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Nowadays, trends in automotive sector are toward high-
performance materials, but also the concern about the
environment has become an important driver for car manu-
facturers. In this sense, reinforced polymers are lightweight
materials that can replace metals in some structural applica-
tions with an outstanding contribution to reduce the carbon
dioxide emissions. In short fiber-reinforced polymers,
processed by injection molding, the fibers are oriented in mul-
tiple and arbitrary directions. Due to the arrangement of the
fibers, these materials present different thermomechanical
behavior. In this study, bio-polyamide 4.10/sepiolite (0-15 wt
%) nanocomposites obtained by melt compounding were
injected using a square plate mold. Specimens were mecha-
nized in different directions (0°, 45°, and 90°) from this square
plate and morphologically and thermomechanically tested.
The sepiolite reinforcement results showed improvement in
the thermomechanical properties. Moreover, despite the
nanometer size of the reinforcement, the mechanical proper-
ties were also dependent on the fiber orientation during the
injection molding of the nanocomposites. POLYM. ENG. SCI.,
00:000-000, 2020. © 2020 Society of Plastics Engineers

INTRODUCTION

Due to the increase of environmental awareness and drive
toward environmentally sustainable technologies, materials
derived from renewable sources have received significant interest
in recent years. Bio-based materials could be an alternative to
fossil-based materials, decreasing the dependence of petrol
resources as well as to reduce carbon dioxide emissions [1]. Proof
of the current interest in these materials is the growth rates, the
global production capacity of bio-based materials is expected to
increase from around 2.11 million tonnes in 2018 to 2.62 million
tonnes in 2023 [2].

In this sense, bio-polyamides represent one of the most interest-
ing alternatives to their fossil-based counterparts because of their
good mechanical performance and high level of thermal and chem-
ical resistance [3]. Bio-based polyamides have a mid to long chain
length. These bio-based polyamides (PA610, PA1010, PA1012,
and PAI11) with straight chains allow superior performance in
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terms of water absorption and, to some extent, chemical resistance
than standard short chain polyamides (PA6, PA66). As bio-based
polyamides are also shorter than their long-chain relatives (PA12),
they outperform them in terms of mechanical strength and heat
resistance. In general, polyamides can be divided into two large
processing segments: 76% are processed by injection (car and
truck parts, electrical and electronic parts, and so forth), 23% by
extrusion (barrier films, wires and cables, pipes, and so forth), and
1% by others [4]. An example is the use of bio-PA in composites
for automotive sector, where these materials are replacing steel and
aluminum parts reducing the vehicle weight. Moreover, the future
trends of the market toward the electric vehicle demand light mate-
rials with high mechanical and temperature performance [5-7].

In order to improve the performance of bio-polyamides and
provide a competitive alternative to petroleum-based materials,
bio-polyamides should be reinforced [8—10]. Nanoclays with lay-
ered structure are usually used to improve the thermomechanical
properties of polyamide matrices, especially the montmorillonite
[11-13]. Sepiolite with needle-like morphology is a natural
fibrous mineral clay (microfibrillar morphology) with a theoretical
unit cell formula MggSi;,030(OH)4-(H,0)4-8H,O with an alterna-
tion of blocks and channels that grow up in the fiber direction
[14]. Dimensions of sepiolite are between 0.2 and 4 pm in length,
10 and 30 nm in width, and 5 and 10 nm in thickness [15]. As it
has been reported, needle-like shape nanoclays, as sepiolite, can
be dispersed within polymer matrix with less agglomeration,
which leads to higher mechanical properties [16, 17].

Effects of clay reinforcement on different properties have been
studied in different matrices by many researchers [18]. Ting-Cheng
[19] studied the correlation of clay and the structure and thermal
properties of the nanocomposites of a PA6. Garcia-Lopez [20]
reported impressive increase of elastic modulus and heat deflection
temperature (HDT) with the reinforcement with sepiolite in PA6.

It is known that fiber orientation is related to the properties of
reinforced bio-composites [21, 22]. In this sense, the orientation of
different types of fiber has been studied over the properties of the
material [23, 24]. Fiber orientation on tensile properties of two
short glass fiber-reinforced polymer composites has been evaluated
by Seyyedvahid Mortazavian et al. [25]. Andrea Bernasconi [26]
investigated the influence of notch size and fiber orientation on the
fatigue strength of a short glass fiber-reinforced PA6. Hartl et al.
reported the effect of fiber orientation, stress state, and notch radius
on the impact properties of short glass fiber-reinforced polypropyl-
ene [27]. Also, Lee et al. evaluated the thermomechanical anisot-
ropy of talc and glass fiber-reinforced multiphase polymer
composites [21]. The mentioned studies show the importance of
extrapolating these concepts to bio-based matrices, polyamide
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4.10, and nanometric reinforcements, such as sepiolite, which
despite its nanometric size leads to anisotropy due to its fiber mor-
phology during injection.

