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Abstract - Nanocomposites fibers of different polypropylene
(PP) -kaolinite were prepared by melt compounding using a
two-step process: melt-spinning and hot drawing at various
draw ratios. Draw ratio up to 23 with elastic modulus of 19
GPa was observed for K20-HP and draw ratio of 9.5 with 7.6
GPa for K10-ATO were observed. TEM and FESEM revealed
good dispersion of the kaolinite nanoparticles in
polypropylene matrix, although at higher concentrations and
lower draw ratios the nanoparticles showed increasing
tendency to form small agglomerates. Thus drawing of K30-
HP-30B and K20-ATO nanocomposites is difficult due to large
agglomerates formations. Uniform distribution of kaolinite
improved mechanical properties of the composite fibers. In as-
spun fibers only one [ relaxation peak can be observed while
two peaks of § and « occurs for drawn fibersin DMA analysis.
XRD also reveals a strong orientation of kaolinite along the
chain axis after drawing of nanocomposites.
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1. INTRODUCTION

Significant growth of polypropylene (PP) usage can be
attributed to a combination of many factors, e.g. a good
balance of physical and chemical properties. Moreover, low
density, excellent thermal stability, chemical inertness along
with wide design flexibility and simplicity of recycling makes
PP an attractive construction material. Many studies have
been performed to improve mechanical properties of PP
fibers and films since 1964. PP can easily be drawn and
crystallized so that high degrees of orientation and
crystallinity can be achieved. The maximum values of
Young’s modulus and tensile strength of PP fibers reported
in the literature are 36-40 and 1.5 GPa, respectively [1].
Fibers of PP are employed in many end-use products thanks
to their properties such as low density, resistance to
moisture and chemicals, sufficient strength and easy
processing [2].

PP fibers properties can be enhanced by melt mixing with
nanosized particles like carbon nanotubes [3,4] and
montmorillonite [5,6]. Nowadays, many reports have been
focused on the addition of silica and/or fumed nanosilica
(FS) to enhance mechanical properties of polyolefins [7,8]
and PP fibers [9,10]. Rottstegge and coworkers [9] tested PP

(MFI = 15 g/10 min) fibers reinforced by fumed silica. The
obtained materials were of good quality, however, modulus,
strain and stress at break were only slightly higher than
those of neat PP. Srisawat and coworkers [10, 11] studied
the influence of FS addition on the properties of PP fibers
using PP with high melt flow rate (MFI = 25 g/10 min). They
observed not only a higher thermal stability and nucleation
effect of the nanofiller, but also a remarkable increase in the
tensile strength, as consequence of the incorporation of
elongated and flattened silica particles during the spinning
process. Dabrowska et al. [7] prepared nanocomposites
fibers of isotactic polypropylene - fumed silica by melt
compounding using a two-step process: melt-spinning and
hot drawing at various draw ratios. At low concentrations
the uniform distribution of fumed silica improved
mechanical properties of the composite fibers, especially at
higher draw ratios. Crystallinity and melting temperature of
fibers were found to significantly increase after drawing.
Higher tensile strength and creep resistance were achieved,
while strain at break was rather insensitive to the filler
fraction

Recentliterature evidences a lot of progress in the nanofilled
bulk materials; on the contrary, there are relatively a few
publications on the PP-kaolinite fibers nanocomposites.
Latest study found on PP-kaolinite fibers is by Dabrowska et
al. [12] in which Polypropylene fibers at various kaolinites
content in the range of 1 to 30 wt% were produced after
direct mixing polypropylene and masterbatch, and
compounding of selected formulation. The dispersion of
nanoparticles enhanced the elastic modulus of PP, positively
affected the stress at break, and decreased the strain at
break for compositions at high nanofiller content.

In order to improve mechanical properties, it is necessary to
apply very high stretching ratios. The stretching ratio, often
referred as DR (draw ratio) is given by the ratio of the
initial section of the fibers and the final section of the
stretched fibers. If mass flow of material during the
stretching process is constant, the stretching ratio is also
given by the ratio between two speeds; thereleased (V1) and
collecting drums speed (V:).The schematic diagram for
drawing process is given in Fig.1.
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Fig.1 Scheme of drawing process.

Assuming a constant volume, draw ratio can be calculated
according to Equation 1:

b3

V4

DR

. Eq.l

2|2

where, the values indicated by "i" represent the initial values
of area and diameter respectively, while the values indicated
by "f' are the final area and diameter values of fiber
respectively.

2. MATERIALS AND METHODS
1) 2.1 Fiber spinning

Monofilament fibers with the kaolinite fraction between 0
and 30 wt % were produced by Thermo Haake (Karlsruhe,
Germany) PTW16 intermeshing co-rotating twin screw
extruder (screw diameterl6 mm, L/D ratio25, roddie
diameter 1.50mm). The temperature profile from the
hopper to rod die was gradually increased
(T1=150°C,T2=170°C, T3=180°C, T4=190°C, T5=200°C).
The extrusion process was performed by using different die
size for extruding fibers and 3D print filaments. Accordingly
the size of die used and extruded sample was given in Table
1.

