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In this work, films and fibers of Polypropylene based
composites reinforced with quartz were investigated.
The materials were processed in a twin screw extruder
with filler contents of 1, 2.5, and 5 wt%. Morphology,
thermal properties, and mechanical behavior of these
materials were studied. A homogeneous filler disper-
sion and particle alignment in the extrusion direction
was detected for the films. Thermograms displayed a
marginal nucleating effect of quartz particles. Uniaxial
tensile tests indicated a high ductility level and strain
hardening for the composites processed as films (in
the extrusion direction). Single fiber tests displayed
improved tensile properties compared with the same
materials produced as films. Quasi-static fracture tests
showed a completely ductile behavior for the films in
the extrusion direction. In addition, films fracture
toughness was found to increase with filler content.
POLYM. COMPOS., 00:000–000, 2015. VC 2015 Society of Plas-
tics Engineers

INTRODUCTION

Composite materials based on polymer matrices rein-

forced with rigid fillers have been extensively investi-

gated in the last decades as a possible way to improve the

mechanical properties of thermoplastics. In particular, the

mechanical behavior finally exhibited has been related to

many different parameters: components properties and

content, internal structures and interactions, morphologies,

processing, among others [1–8]. Different studies (mor-

phological observations, thermal and rheological analyses,

mechanical tests, and theoretical predictions) can be per-

formed to understand the effect and relation between

these factors and the mechanical properties [4, 9–15]. All

of these characterizations do not easily determine the

effect of each involved factor, meaning that complemen-

tary analyses should be performed.

Manufacturing techniques (method and parameters

considered) can significantly affect the mechanical prop-

erties of polymer composites. Processing affects the poly-

mer matrix characteristics (crystallinity content and

morphology, drawing effect on the orientation of amor-

phous and crystalline phases, thermomechanical degrada-

tion, etc.) as well as the internal structure related to the

presence of the reinforcing phase (filler dispersion and

orientation, flaws, skin/core behavior, etc.) [12, 16–21].

Many different processing methods have been developed;

some of them are extensively used due favorable perform-

ances observed. In particular, film and fiber extrusion are

both associated with drawing, which affects the properties

and morphology of the filled polymer [22–28]. Polymer

films are often filled with inorganic particles leading to

improved mechanical and barrier properties, among

others. Filled polymer films are much easier produced,

characterized and their mechanical behavior has been

extensively studied. However, fillers in polymer fibers are

rarely used, as a consequence of their effects on mechani-

cal properties, arising from filler dispersion and the
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related presence of defects, which can dramatically reduce

their tensile properties. Therefore, both geometries

deserve to be studied, since the properties of polymer

composite films cannot be easily repeated in composite

fibers. For this reason, the gained information from the

study of films can be used to better understand the fiber

behavior.

In this work, Polypropylene based composites rein-

forced with quartz were obtained as films and fibers.

Morphological observations and thermal studies were car-

ried out. Mechanical properties were evaluated through

uniaxial tensile tests and quasi-static fracture tests.

MATERIALS AND METHODS

Fibers and Films Processing

Polypropylene (melt flow index 1.8 g/10 min, CUYO-

LEN 1102H, Petroqu�ımicacuyo SAIC, Argentina) and

FIG. 1. Morphology of the PP-2.5 film.

FIG. 2. DSC thermograms (first heating) of PP-quartz: (a) films and

(b) fibers. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

TABLE 1. Thermal properties of PP-quartz films and fibers.

Tc (8C) Tf (8C) Xc (%)

Films

PP 116.6 162.1 42

PP-1 119.5 161.2 48

PP-2.5 120.7 160.3 48

PP-5 120.6 161.7 43

Fibers

PP 115.7 160.1 44

PP-1 118.3 159.8 45

PP-2.5 120.1 162.3 45

PP-5 120.9 162.2 43

FIG. 3. Tensile samples: (a) PP, (b) PP-5 longitudinal direction, (c)

PP, and (d) PP-5 transversal direction.
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quartz particles (Piedra Grande, Argentina) were used as

the matrix and the reinforcement of the composites,

respectively. Raw quartz particles were milled in an attri-

tion mill for 16 h. Initially, PP with 10 wt% of filler was

compounded in an intensive mixer (50 r.p.m., 1908C, 10

min). The obtained blend was further mixed with neat PP

in a twin screw extruder (Rheomex OS) to obtain films

and fibers with: 1, 2.5, and 5 wt% of milled quartz.

