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(HDPE) composites. The chopped SFs are arranged in the thickness
middle of the dry mixture of Z/HDPE powder that has been prepared in a
mold. Composites were produced by the compression molding to produce
double-edge notch tensile (DENT). The fracture toughness characteri-
zation was carried out based on essential work of fracture method. The
results show that the presence of SF increased the essential fracture work
even though the non-essential fracture work for Z/HDPE was higher than
S-Z/HDPE. The evolution of plastic zone growth coincides with the growth
of the fracture process zone (FPZ) whose height has no effect on energy
consumption.
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1. INTRODUCTION

In recent years, researchers have turned their attention
to the development of natural fibers as a composite
reinforcement. The mechanical properties of natural
fiber reinforced polymer composites are affected by the
distribution and orientation of the added fiber. In the last
decade, many studies have reported success in produ-
cing thermoplastic matrix composites that are natural
fiber reinforced with the orientation of the fibers which
are varied in the composites. In previous studies [1,2],
mechanical properties of PP/cellulose fiber composites
with randomly oriented fibers have been reported. In an
extrusion process in the production of PP/CLY
composites, it was reported that the distribution of
cellulose fibers in the PP matrix could not be controlled,
likewise in an injection molding process [3-7]. As a
result, the mechanical properties including fracture
toughness are decreased. However, sample specimens
consisting of chopped fibers provide better distribution
especially when compression molding techniques are
applied so the mechanical strength is increased [8-11].
Silk fiber (SF) is a renewable protein biopolymer
that is biocompatible and superior in mechanical
properties. Therefore, its use is not only in the textile
industry but also developed as a biomedical material.
Even it has been widely used in medicine for centuries
as a suture material [12]. Its excellent biomaterial pro-
perties have enamored the concern of researchers to
study its prospective use. Studies in orthopedics are
focused on developing biomaterials for bone tissue
engineering. Silk particles have been used as reinfor-
cement in silk matrix on scaffolds for bone tissue
engineering applications [13-15]. At present, silk fibers
have been applied as biomaterials for the reconstruction
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of bone defects [13, 14, 16, 17] and have shown good
properties in biocompatibility, biodegradability, and
osteoconductivity [13, 14, 18]. Due to its strength,
toughness, and bioresorbable, silk fibers have been used
in clinical applications such as postoperative sutures and
bone repair [19, 20]. It has been reported that short SFs
have been used as reinforcement in silk fibroin-hydro-
Xyapatite composites manufactured by isostatic compac-
tion methods [21]. Mechanical tests on composites show
increased flexural strength and fracture energy caused
by the addition of short SFs. By considering its mecha-
nical properties, SFs are very suitable to be added to
thermoplastic composites which have been strengthened
by bioactive particles as previously investigated [22-
24]. The incorporation of SF is a good alternative in
order to improve fracture toughness and the nature of
composite ductile fractures.

In previous works [25,26] it has been reported that
the skull implant material from zeolite-HDPE composi-
tes has good fracture toughness but its fracture behavior
tends to be brittle. This fracture behavior must be given
serious attention so that the problem of brittle fracture
can be avoided. This work is intended as a response to
previous works conducted by Purnomo and co-workers
[25,26] related to the improvement of the fracture
toughness behavior of Z/HDPE composites used to the
skull bone implants application. In this work, chopped
silk fiber (SF) was added to the zeolite/HDPE compo-
site as a reinforcement. The SF-reinforced Z/HDPE
composite was manufactured by a compression molding
technique. The fracture toughness is evaluated while the
deformation behavior and the effect of the fracture
process zone (FPZ) height on fracture toughness during
the fracture process are discussed.