Table 1 Die size used for extrusion of fibers and filaments

for 3D printing
Sample Die diameter Extrudate
type (mm) diameter (mm)
Fibers 1.65 0.5+0.1
Filament 3 1.7
for 3D

Types of formulations for extrusion of fibers and filaments
were as given in compounding sections, (Part 1 of our paper
in this same journal). The collection of the fibers and
filaments was carried out in a series of steps: the extruded
sample leaving the extruder is cooled in a bath, successively
passes through a pair of cylindrical shapes and guides that
directs the movement of material and this material is
collected on a bobbin fixed to an electric motor which hasan
inverter speed variation. The whole system is represented in
Fig.2.

Fig. 2 Spinning units (a) external view of extruder with
heating units (b) filament production units.

The extruder screws rotation was optimized in the range of
15 - 20 rpm and residence time of about 15 minutes
depending on the material composition in order to produce
fibers having a diameter of about 500 #100 micron and a
filament of about 1.7 mm. The spun fibers or filaments
were fast cooled in water at room temperature in order to
eliminate orientation and drawing of the fibers immediately
after the extrusion. Extruded sample of fibers are wrapped
around a bobbin of diameter 40 or 50mm rotating at about
12 m/min, but the collection of filaments was done manually,
because it is a difficult to wrap around a bobbin of about 50
mm diameter (fray-out) due to its thickness.

Spinning ratio (SR) can be given by the ratio between die
diameter and extrudate diameter.

T
g

5E =

J|

............................. Eq.2

i
Fij

where, @ is die diameter and @z is extrudate diameter.

Collection distance from extruder head is approximately one
and half meter. Varying the collection speed induces the
variation of stretch ratio on the filaments produced and this
has the consequence to vary the diameter of the filaments.
From here it can be deduced that by increasing or decreasing
the speed of collection, which is playing with the electric
motor, it is possible to obtain different diameters. The
diameters of filaments obtained will decrease if the
collection speed increases and vice versa.

2) 2.2 Fiberdrawing

The fibers from extrusion process were drawn in a hot-plate
drawing apparatus 1.4 m length (SSM-Giudicisrl, Galbiate,
LC, Italy) at 145°C,in order to obtain highly extended fibers.
As-spun fibers were unreeled and wound by using acrylic
bobbins of 40 or 50mm diameter rotating from10 upto150
rpm, corresponding to a constant feeding rate of 1.26 m/min
and maximum collecting rate of about18.84m/min (nominal
draw ratio of 15).

The fiber draw ratio (DR) is commonly defined as the ratio
between the collection (R.) and the feeding (R) rate, and
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assuming a constant volume, it can be calculated according
to Equation 1 given above.

Fig.3.Photo of Drawing Machine.

The diameter was measured by using an optical microscope

connected to image processing software (Image]®) and also
micrometer was used. Fibers with various draw ratios
from DR=3 up to DR=19 were produced. Nominal draw ratio
of 1 is referred to as-spun fibers, whereas DR greater than
1corresponds to the nominal draw ratio of drawn fiber with
the diameter reported.

2.3 Fibers Production

Compositions for fibers production were consider
compounded formulations of Fi . 13 and Fi¢ - 19 of three
different types of PP matrices (HP500, Atofina and HP500-
Borealis blend) with various content of kaolinite (Part 1 of
our paper in this same journal). These formulations are used
for extrusion of fibers after grinding in to small sizes of about
2mm sizes. Extruded fibers of about 500 micron are drawn
at 145 °C in order to increase filler orientation in matrix and
improve mechanical properties. As-spun fibers are
characterized by TGA to analyse the effect of kaolinite on the
thermal stability of PP at different content. As-spun and
drawn fibers mechanical properties are analysed by Quasi-
static tensile tests and DMA, while microstructural analysis
was performed by TEM and FESEM, and XRD and DSC were
used to monitor kaolinite crystal structure in the PP matrix
as well as changes in the crystallinity of PP in the
composites. Depending on their spinnability and drawability
selected samples from extruded samples was given priority
and their results were discussed in detail.

3. RESULS AND DISCUSSIONS

3) 3.1 Spinning and Drawing of Fibers

Production of fibers starts from spinning of compounded
samples of different neat polypropylene and PP-kaolinite
filled at different content. Accordingly three different PP are
used for spinning of neat and kaolinite filled fibers: HP500

(neat HP, K10-HP and K20-HP), Atofina (neat ATO, K10-ATO
and K20-ATO) and blend of HP with Borealis (K20-HP-20B
and K30-HP-30B). The processing temperature in all types of
composition gradually increased from the hopper to rod die
in twin-screw extruders as follows: 150-170-180-190-200°C.
Die diameters used in all case was 1.65 mm and output from
the extruder die is assumed to be 1.65 mm. By changing the
rotation per minute of twin-screw or collection rate different
diameters fibers are collected. The variation in those speeds
is also depending on the types of PP and its composite
flowability.

The extruder screws rotation was optimized in the range of
15 - 20 rpm and residence time of about 15 minutes
depending on the material composition. Thus varying
collection speed induces the variation of stretch ratio on the
fibers produced and this has the consequence to vary the
diameter of the filaments. Minimum permitted speed by the
electric motor of collecting bobbin of 50 mm was 75 rpm and
fibers with a diameter from 0.55 to 0.65 mm were obtained.
Fig.4 shows motor rpm versus fiber diameter by keeping
screw rotation constant.

As-spun fibers were fast cooled in water at room
temperature in order to eliminate orientation and drawing of
the fibers immediately after the extrusion. The diameters of
filaments obtained will decrease if the collection speed
increases and vice versa. Extruded fibers of about 500 + 100
micron on acrylic bobbin of 50 mm diameters are hot drawn
at 145 °Cin order to increase filler orientation in matrix and
improve mechanical properties.

