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INTRODUCTION

Impact Fracture Toughness Evaluation
by Essential Work of Fracture Method
in High Density Polyethylene Filled
with Zeolite

The impact fracture toughness of zeolite reinforchigh density
polyethylene (HDPE) composites which were preparedamyinjection
molding has been investigated using essential wérkazture (EWF)
concept. The Charpy impact tests were carried ougingle-edge-notched
bending specimens under velocity of 3.4 mTée results showed that the
composites with 5 wt.% zeolite had the highest fraciitiation energy
because of the toughening effect of zeolite addifilhe composites with
zeolite content more than 5 wt.% consumed less ereripitiate fracture
than that of pure HDPE. However, the energy for piggted fracture
decreased by the presence of zeolite and progedgstlecreased with
increasing the zeolite content in the HDPE matfikis was due to the
addition of zeolite particles restricting shear Idiag of the composite
matrix resulting in lower energy absorption duringost impact testing
period.

Keywords:impact, high density polyethylene, zeolite, factorgghness, essential

work of fracture

injury and skull fracture caused by impact forceswze
most frequent cause of death.

Cranial implant materials are most commonly used to
reconstruct the skull damage due to trauma andr&imo
Existing biomaterial implants for skull base recon-
struction mostly use alloplastic materials, inchgli
polyethylene, hydroxyapatite (HA), titanium meshda
polymethyl methacrylate (PMMA) [1-5]. Each of them

Recently, the EWF method that originally proposed
by Broberg [12] has been progressively used to aetalu
the fracture toughness of polymer matrix composites
[13-15]. The total fracture work of a specimen nava
sharp crack\{) is partitioned into EWFW), i.e., the
work required to create new surface in its prozesse

has many disadvantages. Polyethylene and PMMA have and the non-EWF or plastic workV),i.e., associated

low strength and low modulus, the use of PMMA can
cause local tissue damage as a result of the alegtse
during the exothermic reaction [1,2]. Hydroxyapaiis
brittle and titanium is heavy, high cost, has poaile—
ability and high heat conductivity. To overcomeithe
drawbacks, Purnomet al [6] have investigated the
fracture behavior of natural zeolite-filled highndy
polyethylene (HDPE) as an implant skull recon—
struction. The fracture behaviour of zeolite-fillBldDPE
was investigated in quasi-static state using tiserdsal
work of the fracture (EWF) methoblatural zeolite was
chosen as the filler based on the consideratidnitthas

all the requirements as skull reconstruction imgdan
i.e., non-toxic and bio—compatible [7], bioacti\& 10],
able to protect the HDPE matrix against ultraviolet
degradation [11] and an abundant natural resourtte w
low prices. For load-bearing applications such lagl s
implants that protect the brain, it is important to
understand its impact fracture behavior becausa@ hea
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with the work done by various deformation mechamgism
in the plastic zone and volume-related. ThusWhean
be expressed as:

Wf :V\é+Wp. (l)
Wi = e LI+ bw,. L. @)
W =W +OwW, . 3

wherew; is the specific total work of fracture, andw,
are the specific essential fracture work and specif
plastic work, respectively, is the ligament length, is
the specimen thickness, and is a geometrical shape
factor of the plastic zone. In accordance with EWF
method, theW; value is the area under the load-
displacement curve. The, determined by extrapolation
of w as a function of to zero ligament length. The non-
essential fracture work ;) were the slope of the linear
regression line.

Polymer composites used in skull implants
applications are often subject to impact loadingug; it
is very important to understand the knowledge efrth
fracture behavior under impact loading conditioRer
ductile polymer composites, the EWF methodology can
be used for better characterization of the impaaattéire
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energy [16-19]. After Wiet al [17] extended the EWF
concept for impact testing of ductile polymer blerzhd
Martinatti and Ricco [19] reported that EWF method

2.3 Scanning electron microscopy (SEM)

The fracture surface morphologies of the SENB

was valid to assess high rate fracture toughness of specimens were examined by scanning electron

polypropylene-based material, many researcherd f15-
20-23] used the EWF method to characterize impact
properties of ductile polymer and polymer compasite
This study aims to investigate the impact fracture
toughness of zeolite-filled high-density polyetmde
using the EWF concept. Furthermore, fracture itiitia
and propagation energy were determined and distusse
based on the results of Charpy impact test and the
fracture surface morphology which was observedgusin
scanning electron microscope (SEM).