2. METHODS
2.1 Materials and manufactured

The constituent materials in this study are silk fibers
from local Indonesian silkworms, natural mordenite
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zeolite powder taken from East Java, Indonesia, and
HDPE supplied by PT Lotte Chemical Titan Nusantara.
Both zeolite and HDPE are converted into powder. The
dry mixture of zeolite-HDPE powder is set at a compo-
sition of 5 wt.% and 95 wt.% for zeolite and HDPE,
respectively. Silk fiber was chopped about Imm long
and added to the zeolite-HDPE powder mixture. The
fraction of SF was 3% by weight of zeolite-HDPE.
Chopped SF arranged in the middle thickness of Z-
HDPE powder with varying SF orientation angles of 0,
22.5, 45, 67.5, and 90° (Fig. 1). The distance between
SF chopped is arranged about 2 mm and carried out in
the mold before compression molding was carried out.
The press is then closed, the upper and lower mold part
being preheated to 120-122°C, the pressure upraised to
about 3,447 kPa, and this pressure kept for about 3.5
minutes, for the time of curing to hard, indissoluble and
infusible state is achieved. Samples were annealed
under atmospheric pressure at 80°C for 24 hours.

SF

@ : SF orientation angle

Load direction

(b)

Figure 1. lllustration schematics of (a) Front and side view
of DENT with SF orientation angle of *+ 90, and (b) load
direction and SF orientation angle

2.2 Mechanical testing

The fracture test is performed in a quasi-static condition
according to the several round-robin tests on an
evolving protocol [27-29]. The DENT specimens were
subjected to tensile loads using a universal testing
machine (UTM) with a cross-head speed of 3 mm/min
at room temperature. The test data is acquired by a
machine controlled by a computer system. During
fracture testing, the fracture processes of the DENT
specimen in the ligament area were recorded with a
video recorder. An experimental setup for fracture test
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was shown in Fig. 1. Fracture toughness is analyzed
using the essential fracture work (EWF) method which
separates the total fracture work (W)) into two different
parts namely (i) the work associated with creating new
fracture surface, called the essential work of fracture
(W,), and (ii) the work consumed in the plastic
deformation zone, called non-essential work of fracture
(W,). Therefore, the Wf can be expressed as [30, 31]:

We=w. +Ww, (M

The W, and W, are surface and volume related,
respectively, and divide them by multiplication between
thickness () and ligament length (£) forming specific
work as:

w,=w,+pBw.l )

where w, is the specific essential and pw), is the specific
non-essential work of fracture, respectively. Parameter f
is the plastic zone shape factor. The area under load-
displacement curve represents the specific total work,
wy, while w, and fw, are the intercept value of linier
relationship at zero ligament length and the slope of the
regression line on the wy vs € curve, respectively.

Specimen
holder jaw
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Loading /ideo ‘corder
direction

-
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Figure 2. Experimental setup for fracture tests of DENT
2.3 Fracture surface morphology

The fracture surface analysis was used through scanning
electrone microscope (SEM). Samples were cut from
complete fractured DENT and sputter-coated with Au-
Pd prior to examination.

3. RESULTS AND DISCUSSION
3.1 Crack toughness behavior

The load-displacement curve and the total fracture
energy (wy) as a function of the ligament length (£) of
the DENT at various orientation angles of SF is pre-
sented in Fig. 3. All of the tested DENT curves are of
the similar shape and the peak of the curve decreases
with increasing orientation angle of SF (Fig. 3a). From
observations during the test, the crack was initiated
when the load reached the top of the curve (point A) and
full yielding at the area of the ligament length is reached
at point B. After passing through point B, the crack
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propagates from two notches so that the two crack-tip
meets at the mid-length of the ligament which is
characterized by a load drop sharply.
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Figure 3. (a) Typical load-displacement curve of DENT
specimens for (1) 0°SF-Z/HDPE, (2) 22.5°SF-Z/HDPE, (3)
45°SF-Z/HDPE, (4) 67.5°SF-Z/HDPE, (5) 90°SF-Z/HDPE, and
(6) ZIHDPE, and (b) Specific total work of fracture versus
ligament length in various SF orientation angles.