500 -

400 o

300

200

Speed of collection (rpm)

100

T T T T T T
0.1 0.2 0.3 0.4 0.5 0.6
Fiber diameter (mm)

Fig.4 Speed of collection versus fibers diameter variation
during spinning process.

Drawing process is the ratio between the collection (R_) and
the feeding (Rg) rate and fiber draw ratio (DR) can be
calculated according to Equation 1 given above by assuming
a constant volume. Table 2 describes the initial diameter,
maximum attainable draw ratio (DR), speed of feeding and
collection using bobbin of 50 mm diameter.
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Table 2 Comparison of drawability of neat PP and

kaolinite filled nanocomposites at different compositions.

Kaolinite S
ici g content Ini.tial Speed (m/min) g 5
% = (wt%) dia. Feeding | Collection % c%
% (mm) s E
0 0.42 0.78 15.72 19.0
10 0.48 0.78 13.66 16.0
HP 20 0.50 0.94 22.30 23.0
20-20B 0.40 0.94 15.83 16.0
30-30B 0.56 1.26 20.52 16.0
0 0.54 - - -
ATO 10 0.42 1.57 15.81 9.5
20 0.50 - - -

According to the results of drawing, Table 3.3, it was found
that a draw ratio up to 19 for neat HP and a draw ratio up to
16 for K10-HP, K20-HP-20Band K30-HP-30B while draw
ratio up to 23 was obtained for K20-HP. Maximum draw
ratio of 9.5 were found for ATO-kaolinite nanocomposites at
10wt% of kaolinite content. Drawing of extruded filament of
neat Atofina was not performed and the one with 20wt% of
kaolinite is difficult due to formation of larger agglomerates
as it were seen under morphological study.

4) 3.2 Quasi-Static Tensile Tests

Mechanical properties of as-spun and drawn fibers using
different neat polypropylene as a matrix (HP type, ATO type
and HP-B mixture) with kaolinite from 10 to 30 wt% of
kaolinite are analysed. Effect of kaolinite content and
drawing ratio on elastic modulus, strength at yield, strength
at break, strain at yield and strain at break will be discussed
in this section.

A first series of fibers was produced with Atofina PP MFI of
12 g/10min (ATO). Representative stress - strain curves of
the quasi-static tensile tests for as-spun (DR = 1) fibers of
neat ATO and ATO with 10wt% of nanofiller content are
reported in Fig.5. As observed from stress vs strain curves
addition of 10wt% kaolinite enhances the mechanical
properties other than strain at break compared to neat
Atofina PP. But at a higher composition of 20wt% of
kaolinite, it gives much less mechanical properties other
than elastic modulus compared to neat ATOand ATO-K10
nanocomposites due to formation of larger agglomerates as
it was seen in microstructural study.

As-spun neat Atof
As-spun Atof-K10

Stress (MPa)

T T
1000 1500

Strain (%)

2000

Fig.5 Representative tensile stress-strain curves of as-
spun fibers of neat Atofina and Atofina nanocomposites
filled at 10wt% of kaolinite.

Another series of fibers was produced with HP500 MFI 1.8
g/10min (HP) and mixing it with Borealis MFI of 26 g/10min
(B) at higher filler content. Representative tensile stress-
strain curves of as-spun sample of neat HP and HP-kaolinite
nanocomposites at 10wt% and 20wt% kaolinite content was
shown in Fig.6.

35

30 |

25 |

As-spun HP500
As-spun HP-10K
As-spun HP-20K

Stress (MPa)

T T T T T T T T
o 200 400 600 800 1000 1200 1400 1600

Strain (%)

Fig.6. Representative tensile stress-strain curves of as-
spun fibers of neat HP and HP nanocomposites filled at
10wt% and 20wt% kaolinite.

The most relevant mechanical properties of as-spun fibers of
neat and kaolinite filled HP, Atofina and HP-Borealis blend
polypropylene are summarized in Table 3.4.From Table 3, it
was found that the modulus of as-spun fibers (DR = 1) shows
the tendency of increasing with the kaolinite content, which
is 0.6GPa for neat ATO to about 1.25GPa for ATO-kaolinite
filled nanocomposites. Considering properties at yield,
strength highly increased in Atofina with 10wt% ofkaolinite
content and decreased with 20 wt% of kaolinite content
while strain at yield highly decreased with the increase of
kaolinite content compared to neat Atofina. From
mechanical properties at break it is possible to observe
strength at break increased for K10-ATO and decreased for
K20-ATO while the strain at break highly decreased with
kaolinite content relative to neat Atofina polypropylene.
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Table 3 Quasi-static tensile properties of as-spun HP, HP-
B and ATO polypropylene and its nanocomposites fibers at
different kaolinite content.

