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ABSTRACT: The aim of the present paper is to study the effect of multi-recycling on the
fracture behavior of high impact polystyrene from disposable cups. After collecting and
washing the material, it was subjected to six cycles of recycling. After each cycle, it was
subjected to tensile tests to determine the R-curves. The theory of the J-integral contour
has been used for the development of a characterization method of the fracture strength
appropriate to the case of this non-linear elastoplastic polymer material. To this end, the
method of multiple specimens (Single edge notch tension SENT) of thin thickness was
used, by introducing cracks of the same lengths to several identical test pieces. The results
suggested a slight decrease in crack resistance of recycled high impact polystyrene,
especially during the first cycle, demonstrated by a comparison of Jic values related to
initiation of crack propagation. The fracture energy absorbed as a function of the cycles
suggested a weakening within the material.

ABSTRAK: Tujuan kajian ini adalah bagi mengkaji kesan tindak balas pada pelbagai
peringkat-kitar semula ke atas kerapuhan polisterin berimpak tinggi pada cawan pakai
buang. Selepas mengumpul dan membasuh cawan ini, terdapat enam peringkat kitar
semula. Pada setiap peringkat, ianya akan melalui ujian tegangan bagi mendapatkan
lengkung-R. Teori kamiran-J kontur telah digunakan bagi mencipta kaedah khas bagi
mengkaji kekuatan retakan bersesuaian bagi kes bahan polimer elastoplastik yang tidak-
linear. Sehingga kini, kaedah Regangan Tepi Takuk Tunggal (SENT) telah digunakan
pada spesimen berketebalan rendah, dengan menghasilkan keretakan sama panjang di
permulaan kajian di buat pada pelbagai bahan uji yang serupa. Dapatan kajian
menunjukkan rintangan pada retakan telah berkurang sedikit pada polisterin kitar semula
berimpak tinggi, terutama pada kitaran pertama, yang ditunjukkan pada nilai Jic pada
permukaan rambatan retakan awal. Tenaga kerapuhan yang meresap pada setiap kitaran
menunjukkan bahan telah melemah dari dalam.
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1. INTRODUCTION

The 19th and 20th centuries marked the appearance of plastics. These new materials
are the result of advances in petrochemicals and awakened a particularly strong interest in
the aftermath of the Second World War, a period during which the industry had to cope with
the growing demand for raw materials. Consequently, the various properties, ease of
processing, and advantageous costs presented by these materials encourage their application
in all fields of industrial production in order to meet the growing needs of consumers.

The oil shock occurring in the 1970s marked the beginning of consumer polymers.
However, this massive exploitation is not without consequences. Indeed, the main drawback
of polymeric materials lies in the fact that they are not biodegradable and thus create the
problem of managing their industrial or consumer waste, which accumulates in a worrying
manner. It is only in the last thirty years that the treatment of plastic waste has become a
primary concern in preserving the environment. The recovery of plastic materials is then the
subject of all attention, especially in the scientific world where many studies have looked at
this global phenomenon.

The general characteristics of plastic waste and recycled polymers, from a mechanical
point of view, are established by the fact that they have undergone, during their previous
uses, two major phenomena. On the one hand, used or recycled polymeric resins have
experienced degradation due to aging (fatigue, temperature...), oxidation, or water
absorption. This degradation is manifested by chain breaks and crosslinks occurring at the
level of macromolecules. The consequence of these phenomena is the gradual deterioration
of the thermomechanical properties of plastic materials [1-5]. On the other hand, pollution
depending on the clean or dirty origin of the previous use of this waste can lead to a retention
of impurities which influences, among other things, negatively, their thermal and
mechanical properties.

Although these two factors are closely linked, their more or less extensive existence
depends, of course, on the origin of the waste. For example, it makes perfect sense that
industrial plastic waste undergoes very little degradation and has extremely low impurities.
Their existence and influence may even turn out to be negligible with regard to production
waste (directly from polymerization reactors). Too high temperatures or even too long a
residence time could have a degradation effect [6-10]. That’s why this paper is only focused
on the influence of multi-recycling on the fracture behavior of high impact polystyrene.

High impact polystyrene (HIPS), is a specific polystyrene because of its opacity and
above all, its impact resistance. It is also called impact polystyrene (SB). Styrene is the basic
element in the manufacture of polystyrene and its compatibility with other monomers and
polymers makes it possible to imagine many styrenic compounds with various properties.
HIPS is one of them. It incorporates 15 to 25% polybutadiene and is also obtained by
grafting polybutadiene during the production of polystyrene. HIPS is an inexpensive plastic
material that is easy to produce and shape. Thus, it has a wide forming temperature range
and is particularly suitable for thermoforming. In addition, it can have a glossy, satin or
matte finish. It is also easily pigmentable; characteristics that make impact polystyrene
widely used in various fields. It is used to manufacture displays, containers, toys, roof boxes,
food packaging, etc.