Films were extruded (15 r.p.m, 2158C) and collected

by a puller (Ø 5 100 mm, 50 r.p.m.) obtaining a nominal

thickness of 100 mm. The fibers were extruded (2 r.p.m.,

2008C, die diameter 5 1 mm) and collected by a winder

(Ø 5 12.7 mm, 100 r.p.m) obtaining a nominal diameter

of 50 mm. Films and fibers were drawn in air at room

temperature.

Morphological Characterization

Qualitative filler dispersion analysis was performed,

for both processing methods. Cryofractured surfaces of

the different materials were observed by scanning elec-

tron microscopy (SEM; FEI QUANTA 250).

Thermal Testing

Thermal analysis of films and fibers samples was per-

formed on a Perkin Elmer Pyris 1 Differential Scanning

Calorimeter (DSC) under nitrogen atmosphere at a heating

rate of 108C/min in the range of 20–2008C. Crystallinity

(Xc) was determined from the DSC curves with the follow-

ing expression [29]:

Xc %ð Þ5 DH

12Øð Þ�DH�
�100 (1)

FIG. 4. Stress-strain curves for tested films in: (a) longitudinal and (b)

transversal extrusion direction. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

FIG. 5. Tensile parameters values for PP-quartz composite films: (a)

elastic modulus, (b) tensile strength, and (c) strain at break. [Color fig-

ure can be viewed in the online issue, which is available at wileyonline-

library.com.]
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where: DH is the measured heat of fusion, DH*(209 J/g)

the heat of fusion for 100% crystalline PP and Ø is the

filler weight fraction [30].

Mechanical Testing

All mechanical tests were performed under quasi-static

loading conditions in an INSTRON 1125 dynamometer at

room temperature. Uniaxial tensile tests were performed for

the films at a crosshead speed of 5 mm/min following

ASTM D 638 standard recommendations. Single fiber tests

were carried out at 10 mm/min in accordance with ASTM D

3379 standard recommendations. For each material and

processing method a minimum of five samples were tested.

For the films, quasi-static fracture tests were performed

on deeply double edge-notched (DENT) samples (length 5

50 mm and width 5 20 mm) at 1 mm/min with a grips dis-

tance of 30 mm. Two properly aligned sharp notches of vari-

able length were introduced by sliding a fresh razor blade.

Fracture Toughness Characterization

The J-integral and Essential Work of Fracture (EWF)

theories were considered to characterize the materials

fracture toughness. More detailed information about these

theories and their experimental procedure can be found in

the literature [9, 31–33]. For each material, the applicable

theory was defined based on the experimental behavior

exhibited by the tested samples.

The J-integral approach was determined by the follow-

ing expression:

J5
g�U

B� W2að Þ (2)

where: U is the fracture energy and B, W, a are the thick-

ness, width and notch length of the specimen, respec-

tively. The U values were obtained by integration of the

load-displacement curves up to the maximum load (Jmax

parameter) or up to the instability point (Jc parameter).

These parameters were adopted to characterize materials

with ductile-brittle transition or ductile instability, respec-

tively [34]. The geometrical factor (g) for DENT samples

is [32]:

g520:0615:99
a

W

� �
27:42

a

W

� �2

13:29
a

W

� �3

(3)

The EWF theory considers the fracture energy (Wf) as

two distinguishable terms. The specific essential work of

FIG. 6. Stress-strain curves for PP-quartz composite fibers. [Color fig-

ure can be viewed in the online issue, which is available at wileyonline-

library.com.]