Kaolinite Elastic Stress at | Strain | Stress | Strainat
PP content | modulus | yield, gy at at break, &,
type (wt%) [GPa] [MPa] yield, | break, [%]
&y [%] Ob
[MPa]
0 58+ 27.0 1890.1 +
0.6 £0.0 16.8+2 16 20 191
10 4.5+ 31.0+ 1091.1
ATO 1.2+0.0 | 24.8+¢7.8 16 70 101.0
20 13.1+ 1.8+ 17.0 £ 151.0 +
13200 7.6 0.6 4.1 22.0
0 0.8+0.0 | 24.8+39 7.6+ 29.3+ 1221.6%
1.7 2.0 30.4
10 1.2+0.2 | 324+0.2 5.6+ 38.8+ 1730.0%
0.8 7.4 206.0
20 209 + 4.3+ 329+ 1176.0 +
HP 10£0.2 4.1 0.9 1.8 9.9
20-20B 27.7 + 33+ 278 % 1195 +
15+03 3.8 1.0 3.9 9.2
30-30B 19.2 + 2.3+ 7.8+
1.3+0.2 16 0.7 35 6.3+0.5

Similarly for HP500 PP matrix it is important to understand
that for all the compositions with high nanofiller content of
as-spun fibers shows significantly higher elastic modulus as
observed. In particular improvement from 0.75 GPa for neat
HP500 up to 1.48 GPa for K20-HP-20B. Tensile stress atyield
(oy) slightly increases for the compositions with nanofillers
content of K10-HPand K20-HP-20B while for highest
nanofiller contenti.e. K30-HP-30B slightly lower values were
observed. Improvement in yield strength can be a signal of
good distribution of filler in a matrix.

Enhancement of the elastic modulus and strength at yield
was observed together with lower strain at yield, especially
very strong reduction in strain atyield (&) was observed for
the compositions with highest nanofiller content (K30-HP-
30B). If the properties at break will be compared it can be
noted that slight increase in stress at (K10-HP and K20-HP)
relative to neat HP and reduction in other cases is observed.
Strain at break shows a significant decrease as the content of
fillers increases. It can be conclude that an introduction of a
high melt flow index polymer (Borealis, MFI 26 g/10min)
facilitates the uniform distribution of kaolinite in the K20-
HP-20B matrix as the elastic modulus and yield strength is
higher than that of K20-HP.

But as the content of filler increases it results in formation of
agglomerates and decrease of mechanical properties is
observed in K30-HP-30B (Table 3). Also extrusion of K20-
ATO and K30-HP-30B filaments shows non-uniform
distribution of fillers i.e. formation of agglomerates in
longitudinal direction which acts as stress concentration
centers, and results in decrease of mechanical properties and
difficulty in drawing process. This experiment was
performed in order to evaluate the effect of kaolinite content

on mechanical properties of PP nanocomposites and also
effect of drawing by considering nanocomposites containing
equal amount of kaolinite. Representative stress - strain
curves of the quasi-static tensile tests for as-spun (DR = 1)
and drawn fibers (DR=7) of Atofina and HP500
polypropylene matrix at 10 wt% of kaolinite content are
reported in Fig.7.

— K10-HP
K10-ATO

Stress (MPa)

o 200 400 600 800 1000 1200 1400
Strain (%)

K10-HP DR =7
400 K20-ATO -
350 o " /_‘
300 7
—
< 250 //
a _
= e
o 200 - -
]
<4
& 150 o /
100 /
50 / ‘
o T T T
o 10 20 40 50

30
Strain (%)

Fig.7 Representative tensile stress-strain curves of (a) as-
spun (b) drawn sample of neat PP and kaolinite filled
nanocomposites.

It is important to note that undrawn fibers manifest a clear
yield point at alow strain followed by a wide plateau (of cold
drawing) and a strain hardening region until the break point.
During this phenomenon tensile strength further increases
and the stress whitening, due to the crystallization of aligned
macromolecules takes place [13]. Drawing process produces
a strong orientation of the macromolecules along the draw
direction and the strain-induced crystallization in the
amorphous regions, which accounts for the increase in the
fibers stiffness and the disappearance of yielding
phenomena.

Tensile modulus (E) of the PP-kaolinite nanocomposites
fibers as a function of the draw ratio is represented in Figure
3.9. In this figure the results for the compositions with
nanofiller content from 10 up to 30wt% were depicted in HP,
ATO and HP-B mixture PP matrix. In case of the neat PP and
nanocomposites fibers enhancement in elastic modulus in all
draw ratio range was obtained. It is evident that kaolinite
particles raise the fibers stiffness, especially at higher draw
ratios (DR>10), modulus of PP-Kaolinite nanocomposites of
K10-HP, K20-HP and K20-HP-20B fibers are significantly
increasing over neat HP polypropylenes. Itis also important
to see that for compositions with HP polypropylene at
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20wt% of kaolinite, better drawability with maximum
modulus equal to 19 GPa was obtained (DR=23) in
comparison to 11.5 GPa of neat PP (DR=19).

A negative effect of high concentrations of kaolinite on
modulus is observed for composition with 30wt% of filler
(K30-HP-30B) that results in decrease of modulus and
drawability, which can be explained in terms of the
aggregate formation and incomplete filler dispersion.

20

—m—HP
—e— K10-HP
—A— K20-HP

16 |—v— K20-HP-20B

—&— K30-HP-30B
—<4— K10-ATO

12 4

Elastic modulus(GPa)

12 1‘6 2‘0 24
Draw Ratio
Fig.8 Elastic modulus of neat and nanocomposites PP

fibers with different fractions of kaolinite as a function of
draw ratio.

High melt flow PP, K10-ATO shows less drawability but has
improved elastic modulus at lower draw ratio. Production of
K20-ATO shows formation of high agglomerates which is
difficult for drawability and analyzing mechanical properties.
In case of 10 and 20wt% HP-kaolinite nanocomposites good
dispersion of kaolinite aggregates within the matrix may
lead to relatively lower stress concentration and cracking
nucleation phenomena and consequently it is responsible for
an improvement of strength properties.

