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Abstract

The role of silk fibers (SF) orientation is very decisive on the mechanical
performance of high-density polyethylene (HDPE) with zeolite (Z) as a
reinforcement material. This work aims to analyse the tensile and flexural
characteristics of zeolite-filled HDPE (Z/HDPE) composites due to the
incorporation of SF in numerous orientations. The SFs with a length of
approximately 1 mm is chopped off for incorporation in the powder dry mix of Z
and HDPE, which is ready for SF-oriented mold at angles ranging 0°, £22.5°,
+45°, +67.5°, and +90°. The compression moulding technology creates
composites to fit dumbbell shapes. The flexural test was carried out in
compliance with the ASTM D790 standard, whereas tensile properties including
elastic modulus, tensile strength, elongation at break as well as yield strength
were assessed on dumbbell shape composites. The findings demonstrate that the
maximum force;-as well as the elastic modulus, drop by changing the orientation
of the fiber towards 0°. This propensity also takes place in failure and energy-
breaking strains. Flexural strength and breaking energy decreased by about 5-
10% of the initial value for each additional 22.5° fiber orientation angle.
However, the flexural modulus and other tensile properties are decreased
irregularly by the addition of the fiber orientation angle. Furthermore, the
theoretical E-modulus value exceeds the experimental value by about 15 to 20%.
The flexural and tensile strength of the composite is maximum at the SF
orientation angle of 0°.
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1. Introduction

Given that it is biocompatible, low price, and abundant in availability, biomaterials
from natural fibers attracted a lot of interest from researchers. Both the flexural
modulus and E-modulus of natural fiber are relatively much stronger than synthetic
ones [1-3]. Moreover, they are low, abrasive, and well biodegraded [4-6]. The
direction of the reinforcement materials strongly influences the mechanical
performance of composite materials. Consequently, it is significant to
systematically examine the artificial composites and the impact of fiber orientation.
In particular, the tensile strength, elastic modulus, and chemical properties such as
corrosion resistance are promoted by reinforcement of ductile polymers
incorporated fibers. Various fiber forms including glass, carbon, and aramid, are
often used in thermoplastic matrices as reinforcement [7], but they get drawbacks
like high production costs and are hard to recycle [8]. Natural fibers have
extensively been used to strengthen polymer matrices in different engineering
materials to consider the achievement of strong final mechanical properties.

Composites with thermoplastic matrices reinforced with fibers have been
conducted with a specific focus on the orientation of fibers in composites. Different
composite moulding techniques can be applied, including injection moulding, wet
lay, extruder, and pultrusion, but in those techniques, the fiber orientation cannot
be controlled. Compression moulding is the best method relative to those referred
to produce those composites [9-12].

SF is a fiber dependent on a protein made from arthropods, including silkworms
and spiders [13, 14]. The SF offers desirable properties, including strong elongation
and low density [15, 16]. In some instances, also SFs show imminent glass fibers
mechanical properties [17, 18]. SF is also ideal for different engineering applications
as replacements for glass fibers [18-20]. SF is now commonly developed for
biomedical applications, particularly bone graft technology, for human bone
regeneration due to their biocompatibility and osteoconductivity [21-25].

This study aims to improve mechanical performance by integrating SF in
different orientations within Z/HDPE composites. This is in line with an earlier
study by Purnomo and his co-workers [26-29]. The chopped SF was applied as
reinforcement at numerous orientation angles. Compression forming processes are
used in the production process of SF-reinforced Z/HDPE composites. Impact on
the tensile strength and flexural strength for various SF orientation angles was
assessed. There were also discussed theoretical and experimental E-modulus.

2. Materials and Methods
2.1. Materials

Silkworm SF, natural mordenite zeolite, and HDPE (injection grade) are the
materials component of this study. Zeolite, as well as HDPE, are turned into
powder. Chopped SF around 1 mm long was introduced to the calcinated Z/HDPE
powder dry mixture. The composition of chopped SF towards the powder mixture
of Z/HDPE is 2 wt.%.

2.2.Manufacturing Procedure

Chopped SFs were positioned at the track of path length center and dispersed
uniformly over the entire sample in an arrangement of 0°, £22.5°, +45°, +67.5°, and
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+90° as shown in Fig. 1. In order to keep the fiber orientation maintained at the
required angle, the fibers are first laid out on one half of the matrix, after all the fibers
are oriented as required, the other half of the matrix is poured on top. This process is
placed at the bottom of the mold. The press will then be closed, the top and bottom
of the mold are given heat treatment around 122°C, and the pressure is set from the
top path of approximately 3,447 kPa with a holding time of 4 min in order to
longevity, and indissolubleness. Samples were annealed at 80°C for 24 hrs on
atmospheric pressure. The manufacturing process is schematically shown in Fig. 2.

| L
|

- >l
1

E:= 1

SF

(S
= B

Fig. 1. A structural representation for 0° SF-reinforced
Z-HDPE composites with a front and top view. The f is SF angle,
L is composite length, and t is composite width.
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Fig. 2. Schematic representation of the hot press to fabricate composites.