FIG. 7. Tensile parameters values for fibers: (a) elastic modulus, (b)

tensile strength, and (c) strain at break.
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fracture (we) related to the ligament cross section and the

specific non-essential work of fracture (wp) related to the

volume placed around. The specific fracture energy (wf)

can be obtained dividing the whole energy to the ligament

cross section:

wf5Wf l:tð Þ5we1b:wp:l (4)

where: l is the ligament and t the specimen thickness.

The we and b.wp values can be obtained from linear

regression in a diagram of specific fracture energy versus

ligament length. These parameters are determined by the

intercept to the wf axis and the linear regression slope,

respectively.

RESULTS AND DISCUSSION

Morphological Analysis

SEM analysis indicated that quartz particles were homo-

genously dispersed into the matrix for fibers and films.

However, the filler (mean maximal length 5 0.3 lm, mean

aspect ratio 5 1.4) characterized by an aspect ratio slightly

>1, was aligned in the extrusion direction of films (indi-

cated by an arrow in Fig. 1). This kind of morphology

(homogeneous filler dispersion and particle alignment) is

expected to be favorable for material mechanical properties

in the alignment direction, as it has been reported for simi-

lar systems [22, 23, 35].

Thermal Analysis

The thermal behavior of films and fibers exhibited simi-

lar melting peak temperatures (Fig. 2a and Table 1) even

though sharper peaks are observed in the case of fibers. For

the films, PP matrix and composites with filler contents

lower than 5 wt%, the double melting peaks suggests

broader lamellar thickness. However, single and higher

melting peaks evidence a more homogeneous morphology

[22, 35, 36].

In general, slight increases of crystallization tempera-

tures and crystallinity (<10%) for the composites respect

to the PP matrix suggest a nucleation effect of milled

quartz particles even if they are not very effective [22,

35, 37].

Mechanical Behavior

Films Uniaxial Tensile Behavior. Figure 3 shows

tested samples of PP matrix and PP-5 composite films in

the longitudinal and transversal extrusion direction. In the

longitudinal direction, stable necking formation and stress

whitening was exhibited by films samples. For the other

test direction, reduced ductility was observed.

Figure 4 shows the stress-strain curves for the PP-

quartz films. A high ductility level and strain hardening

was displayed in the longitudinal direction (Fig. 4a),

whereas reduced tensile toughness (Fig. 4b) was detected

in the transversal direction. Tensile parameters values

(Fig. 5) displayed different trends varying the test direc-

tion and the filler content. Elastic modulus (Fig. 5a)

slightly decreased with filler content for both tested direc-

tions. The maximum tensile strength value (Fig. 5b) was

detected for PP-1 in the longitudinal direction. Generally,

strain at break (Fig. 5c) in transversal direction drastically

decreases for composite materials with large filler

FIG. 8. Comparative tensile parameter values for PP-quartz compo-

sites: (a) elastic modulus, (b) tensile strength, and (c) strain at break.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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contents. The extensive presence of agglomerates, flaws

or discontinuities restrict the reorientation of the matrix in

the tensile load direction. This effect is related to the

characteristic time of deformation that is too high in com-

parison with that of the matrix [2, 7, 8]. In addition, in

our films, no significant changes in ductility were

observed in the longitudinal direction due to the matrix

orientation induced by the drawing [36, 38]. The observed

tensile strength and ductility trends are also related to a

weak matrix/filler interaction [39].

Single Fiber Test Behavior. Tensile curves (Fig. 6)

obtained in single fiber tests showed increased ductility

and strain hardening with filler content, leading to an

improvement of material toughness. The elastic modulus

(Fig. 7a) remained roughly constant, independently of fil-

ler content. However, tensile strength (Fig. 7b) and strain

to break values (Fig. 7c) increased with filler content

even if a quite high scatter of experimental data is

observed. It can be highlighted that similar tensile param-

eters values have been reported for PP fibers by other

authors [40–42]. The improved mechanical performance

of fibers, respect to the films, can be probably related to

FIG. 9. Quasi-static fractured samples in the longitudinal direction: (a)

PP, (b) PP-1, (c) PP-2.5, (d) PP-5, and transversal direction: (e) PP, (f)

PP-1, (g) PP-2.5, and (h) PP-5. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

FIG. 10. Load-displacement curves for PP-quartz composite films: (a)

longitudinal and (b) transversal extrusion direction. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

FIG. 11. Load-displacement curves for: (a) PP and (b) PP-2.5 tested in

the longitudinal direction, as examples. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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a higher polymer chain and filler orientation degree due

to the drawing method [22, 35, 43].