It is well known that the stress at break of compositions
usually decreases with the addition of the nanofiller. Fig.9
shows stress at break of different neat PP and PP-kaolinite
nanocomposites at fractions of 10, 20 and 30 wt% of
kaolinite filled fibers as a function of draw ratio.

1000

HP
K10-HP
K20-HP
K20-HP-20B

800 -
K30-HP-30B
K10-ATO

Aodpon

600 |

400 |

Stress at break (MPa)

200 +

2 a4 6 8 Dra‘NlDRa‘io 12 14 16 18 20
Fig.9 Stress at break of different neat PP and PP-kaolinite

nanocomposites at fractions of 10, 20 and 30 wt% of
kaolinite filled fibers as a function of draw ratio.

Considering the results for fibers with 10, 20 and 30 wt%
kaolinite content, it can be seen that higher stress at break
was observed only at higher draw ratio. In particular for
DR=12, stess for neat PP (800 MPa) was lower than reported
for K20-P-20B (833 MPa). In this specific case it is important
to understand differently from common cases where the
stiffening effect is accompanied by reduction of the tensile
strength, in this case of K20-HP-20B at high draw ratio of
fibers a parallel enhancement of both modulus and stress at
break was observed (Fig.9). In all other cases the stress at
break of kaolinite filled PP is lower than that of neat HP

polypropylene.

1800

hd HP

K10-HP
K20-HP
K20-HP-20B

1600

1400 +
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Fig.10 Strain at break of different neat PP and PP-kaolinite
nanocomposites at fractions of 10, 20 and 30 wt% of
kaolinite filled fibers as a function of draw ratio.

Strain at break versus draw ratio for different neat and PP-K
nanocomposites fibers shown in Fig.10 illustrate a
significant reduction of strain at break for a high draw ratio.
In both neat and nanofilled fibers the behaviour was very
similar in drawing process i.e. as the drawing ratio increases
the strain at break decreases in both cases. The decrease of
the strain at break for higher filler loading might be due to
the decreased deformability at the interface between the
filler and matrix.

From these results it is possible to conclude that for fibers
drawn with higher draw ratio (DR>10) significant
improvement in modulus is observed for 10 and 20wt%
kaolinite and decrease in modulus for 30wt% filler content.
Also at higher draw ratio stress at break of compositions
decreases with the addition of the nanofiller, but it is
improved at K20-HP-20B, and significant reduction of strain
at break was observed. This behaviour can be related to the
homogeneous kaolinite dispersion inside the polymer
matrix, which enhanced the filler-polymer interfacial
adhesion and is responsible for the improvement of
mechanical properties.

3.3 Efficiency of Filler
The efficiency of filler (EF) for each composition is evaluated

from the difference of nanocomposites modulus (Enc) and
modulus of neat PP normalized to the volume fraction of the
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filler (f) and modulus of PP (Epp).This approach in the case of
aligned fillers is described by Equation 3.:

= — F
EF = —““’; =

Lpp

£, 3

The filler efficiency in Table 4 was calculated by taking
modulus of 0.59 GPa for neat Atofina and 0.75 GPa for neat
HP500 PP matrix at DR=1. These results implies that the
effective crystallinity of 20 wt% kaolinite content is very
poor compared to 10wt% kaolinite in Atofina polypropylene
matrix. Depending on the tensile modulus effectiveness and
other mechanical properties results observed for as-spun
fibers it is easy to conclude that fibers of K20-ATO is difficult
to be drawn. Therefore, the drawing process was selected
preliminary for thefibers of K10-ATO nanocomposites and a
maximum result ofdraw ratio of about 10 was found with 7.6
GPa of elastic modulus and strength of about 450 MPa.

Table 4. Values of filler efficiency for as-spun fibers.

Elastic Filler fraction .
Draw . Filler
ratio Fiber modulus from TGA efficiency
(Enc) (GPa)

1 K10-ATO 1.23 0.064 17

1 K20-ATO 1.27 0.156 7.4

1 K10-HP 1.2 0.074 8.1

1 K20-HP 1.07 0.164 2.4

1 K20-HP-20B 1.48 0.153 6.4

1 K30-HP-30B 1.31 0.242 3.1

In a similar manner the effective tensile modulus calculated
for K10-HP and K20-HP with the results of 8.1 and 2.4,
respectively shows that the efficiency of filler with 20 wt%
kaolinite content is very poor compared to 10wt% kaolinite
in HP polypropylene matrix.

3.4 Draw ratio effect

Tensile modulus, stress at break and strain at break of neat
HP and nanocomposites with different amount of kaolinite in
HP and ATO matrix as a function of inverse of draw ratiowas
shown in Fig.11, in order to evaluate the tendency of
mechanical properties with drawing ratio.Mechanical
properties such as tensile modulus, stress at break and
strain at break as a function of inverse of draw ratiofor neat
PP and nanocomposites with different amount of kaolinite
were described below.

5) 3.5 Dynamic Mechanical Analysis (DMTA)

DMTA analysis was performed on the as-spun and drawn
fibers at selected draw ratioson neat HP and K10-HP to
obtain deeper information on mechanical properties and
molecular mobility. Due to a very high surface area of the
nanoparticles in the PP-kaolinite nanocomposites, the
applied sinusoidal stress is expected to be easily transferred

from the matrix onto the kaolinite particles. Storage modulus
(E") and loss modulus (E") of the neat HP and HP-kaolinite
fibers in range -100 to 150°C are reported in Fig.12 (a) and
(b) for as-spun and drawn fibers.

