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Polyethylene/Sepiolite Fibers. Influence of Drawing and
Nanofiller Content on the Crystal Morphology and Mechanical
Properties

Yanela Alonso,1 Raquel E. Martini,2 Antonio Iannoni,3 Andrea Terenzi,3 Jos�e M. Kenny,3 Silvia E. Barbosa1

1 Planta Piloto de Ingenier�ıa Qu�ımica, PLAPIQUI (UNS - CONICET) Cno. La Carrindanga Km.7 - 8000 Bah�ıa
Blanca, Argentina
2 IDTQ- Grupo Vinculado PLAPIQUI – CONICET, Facultad de Ciencias Exactas F�ısicas y Naturales, Universidad
Nacional de C�ordoba. Av. V�elez Sarsfield 1611, Ciudad Universitaria, 5016, C�ordoba
3 Civil and Environmental Engineering Department, Materials Engineering Center, University of Perugia, Localit�a
Pentima Bassa, 21, 05100 Terni, Italy

The influence of sepiolite content (1, 2, and 3 wt%) and
successive drawing steps on the final properties of poly-
ethylene/sepiolite nanocomposite fibers are reported. Par-
ticularly the effects of these variables on crystallinity, fiber
macroscopic morphology, and tensile mechanical proper-
ties are analyzed applying different experimental techni-
ques: differential scanning calorimetry, wide angle x-ray
diffraction, scanning electronic microscopy, and tensile
mechanical characterization. The study evidenced the
important role of both sepiolite content and stretching on
the crystalline morphology and mechanical properties of
the nanocomposites fiber. Both variables favor the
appearance of the monoclinic phase during polyethylene
crystallization, and produce an increase of crystallinity
degree (35 % with drawing steps and 10 % by the sepio-
lite incorporation in non drawing fiber). This change of
crystal morphology influences mechanical properties
enhancing with both sepiolite content and drawing steps.
Thus, Young Modulus increase 17 times with drawing in
pure PE fibers and 1.5 times because sepiolite presence.
The strength shows similar behavior, but the elongation at
break decreases 14 timed with draw steps and to a half
by the sepiolite influence. The final properties of drawing
nanocomposite fibers are so acceptable for textile appli-
cations and they content particles that enhance their
moisture and odors absorptive capacities. POLYM. ENG.
SCI., 00:000–000, 2014. VC 2014 Society of Plastics Engineers

INTRODUCTION

Polyethylene (PE) is the most used thermoplastic commodity

for both industrial and consumer products, due to their good

mechanical properties, chemical resistance, processability, low

cost, and availability in different final forms for a wide range of

applications: injected molded products, extruded tubes, and bars,

films, fibers, etc. Particularly, PE fibers have great industrial

interest because a considerable increase in the mechanical per-

formance can be achieved with an appropriate mechanical

stretching during fiber processing.

Pure polymers properties can be also improved through the

formulation of nanocomposites taking advantage of the synergic

combination of polymer and nanofiller properties. Polymer

nanocomposites also allow the development of new functional-

ities for a certain category of products, most of them of indus-

trial and technological interest. The main improvements that are

possible to achieve with the use of nanoparticles concern

mechanical performance, flame resistance, heat stability, hydro-

philicity, paintability, drug release, antibacterial properties, anti-

static, and UV protection, among others.

Among nanofillers, sepiolite is a low cost acicular shape clay

nanoparticle with high specific surface area and excellent sorp-

tion properties, good mechanical strength and thermal stability,

offering an ideal reinforcement for polymer matrices. Thus, PE

- sepiolite nanocomposites are very interesting materials because

they can combine the excellent mechanical properties of this

polymer with the high sorption capacity of sepiolite for develop-

ing textile fibers with higher absorbency and odor neutralization

[1–3]. Moreover, in the specific case of clay nanoparticles, the

modification of barrier properties, water absorption and the bio-

cide activity of the material can be also achieved [4–6].