2. EXPERIMENT METHOD
2.1 Materials and samples preparation

The pellet HDPE used as a thermoplastic matrixrmely
was supplied by PT. Lotte Chemical Titan Nusantara
Indonesia. The HDPE in pellet form is converted int
powder form through a mechanical process and then
sieved to 80 mesh size. The natural zeolites addain

from Malang, East Java, Indonesia was used as a

reinforcement. In a wide range of particle sizeeytwere
calcined at 300°C for 3 hours and then cooled Bnom

the oven so that the zeolite in direct contact with
atmospheric air. The zeolite and HDPE powder were
mixed in a dry state with the zeolite weight petage of

5 wt.%, 10 wt.%, 15 wt.%, and 20 wt.%.

Single edge notched bending (SENB) specimens
with dimension of 80 mm x 17.5 mm x 3 mm (Figure
1) were formed by injection molding techniques.
Injection process was performed at barrel tempezatu
of 160°C with holding in barrel for about 2 minutes.
The melt-flow direction was parallel to the longiioal
direction of the specimens.

Load

|

Process zone |
(We)

Plastic zone
(Wp)

<

§|<

S

Figure 1. SENB specimen geometry for the EWF method

2.2 Impact essential work of fracture

The notches were made rst on the injection-moulded
samples by the formation of saw cut, and then thene
sharpened with a fresh razor blade. Tihgament
lengths were varied of 9, 10.5 12,13.5and 15 mm.
The notched Charpy impact test were performed
according to ASTM D 256. The test was conducted
using an impact tester (Gotech GT-7045MDH) at
impact velocity of 3.4 m'5at room temperature. The
total impact specific work of fracturev) were obtained
from the test data presented on the data display on
machine. Four samples for each variation of ligamen
length were tested and average values were reported

FME Transactions

microscopy (FEI Inspect S50). All samples were edat
with thin layer of Au-Pd prior to SEM observations.

3. RESULTS AND DISCUSSION

During the test, all the SENB specimens were broken
into two halves. The fracture energy is the suneaxth
type of energy that can be absorbed during the @harp
impact test. Figure 2 show plots of the specifitalt
work fracture W) against the ligament length for all
specimens tested. For all specimen tested, itparapt
that the specific fracture energy increased with
increasing ligament length. In other words, thec#jme
fracture energy depends on the ligament lengththl
linear regression plots are showing positive slope
associated with non-essential energy term. This
indicates that in each composite, not all the tnact
energy dissipated in the inner process zone, lrreth
was energy that is dissipated in the outer fracture
process zone during impact loading.

According to EWF methodology, the intercept at
zero ligamen length and the slope of plot of FigRiare
the essential and non-essential work of fracture,
respectively. The effects of zeolite content on roa-
essential work of fracture for all specimens tesheel
plotted in Figure 3. It is clearly seen that thenno
essential fracture work reduced with increasingliteeo
content therefore crack propagates faster withe litt
energy absorption. The non-essential fracture werk
associated with the energy dissipated by various
deformation mechanisms in the plastic zone. Duittrey
examination of impact fracture surfaces by SEMs{ita
deformation does not take place outside the fractur
process zone therefore no stress-whitened zonéean
observed in all the fracture samples tested (Fig)re
although all the regression line in Figure 2 shows
positive slope. This implies that the energy was
dissipated by plastic deformation of matrix aboo t
fracture plane [24].