For DR =1 there is an increase in the storage moduli with
the nanofiller content, K10-HP, which is observed over all
temperature range used (Fig.12a). With the drawing process,
the storage modulus of neat PP and K-PP fibers increases
over the whole temperature range used, which can be
attributed due to the chain orientation induced by drawing
(Fig.12b). Storage modulus of the composites with higher
nanofiller fractions could be decreasing due to the formation
of nanofillers aggregates, which reduces the filler effectivity.
Similar to the storage modulus (E"), loss modulus (E") of PP-
kaolinite composite fibers rises with the draw ratio and
kaolinite content.

PP displays three relaxations (transitions, loss peaks)
localized in the range of about -80°C (¥), 10°C (8) and 100°C

(e), where £ is the dominant relaxation. In the crystalline
polymers the & transition is commonly considered to be
associated with the molecular motion within the crystalline
regions, the f transition corresponds to the glass transition
of the amorphous regions, and the ¥ transition is believed to
be related to limited molecular motions of short chain

sections in both amorphous regions and crystalline domains
[14,15].
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Fig. 11.Mechanical properties: (a) Tensile modulus,(b)
stress at break and (c) strain at break as a function of
inverse of draw ratio for neat PP and nanocomposites with
different amount of kaolinite.

The intensity of the f relaxation depends on various factors,
such as crystalline fraction, orientation of the amorphous
phase, and nanofiller fraction. For all as-spun fibers only one
& relaxation peak at around 13°C can be observed (Figure
3.20a), whose position does not significantly change with
varying nanoparticle content. But for drawn fibers double
peak was observed. Neat HP fibers at draw ratio of 10 shows
double peaks at 23 °C and 76 9C while K10-HP ata draw ratio
of 10 shows two peaks at (15 and 0.9 °C) may be due to
defects and 85 °C and at draw ratio of 15 it shows double
peaks at-24 9C and 76 °C.

This implies that after drawing process, Ty shifts to higher

temperatures for neat HP from 13°C to 23°C at a DR = 10.
However, it is quite unusual the Tgvalues for K10-HP shifts

to lower temperatures due to the drawing process. The effect
was observed for drawn fibers (DR = 10) and it can be
attributed to the longitudinal defects developed during
drawing that have been associated to a reduced density (and
hence higher molecular mobility and lower Tz}, in

accordance to literature results. In fact, the higher the
drawing, the longer the extension of the band defects, almost
along all the fibers length [16, 17] at very high draw ratio.
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Fig. 12 DMA results of storage and loss modulus for neat
HP and K10-HP nanocomposites (a) as-span and (b)
drawn samples.

As far as the & loss modulus peak is concerned, it can be seen
that this relaxation is not observed for the as-spun fibers,
while for drawn materials a peak occurs at 76 °C for neat HP
at DR=10 and K10-HP at DR=15 and 85°C for K10-HP at
DR=10. The magnitude of the & loss modulus peak increases
proportionally to the draw ratio and/or filler fraction. This
enhancement observed after drawing is probably related to
the increase in the fraction of crystalline phase induced by
the drawing process. This « relaxation shifts to higher
temperatures with increasing nanoparticle content and/or
draw ratio. Owing to the kaolinite content at DR = 10, the
peak shifted from 76°C for neat HP to 85°C for K10-HP. It is
believed that higher crystalline continuity and/or
dimensions achieved at high draw ratios hinder the
underlying molecular motion so that the onset of the
transition is shifted towards higher temperatures [18, 19].

6) 3.6 XRD analysis

WAXS experiments were conducted to monitor kaolinite
crystal structure in the PP matrix as well as changes in the
crystallinity of PP in the composites. XRD Rietveld fitting of
PP-Kaolinite powder using a modulated turbostratic model
for the stacking disorder along the 001 direction was given
in Fig.13.

The crystal information of PP is reflected predominantly on
the higher angle 28 peaks. The peak at 18.58° in Fig.13 is
characteristic of the ®-phase which suggests that the PP
matrix is predominantly in its @-form both in the neat
polymer and in the PP-kaolinite composites. Drawn fibers
show the relative intensity of the peaks formation at 21.18°
and 21.789, and the peak at 16.88° exhibits a significant
decrease.
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Fig. 13 XRD Rietveld fitting of PP-Kaolinite powder using a
modulated turbostratic model for the stacking disorder
along the 001 direction.

An additional peak formed for a drawn K10-HP fiber at
21.18%and 21.780%is attributed to a ¥-form PP crystal lattice.
These results suggest that the crystal lattice structure of the
PP matrix is altered, and also there is a characteristic peak of
the ¥-phase formation at 20.278°. This implies that thereis a
significant change in crystallinity transform of the -phase
structure into a ¥-phase. This is also corroborated by the

crystallization and melting temperatures obtained in DSC.
The degree of crystallinity (the intensity and height of peaks)
is decreasing with respect to nanoparticle addition which
probably results from the presence of large agglomerates.
This can be evidenced by looking the peak at 16.88° which
exhibits a significant decrease.X-ray transmission images of
as-spun and drawn K10-HP fiberscollected in trasmission on
amodified MAUD software development with an Image Plate
detector was shown in Fig.14.