The key factor to enhance the final properties of the nano-

composite material lies in the nanofiller-polymer intercalation

and/or exfoliation. In this sense, nanoparticles with acicular

morphology can be easily disaggregated because they offer less

particle–particle contact area than layered clays. A family of

low cost and acicular clay nanoparticles is sepiolite, which is a

fibrous hydrated magnesium silicate with the theoretical half

unit-cell formula Si12O30Mg8(OH, F)4(OH2)4.8H2O. It has a

structure similar to the 2 : 1 layered structure of montmorillon-

ite, formed by two tetrahedral silica sheets enclosing a central

sheet of octahedral magnesia except that the layers lack continu-

ous octahedral sheets [7]. The discontinuous nature of the octa-

hedral sheet allows for the formation of rectangular channels

aligned in the direction of the a-axis, which contain some

exchangeable Ca21 and Mg21 cations and “zeolitic water”.

The particular arrangement of atoms produces a needle-like

structure, instead of typical plate-like one. These nanostructured

tunnels account in large part for the high specific surface area

and excellent sorption properties of sepiolite, which makes them

extremely attractive from the industrial point of view, because it

can adsorb vapor and odors and can absorb approximately its

own weight of water and other liquids [8, 9]. In addition, sepio-

lite has good mechanical strength and thermal stability, turning

this clay an ideal reinforcement for polymer materials, which

has been recently used for the reinforcement of elastomers [10,

11], thermoplastic polymers [12], and biopolymers [13].

Moreover, due to their good mechanical properties, chemical

resistance, processability and low cost, polyethylene (PE) is the

Correspondence to: Silvia E. Barbosa; e-mail: sbarbosa@plapiqui.edu.ar

DOI 10.1002/pen.23980

Published online in Wiley Online Library (wileyonlinelibrary.com).

VC 2014 Society of Plastics Engineers

POLYMER ENGINEERING AND SCIENCE—2014

J_ID: PEN Customer A_ID: PEN23980 Cadmus Art: PEN23980 Ed. Ref. No.: 13-1477.R2 Date: 27-June-14 Stage: Page: 1

ID: thangaraj.n Time: 19:52 I Path: N:/3b2/PEN#/Vol00000/140135/APPFile/JW-PEN#140135

RAQUEL
Tachado

RAQUEL
Texto insertado
increases



most used thermoplastic commodity for both industrial and con-

sumer products. In particular, PE fibers have great industrial

interest because a considerable increase in mechanical perform-

ance can be achieved with an appropriate stretching, taking

advantage of the changes in the crystallization morphology

induced by successive stretches, allowing their use in a wide

range of applications.

In a previous work, sepiolite/PE nanocomposite films with

different sepiolite concentrations were prepared by cast and their

final properties analyzed. It was found that tensile and tear prop-

erties, crystallization degree, and oxygen permeability increased

with the nanofiller content maintaining in all the cases, good

translucency, and flexibility [14]. In the same way, and in order

to develop fibers with enhanced odors, moisture, and oil absorp-

tive properties PE/sepiolite nanocomposite fibers were formu-

lated and processed for application in textile field mainly in

carpet or special clothing. Hence, the main goal of this research

is to obtain good textile fibers with the maximum amount of

sepiolite, the absorptive agent. In this sense, in this work, pure

PE and nanocomposite fibers were prepared varying both sepio-

lite content (1, 2, and 3 wt%) and successive stretching steps.

The influence of these variables on the final properties of PE/

sepiolite nanocomposite fibers are analyzed with particular

attention to the effects on the crystallinity and tensile mechani-

cal properties.

EXPERIMENTAL

Materials

Linear Low Density Polyethylene (PE) Dowlex 2045, kindly

supplied by DOW Chemical, was used as the nanocomposite

matrix. This PE has a molecular weight distribution described

by Mw : 119,000 g/mol, and PD 5 3.97. Sepiolite from TOLSA-

Spain, was used as nanofiller. Sepiolite has acicular form and

their average length is around 1.5 mm and diameter of 0.01 mm.