2.3. Mechanical Testing

In terms of achieving the flexure properties, including flexural strength and flexural
modulus, flexural tests have been performed in a three-point bending test,
suggested by ASTM D790, in a 32 span/depth ratio. According to 1SO 527, the test
is conducted on a universal testing machine (WDW-20E) by applying a tensile
force to a dumbbell-shaped (Fig. 3) and measuring the tensile properties of the
specimen material under stress. The test was conducted at a 3 mm/min test speed
until the specimen breaks. About 25°C of ambient temperature was preserved. The
stress-strain curves obtained indicated the tensile properties including E-modulus,
tensile strength, and break-up elongation. E-modulus from the experiment is
contrasted with the theoretical. All mechanical test were carried out on composites
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with fiber orientation variations of 0, £22.5, #45, +67.5, and +90. Each fiber
orientation was tested by 5 samples.
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Fig. 3. Test set-up of composite tensile test.

2.4.Fracture Surface Characterization

Scanning electron microscopy (SEM) employs to investigate the tensile fracture
surface of the tested sample. Before the observation, the gold/palladium coating
was applied to the surface samples.

3.Results and Discussion
3.1.Flexural properties

In SF various orientations, the flexural strength is presented in Fig. 4(a). It was
shown that their value reduces as the SF angle rises. The FS is decreased by 38%
(90°) from 268 MPa at the angle of 0° SF. The flexural modulus is similarly
inclined to flexural strength, Fig. 4(b). The orientation of the fibers on the material's
longitudinal direction suggests greater flexural characteristics than another, which
have shifted beyond 0° in fiber orientation.
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Fig. 4. The profiles for flexural properties for various SF orientation.
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The SF-orientated composites are the most flexural effective in the longitudinal
direction. On the contrary, it moves the flexural properties from the longitudinal
direction. These findings demonstrate that the orientation of the fibers greatly
impacts the flexural properties [30, 31].

The results of this laboratory test are consistent with those of several other
studies [32, 33] that show that fiber reinforcement increases flexural strength
significantly, particularly when the fibers are oriented parallel to the length of the
specimen or perpendicular to the loading (0°). According to Van Heuman et al. [34]
review article, the orientation of the reinforced fiber is more important than the type
of fiber used in strengthening the flexural strength of the fiber-reinforced
composites. Changes in fiber orientation had no effect on transverse strength.

3.2. Tensile properties

Figure 5(a) shows the strain at break, while the breaking energy is shown in Fig. 5(b).
The greatest stress and energy breaking were achieved in the longitudinal direction
(0°) instead of orientation over 0°.

T 04 5
E E11
=
E 03 7 é g 4
= =
a2 o
g 02 g 71
S 0
2 o 7
= 01 £
g0 ﬁ ]
& L
0 - m 14
0 25 45 67,5 90 0 225 45 675 90
SF orientation [7] SF orientation [7]
(a) Strain to break for various (b) Breaking energy for various
SF orientation angels SF orientation angels

Fig. 5. The relationship of fiber orientation
to strain at failure (a), and energy breaking.

The ultimate tensile strength and E-modulus for dumbbells shape tested versus
SF orientation are depicted in Fig. 6. The SF orientation effectively ensures the tensile
strength to decline, Fig. 6(a) and the composite E-modulus, Fig. 6(b). The tensile
strength enhances when SF is parallel to specimen length and tensile force direction.
This was also possible with composite E-modulus and composites with a 22.5° angle
of inclination. The result is an efficient force redeployment on the 0° SF-Z/HDPE
composite interface. It represents the previous studies reported by many researchers
[35-37], albeit on different materials.

This phenomenon can be explained that the direction of loading can be used as a
reference in the preparation of reinforcing fibers. Slightly the angle of the fiber shifts
from the direction of the load, the tensile properties including strain to break, breaking
energy, ultimate tensile strength, and E-modulus of the material weaken substantially.
However, the joining of fibers is very advantageous because it can increase the tensile
properties of the composite as long as the direction of the fibers is arranged parallel
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to the direction of the force, even a slight shift at £22.5° is still better than without the
fiber. This anisotropic behavior indicates that the incorporation of fiber is less
favourable if the fiber direction exceeds +22.5° from the loading direction.
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Fig. 6. Composites tensile properties versus SF orientation.

Typical elongation at break throughout the various SF orientations the samples
tested was shown in Fig. 7. It is clearly shown that the extension during the break
improves by raising the angle of the SF to 45°, and over that angle, with an orienting
angle of 90°, falls to its least level. In general, the addition of 45° SF reduces the
strain so that it is closer to the strain value of the fiber-free composite. In addition,
this strain phenomenon at 45° orientation is similar to the results of previous studies
even though the studied material is different [38, 39].
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Fig. 7. Elongation profile for the sample tested in different SF orientation.