By Rietveldfitting [20, 21] of the X-ray fiber diffraction
images, collected in transmission, polypropylene fibers
dispersion could be obtained quantitatively along with the
texture and deformation of the kaolinite basal planes. For
instance, Fig.14 reports the raw diffraction image in
transmission for as-spun K10-HP fibers of 500 micron and
drawn fibers of 160 micron.

Thus after drawing the polypropylene-kaolinite shows a
strong orientation along the chains axis, the kaolinite texture
is characterized by a (001) fiber like orientation with the
basal/faulted planes perpendicular to it.

7) 3.7 Microstructure characterization

Microstructural studies of K10-HP fibers of as-spun and
drawn at different draw ratio was performed by TEM on
ultra microtomed cross sections and it was compared with
filaments for 3D printing and 3D printed filament. Also the
dispersion of kaolinite in K20-HP-20B, K30-HP-30B and

K20-ATO fibers are evaluated by SEM on the fractured
surfaces of the composites.

A

Fig.14 X-ray transmission image of HP fibers with 10%
kaolinite (a) as-spun 500pum (b) after drawing 160um
(DR=10).

8) 3.8 Transmission Electron Microscopy

TEM images of ultramicrotomed cross sections of K10-HP
and K20-HP as-spun fibers and with selected draw ratios are
presented in Fig.15. A set of low-magnification micrographs
of all studied composites shows that the kaolinite particles
are dispersed quite uniformly in the polymer matrix, but
frequently they tend to form small agglomerates. In general,
the amount and size of the agglomerates decreases for
drawn samples, that is TEM micrographs reveals that the
kaolinite nanoparticle agglomerates are partially destroyed
at higher draw ratios (Fig.15 b and d).
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Fig.15 TEM micrographs of K10-HP at different diameters
of as-spun and draw ratios (a) as-spun filaments of 670
um (b) drawn fibers of 220 um, DR =9 (c) as-spun
filaments of 400 um (d) drawn fibers of 120 um, DR =11.

Even though TEM micrographs of K20-HP shows
overcrowded kaolinite particles it is possible to observe
improvement of kaolinite dispersion with drawing process.
By comparing micrograph of K20-HP drawn at DR = 9 and
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DR = 20 it was clearly seen that dispersion and
disaggregation of kaolinite particles increases with draw
(Fig.16b and c). The nanofiller dimensions are found
between 1pm and 100nm. But it is very difficult to estimate
exactly the size of the aggregates because they are non-
isometric and randomly dispersed in matrix.
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Fig.16 TEM micrographs of K20-HP of; (a) as-spun
filaments of 680 pm (b) drawn fibers of 230 pm, DR =9 (c)
drawn fibers of 150 um, DR = 20.

The size of the aggregates is, therefore, strongly dependent
on orientation of particles. It can be concluded that the
drawing process induces the rupture of kaolinite aggregates
and controls the intercalation and/ or partial exfoliation of
kaolinite in the PP matrix, which accounts for improvement
of the mechanical properties of nanofilled fibers.

9) 3.9 Field Emission Scanning Electron Microscopy

The dispersion of kaolinite in polypropylene was also
evaluated by FESEM on the fractured surfaces of the
composites. Fig.17(a)-(b) shows dispersion of fillers in the
matrix of HP-20B with 20wt% kaolinite fibers.

Addition of 20 wt% Borealis (MFI of 26 g/10min) in HP500
(MFI of 1.8 g/10min) facilitates dispersion of kaolinite as
shown in image of K20-HP-20B, Fig.17(a)-(b)even though
there is tendency of formation of agglomerate due to
hydrogen bonds formed between kaolinite particles. But at
higher content of kaolinite i.e. for K30-HP-30B addition of
Borealis does not facilitate the dispersion of kaolinite. As it is
shown in fig.17(c)-(d) there is a lot of agglomeration which
affect the properties of nanocomposites detrimentally.
Fig.17(e)-(f) shows FESEM micrograph of Atofina (MFI of 12
g/10min) with kaolinite of 20 wt% and it reveals that there
is a lot of kaolinite agglomerate formation.

Fig.17 a, c and ereveals formation of holes due to weak
interfacial adhesion between PP and kaolinite and there is
subsequent plastic deformation in the morphology of

kaolinite filled nanocomposites.This isdue to the wide
difference in character between kaolinite and the PP
matrix.The amount of holes also implies the content of
kaolinite, i.e. the numbers of holes formed in K30-HP-30B is
much higher than that of K20-HP-20B. As reported by the
study of Xu et al.[39] the most common failure mechanism
during the deformation process of particulate-filled polymer
composite is debonding at the filler-matrix interface. From
the micrograph Fig.17c at a magnification of 120 debonding
process of kaolinite aggregates created large holes, which
means that kaolinite filler can be pulled out completely from
the PP matrix through the interfacial failure as the filler-
matrix adhesion is relatively weak. The reason for poor
adhesion between kaolinite and PP was probably because of
the difference in surface free energy (or polarity).

Signal A = SE2 Biotech
Mag = 1500K X

1pm EHT = 500KV
WD = 86mm

Fig.17(a)-(b).FESEM micrograph of the fractured surface
of K20-HP-20Bfibers X450(b) X15,000.
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Fig.17(c)-(d).FESEM micrograph of the fractured surface
of K30-HP-30Bfibers (a) X400 (b) X100,000.