Compounding and Fiber Preparation

In order to enhance both, dispersion and distribution of

sepiolite nanoparticles in the PE matrix nanocomposites, they

were prepared in three steps by using two different twin screw

extruders (TSE). Initially, masterbatches containing 10 wt% of

nanofillers were compounded in a BAUSANO MD30 twin

screw extruder at 40 rpm and the following temperature profile:

135–170–175�C (from feed to die). The TSE was fed with a

physical mixture of PE pellets and the sepiolite previously dried

under vacuum at 80�C during 24 h. In a second step, each mas-

terbach was diluted up to final concentration in a DSM Micro-
5&15-Compounder, and then were pelletized. This apparatus is

a corotating TSE with recirculation. Three concentrations of

nanocomposites, containing 1, 2, and 3 wt% of sepiolite, were

prepared at 150 rpm for 1 min, with a temperature profile of

135, 160, and 190�C, from feed to die.

In the third step, fibers were obtained using a DSM Micro-
5&15-Compounder equipped with a proper die to extrude a sin-

gle filament and then it was collected by a winding unit, with a

speed of 20,000 mm/min and a torque of 75 N-mm. The temper-

ature profile used to extrude the pellets was 135, 170, and

230�C. In order to obtain a constant diameter fiber, extrusions

were performed with constant force at the head of the extruder

(300 N). Once collected the fibers on the take up roll, they have

been subjected to two different single stage drawing processes

in a micro fiber spin device. The stretching operation takes

place between two rolls rotating at different speeds, with heating

element between them. The first drawing was performed at

80�C and with a draw ratio of 2, while in the second drawing

the temperature was 100�C and the draw ratio was 1.25. Both

stages were performed with a rate of 100 cm/min for the roller

with higher speed, while the speed of the first roller was con-

trolled by the draw ratio input, that is the ratio between the

roller speeds.

Please, note that in order to perform a complete comparison

between morphological and mechanical behavior of the fibers,

either pure PE or nanocomposites fibers were prepared follow-

ing the same procedure, then with the same thermal and strain

history.

Characterization

Diameter Measurement. fiber diameter of all prepared fibers

was measured using a micrometer and corroborated by optical

microscopy. Ten measurement of each fiber were made in dif-

ferent zones of the fiber.

Differential Scanning Calorimetry (DSC). calorimetric study

was performed in Perkin Elmer Pyris I equipment. Thermograms

were obtained directly on fiber samples heating from 25�C to

180�C and cooling from 180�C to 25�C, both at a rate of 10�C/

min. Analysis was performed on the first heating cycle in order

to evaluate the crystallization variation during fiber spinning

and drawing steps. For this reason, the thermal history should

not be removed.

Wide Angle X-Ray Diffraction (WAXS). X-ray spectra were

obtained in a Philips PW 1710 diffractometer, with a graphite

curve monochromator, Cu anode, 45 kv, and 30 mA. The fibers

were parallel coiled on a cover glass and then were placed in

the equipment. Two kinds of spectra were acquired placing the

sample holder, and then the main fiber direction, parallel or per-

pendicular to the x-ray beam direction. Five spectra for each

sample in each direction were performed to verify the repeat-

ability of the technique applied.

Scanning Electron Microscopy (SEM). Morphological fiber

surface analysis was carried out using a JEOL JSM-35 CF

microscope equipped with secondary electron detection. The

samples were coated with Au in a sputter coater PELCO 91000.

Tensile Properties. fiber mechanical properties were studied in

an INSTRON universal dynamometer equipped with a 50 N

load-cell. Ten specimens of each sample were tested at room

temperature and 50 mm/min of cross head velocity on specimen

of 50 mm of length.

RESULTS AND DISCUSSIONS

In a previous work [14], the distribution and dispersion of

these same nanocomposites during extrusion was studied by

TEM microscopy, after the second extrusion step. It was demon-

strated that the filler distributes and disperses very well, but

some agglomeration was detected for nanocomposites with high
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sepiolite content (higher than 5 wt%). This fact is not a problem

for fiber spinning shown in this work because of the maximum

sepiolite amount used is 3 wt%, and not agglomeration is

expected during this process. Additionally, in that work a clear

orientation of nanoparticles in the flow direction was demon-

strated in micrographs.

