals
formed by the classical nucleation-controlled chain-
folded lamellar crystals, while the low-temperature one
is attributed to those very imperfect, bundle-like crys-
tals, which exhibit almost reversible crystallization-
melting processes.”® The location of the principal melt-
ing peak occurring at the highest temperature remains
practically unaffected by the incorporation of any of
the distinct types of fiber. However, a slight higher en-
thalpy is attained for the different composites compared
with the unreinforced copolymer and, consequently, a
slight higher crystallinity (Table I), as already observed
by the X-Ray data.

The location of the glass transition in polyethylene
has been a subject of arguments and, at present, it re-
mains no universal consensus. In the case of ethylene-
a-olefins, differential scanning calorimetry has been
used in recent works for the assignment of their glass
transition temperature and to analyze the effect of
comonomer composition’* and the influence of glass
fiber incorporation for a given composition.?’ In the
materials under study, a very broad melting process is
exhibited, starting just after 7. Accordingly, the glass
transition is not easy to be observed by DSC, as seen
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Figure 6. DSC second melting curves corresponding to the
copolymer and the different composites, at a heating rate of 20°C
min~'. From top to bottom: CEONS, CEOKS5, CEOGFS and CEO.
In the insert, the glass transition region.

in Figure 6. This figure shows the conventional DSC
traces for the copolymer and the different composites,
CEOGFS5, CEOKS5 and CEONS, analyzed at a heating
rate of 20°C min~! after a quench. In the insert, a
change in the slope of the heat flow at around —47°C
for the different specimens is exhibited at this heating
rate. It could be attributed either to the glass transi-
tion of the copolymer or to the beginning of the melting
process of the smallest crystallites. For this particular
CEO and its glass fiber composites with fiber content
up to 40%, an empirical evidence on the nature of such
a change in heat flow has been reported® using mod-
ulated DSC joined to the conventional DSC technique,
and the mentioned change in slope was associated with
the glass transition and not with the melting process,
which immediately starts after it, as depicted in Fig-
ure 6.

Viscoelastic Behavior

The dynamic mechanical behavior of polyethylene
and related copolymers is strongly influenced by vari-
ables that affect the crystalline regions, such as crys-
tallinity, lamellar thickness, and the interface. The in-
corporation of fibers to the polymeric matrix has pro-
voked some changes in the crystalline phase, such as
a slight increase of crystallinity as mentioned above.
Moreover, a second interface (matrix/fiber) is present,
which is very important from a mechanical point of
view. Consequently, differences in the viscoelastic be-
havior could be expected because of all of these factors.
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Figure 7. Temperature dependence of the real (E’) and imagi-
nary (£”") components of complex modulus and loss tangent (tan o)
of CEO and the distinct composites.

Figure 7 shows the variation of the storage, £’, and loss,
E”, moduli and of the loss tangent for all the speci-
mens. In the upper part of this figure, it is observed
that there is not a clear dependence of £’ in the differ-
ent composites at temperatures lower than about —50°C
which is about the temperature value obtained for the
glass transition measured by DSC, as just commented.
However, once above the glass transition region, £ val-
ues are dependent upon the type of fiber because of the
contact between matrix and fiber in that aforementioned
second interface. Thus, the plain copolymer, CEO,
starts to dramatically lose stiffness at this low temper-
ature. Below the glass transition temperature, either
amorphous or crystalline phases provide mechanical re-
sistance to the material. Above T, a remarkable reduc-
tion of modulus is observed, since the contribution of
the amorphous component becomes very small. Then,
the crystallites, owed to their physical cross-linking and
filler effects,*® avoid a high plasticity in CEO. However,
the low values of both crystallinity and crystallite size
make that CEO does not exhibit mechanical strength
under tension®® at temperatures higher than 10°C. On
the contrary, the rigidity introduced by the fiber allows
the composites to considerably enhance their stiffness
at higher temperatures and, consequently, to increase
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their resistance to creep under stress up to 20°C below
melting for the composites CEOGFS5 and CEONS, and
up to the melting for CEOKS. Moreover in CEOKS, a
better interaction between the fiber, Kevlar®, and ma-
trix, stemming from the peeling process undergone by
the fibers, provokes that CEOKS exhibits the highest
mechanical resistance in comparison with the other two
composites being nearly entirely molten the crystals at
the final temperatures of experiment, as seen in Figure 7
and demonstrated from the optical microscopy results.
Fibers keep the integrity of the material at those high
temperatures where the matrix has not strength, being
Kevlar® the most effective one from the different types
analyzed. In any case, the incorporation of the fibers
may enlarge substantially the service temperature range
by preventing an undesirable premature softening.