The materials fracture toughness is analyzed by the
EWF approach, therefore the fracture total energy is
split into two parts, namely, first, the energy used to
create a new fractured surface hereinafter called the
essential work of fracture (w,), second, the energy used
for plastic work in the outer plastics zone called as non-
essential work of the fracture (fw,). In the form of
specific energy, the total energy of the fracture (w)) as a
function of the ligament length (£) of the DENT
specimen at various orientation angles of SF is shown in
Fig. 3b. Based on Fig. 3b, the intercept of the straight
line with the wy at zero ligament length is w, and the
slope is fw,.

The average EWF and non-EWF at various SF
orientation angles is shown in Fig. 4. It is shown that the
EWF of the material drops sharply when the SF
orientation angle is enlarged to 22.5°. Upon 0° the EWF
continues to decline even though it is not as sharp as the
decrease in value from 0 to 22.5°. The EWF parameter
is equivalent to Jjc in the J-integral method, which
shows material resistance to crack initiation [32-34].
Therefore, Fig. 4a indicates that increasing the SF
orientation angle decreases the resistance of the material
to crack initiation. In the Z-HDPE composite test, the
EWF = 7.45 kJ/m® was obtained. This value is indeed
below the EWF value in the SF orientation angle of 0°
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but is greater than the EWF value in the other material
being tested. This is a strong indication that the effect of
delamination between fiber and Z-HDPE composites
dominates the occurrence of essential fracture decreases
by the orientation of the fiber arranged above the angle
of 0°.

Essential work of fracture
[kd/m?]
oON MO ®O NS

0 225 45 675

SF orientation angel (°)
@@

90 1125

Non-EWF [MJ/m?]

1 T T T 1
0 225 45 675 90 1125

SF orientation angel (°)
(b)

Figure 4. Fracture energy versus SF orientation angles for
(a) essential, and (b) non-essential work of fracture

Non-EWF  decreases significantly in the SF
orientation angle which is set at 45° and decreases with
increasing fiber orientation angle (Fig. 4b). The non-EWF
(Bw,) on Z-HDPE composites (without SF) is equal to
3.67 MJ/m® which means lower than non-EWF material
at fiber orientation of 0, 22.5, and 45°. The fw, parameter
is equal to V4. dJ/da which is the slope of the J-R curve in
the application of the J-integral method where a is the
initial crack length [32, 33, 35-37]. The dJ/ida is a
parameter that represents toughness against crack
propagation. So Fig. 4b also reveals that the materials
with fiber orientation angle of 0°, 22.5°, and 45° have
good resistance to fracture propagation. This is a strong
indication that the SF reinforcement effect plays a
dominant role in restricting the crack propagation speed.

The crack opening displacement (COD), which is
also a measure of the toughness of material fractures,
with a material property being a critical COD, has been
computed with reference to the practical correlation
proposed by Hashemi and co-workers [38, 39]:

We = Cf'O’y COD (3)

where Cris equal to 1.15 (for DENT shape specimens)
represented a plastic constraint factor, and o, is yield
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stress from the dumbbell test. The COD at various fiber
orientation angles are shown in Fig. 5 and indicates a
resemblance in the trend to that of w,. It has shown a
decreasing trend due to the fiber orientation angle which
was shifted from 0° to further up. Conceptually, COD as
the opening at the crack tip shows a resistance level to
stable crack growth due to the crack blunting effect and
the material deformation capacity in the outer fracture
process (pastic zone) during fracture process. However,
the COD curve trend is similar to w, and there is no
similarity to the fw, trend (Fig. 4). Therefore, in this
case, the COD indicates the parameter of resistance to
fracture initiation.
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SF orientation angel (°)
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Figure 5. Crack opening displacement versus SF orienta-
tion angles

The deformation and fracture development in the
DENT test are presented in Fig 6. The top first image
show the evolution of the plastic zone, the fracture
process zone (FPZ) and the crack initiation when the
maximum load is reached, i.e., point A in Fig. 6a. Note
that the images depict that the plastic zone in the DENT
was not observeable.