In Fig.F1 1, the results of the fiber diameter as a function of

the number of drawing steps for different nanofiller content are

reported. As expected, a decrease in fiber diameter with succes-

sive drawing steps is observed. The initial PE fiber diameter is

lower than the nanocomposite fibers and is reduced by 70%

after the second stretching, while the reduction for the nanocom-

posites fibers is around 50% for all concentrations prepared due

to impediment in chain alignment. The lower diameter of PE

fibers without drawing respect to nanocomposite ones can be

explained in terms of viscosity. Fibers are pulled after die end,

all with the same force. As PE has lower viscosity than compo-

sites, PE fibers stretch more than composites ones resulting in

less final diameter.

On the other hand, the diameter of nanocomposite fibers

decreases with the sepiolite content increase, as a consequence

of the sepiolite influence in the alignment of polymer chains

during fiber extrusion and drawing steps, as will be demon-

strated below. However, the diameter for nanocomposite fiber

with 2 wt% of sepiolite and two drawing steps is higher than

the diameter of fiber with 1 wt% of nanofiller and the same

drawing step. This can be due to the lower diameter reduction

with drawing steps as the sepiolite amount increases.

The fiber crystallinity was initially studied by DSC. In Fig.F2 2

the thermograms of fibers prepared with 1 wt% of sepiolite are

shown. It is possible to observe that the peak height, and then

the area, increases as the drawing degree increases. Taking into

account that PE fibers were processed with the same thermal

cycle, this difference indicates an increase of the fiber crystallin-

ity degree induced by the polymer chain orientation during

drawing. The same behavior was found for pure PE and all

nanocomposite fibers analyzed. On the other hand, the thermo-

grams for nanocomposites fusion with different sepiolite content

show no evident changes, evidencing that this technique is not

appropriated to discriminate the nanofiller concentration effects

on crystallinity.

To elucidate the effects of both drawing steps and nanofiller

content on polymer crystallization, a systematic WAXS analysis

was performed by comparing spectra taken with fiber axis paral-

lel and perpendicular to the X-ray beam. Usually, the fiber axis

is close to the chain orientation direction in a fiber (meridional

direction). Fibers are usually rotationally symmetric. In other

words, if fibers were mounted vertically, the same diffraction

pattern would be observed regardless of the u setting. For any

given 2h range, a single sample position is required to obtain

orientation information in an equatorial plane. The meridional

reflections usually have a maximum intensity at the Bragg

angle. This means that for an arbitrary sample position with

respect to the incident beam, different crystallinity contents

would be determined based on the amount of the meridional

reflection in the scan. So, to determine the crystallinity, all

reflections that are not on the equator must be scanned. For this

reason, this study was carried out in two ways, analyzing the

samples with the main direction parallel and perpendicular to

the X-ray beam, matching with meridional and equatorial fiber

draw direction respectively.

Polyethylene mainly crystallizes in orthorhombic structure

and, in less amount, in the monoclinic one [15, 16]. In Fig. F33a,

WAXS diffraction patterns of PE fibers with different drawing

stages analyzed perpendicular to beam, are shown. The WAXS

pattern of PE fiber without drawing is characterized by three

strong peaks corresponding to the (110), (200), and (020) planes

of the orthorhombic phase. These peaks are individually located

at 2h values of 21.3�, 23.5�, and 36.5�, respectively. Also a very

small peak occurs at about 30�, characteristic of the monoclinic

phase. As the fibers are stretched, a crystalline orientation is

evidenced by the increment of the characteristic peaks, mainly

the correspondent to the 110 plane. Also two little peaks typical

of the monoclinic phase, appear at 13.8� and 16.7� and they

increase with the drawing stage. These peaks can be assumed to

correspond to the development of the monoclinic crystalline

phase from the orthorhombic one, as it was demonstrated by

Porter et al. [17] for PE fiber cold draw. The typical shoulder of

the amorphous phase [18] around the 110 peak disappears with

the drawing, confirming the increment of crystallinity degree.

Moreover, there is a shifting of the peaks at 21.3� and 23.5�,

FIG. 1. Nanocomposite fiber diameter as a function of number of drawing

step for different sepiolite contents.

FIG. 2. Thermograms of nanocomposite fibers prepared with 1 wt% of

sepiolite at different drawing.
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consistent with the variation of the crystal thickness with the

drawing [19].