Most of the scientific articles treating the influence of recycling on thermoplastics are
interested in mechanical properties in particular: elongation at break, elastic limit, maximum
stress and impact resistance. All of this data was determined by stress testing and pendulum
impact testing in Charpy and I1zod mode. Also, various analyses with a scanning electron
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microscope or even with an electronic transmission microscope have also been identified in
certain works. The information found as a result of these tests was aimed at determining
whether or not there was an improvement in mechanical properties [11-22]. However very
limited studies have treated the elasto-plastic fracture behavior of post-costumer high impact
polystyrene, especially in the case of multi-recycling. In this study, we investigated the
effect of multi-recycling on the fracture behavior of high impact polystyrene from
disposable cups, using the multi-specimen method that finds its application in Elastoplastic
Fracture Mechanics.

A strained metal or polymer can undergo certain damage and alternations. This damage
can lead, in some cases, to the appearance of macroscopic cracks. These cracks are often of
sufficiently large size to satisfy the assumptions of continuity of the mechanics of a
continuous medium. We can then place ourselves within the framework of fracture
mechanics to characterize the harmfulness of this defect [23].

The goals of linear fracture mechanics are:

- The characterization of the stress fields and singular deformations at a crack
point

- Establishing the relationships between the crack point fields, the geometry of the
test specimen and the overall field (measurable quantity)

- The energy conditions necessary for the (re)-initiating of the crack

- Description of the crack propagation (stable or unstable)

- The determination of a critical size of the defects beyond which the failure
(especially unstable) will be triggered

Initially, one will endeavor to present the cases where the factor Ki: the factor of
intensity of the stresses, and G the rate of restitution of energy, provide solutions in the
understanding of the initiation mechanisms of polymers. In this paper, we will then be
interested in the parameter J and its uses in fracture mechanics in the case where the material
has a non-linear elastic behavior, which is the case of high impact polystyrene.

Unlike resilience, an integral characteristic depending on the experimental conditions,
toughness is an intrinsic characteristic of materials and a quantity that can be used in design
(like a Young's modulus). The determination of the toughness is carried out on specimens
notched by different theoretical approaches depending on the mechanical behavior of the
material. Indeed, for a brittle material, toughness is evaluated from the concepts of Linear
Elastic Fracture Mechanics (LEFM) while it is studied according to the concepts of
Elastoplastic Fracture Mechanics (Post-Yield Fracture Mechanics: PYFM) when the
material is ductile.

PYFM requires the introduction of the concept of Cracking Resistance curve or R curve.
It was established by Irwin [24] in order to characterize the resistance to slow cracking of
materials with some ductility at the crack head. An R curve is a curve of variation of the
toughness with the crack advance (Aa). In general, a crack can start and then progress when
a parameter (K, G, or J), representing the action of the external environment at the crack
head, becomes equal to the resistance to cracking (KR, GR, or JR) of the material. In the
case of a brittle material (LEFM), the structure of the material and its resistance to cracking
do not change during propagation due to the absence of plastic deformation at the crack
head. On the other hand, in the case of a ductile material (PYFM), the progressive increase
in the plastic deformation at the crack head during initiation and propagation causes an
increase and then a stabilization of its resistance to cracking. The toughness of the material
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can no longer be represented by a single critical parameter (K¢ or G¢) but rather by an R
curve (KR, GR or JR = f (Aa)) (Fig. 1).

K 4 K a
_______________ LEFM
LEFM Kg-
Ke 7 Kinit| |
Aa Aa
0 0

Fig. 1: R curves in LEFM and PYFM.

Rice [25] demonstrated that, in the case of a crack located in the xz plane and whose
front is parallel to the axis z (Fig. 2), the integral J (Eq. (1)) is independent of contour I" and
null when this contour is closed (there is no crack). We can consider that J represents the

component of the energy flow crossing I', due to the singularity related to the presence of
the crack.

J = f(wdy -, 5% ds) (1)

with: W, the strain energy density,
Ti the outwardly oriented traction vector,
u;, the displacement vector of the arc ds,
s, the curvilinear abscissa on the contour I,

X, y and z the Cartesian coordinates.