Thus it is possible to conclude that the reduction in
drawability and mechanical properties of fibers of K30-HP-
30B and K20-ATO observed in drawing and mechanical
testing is due to lack of kaolinite dispersion in polymer
matrix and large agglomerate formation. These results show
clearly the kaolinite content used in PP-kaolinite
nanocomposites should be at a limited content.

Signal A= SE2
WD = 7.0mm Mag= 120X

WD = 70mm Mag= 5000KX

Fig.17(e)-(f). FESEM micrographs of the fractured surface
of K20-ATO fibers (a) X120 (b) X50,000.

In this case it is also better to understand that the formation
of agglomerates is not only depending on kaolinite content
but also on the polypropylene type.

10) 3.10 Thermogravimetric Analysis (TGA)

In order to analyze the influence of nanofiller at different
content on the thermal stability of HP, ATO and HP-B

mixture polypropylene, TGA analysis was performed in air
atmospheres and representative TGA curves of fibers are
reported in Fig.18. In these curves, it is possible to observe
three different zones.
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Fig. 18. TGA curves and its derivatives of neat and
nanofiller PP-K fibers air atmosphere.

The first zone (30°C to 250°C) shows no significant weight
loss, second zone (250°C up to 422°C) shows high mass loss
due to thermal decomposition of polymer matrix and the last
zone which is between temperature zones of (422°C up to
700°C) in air atmosphere, shows almost no significant mass
loss since the residuals are not decomposed.

Table 5. TGA result of different PP/kaolinite
nanocomposites fibers at different compositions.

Theoretical % of 0% at
Composition Kaolinite | Ashesat | Difference 420-430°C
(%) 700 °C
Neat HP 0 0 0 0.9
K10-HP 10.0 7.6 -24 10.1
K20-HP 20.0 16.4 -3.6 20.6
K20-HP-20B 20.0 15.3 -4.7 19.3
K30-HP-30B 30.0 24.2 -5.8 30.3
K10-ATO 10.0 6.4 -3.6 9.1
K20-ATO 20.0 15.6 -4.4 20.4

The main important results in the analysis of TGA for
characterization ofthermal stability, which are % weight at
420-430 °C and the residual yield at temperature of 700°C
were shown Table 5. Based on the results, it is possible to
conclude that the percentage weight at 420-430 °C and
residual yield of each PP-K nanocomposites increases with
increasing kaolinite content.

The comparison of thermal stability was carried outin terms
of selected decomposition temperatures, in particular
degradation at 420-430 °C. As shown in Table 5 percentage
remains in these temperature range was varying based on
the polymer matrix. Low melt flow index polymer (HP500,
1.8 g/10min) nanocomposites with kaolinite has relatively
low loss compared to higher melt flow index polymer
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(Atofina, 12 g/10min). For example the percentage remains
at temperature range of 420-430 °C is 10.1, 20.6 and 30.3
wt% for K10-HP, K20-HP and K30-HP-30B respectively
while it was 9.1 and 20.4 wt% for K10-ATO and K20-ATO
respectively, which is almost expected percentage content of
filler added compared to 0.85 wt% for neat HP
polypropylene. Following Gilman suggestion [22], this
behaviour is due to the hindered thermal motion of the
polymer molecular chain.

Residual mass at 700°C is directly dependent on the
nanofiller content and type of PP matrix, ranging between
7.6,16.4 and 24.2 wt% for composition of K10-HP, K20-HP
and K30-HP-30B respectively while it was 6.4 and 15.6 wt%
for K10-ATO and K20-ATO, respectively. The incorporation
of clay into a polyolefin matrix enhances its thermal stability
by acting as a superior insulator and mass transport barrier
to the volatile products generated during decomposition,
making the diffusion path of the oxygen more complicated,
and thus retarding the thermo-oxidative process [23, 24].

4. CONCLUSION

According to the above results of spinning and drawing of K-
HP and K-ATO fibers, it is possible to conclude that K-
HPfibers are performing well in: thermal stability,
drawability, mechanical properties, hosting high content of
fillers and facilitating filler dispersion. Based on the
advantage of properties obtained by K-HP fibers it was
selected for the production of filaments for 3D printing (Part
3 of our paper in this same Journal). Thus batch of K-HP
samples only was compounded for extrusion of filaments for
3D printing as shown in compounding section (Partl of our
paper in this same Journal).

Nanofiller presence affects the spinnability and drawability
especially in high MFI PP and at higher content of kaolinite in
the polymer matrix. Hot drawing in fibers induces the
rupture of kaolinite aggregates and controls the intercalation
or partial exfoliation of kaolinite in the PP matrix.XRD
reveals strong orientation of kaolinite along the chains axis
after drawing nanocomposites fibers. Morphology analysis
by SEM and TEM confirmed good dispersion of the filler even
though they tend to form small agglomerates frequently due
to hydrogen bonds formed between kaolinite particles. But
at higher kaolinite content there is a formation of larger
agglomerates which also depends on PP type; HP forms
larger agglomerates at 30wt% while ATO forms at 20wt% of
kaolinite content. Formation of larger agglomeratesacts as
stress concentration centers and results in difficulty of
drawability and reduction in mechanical properties of fibers.
Tensile modulus of nanofilled fibers increases with
nanofiller content up to limited content and drawing ratio.
Stress at break of K-PP nanocomposites fibers decreases
with kaolinite content
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