Several authors [20–23] have been demonstrated that mono-

clinic phase is usually found in polyethylene after subsequent

tensile or compression deformations. This crystalline phase was

found in high modulus fibers [22, 24], and it showed higher ori-

entation than orthorhombic one [24] contributing to the

improvement of its mechanical properties. In this sense, Khar’-

kova et al. [22] has been concluded high crystallinity and the

presence of the monoclinic modification are the necessary con-

ditions for preparation of high modulus fibers.

The patterns obtained from the parallel analysis of the same

PE fibers are shown in Fig. 3b. From this figure, it is possible

to observe a higher intensity of the monoclinic phase peaks at

13.8� and 16.7� compared with the perpendicular analysis,

mainly at the higher drawing stage. Not differences are detected

for patterns of PE fibers obtained without drawing. Also, for PE

fiber with two drawing stages two new peaks are detected at

18� and 25�, which can be attributed to the induced crystalliza-

tion direction. These differences demonstrated the preferential

crystal development during fiber drawing.

In the same way, the effect of sepiolite on PE crystallization

was analyzed. The patterns of nanocomposites prepared with 1

wt% of sepiolite obtained parallel to the beam are shown in Fig.

F44. It can be seen that the presence of sepiolite evidenced by the

peak at 7.1�, favors the appearance of the monoclinic phase dur-

ing crystallization of PE. Unlike pure PE fibers, peaks at 13.8�

and 16.7� can be observed in nanocomposite fibers without

drawing. This behavior was found in both WAXS directions

spectra and for all nanocomposite fibers. Also an increase of the

peak height with drawing steps is detected in agreement with

the previous discussion on DSC results.

The development of the monoclinic phase by the presence of

sepiolite seems to depend on the sepiolite concentration. In fact,

as it can be observed in Fig. F55, the typical monoclinic peak at

7.1� increases with the sepiolite concentration. Furthermore, it is

observed a decrease of the peak at 36� with the sepiolite con-

centration. This peak corresponds to the (020) plane of the

orthorhombic phase.

It is important to note that the main crystal morphology

development is similar either for PE fibers with drawing

increase or for nanocomposite fibers without drawing as sepio-

lite concentration increases, mainly in the appearance and

FIG. 3. Wide-angle X-ray diffraction patterns of PE fibers with different

drawing stages. (a) perpendicular to the beam (b) parallel to the beam.

FIG. 4. Wide-angle X-ray diffraction patterns obtained parallel to the beam

of nanocomposite fibers with 1 wt% of sepiolite with different drawing

stages.

FIG. 5. Wide-angle X-ray diffraction patterns obtained parallel and perpen-

dicular to the beam of nanocomposite fibers without drawing prepared with

different sepiolite concentrations.
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growth of the peaks at 13.5� and 16.7�. This behavior can be

interpreted in terms of the structural model developed by Keller

et al. in 1977 [25]. They proposed that acicular crystals (needle-

like), aligned, and surrounded by amorphous phase, are devel-

oped during drawing of linear polyethylene. The tie molecules

separate of needle crystals due to the stretching tension during

fiber processing and recrystallize as typical chain folded over

acicular crystals, resulting in a structure similar to shish-kebab.

In nanocomposites, nanofibers would “supply” the acicular

geometry producing similar crystal morphology, as it is evident

in Fig. 3b when compared with Fig. 5.

In Fig. F66, a comparison of WAXS patterns obtained parallel

and perpendicular to the beam, of nanocomposite fibers with 2

wt% of sepiolite without drawing are presented. The intensity of

the monoclinic peaks in the parallel spectrum is higher than in

the perpendicular one, evidencing a preferential crystallization

effect during the drawing. Otherwise, the expected sepiolite ori-

entation in the fiber axis direction was corroborated by the

FIG. 6. Wide-angle X-ray diffraction patterns obtained parallel and perpen-

dicular to the beam of nanocomposite fibers with 2 wt% of sepiolite without

drawing.

TABLE 1. Crystallinity degree (%) of nanocomposite fibers from WAXS.