In a previous work, we have detected an improvement in
mechanical properties with the orientation of the nanofibers on
PAG6 [20]. The purpose of the present study is to analyze the effect
of the sepiolite in a partially bio-based polyamide matrix. The
effects of final content of sepiolite and its orientation during injec-
tion molding over the thermal properties, tensile tests, and service
temperature have been studied.

EXPERIMENTAL
Materials

The partially bio-based polyamide applied in this work was the
polyamide 4.10 (Bio-PA 4.10), produced by DSM (EcoPaXX-
150D). Bio-PA 4.10 offers zero CO, emissions from its origin to
its production, since the CO, generated in the production is com-
pensated by the CO, absorbed during the growth of the plant. The
nanoclay used in this research has been Sepiolite (Pangel S9) pro-
vided by Tolsa S.A. (Spain). Both, polyamide (Bio-PA4.10) and
sepiolite were dried in an oven at 80°C for 24 h before the
processing.

Samples Preparation

The compounding process was carried out in a co-rotating
twin-screw extruder Leistriz 27 GL (L/D = 36) with different
amounts of sepiolite (5 and 15 wt%). The investigation was car-
ried out on 5 and 15wt% of filler to study the properties and the
orientation at a low concentration and a high concentration of
filler. These selected quantities have been based on previous stud-
ies of PA 11 reinforced with sepiolite [3]. Temperature ramp were
set from 240°C to 270°C, from the feeding section to the material
output section, respectively. The screw speed was set at 150 rpm
and the flow rate at 5 kg/h. Sepiolite was added using the lateral
screw. The neat Bio-PA4.10 was manufactured using the same
procedure to ensure the same thermal history.

Subsequently, a Krauss Maffei KM 200 injection molding
machine was used to obtain the plate samples (150 X 150 x 4 mm?).
The barrel temperature profiles were set from 260°C to 280°C and
80°C for the mold. In order to study the anisotropy of these plates,
the specimens were obtained, by machining, in three different orien-
tations respect the flow direction (Fig. 1).

Resultant bio-composites samples mechanized in different ori-
entation will be referred through the paper as (5%0°, 5%45°, 5%
90°) for nanocomposites reinforced with 5 wt% of sepiolite and
(15%0°, 15%45°, 15%90°) for the nanocomposites with 15 wt%
(Table 1).

It is well known that there are external areas on the injected
plate where the fibers arrange randomly [28]. In order to prevent
these effects, a distance about 40 mm from the injection molding
location and 20 mm from the sides of the plate has been discarded
(Fig. 1).

Characterization

Morphological Properties. Transmission electron micro-
scopy (TEM). Sepiolite dispersion and orientation within Bio-
PA4.10 was evaluated by TEM. Micrographs were taken through
transmission electron microscope JEOL JEM-1011HPR working
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FIG. 1. Region and direction of specimens mechanized from injection

molded plates. [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 1. Nomenclature of nanocomposites.

Orientation

0° 45° 90°

Samples % clay
PA4.10 — — — —
PA4.10/5% 5%0° 5%45° 5%90° 5
PA4.10/15% 15%0° 15%45° 15%90° 15

at 100 kV of accelerating voltage. Samples 5%0° and 15%0° were
fractured with RMC PowerTome ultramicrotome, using a
MicroSTAR Diamond knife at room temperature.

Thermal Properties. Thermogravimetric analysis (TGA). TGA
was used to determine the final sepiolite content in the
nanocomposites. Thermograms were obtained in nitrogen atmo-
sphere at a heating rate of 10°C/min from 25°C to 900°C using a
Mettler Toledo TGAS8S51.

Differential scanning calorimetry (DSC). Melting and crys-
tallization temperatures (7, and T.), and crystallinity (X.) of the
nanocomposites were measured by DSC, with Mettler Toledo
DSC 851e. Temperature range was set from 25°C to 300°C and a
heating rate of 20°C/min under nitrogen flow. All samples were
heating above their melting point, in order to remove the previous
thermal history. Crystallinity degree was calculated using the heat
of fusion for crystalline bio-polyamide 4.10 (269 J/g) [29].

Mechanical Properties. All specimens were maintained at a tem-
perature of 23°C 4+ 2°C and a relative humidity of 50% + 10%
before the mechanical tests.