Fig. 2: Illustration of the concept of integral J.

Note that W = [o; de;j, with ojj and & the stress and strain components, respectively.
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J is calculated from the energy U necessary to propagate the crack (energy supplied by
the external environment) (Eq. (2)).

= @

with “b”, the thickness of the specimen and “a” the crack length. From this equation
(Eq. (2)), Begley and Landes [26-28] have shown that J is identical to G in the case of a
linearly elastic and brittle material and that J can be a criterion of rupture for elastoplastic
materials. The crack is initiated when J reaches a critical value Jic which is an intrinsic
characteristic of the material. Although Jic's calculation methods are very controversial, the
ASTM E813-81 standard that considers the case of metals seems to be applicable to
polymers. This standard assumes that the curve J = f (Aa) is a line and that Jic corresponds
to the intersection of this line with the blunt line (Fig. 3) having for equation:

J =20,4a 3)

with oy being the stress at the tensile yield point of the material. On the other hand, the
ASTM E 813-87 standard states that the curve J = f (Aa) follows a power law of the form J
= A.Aa" and that Jic corresponds to the value of J taken at the intersection of this curve with
the straight line of Eq. (4 )(Fig. 3):

] = 20,(4a — 0,2mm) 4)

Jic| = Jic

J=20,Aa J=2 o, (Aa- 0,2mm)

@ Aa @ Aa

Fig. 3: Method for determining Jic according to ASTM E 813-81 (a) and ASTM E 813-87 (b).

v
v

In practice, the procedure for obtaining J-R curves is identical to that used in LEFM.
To construct the J-R curves, it is necessary to perform the tests on multiple samples (7
minimum) up to different levels of deflection or crack opening. These tests will be followed
by an optical measurement of the fracture surface in order to determine the actual crack
advances. Each test piece tested leads to the determination of a pair of values (J, Aa), i.e. at
a point on the J-R curve. Next, we calculate the integral J.
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2. MATERIALS AND METHODS

In this section, we present our experimental study, divided into two parts:

- The first is to study the effect of several extrusion/recycling cycles on the
toughness properties of high impact polystyrene from disposable cups, mainly the
J-Aa curves.

- The second is devoted to the study of the effect of the six recycling cycles on the
Jic parameter then compare the results to virgin material.

The work plan thus followed is presented below. The various experimental techniques
used and their operating conditions, as well as the ways of using the results are also
presented in this paper.

2.1 Disposable Cups Recycling

The high impact polystyrene disposable cups collected for this study by the recycling
company have undergone mechanical recycling carried out at the level of the same recovery
company.

The process involves washing and then shredding the cups into small pellets. These
pellets are then crushed using a grinder. The granulation (Fig. 4) of the ground material
obtained is carried out in a twin-screw granulating extruder by the material provider.

Fig. 4: HIPS Granules and pellets from disposable cups.

The extruder (Leistritz) is equipped with a cylinder filter changer. The filtering system
helps prevent unmelted granules or other impurities from entering the extrudate. The
extrusion parameters are as follows:

- Extrusion temperature: from 220 to 230 °C;
- Screw speed: 35 rpm.
- A maximum injection pressure of 2,500 bars.

The extrudates are cooled in a water tank before being transformed into granules using
a cutter. These granules, considered to be the first cycle of extrusion, are then made into
specimens destined for various thermo-mechanical tests by molding process as shown in
Fig. 5.

The specimens obtained are treated in the same way and with the same conditions
described above. These operations were repeated six times without any change under all
conditions. Therefore, the total number of extrusion cycles, to which the virgin resin is
subjected, is equal to 6.
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Fig. 5: Tests specimens according to ISO 294-1 and ISO 294-2.

2.2 Choice of Specimens for Fracture Behavior Analysis

The ISO 13586 and ASTM D 5045 standards suggest that to evaluate the Jic of a
thermoplastic and thermosetting material, the tests must be carried out on CT (Compact
Tension) specimens, or on SENT (Single Edge Notched Tension) specimens. The
dimensions of the test pieces are given by the standards. Although the specifications and
recommendations of the two standards ISO 13586 and ASTM D 5045 are only applicable
for linear fracture mechanics, the choice and sizing of specimens has been maintained by
standard ASTM D 6068 for the determination of JR curves of elastoplastic polymer
materials. In our experimental study, the JR curve of both virgin and recycled high impact
polystyrene is drawn by adopting the operating mode described by the standard ASTM D
6068, but the general configuration of the test (type of test piece, experimental device, etc.)
is identical to that performed in LEFM (ASTM D 5045, ISO 13586). The SENT (Fig. 6)
specimens were molded by a SINTESI molding machine.
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Fig. 6: Cracked tensile test piece on the side (SENT).