Crystallinity (%)

w/o drawing After 1st drawing After 2nd drawing

PE 35.1 37.5 47.6

1 wt% Sepiolite 38.9 40.7 53.2

2 wt% Sepiolite 38.3 39.5 44.5

3 wt% Sepiolite 36.3 37.1 42.2

FIG. 7. SEM micrographs of a fiber after 1 drawing stage (310,000). (a) pure PE; (b) nanocomposite fiber with 1

wt% of Sepiolite; (c) nanocomposite fiber with 2 wt% of Sepiolite; (d) nanocomposite fiber with 3 wt% of sepiolite.
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higher intensity of its typical peak (7.1�) in samples analyzed

parallel to the beam than in the perpendicular one.

The crystallinity degrees of each sample calculated from the

WAXS spectra are listed in TableT1 1. The nucleating effects of

sepiolite can be confirmed by the increase of crystallinity with

the nanofiller content. Also, the effect of drawing on fiber crys-

tallinity can be noticed, resulting in an increase in crystallinity

up to 60% after the second drawing. However, it can also be

observed that the increasing crystallinity produced by drawing

in the fibers of pure PE and in the nanocomposite with 1 wt%

of sepiolite is higher than in the nanocomposite fiber prepared

with 2 and 3 wt% of nanofiller. These results agree with the

observation made on the fiber diameter, thus confirming that the

presence of sepiolite hinders PE chain alignment either during

fiber extrusion or drawing operations. The maximum crystallin-

ity increment by nanofiller presence is about 10%, showing a

lower effect on this property than the drawing step.

Fiber surface morphology was studied in order to detect mac-

roscopic defects. In Fig. F77 SEM micrographs of the surface of

both PE and nanocomposite fibers prepared after the first draw-

ing stage, are shown. A smooth surface with a small presence of

particles of the same polymer is observed both for PE and for

the nanocomposite with 1 wt% sepiolite. However, as the filler

content increases, fibers present a rough surface with entire

bands and rows of etched pockets in the transversal direction

with respect to the fiber axis. This kind of superficial defect,

called "Pisa Structure," was detected by other authors in pure

PE and nanocomposite fibers during drawing [26–28]. They

attributed this kind of defects to the mobility and then with a

drawability of the polymer chains. This result agrees with the

smaller diameter reduction and smaller crystallinity increment

with stretching steps found in nanocomposite fibers with respect

to the PE ones. The two last aspects are strongly related with

the lower drawability observed in nanocomposite fibers as a

consequence of a lower chain mobility due to the nanofiller

presence. In the same way, the defects appear to increase with

successive drawing stages, as it can be observed for fibers with

3 wt% of sepiolite in Fig. F88, in concordance with a lower capa-

bility of the polymer chains to be extended in successive

stretching steps.

The polymer chain alignment with successive drawing stages

and the associated crystallinity increase have a direct effect on

fiber mechanical properties. In Table T22 the main mechanical

properties of fiber prepared are listed. The reinforcement effect

of sepiolite is confirmed by the modulus increment with sepio-

lite content in fibers without stretching and with 1 drawing

stage. Moreover, the modulus obtained for fibers with two

FIG. 8. SEM micrographs of a fiber with 3 wt% of sepiolite (310,000).

(a) Without drawing. (b) After one drawing stage; (c) After two drawing

stages.

TABLE 2. ��� AQ2

Young Modulus (MPa)

w/o drawing 1 drawing 2 drawing

PE 113.56 6 21.44 215.33 625.32 1919.97 6 530

1 wt% Sepiolite 135.92 6 53.21 192.29 6 16.15 1388.76 6 638.68

2 wt% Sepiolite 129.90 6 75.84 216.54 6 75.60 1087.19 6 490.22

3 wt% Sepiolite 167.87 6 82.61 250.98 6 51.28 1117.70 6 252.39

Elongation at break (%)