Heat deflection temperature. CEAST HDT-3-VICAT P/N
6911/000 was used to determine HDT. The heating rate was
2°C £ 0.2°C/min using 1.8 MPa load, according to UNE-EN ISO
75. Three specimens of each sample were measured.
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Dynamic mechanical analysis (DMA). Mettler Toledo DMA
86/E dynamic mechanical analyzer was used to measured
dynamic mechanical properties. The materials were measured in
three-point bending mode at 1 Hz at a heating rate of 3°C/min in
the range of —20°C to 100°C. Three test specimens were evalu-
ated. Samples were cut from injected plates (50 x 10 x 4 mm®).

Charpy impact. Ceast Resil Impactor 6957 impact pendulum
was used to measure Charpy impact according to ISO 179. For
each material, at least five test specimens were tested at room
temperature.

Universal testing machine. The selected test specimens were
type 1BA cut from the injected plates. Young’s modulus and ten-
sile strength were measured at different temperatures (—40°C,
23°C, and 85°C) using a chamber TESTO Model 175-H2 with an
Instron Model 2620-601 at speed of 1 and 20 mm/min, respec-
tively, according to ISO527-1. Five samples were used for each
experiment.

RESULTS AND DISCUSSION
Morphological Properties

TEM micrographs of nanocomposites with 5% and 15% of
sepiolite in the direction of the injection flow (0°) are given in
Fig. 2. It can be observed when increasing the amount of sepio-
lite, there are more fibers oriented (Fig. 2b). On the other hand in
Fig. 2a, the fibers are more dispersed. This can be explained con-
sidering a composite material as fibers suspended within a viscous
medium. Therefore, in a fiber-filled material, three factors should
be considered: the general fluid dynamics of the molten polymer,
effects of the molten polymer on the fibers, and interfiber interac-
tions. The influence of these depends on the concentration of
nanocomposites, may be a dilute, medium, or concentrated. A
dilute suspension is one in which the fibers are never close to one
other and there are not interaction between them. A semi-
concentrated suspension would have hydrodynamic interactions
but not mechanical contact. In a concentrated suspension, the fiber
orientation has both the behaviors, mechanical and hydrodynamic
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FIG. 2. TEM micrographs of (a) 5% sepiolite and (b) 15% sepiolite.
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fiber interactions [30-33]. Looking at the pictures as a whole,
15% sepiolite can be regarded as a concentrate nanocomposite,
presenting a strong orientation of the fibers. Otherwise,
nanocomposites with 5% of sepiolite behaving like a semi-
concentrated suspension. This preferred direction or not has reper-
cussion in thermomechanical properties of nanocomposites.

Thermal Properties

Melting temperature (77,), crystallization temperature (7.),
crystallinity degree (X.) as well as the amount of clay incorpo-
rated from TGA are presented in Table 2. Crystallization and
melting temperature presented almost the same values for the pure
bio-polyamide and nanocomposites. Crystallization degree
increases with the addition of sepiolite. This is due to sepiolite
acted as nucleating agent increasing the crystallization degree
[3, 34].

Thermomechanical Properties

Heat Deflection Temperature. Figure 3 shows HDT values of
the neat bio-polyamide and its nanocomposites. The HDT value
of neat polyamide is represented by dots while the values of the
nanocomposites are showed by the bars. It can be observed that
the HDT values increase with the rise of sepiolite content. The
HDT for Bio-PA4.10 was approximately 80°C, which achieved
more than 130°C (63%) in nanocomposites with 5%0° and more
than 155°C (96%) with 15%0°. This increase can be explained
due to the stiffening that promotes the reinforcement and to the
nucleating effect of the nanoparticles [35].

On the other hand, as it can be observed in Fig. 3, in both cases,
for same amount of clay added, the HDT for nanocomposites in 0°
were greater than those in 45° and 90°. This important observation
is due to the stiffness provided by the fibers in the flow injection
direction (0°). This phenomenon is more noticeable with 15% of
sepiolite. As the filler content increase, there were larger differ-
ences between the HDT values. At it is expected, the highest HDT
value (157°C) was observed for Bio-PA 4.10/15% with the fibers
in the direction of the injection flow (0°). The results suggest that
this bio-composite could be advantageous for applications where
high service temperature is demanded.

Dynamic Mechanical Analysis. Results of storage modulus (E”)
and damping parameter (Tan &) are showed in Fig. 4. Neat bio-
polyamide 4.10 and nanocomposites show the behavior of semi-
crystalline polymer (glassy, glass transition, and rubbery region).
Figure 4-1a,b shows how storage modulus increase with the addi-
tion of sepiolite. This stiffening effect produced by the filler is more
noticeable with the increase of amount of sepiolite (15%). Generally,
this behavior is typical of sepiolite-based nanocomposites. Even

TABLE 2. Thermal properties of PA4.10 nanocomposites obtained with differ-
ent amounts of sepiolite.