The differences in stiffness have been also checked
by microhardness measurements. The MH values for
the different samples are shown in the last column of
Table II. It can be observed that no differences are
found, except for sample CEOKS, which displays a
significantly larger MH than the other specimens be-
cause of the better matrix/fiber connection. It has to
be considered, however, that MH involves a complex
combination of mechanical parameters (elastic modu-
lus, yield strength, strain hardening, toughness), and at
these rather small fiber compositions the MH values is
dominated by the properties of the matrix. Anyway, the
highest MH value is found in CEOKS, in agreement
with storage modulus values (Figure 7). It seems that
for practically the same total crystallinity than in the
other two composites, a better adhesion between ma-
trix/ fiber has occurred, improving the mechanical re-
sistance (Figure 4).

Moreover, MH measurements have been used as a
fast method of determining inhomogeneities caused
during the processing of polymers and composites ma-
terials.’! 733 In the present case, the distribution of fiber
within the copolymeric matrix seems to be quite uni-
form, being the standard deviations lower than 6%.
If we had important inhomogeneities in the samples,
those regions rich in fibers will exhibit a significantly
higher MH value.

The effect of the fibers is also observed in loss tan-
gent and loss modulus plots (Figure 7). As common
feature for all the specimens, the loss tangent represen-
tations show a relaxation process at very low temper-
atures (y relaxation) followed by a plateau region and
an additional 8 mechanism. A slight asymmetry of this
B relaxation in the composites points out an overlap-
ping of this relaxation with other viscoelastic process,
labelled as @. Loss modulus data provide similar in-
formation than tan 6. Thus the y and § relaxations are
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Table II.

DSC glass transition temperatures, DMTA results (relaxation temperatures, in £” basis

at 3 Hz, and activation energies for the different relaxation processes) and microhardness values for

the metallocene ethylene-1-octene copolymer and its composites with the different fibers

Sampl T,PS¢/°C Ire AH/KJ mol ™ MH/MP
pe e y B . y B e
CEO —-47 -132 —48 — 45 ~ 200 — 4.5
CEOGF5 —-47 -129 —44 (-4) 50 ~ 200 — 4.5
CEOKS5 —-47 —-128 —45 — 50 ~ 200 — 6.1
CEONS5 —-47 -129 —-46 (-4) 50 ~ 200 — 4.5

2Tentatively assigned.

also observed. Moreover, the overlapping of the 8 and
a processes is again exhibited.

E” and tan 6 curves are usually described as com-
posed by contribution of different Gaussian curves, one
for each observed relaxation process. Such a convolu-
tion does not have a theoretical basis that can explain
satisfactorily the shape of the dependence of both mag-
nitudes on temperature, though some factors that can
influence them are known. A method of curve convo-
lution to analyze the dynamic mechanical loss curves
in the region of the glass transition of several polymers
has been proposed®* confirming the validity of this em-
pirical approximation. This convolution is a very useful
tool for the estimation of relative areas of the different
relaxation mechanisms and for the assessment of 8 and
«a relaxation location when the overlapping of both pro-
cesses is very important, as occurred in the composites
under study. Accordingly, it has been used for the lo-
cation of the different relaxations that is presented in
Table II (together with the values of their apparent ac-
tivation energies). The observation of the « relaxation
for the plain copolymer is hardly discernible though an
asymmetry in high temperature side of the 8 process
is shown in either tan 6 or £” and an inflection is ap-
pearing in the storage mudulus at the same temperature
range. The different observed relaxation processes are
analyzed separately as follows.

The relaxation appearing at lower temperature in
polyethylene, the y relaxation, was firstly attributed
to crankshaft movements of polymethylenic chains.?
Though a lot of work concerning the y relaxation in
polyethylene has been done, there remains no clear
consensus regarding the details of the underlying mo-
tional process.3®37 There is, however, a body of opin-
ions which support one or more of the various models
for restricted conformational transitions as kink forma-
tion, inversion and migration.*®*° Molecular dynamics
simulations have been a powerful tool to corroborate
the just mentioned nature of these conformational mo-
tions underlying this relaxation.*’-#> This type of mo-
tion requires chains containing sequences of three or
more methylenic units. As Table II reports and Figure 7
displays, a shift to higher temperatures of the y relax-
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ation is observed in the composites, and the intensity of
such a process decreases with the reinforcement intro-
duction since this relaxation is taking place in the amor-
phous phase and the content of such a phase has dimin-
ished by the fibers incorporation. In addition, the ap-
parent activation energy associated to this mechanism
is also dependent upon the fibers. Its value increases
slightly in the composites because of the reduction of
flexibility.