Pomt A

Pomt B

Fracture Process Zone

FPZ)

Notch

[

(b)

Figure 6. (a) The development of fracture process zone
(FPZ) from point A to the point B of Fig. 5, (b) schematic
illustration of FPZ at notch tip
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The deformation mechanism associated with crack
development can be different at the crack initiation and
propagation stage. Before the load has sharply drop
(prior to point B in Fig. 6a), the deformation mechanism
involves the neck beginning in the entire ligament
region and the neck growth in the length of £/2 from the
notch ends. Subsequent to point B, the deformation was
controled by the neck development in the plastic
deformation zone.

Some researchers [40-42] recommended that the
work needed to create a new fracture surface (w,) in
DENT test can be expressed as the amount of the work
for the plastic deformation prior to the necking incep-
tion and the work for the neck evolution and subsequent
fracture. Accordingly, they formulated w, as:

AF
GdE + j o(A))dA, “

eph

w, =h

o —3!

where & and £ are the true stress and true strain in the
fracture process region, respectively. The parameters £
and o are the height of the FPZ considered to be steady
throughout the test and the engineering stress which is a
function of the COD, respectively. The A, and Ag are the
displacements during the necking process and the
displacement at fracture, respectively.

The Eq. 4 shows two part that affect w,, therefore
the value for crack development can be separated into
we s and w,; [40-43] which represent the parameter w,
for the neck initiation in FPZ and neck growth in FPZ to
the complete fracture, respectively. It can be formulated
in Eq. 5 and 6 as follows:

En,max
wey=h | &dz (5)
0
ér
Weir = hyp I cde Q)
€p,max

where &

n,max

and & are the greatest value correspon-

ding to the true strain at the neck initiation and the
equivalent true strain at the complete fracture, respec-
tively. The Eq. 5 and Eq. 6 are applied with the consi-
deration that the strain in FPZ is stable during initiation
to neck growth [43].

Based on the EWF concept, the total energy needed
in the neck initiation stages is the sum of work for
initiating the neck through the whole ligament and the
work for the neck growth in the £/2 length from the
initial ligament length. Therefore, the EWF can be
written mathematically as:

£9/2 012
Weoi=2to| [ weydl+ [ w,,dr (7)
0 0
ly/2
Wop =2t [ wepdl (8)
02

The w, can be determined by dividing Eq. 7 and Eq. 8
by the ligament area (£;1,), so it can be expressed as:
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We,i = [1 +%J We, 1 +We i1 ©)

We,p = We,i1 (10)

where n={, / {,. The Eq. 9 and 10 indicate that w,; is
more than w,, by the inclusion of (1 +%] w, s and the

difference in height (%; and /,) has practically no effect.

At a shifting from 0° to 22.5°, the w, decrease, whi-
ch means that the work for the formation of new crack
surfaces also decreases, the fracture energy is consumed
for non-essential work (fw,), namely work in the plastic
deformation zone. At an angle of fiber orientation above
22.5° the decrease in w, turns out to be accompanied by
a decrease in non-essential work (fwp). The fracture
toughness represented by w, and COD at the angle of
fiber orientation shifted from 0° was confirmed by the
difference in 4; and %, values, which had no significant
effect as shown in Eq. 9 and 10.

3.2 Fracture surface morphology

The SEM images showing the fracture surface morphology
are shown in Fig 7. In the SF orientation of 0[] or SF in the
same direction as the loading direction (Fig. 7a), no matrix
bonded in fiber interface, which was pulled out indicated
poor interface bonding between fibers and matrix. The
fractured surface clearly shows extensive matrix defor-
mation. The presence of matrix crazings and ligaments
indicates a ductile fracture occurred. These phenomena are
also shown in composites with SF orientation of 22.5[1.
Also, the presence of agglomerating zeolites in Fig. 7b
shown in the yellow rectangle. This zeolite agglomeration

N -

£l
|
»
|

AL

Figure 7. Fracture surface morphology for SF-Z/HDPE with
SF orientation angle of (a) 0°, and (b) 22.5°. Insert image is
the magnification of the image in a yellow rectangle
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4. CONCLUSION