The rule-of-mixture principle can be used to study of the E-modulus in
composites tested. The key assumption is that the fiber and matrix are similarly
stressed by the effects of the load on the fiber path in the traditional rule of the mix.
Furthermore, the matrix fiber interface is expected to be preferably adhesive, with
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fibers well dispersed throughout the host polymer matrix. The fibers are called
compatible. The modulus of composite (Ec) can be expressed [40]:

E, =V, E +V,.E, )

E-modulus and volume fraction of fibers was denoted by Er and Vi, respectively,
while the matrix parameters related to the E-modulus and volume fraction was
represented by En and Vi, respectively. Several studies successfully alter Eq. (1) by
fiber specification modification in the fiber area to four emendations [40]. Their
parameters modified are fiber diameter distribution, fiber length distribution, and the
ratio of the fiber indicated by «, #q, #1, and 5o, respectively. Equation (1) was adapted
successfully to Cording et al. [41]. The new formula is therefore presented in the new
equation version [40, 41]:

Ec=xnyn.no,V: Ef +V, Eq )

The proportion factor of fiber, 7o, can be defined in the equation, as Krencel
states [39]:

770 = Zan 0054 gn (3)
n

The an function is the fiber fraction that is associated to the direction of the load.

From the previous works [43, 44], the E-modulus has been raised by increased
stress with a mean value of 81.2 MPa. Tensile tests were conducted independently
for Z-HDPE composites, with the average E-modulus of 1.8 GPa within SF to Z-
HDPE weight ratios of 5.95. Figure 6 shows an E-modulus, which is determined in
relation to the SF orientation. The theoretical E-modulus is generally 15-20% higher
than the experimental value.
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Fig. 8. The E-modules focused in various SF
configurations on theoretical and experimental.
3.3. Tensile fracture morphologies

Surface morphology depicted by SEM as shown in Fig. 9 is focused on 0° SF. Figure
9(a) indicates that the SF is not broken but separated from a half-shattered side plane.
Many voids are removed around both the fiber and particles. Also, Fig. 9(a) shows
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the presence of plastically deformed ligaments that indicated a ductile fracture for the
specimen in a yellow rectangle. In the HDPE matrix, the appearance of troughs on
the broken surface (white rings, as shown in Fig. 9(b) effects the removal of the fibers
during the stress test. This is not a new trend and is still evident in several studies,
considering its use of fiber from different materials [45, 46].

(a) Fractures in the midst of thickness indicating
the void's existence and the zeolite pulled out.

(b) Enhancement of the yellow rectangle zone shown in Fig. 8(a).

Fig. 9. The SEM analysis on tensile fracture surface of composites.

On the surface of the composite’s tensile fractures, ligaments with a direction
other than 0° were also seen, Figs. 10(a) and (b). The fibers which come out of a
fracture are not perpendicular to the main plane. This symptom also occurs in
composites which the fiber was organized in tensile load direction. Energy is
consumed in composites with different fiber orientations for work under various fiber
extraction mechanisms and composite fracture work.

Many voids, pores that are not filled with polymers, particles and fibers, were
found in the material being examined. Such voids are undesirable and are primarily
the consequence of poor material. The tensile strength of composites can be impaired
by these voids [47-50].
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(b) Enhancement of the yellow rectangle.

Fig. 10. The surface fracture test for composite with 22,5° SF orientation.

4.Conclusions

The mechanical performance of Z/HDPE composites reinforced SF in various
orientations was evaluated. Material properties strongly depend on the SF orientation.
At an SF position of 0o, the SF strengthening effect on mechanical performance was
the strongest. It is noticeable that fibers should be placed in parallel to the longitudinal
direction to achieve good tensile strength and flexural strength. In order to increase
mechanical strength, particularly the flexural and tensile properties, the fibers should
not be placed across the board, as both of them have the lowest properties.

For each additional 22.5° fiber orientation angle, flexural strength and breaking
energy decreased by about 10%. The addition of the fiber orientation angle, on the other
hand, irregularly reduces the flexural modulus and other tensile properties. Moreover,
the theoretical E-modulus value is 15 to 20% greater than that of the experimental value.
At the SF 90° orientation, cos40 is equal to zero; thus, the fiber does not make the
material rigid. This information is beneficial for material load design.
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There is future work to explore the fracture and tensile properties of SF-Z/HDPE
composite in consequence of the introduction of coupling agent materials from
trimethyl-methoxy silane. Furthermore, in order to increase the crystallinity of the
matrix, pressure treatment is designed to create a composite with an adjustable fiber
orientation that has a strong adhesion strength.
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Nomenclatures

Ec Modulus of composite

= E-modulus of fiber

Em E-modulus of matrix

L Composites length

t Composites width

Vi Volume fraction of fibers
Vi Volume fraction of matrix

Greek Symbols

On fiber fraction associated to the direction of the load
B Silk fiber angle

17 Direction of load to fiber orientation

) Parameters modified for fiber ratio

m Parameters modified for fiber length distribution

7d Parameters modified for fiber diameter distribution

Abbreviations

ASTM American Society for Testing and Materials
HDPE High-Density Polyethylene

ISO International Organization for Standardization
SEM Scanning electron microscopy
SF Silk Fiber
Z Zeolite
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