—»— 0 wt.% zeolite/HDPE
1—% — 5 wt.% zeolte/HDPE
--8--- 10 wt.% zeolte/HDPE
11— — 15 wt.% zeolite/HDPE

— —b— 20 wt.% zeolte/HDPE
% X -
E /@,;’ — /|>
= -~
;h __/B—/
Tl
o —&
s T
5T e — b
o~ /_ — T
-

Ligament length, (mm)

Figure 2. Specific total work of fracture plotted ag ainst

ligament length for all specimens tested

The essential work of fracture is presented in Bidt
is apparent that the essential work of fracture was
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increased by presence of 5 wt.% zeolite in HDPHimat
and then it decrease by the addition of zeolit¢héur
However, with the addition of more than 5 wt.% #egl
the essential fracture work is reduced by increpsirthe
zeolite content. According to the essential worktlu#
fracture concept, the specific EWW,( and specific non-
EWF (w,) mean the energy consumed to initiate and
propagate the fracture, respectively. Therefole t
fracture initiation energy of 5 wt.% zeolite/HDPE
composite is higher than that of both pure HDPE and
other composites which their fracture initiationesgy
were lower than that of pure HDPE and progressively
decreased with increasing zeolite content. On thero
hand, it is apparent that fracture propagation@nde—
creases with increasing zeolite content in HDPErimat
This means that it was relatively hard to initiigcture

on the 5 wt.% zeolite/HDPE composite but once nact
initiated, the pure HDPE was more resistant thavt.%
zeolite/HDPE composite against fracture propagation
These fracture toughness characteristics are sitoikhe
results of the research conducted by Zhang et5eR§2.
They reported that the impact strength increasett wi
filler content increased up to about 6 wt.% butrdased
with filler content increased further.

Figure 3. The we and ws as function of zeolite content

(©)

(@) (b) (d) (e)

Figure 4. The SENB broken samples for (a) HDPE, (b) 5
wt.% zeolit/HDPE, (c) 10 wt.% zeolit/HDPE, (d) 15 wt.%
zeolit/HDPE, and (e) 20 wt.% zeolit/HDPE

The increasing value of we at zeolite content of 5
wt.% probably caused by the diffusion of HDPE itite
zeolite particle thereby increasing the interfacial
bonding between HDPE and zeolite. The toughening
effect is not controlled by the particle fractidd/]. In
other words, the fracture toughness is not depdnmien
the content of the particles. Bartczak et al [28,29]

reported that the toughness of the composites was

highly dependent on the plastic extensibility o th
matrix material. Based on the results of their stutly

182 VOL. 44, No 2, 2016

can be concluded that the distance of interparigla
property of the matrix material whose existence can
alter the microstructural morphology.

Effectively toughening occurs in the zeolite comten
of 5 wt.%, hence the HDPE can be made super-tough b
addition of 5 wt% zeolite to HDPE. The decreasthim
we of composites was usually caused by poor digpers
of zeolite particles which tended to form agglonesa
with increasing zeolite content in the HDPE matiike
interparticle contact in the agglomerates is more
sensitive to crack than the particle-matrix inteefaand
thereby the crack easily propagates because patygtic
no crack initiation energy was needed to break the
interparticles bonding [30-34].

The impact fracture surface morphologies of the 5
wt.% zeolite/HDPE and 10 wt.% zeolittHDPE can be
seen in Figure 5 and Figure 6, respectively, whiee
white arrows indicate the direction of fracture
propagation. The SEM micrographs as shown in Figure
5(a) and 6(a) were taken near the notch whereuiract
initiated. They represent a rough fracture surface
compared with the fracture surface shown in Fidify
and 6(b), where SEM micrographs were taken away
from the notch tip which was the zone of fracture
propagation end. The surface morphologies of those
composites near the notch evidently showed numerous
line cavitations (seen as dark areas) of HDPE oesri
separated by shear yielding of that material. While
smooth fracture surface depicted in Figure 5 (i &n
(b) indicated that very little plastic deformatidakes
place under high-impact speed loading.

St ~

Figure 5. The surface morphology near (a) and away
from notch of 5 wt.% zeolit/HDPE

(b)
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increased-number of cavitations and debonding
presented in surface morphology are shown in Figure
5(b), 6(b) and 8(c, d), it can be elucidated tHet t
cavitation mechanism of rigid particles consiststoéss
concentration at the crack tip, debonding at thtighe-
matrix interface and shear yielding of the mat@6,[
38]. Debonding at these mechanisms is needed to
initiate matrix shear yielding by altering the siestate

of host matrix surrounding the voids [26].