The mechanical properties of SF-reinforced Z/HDPE
composites have been evaluated with different reinfor-
cing fibre orientation. The fiber orientation angle deter-
mines the level of reinforcement of the material pro-
perties. The fracture energy is decreased by increasing
deviation of the fibers orientation towards the load di-
rection which indicates the fracture toughness of the com-
posite decreases and brittle fracture occurs more easily. In
addition, the COD which represents resistance to fracture
initiation decreases by remembering the angle of
orientation of the fiber. This phenomenon indicates that
the deformation capacity in the outer plastic zone is
decreasing by increasing the orientation of the fiber.

Future work is planned to investigate the influence
of trimethyl methoxysilane to mechanical behavior of
SF-Z/HDPE. In addition, a pressure annealing treatment
is also planned to improve the crystallinity of the matrix
to produce a composite with fit fiber orientation with a
good bonding strength of the composite constituent
elements.
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NOMENCLATURE

a Silk fibers orientation angle
/4 Total work of fracture

w, Essential work of fracture

w, Non-essential work of fracture
t Ligament thickness

l

Ligament length
wr Specific total work of fracture
We Specific essential work of fracture
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pw,  Specific non-essential work of fracture

i Shape factor of the plastic zone

dJ/da The slope of the J-R curve in J-integral
method

a Initial crack length

Cy The plastic constraint factor

oy, The yield stress of material

COD  Crack opening displacement

FPZ  Fracture process zone

c True stress in the fracture process region

g True strain in the fracture process region

h Height of the FPZ

o Engineering stress

A Displacements during the necking process

A Displacements at fracture

Z,max  Lhe greatest value corresponding to the true
strain at the neck initiation.

g The equivalent true strain at the complete
fracture

ty Initial ligament lenth

¢ Ligament length in neck inception stage

l, Ligament length in neck growth stage

W,.;  The work for initiate the neck through the
whole ligament.

W.p  The work for the neck growth in the £;/2
length from the initial ligament length.

We i The specific work for initiate the neck
through the whole ligament.

wep  The specific work for the neck growth in
the ¢;/2 length from the initial ligament
length

7 £,/ €

hy Height of the FPZ in neck initiation stage

h, Height of the FPZ in neck growth stage

YTULHAJ OPUJEHTAIIMJE BJIAKAHA HA
KNJIABOCT JIOMA KO
Z/HDPE KOMITIO3UTA OJAYAHUX
CBUWIEHUM BJIAKHUMA

ypuomo, I1.X. Cernapunu, A.Jl. AHroHO

Uctpaxyje ce >xuimaBocT JioMa M jaedopManuja Koi
KOMITO3UTa O]l 3€0JINTA/TIOJIMETHIIEHA BUCOKE TI'yCTHHE
(Z/HDPE) ojauaHux CBWJICHMM BJIaKHHMa. Y CHUTH-EHA
CBUWJICHA BJIaKHA cy pacrnopeheHa y ne0esoM ciojy Ha
cpeowHN CyBOr Tpaxa MemaBuHe ox Z/HDPE npun-
pemibeHe y Kanymy. KommosuTt cy moOujeHn oOIHKo-
BamEM KOMIIPECHjOM Ja OM C€ IOCTHTIIO BOCTPYKO
3ape3aHo 3are3ame. KapakTepucTHKe KUIABOCTH JIoMa
cy ozapeheHe MmeromoM aHanm3e JoMa. Peynratu
NOKa3yjy JAa je MpUCYCTBO CBHJICHMX BilakaHa nosehaio
pan yiomMa uako je ocHoBHH paj jioma koa Z/HDPE 6uo
Behu Hero xon S-Z/HDPE. Pa3Boj 30He muiacTHyHOT
LIMpera JioMa MOJyjAapa ce ca MpPOLECOM CTBapama
30HE IyKOTHHE YMja BHCHMHA HHUje MMaja yTHIaja Ha
MOTPOILIELY EHEpPTHje.
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