Tensile Properties Related to Processing Meth-

ods. Figure 8 compares tensile parameters values for the

matrix and the PP-quartz composites processed as sheets,

films (longitudinal direction) and fibers. The tensile

behavior of compression molded sheets has been previ-

ously reported [44]. For the fibers, improved elastic mod-

ulus (Fig. 8a), tensile strength (Fig. 8b) and reduced

strain at break values (Fig. 8c) indicate higher amorphous

and crystalline orientation achieved during processing

[17, 28, 45]. However, this orientation effect can be esti-

mated to be quite low based on the high ductility level

exhibited [23, 46]. The larger values of strain at break for

films and fibers (Fig. 8c), compared to sheets, suggest

more favorable internal morphologies (filler orientation,

particle dispersion, polymer chain orientation, etc.) [22].

In addition, a specimen size effect related to lower defect

frequency could simultaneously contribute to mechanical

properties enhancement [35].

Quasi-static Fracture Behavior. Fracture tests were

carried out on films samples cut longitudinally and trans-

versally to the extrusion direction. For these test direc-

tions, crack propagates on the transversal and longitudinal

direction, respectively. In the longitudinal extrusion direc-

tion, all materials exhibited ligament whitening and plas-

tic deformation (Fig. 9a–d) related to ductile fracture

processes. For the transversal direction (Fig. 9e–h), the

PP matrix samples indicated ductile instability while for

the composites the ductile-brittle transition was observed

(some samples displayed ductile instability (Fig. 9e and f)

whereas other samples presented completely ductile frac-

ture (Fig. 9g and h).

Figure 10 shows load-displacement curves for samples

with a notch depth/width ratio of 0.5. Load curves were

normalized against sample cross-section for the sake of

clarity. These curves displayed different fracture behavior

in accordance with the specimen morphologies described

above. For a qualitatively classification, the ductility level

was considered (Dl 5 displacement at break/ligament)

[33]. The obtained values (1<Dl< 1.5) for materials

tested in the longitudinal direction suggested the applic-

ability of EWF theory. Figure 11 shows curves for the PP

matrix and PP-2.5, as examples. The requirement of self-

similarity for samples with variable ligament was satisfied

for each analyzed material (not shown here). Fracture

parameters values are plotted in Figures 12 and 13. The

highest we value corresponded to the composite PP-2.5

while a decreasing trend of b.wp values with filler content

was observed (Fig. 13a).

However, for transversal direction, the Jc was adopted to

characterize the PP matrix toughness (Jc 5 113 6 46 kJ/m2).

The Jmax parameter values determined for the composites

(Fig. 13b) did not show a clear trend with filler content.

FIG. 12. EWF parameters for: (a) PP, (b) PP-1, (c) PP-2.5, and (d) PP-5 tested in the longitudinal direction. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]



CONCLUSIONS

In this work, PP-quartz composites were extruded as

films and fibers. The morphology, thermal and mechani-

cal behavior were studied. The obtained results and the

discussion detailed above allow obtaining the following

conclusions:

� The incorporation of quartz particles led to enhancements

of tensile and fracture toughness in the drawing direction,

especially at low filler content.

� The extrusion process favored the composite mechanical

performance, compared to compression molding, related to

favorable internal structures (polymer chain and/or filler

orientation, particle dispersion, low frequency internal

defects, etc.).

� The fibers exhibited increased tensile parameter values.

Polymer drawing can be estimated quite low but adequate to

enhance the mechanical properties of PP based composites.
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