(@)

(@

(b)
(b)

Figure 6. The surface morphology near (a) and away  (b)
from notch of 10 wt.% zeolittHDPE

Figure 7 shows the SEM micrographs of 15 wt.%
zeolit/HDPE and 20 wt.% zeolittHDPE near and away
from the notch, where the crack propagation dioects
indicated by the white arrows. It can be obsenet t
cavitation and debonding occurred on the interface
between the zeolite particle and HDPE matrix argdrth
amount reduced in away from the notch tip as shiown
Figure 7(b,d). As zeolite content increased to 136w
zeolite (Figure 7), the fracture surface indicatimhgt
incorporation of 15 wt.% zeolite to HDPE constraint
the yielding of HDPE matrix. A similar fracture teise
is observed for the composite containing 20 wt.%
zeolite. Hence, higher zeolite content in composite
constraints the HDPE matrix from yielding during
impact loading under velocity of 3.4 ril.s

The SEM micrographs of the fracture surface taken
on the middle of ligament length with greater
magnification was shown in Figure 8 where white
arrows indicate the direction of crack propagation
composites. They exhibit variations with respect to
zeolite content. The morphologies with line cavitat
were present in the fracture surface shown in Eighr (d)

(a, b). On the other hand, the SEM micrographs also
showed the zeolite particles pull out from HDPE nixat
resulting from weak bonding at particles-matrix
interface and debonding resulted cavitation (FigRre

d). All fracture surfaces showed that all compasite
deformed by forming fibrils occurring during impact
fracture. The morphology with fibrillar was probgbl
formed by shear yielding HDPE matrix, which was the
mechanism of energy absorbing [35, 23].

In the case of the SEM micrographs as shown in
Figure 5(a), 6(b) and 8(a, b), the line cavitatiarsch
|09k as deep fgrrows we're evidence of EXtenSiv-arShe Figure 7. The SEM micrograph of 15 wt.% zeolite/HDPE
failure connecting the ad!acent crack fronts ofedént (a.b) and 20 Wt.% zeolite/HDPE (c.d), wherein () an d (c) are
planes in HDPE matrix composites [36,37]. AN near the notch, while (b) and (d) are away from not ~ ch

FME Transactions VOL. 44, No 2, 2016 183



()

(b)

(c)

(d)

Figure 8. The SEM micrograph of the fracture surface taken
on middle of ligament length; (a) 15 wt.% zeolite/lH DPE, (b)

10 wt.% zeolite/HDPE, (c) 15 wt.% zeolite/HDPE, and (d ) 20

wt.% zeolite/HDPE

Impact fracture behavior as represented by the
fracture surface morphology was controlled to atge
extent by factors that influence the fracture pgatn
initiated by the stress concentration at the natctie
The addition of zeolite particle led to the creatiof
particle-matrix interface which constitutes theess
concentration point. Crack propagated easily through
the particle-particle interface in the agglomenatio
which tends to form with increasing zeolite content

184 VOL. 44, No 2, 2016

Hence, the essential fracture work progressively
decreased with increasing zeolit content more than
wt.% (Figure 3). In this case, the crack at theriiace
during impact fracture can be illustrated as shamwn
Figure 9, by assuming that the shape of the zeolite
particles were spherical.

Zeolite-HDPE interface

Zeolite Aggregate

o‘lo*

Crack

» Increase zeolite content, rougher,
energy consumption decreased

Figure 9. Schematic explanation of crack at the matr  ix-
particle interface during impact fracture in the co mposites
system

4. CONCLUSIONS

The impact fracture toughness of zeolite-filled hhig
density polyethylene prepared with different ratieas
investigated by the EWF method using SENB
specimens. The Charpy impact test showed that the
composite with zeolite content of 5 wt.% represéehés
material with optimum composition to improve the
fracture toughness. However, the presence of eeolit
progressively decreased the fracture propagatienggn
with increasing zeolite content. Examination ofcftae
surface reveals that the matrix shear yielding,liteeo
particle debonding and pull out are responsiblettier
energy absorbing mechanisms during impact loading.
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