The last stage of preparation of the specimens is carried out using a razor blade. A pre-
crack is introduced into the notched area of the specimen, the cutter blade of which, 0,4 mm
thick, is changed after 5 specimens. The condition of the blade is essential to avoid residual
stresses following this operation.

Un-notched SENT specimens were machined for tests that correct the results obtained
on notched and pre-cracked specimens.
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2.3 Test Methodology and J-R Curve

The principle of the construction method of the experimental JR curve is to load a pre-
cracked specimen until an imposed displacement (displacement of the cross member), of
the order of a few tenths of a millimeter, is reached with a fixed loading speed. The tensile
tests were carried out using a ZwickRoell tensile machine with a 2,5 kN load cell.

The fracture face is then optically examined to calculate the advance of the crack.
Consequently, two types of data are to be recovered on a test:

- The load displacement curve, which leads to calculate J.
- The fracture surfaces, which makes it possible to measure the crack advance Aa.

The crack advance measurements, being of very low values, were performed with KSM
off-line measuring device that measures thinly cut cross sections (slices) of specimens, as
shown in Fig. 7.

Fig. 7: KSM off-line measuring device.

Thus, each specimen makes it possible to obtain a pair of values (J, Aa) that represent
a point on the J-R curve.

This method, shown in Fig. 8, (proposed by the ASTM D 6068) standard, provided that
the loading speed adopted causes a clear and stable propagation of the crack. To ensure this
condition, the ISO 13586 standard recommends using, at a temperature of 23 ° C, a speed
of 10 mm/min.

The J integral is calculated from the area under the load displacement curve - using
Grapher 14 software, which represents the total energy Ur. A single tensile test is carried
out on a non-notched SENT specimen of the same size as the notched specimen. The unique
load displacement curve from this test is used to calculate the indentation energy "U;" for
each specimen. Indeed, Ui is the area under the curve between zero until the displacement
corresponding to the maximum force applied to the notched and pre-cracked specimen. This
amount of energy is dissipated by phenomena other than cracking.

Using Ut and Uj, J can be calculated for each test by Eq. (5):

_ nUr=Uy
J = b(w—aq) ®)

n is a geometrical dimensionless parameter. Garcia et al [29] state that to calculate J of
polymers, the factor n depends only on the ratio between the length of the crack and the
width of the specimen (ag / w).

For the geometry of the test piece, Clarke and Landes [30] succeeded in obtaining an
approximation of n through the formula:

For CT specimens
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_ _%
n=2+0522(1-2) (6)
For SENT specimens
n=2 (7)

2.4 Tests on SENT Specimens

The SENT specimens are loaded by applying a tensile force through the two
symmetrical bores and a suitable mounting on the ZwickRoell tensile machine equipped
with a 2,5 kN load cell. The test is stopped once the imposed displacement (u) is reached
(Fig. 8). The load-displacement curve is recovered and the cracking area is examined in the
KSM instrument to facilitate the measurement of the different crack advance lengths Aa.
Finally, the test piece is completely torn into two parts.
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Fig. 8: Variation of dissipated energy with constant displacement.

Eight restraints (u) are studied ranging from 2,5 mm to 10 mm. For displacements
smaller than 2,5 mm, we did not observe an advance of the crack. The eight tries give us 8
points, with one or two extra specimens if needed. The standard requires a minimum of 7
points to draw the J-R curve. The maximum force and total energy are deduced and
calculated from these curves. The values obtained are corrected by the indentation energy.
So, J is calculated for each test specimen by applying Eq. (5).

The fracture areas of the two parts of the specimen are then observed. The depth of the
pre-cracks (or initial crack) is not controlled during the preparation of the specimen, but
measured precisely after each test under the KSM device. It is the average of three
measurements of the distance between the notch tip and the crack tip. The distance between
the final crack front and the initial crack front is measured at five equidistant points. The
extension of the crack Aa is the average of this value.

The J-R curve given by the tensile tests on SENT specimens is plotted. This curve
characterizes the resistance to cracking of HIPS. The most useful information that can be
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derived from this curve is the starting toughness Jic, a characteristic of the material. It
defines the initiation point of a crack.