PE 791.99 6 239.94 169.63 6 147.26 55.716 20.30

1 wt% Sepiolite 658.00 6 108.65 199.58 6 57.81 50.67 6 17.08

2 wt% Sepiolite 466.98 6 250.84 266.93 6 99.81 69.15 6 27.18

3 wt% Sepiolite 346.38 6 198.96 203.47 6 45.48 58.42 6 12.98

Yield Strenght (MPa)

w/o drawing 1 drawing 2 drawing

PE 20 6 3 76 6 7 538 6 12

1 wt% Sepiolite 25 6 2 65 6 5 305 6 23

2 wt% Sepiolite 48 6 4 55 6 5 246 6 15

3 wt% Sepiolite 55 6 4 62 6 4 239 6 13
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drawing stages strongly increase by several orders of magni-

tude. This relevant increment is higher than the corresponding

crystallinity increase due to the drawing, showing that the

change in crystal morphology is the main factor affecting the

mechanical properties improvement. Moreover, for the second

drawing an opposite trend is observed when the sepiolite con-

tent increases. In this case, a decrease in modulus values as

nanofiller content increases is observed. This confirms the

higher hindrance introduced by the presence of nanofillers on

the alignment of the polymer molecules and this agrees with

the observations of Keller [25] and the justification presented in

the model as a function of the crystal morphology previously

explained. The increment on polymer rigidity with drawing is

also reflected in the decrease in strain at break. From Table 2,

it can be also observed a decrease in elongation at break as the

sepiolite content increases, in agreement with more defects

found by SEM in nanocomposite fiber with higher sepiolite

content.

In the same way, strength is increased with both drawing

stages and sepiolite content, as it can be observed in Table

2. From these data, it can be claimed that the drawing stage

is more effective than the clay content for mechanical prop-

erties improvement. Moreover, a saturation of the reinforce-

ment effect is observed with 2 wt% of sepiolite, in fact not

relevant differences are observed in comparison with 3wt%

nanocomposite. Similar behavior was observed in films pre-

pared with the same nanocomposite material [14]. Alike the

Young Modulus, the strength increment by stretching is

higher for PE than for the nanocomposites fibers, and then

the strength for PE with two drawing stages is slightly

higher for the nanocomposite fibers with the same stretching

degree.

CONCLUSIONS

In this work, the influence of both sepiolite content (1, 2,

and 3 wt%) and successive drawing steps on the final properties

of PE/sepiolite nanocomposite fibers has been studied in order

to analyze their use in textile field. In this sense, the effects of

nanoparticles concentration and successive drawings on fiber

macroscopic morphology, crystallinity, and tensile mechanical

properties have been analyzed.

The initial PE fiber diameter is lower than the nanocomposite

fibers ones and is reduced by 70% after the second stretching,

while the reduction for the nanocomposites fibers is around

50%. The difference in diameter reduction was explained in

terms of different phenomena that governed stretch behavior of

each fiber as explained above.

PE fibers has a smooth surface, but some particular defects

are evidenced in nanocomposite ones. These defects, named

“Pisa structure” proceeds from the lower drawability of nano-

composite fibers and do not notably reduce the mechanical

properties of this kind of fibers as showed above, because they

are mainly influenced by crystallinity morphology variation.

These defects increase with drawing steps.

Regarding crystallinity analysis, both variables, sepiolite con-

tent, and successive drawing steps, favor the appearance of the

monoclinic phase during polyethylene crystallization, and pro-

duce an increase of crystallinity degree (35% with drawing steps

and 10% by the sepiolite incorporation in non drawing fiber).

For this reason the crystallinity changes in drawn nanocomposite

fibers is lower than drawn pure PE fibers. The change of crystal

morphology influences mechanical properties enhancing also

with both sepiolite content and drawing steps, being higher the

effect of the drawing stages due to the predominant effect of the

chain alignment on these properties. Thus, Young Modulus

increase 17 times with drawing in pure PE fibers and 1.5 times

because sepiolite presence. The strength shows similar behavior,

but the elongation at break decreases 14 timed with draw steps

and to a half by the sepiolite influence.

Sepiolite/PE nanocomposite fibers result a very interesting

material to be used in textile industry, because they conserve

good mechanical properties with high fiber concentrations and

drawings and have the possibility to be absorbed moisture, being

so important material for carpet fabrication.
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AQ1: Please provide complete details for Refs. 12, 14, 23.

AQ2: Please provide the caption for Table 2.
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