Sample T, £0.5°C T. £0.5°C X.+ 1% Sep (wt%)
PA4.10 251.1 224.9 32.1 —
PA4.10/5% 250.0 2242 353 4.87
PA4.10/15% 249.1 224.5 35.7 12.49
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small amounts of fibers were sufficient to improve considerably the
mechanical properties of these materials [36].

Concentration of sepiolite (5%) at different directions (0°, 45°,
and 90°) showed similar storage modulus values (Fig. 4-1a).
However, concentration of 15% of sepiolite showed differences
between storage modulus values with the orientations (Fig. 4-1b).
In the glassy state, the storage modulus in the direction of the
fibers (15%0°) was higher than those in 15%90° and 15%45°.
This is because in a more concentrated nanocomposite, the fiber
orientation behavior becomes greater [37].

Tan & graphs for nanocomposites with 5% and 15% of sepio-
lite are presented in Fig. 4-2a and 2b, respectively. Values of
glass transition temperature (7,,) were taken from the maximum of
Tan & peak.

Tan 6 peak temperature of nanocomposites with 5% of sepio-
lite at 45° and 90° shift 10°C with respect to the pure bio-
polyamide and the nanocomposite oriented at 0° (69°C). This
could be due to the fact that the fibers oriented at 90° and 45°
cause the softening of the polymer chains reaching lower values
in the Tan & temperature (Fig. 4-2a). Nanocomposites with 15%
of sepiolite and pure PA (Fig. 4-2b) showed the Tan &

DOI 10.1002/pen

temperature around 69°C and the differences between samples
were less than 1°C. This proves that the glass transition tempera-
tures of polymer matrix were not affected by the orientation of
the sepiolite in the studied range.

It has been proved that when the amount of filler is increased,
the Tan & values decreases. This phenomenon is produced by the
increase of restricted amorphous fraction in the polymeric matrix,
associated with the rise of the amount of fiber [38]. However, as
can be seen in graphs, Tan § values are similar between concen-
trations and the different orientations. Only samples with 15%0°
orientation present lower Tan d values.

Mechanical Properties

Impact Properties. Impact strength for nanocomposites with 5%
and 15% of sepiolite at different fiber orientations are shown in
Fig. 5. As discussed above, it is known that adding fibers to the
polymeric matrix decreases the impact strength [39, 40]. Referring
to the orientation, especially 45° and 90° orientations presented
lower values of energy absorption compared to 0° orientation.
This phenomenon may be because the nanofiber hinders the
mobility of the polymer chain. In addition, the presence of the
fiber in longitudinal position offers the Charpy hammer a greater
resistance to the impact. This effect is more pronounced when the
amount of clay is increased.

Mechanical Testing. Effect of matrix. Mechanical data of
PA4.10 (non-reinforced) in different injection orientations were
studied in order to dismiss the possible anisotropy in the molecu-
lar orientation of the polyamide when it is injected. Results
showed that Young’s modulus values of PA4.10 at 23°C were
similar. Molecular orientation during injection molding does not
produced differences between the orientations without load.
Figure 6 shows stress—strain curve. In addition, the possible areas
of greater orientation of the plates (outer areas) were cut and dis-
carded for testing (Fig. 1).

Effect of nanocomposites. As it is known, mechanical proper-
ties of injection molded samples depend on the fiber orientation
[41]. The tensile tests were carried out at three different tempera-
tures —40°C, 23°C, and 80°C in order to check the mechanical

POLYMER ENGINEERING AND SCIENCE—2020 5
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TABLE 3. Mechanical properties for the nanocomposites.