Regarding the S relaxation, it has been univer-
sally detected in branched polyethylenes at tempera-
tures around —20°C, but it sometimes appears, though
weakly, in some samples of linear polyethylene. From
the study of various polyethylenes and their copoly-
mers, some authors have concluded that this relaxation
results from motions of chain units in the interfacial re-
gion*>* whereas some others attributed this process to
the glass transition.*> 43-46 By DSC, the glass transition
temperature of the plain copolymer and the composites
under study is —47°C (Table II) which has been cor-
roborated?® by modulated DSC in CEO and CEOGFS5.
The agreement between the temperature location of the
[ relaxation and the DSC values for the glass transition,
joined to with the pronounced decrease on E’ through
this relaxation, and the relatively high values of the ap-
parent activation energies, are in favor of the assign-
ment of this 8 relaxation to the glassy-rubbery transi-
tion in these samples. On the other hand, a shift of this
relaxation process to higher temperature and a diminu-
tion in tan ¢ of its intensity are observed in the com-
posites because of the mobility constraints caused by
fibers. The apparent activation energy values are sim-
ilar to those found in other thermoplastic elastomers
with high flexibility in their backbones.*’

Finally, the o relaxation in polyethylene has been
associated to vibrational and reorientational motions
within the crystallites.!®*® This process is completely
overlapped to the 8 relaxation in all the specimens an-
alyzed here, as commented above. Tentative values
obtained, as already mentioned, by the deconvolution
of E” are given in Table II, though its exact location
can vary somewhat depending upon the fit parameters.
Consequently, no apparent activation values are pro-
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vided for the « relaxation. The temperature location of
the a relaxation, T,, in polyethylenes has been found
to depend very much on the crystal thickness** and
therefore 7, diminishes considerably with the increase
of comonomer content in ethylene copolymers,*® since
this increase is accompanied by a decrease in crystallite
size. Considering the comonomer content in the present
CEO copolymer and the crystallite size estimated from
the long spacings, the value of around —4°C obtained
for T\, seems rather reasonable. In fact, a value of 7°C
(in tan ¢ basis) has been found for the a relaxation in
a CEO copolymer with only a 5.2 mol% 1-octene con-
tent,>> which exhibits significantly larger crystallinity
and crystal size.

Summing up, the introduction of the fibers provokes
an appreciable increase in the intensity of the (110)
diffraction. Accordingly, crystallinity, assessed from
data either by WAXS or DSC, increases somewhat in
the composites by comparison with the unreinforced
copolymer. For WAXS crystallinity estimations, an ad-
ditional crystalline phase, different than the orthorhom-
bic one, has been considered for all the different speci-
mens. Moreover, the incorporation of the fibers signif-
icantly modifies the stiffness of the copolymer mainly
in CEOKS because of the better matrix/fiber interac-
tion observed under optical microscopy. This higher
rigidity and the slightly higher crystallinity influence
the mobility and the arrangements within the material
and, consequently, the whole viscoelastic spectra for
the different composites. Thus, both the intensity and
location of the y and g relaxations are dependent on the
incorporation of the 5% in weight fiber content though
not too much on the type of fiber. The S relaxation is
assigned to the glass transition temperature, in agree-
ment with the calorimetric results in these composites.
Rigidity is considerably increased in the composites
above the glass transition temperature of the copolymer
matrix, allowing the analysis of the viscoelastic behav-
ior up to temperatures well inside the melting region of
the copolymer crystals, and thus enlarging substantially
the service temperature of these composites. Though
the composite with the highest mechanical resistance
is CEOKS5, however, after the analysis here performed,
CEOGF5 would be the better option from a practical
point of view, since its price is the most competitive and
its structural features and properties exhibited, though
not the best ones, are rather similar to those found in
CEOKS5 and CEOSN. For this CEO matrix, the larger
useful temperature range for its applicability in CEOKS
does not, probably, justify its higher cost. Only for ap-
plication with service temperatures around 50°C, sam-
ple CEOKS may be the best choice.
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