The ASTM E 813 standard recommends, for the calculation of Jic, a graphic method
that consists of shifting the blunt line to a Aa = 0,2. Jic is the intersection of this straight line
with curve J. In addition to the blunt line method, some authors define Jic, for polymer
materials, as the value of the curve J - Aa which corresponds to an advanced 0,2 mm or 0,4
mm crack [31,32]. HUAND [32] asserted that Jo» can also be taken as the characteristic
value representative of crack initiation.

3. RESULTS AND DISCUSSION

A significant shift is noted between the J-R curve given by the tests on test pieces of
virgin HIPS, and that obtained with recycled material. On the other hand, a slight decrease
of Jic is noticed amongst different cycles as shown in Fig. 9 and Fig. 10, thus demonstrating
that the mechanical properties in terms of fracture energy, represented by the energy
sufficient to initiate the fracture, decreases with the increase in the number of cycles
performed. The material changes from a ductile state to a brittle state. Embrittlement occurs
abruptly by the combined effect of the drop in molar mass and the increase in crystallinity
(entanglement), thus reducing the amorphous phase, which prevents crack growth within
the material.

Through the number of recycling cycles, high impact polystyrene undergoes thermo-
mechanical-chemical degradation inducing chain scissions, the molar weight decreases
creating more chain ends. These extremities represent concentrates of fracture energy that
absorb the energy and cannot propagate it any longer, initiating the fracture. In addition, a
large difference in molecular mass produces a heterogeneous whole favoring fracture. The
low number of entanglements that were the usual consolidation of high impact polystyrene
propagates the tear easily creating the fracture while the fracture of virgin HIPS was
relatively difficult.

12
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Fig. 9: The J-Aa curve of recycled HIPS during different cycles.
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Fig. 10: The evolution of Jic as a function of number of cycles.

Degradation During Recycling/Extrusion

It is well known that extrusion is one of the most severe processes that a polymer can
withstand [33], shear forces and high temperatures cause mechanical and thermal splitting
of the polymer chain, resulting in the formation of end of chain radicals (initiation of
propagation phenomenon) as shown in Fig. 11.

U800 (LA i

>

T

Fig. 11: Splitting of the polymer chains due to mechanical and thermal degradation.
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Polymers are generally recycled in the molten state, at a temperature above the melting
temperature but obviously well below the decomposition temperature. This does not prevent
thermal and mechanical degradation from prevailing during the short implementation period
(processing):

- thermal: the high friction shear can locally increase the temperature above the
nominal processing temperature and chemical bonds can be thermally strained
until they break.

- mechanical: when the rate of deformation of chemical bonds is much greater
than the rate of relaxation of macromolecules, the activation energy of the
fracture of the bonds and consequently the induced degradation time (ti), are
reduced to the intensity of the applied stresses.

The consequence of such degradation is the reduction in molar mass by 1/2, 1/4, or 1/8
of the initial molar mass [34], in fact, the molar mass of polymers plays a significant role in
terms of durability. It has been generally recognized that high impact polystyrene becomes
more stable when its molar mass increases or when the fraction of low masses decreases.
Shorter chains result in a greater number of chain ends. These ends provide elements very
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sensitive to aging and to degradation in general. They are even capable of locally catalyzing
degradation reactions.

A high molar mass induces the following properties:

- an increase in the entanglement rate (knots) which serves to counter the
propagation of cracks in the material

- a drop in gas permeability and therefore a drop in the progression of reactive
elements through the material [35].

Our previous work [36] on characterizing of multi-recycled high impact polystyrene
indicated an increase of the Melt Flow Index as well as a decrease in molecular weight
which supports the results of the present paper.

4. CONCLUSION

The study of the mechanical properties, in particular the fracture behavior of multi-
recycled high impact polystyrene from disposable cups, allowed us to specify the influence
of the degradation phenomenon on the drop in Jic values. Mechanical degradations in the
recycling/processing of polymers have been the least studied, no doubt because of their
complexity; however, they play a very important role and their control is essential in the
recycling operation. The growing demand from users for the quality and reliability of
plastics, gives the study of degradation an increasingly important place, particularly from
the perspective of recycling, which is becoming more and more inevitable.

The multi-specimen method based on Elastoplastic Fracture Mechanics, revealed a slight
degradation in terms of fracture resistance, of the various recyclates, especially during the
first cycle, this is explained by chain breaking, oxidation, and decreasing of the molar mass
of high impact polystyrene. On the other hand, the present analysis strongly supports our
previous work on the effect of multi-recycling on the material-flowing index as it showed
an increase in melting flow index and therefore the decrease in viscosity with the number
of recycling cycles.
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