Young’s modulus

Tensile strength

Strain at break

Sample %Sep (Mpa) (Mpa) (%)
—40°C PA4.10 — 3,740 £ 102 116 £ 0.8 7.7+ 1.0
23°C PA4.10 — 2,390 + 77 66.2 + 0.6 6.1 £ 1.0
85°C PA4.10 — 976 + 25 46.2 +£ 0.2 100 + 2.1
—-40°C 5%0° 5 4,526 + 100 120.8 + 1.3 4.47 +£0.33
5%45° 5 4,300 £+ 91 1199 £ 0.9 5.24 +0.54
5%90° 5 4,400 + 50 1155+1.2 5.20 + 0.07
15%0° 15 5,610 £ 42 85.6 1.4 1.81 & 0.07
15%45° 15 5,246 £ 28 94.1 1.2 2.18 £ 0.18
15%90° 15 5,046 + 80 99.7+ 1.0 2.49 +0.22
23°C 5%0° 5 3,080 £ 30 69.0 +£ 0.9 32.55 £ 0.32
5%45° 5 2,776 £ 37 639+ 1.0 37.54 +£043
5%90° 5 2,736 £+ 100 645+ 1.2 36.63 + 0.56
15%0° 15 3,730 + 86 672 +0.8 6.87 + 0.12
15%45° 15 3,390 £ 35 652 + 1.1 7.69 + 0.34
15%90° 15 3,340 £ 15 649 + 1.0 7.44 + 0.40
85°C 5%0° 5 1,210 + 59 469 £ 1.0 34.37 £ 0.25
5%45° 5 1,106 £ 30 42.1+09 42.77 £+ 0.50
5%90° 5 1,110 £+ 36 425+ 0.5 38.77 £ 043
15%0° 15 1,690 £ 41 432 £+ 0.6 10.15 £ 0.41
15%45° 15 1,455 £ 70 432 +0.8 13.84 + 0.52
15%90° 15 1,410 £ 76 428 +04 13.40 £+ 0.61
() 4000 : . : (b) 6000 - - -
m PA410 . : m PA4I0
00 | © @ | 5000 - v ® 15%0°
- A 45° s A 15%45°
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FIG. 7. Variation of Young’s modulus with (a) amount of filler (0%, 5%, and 15%) and (b) temperature with 15%.

[Color figure can be viewed at wileyonlinelibrary.com]

behavior at different operation conditions. Young’s modulus, ten-
sile strength and strain at break values of Bio-PA, and its
nanocomposites are showed in Table 3.

Figure 7a shows the variation of Young’s modulus with the
amount of filler, while the relationship with the temperature is
showed in Fig. 7b. As it has been reported, the incorporation of
sepiolite increases the Young’s modulus values [15] (Fig. 6a).
Another important observation is that mechanical properties
depended on the direction of the measurement. It is well known
that the mechanical properties of anisotropic materials are direc-
tional. It should be noted that the Young’s modulus is always
higher in bio-polyamides with fiber in the flow direction (0°) due
to the stiffness provided by the fiber in longitudinal direction to
the test.

The effects of orientation on Young’s modulus for both concen-
trations are significant and the effect increases with decreasing
temperature (Fig. 7b).

6 POLYMER ENGINEERING AND SCIENCE—2020

In addition, results revealed that with higher amount of filler, the
Young’s modulus increased and, at the same time, decreased the
elongation at break values. It is well known that nanoclay
enhanced the stiffness and reduces the elongation at break of the
polymers [35].

Tensile properties of nanocomposites at different temperatures
are shown in Fig. 8. It can be observed how the samples follow
the same trend at different temperatures. The specimens at 0°
showed higher tensile strength, but less elongation at break. The
specimens tested at 0° are the ones that support the highest load;
this is due to the stiffness provided by the fiber. As well as at
0° orientation, the fibers withstand the pressure, when fiber is
oriented in 45° and 90°, the sepiolite supports less load. This
behavior is reflected in the increase of elongation at break,
obtaining more ductile materials at 45° and 90° orientations.
This is because the influence of the matrix affects more than
the fiber.

DOI 10.1002/pen
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FIG. 8. Tensile curves of nanocomposites: left side (5% sepiolite content) and right side (15% sepiolite content), at
(a) —40°C, (b) 23°C, and (c) 85°C. [Color figure can be viewed at wileyonlinelibrary.com]
CONCLUSION It has been proven that this increases the thermomechanical

Bio-based polyamide nanocomposites, with 5 and 15 wt%

sepiolite contents,

were prepared using melt compounding

technique. The first conclusion to be draw is the use of sepio-
lite as an effective reinforcement for the bio-polyamide 4.10.

DOI 10.1002/pen

properties.

In this work, the microstructural anisotropy of sepiolite-
reinforced bio-polyamide composites was studied. These rein-
forcements, despite their nanometric size, showed an orientation
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during the injection molding flow; as a consequence, the anisot-
ropy was reflected in the final properties.

The nanocomposites of Bio-PA have allowed obtaining a
material from renewable resources with high requirements for
its use in current vehicles and in the future trends, that is,
toward the electric vehicle. Higher modulus and tensile strength
were achieved with the orientation, as well as higher operating
temperature. In this way, the use of nanoclays has been opti-
mized, achieving with its orientation the important increase in
the final properties.
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