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Abstract:

Preparing polymer blends is an effective way to tailor the good properties of plastics but the
most commonly used polymers are incompatible with each other. Therefore, to reduce the
interfacial tension and to achieve finer and stable morphology, a suitable copolymer or
compatibilizer has to be added to blends in order to establish new interactions between the
phases. However, it is difficult to determine the required amount of compatibilizers in polymer
blends. As an outcome of the present research a novel separation method was developed, where
the blends are investigated in melted state, utilising centrifugal force to determine the adequacy
of compatibilizers. The effectiveness of styrene/ethylene/butylene/styrene block copolymer
grafted with maleic anhydride (SEBS-g-MA) was verified by blending two immiscible plastics:
polystyrene (PS) and high density polyethylene (HDPE). FTIR measurements were carried out
to support the results of optical microscopy regarding the purity of separation. Comparing the
results of morphology, rheology and mechanical properties with the novel separation method,
it seems that investigation of compatibilization effect in a melted state would be suitable for
predicting the adequacy of compatibilizer in blend. The minimum required amount of
compatibilizer was also detectable, wherein the stress-strain curves begins to change
significantly and the impact properties starting to improve in PS/HDPE blends.
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1. Introduction

The interest of industrial and academic area is growing for polymer blends, because the good
physical and mechanical properties of plastics can be tailored this way [1,2]. In most cases,
polymers are incompatible with each other because of their high molecular weight [3,4] and for
thermodynamic reasons [5,6]. In these blends usually an immiscible, heterogeneous
morphological structure forms that causes low mechanical properties due to the poor interfacial
interaction of the components.

In case of preparing polymer blends, the final morphology strongly depends on droplet breakup
and coalescence processes during shear flow [7]. These two forces both dominate under
transient condition, and their balance in steady state was described by Taylor’s theory of
Capillary number [8,9]. In case, when breakup occurs the capillary number exceeds a critical
value. However, when the average droplet size is smaller than the steady-state size, coalescence
dominates [10,11]. Nowadays, the key point is to reduce the interfacial tension achieving more
stable, reproducible morphology in order to improve the tensile and impact properties of blends
[12,13]. Finer blend morphology can be achieved with a suitable copolymer or compatibilizer
that contains functional groups to establish interactions with the blend phases [14,15]. The
compatibilization process — where the additive is located at the interfaces of the components —
could improve the connection between the different polymer phases by creating new physical
or chemical bonds [16,17].

Because of the large number of additives more types can be appropriate for different materials,
depending on whether the goal is to improve strength or the toughness. Therefore, it is important
to investigate the effects of the additive on morphology and mechanical properties of blends
because poorly selected compatibilizers could even impair the tensile properties of plastics
without achieving morphological stability or the desired improvement in other physical and
impact properties. The homogeneity of the phases can be improved with adequately selected
compatibilizers based on the fact that additives can decrease domain sizes by inhibiting the
coalescence phenomenon inside the polymer blend [18]. Recently, maleic anhydride (MA) has
been one of the most industrially important reactive modifiers which promote compatibilization
of immiscible polymer blends. MA, as a polyfunctional monomer, is widely used in the
synthesis of reactive macromolecules to prepare high performance engineering and nano
engineering polymers [19]. Grafting MA onto a polymer backbone provides high reactivity
towards amines, alcohols, thiols and hydroxyl groups. Thereby, this reactive modifier is suitable
for grafting onto polyolefins (e.g. HDPE-g-MA and PP-g-MA), ethylene-propylene-diene
terpolymer (EPDM-g-MA) and hydrogenated styrene-butadiene-styrene terpolymer (SEBS-g-
MA) [20]. The effectiveness of PP-g-MA was previously demonstrated in blends of PS/PP [21],
PP/PET [22], HDPE/PP [23] and PA12/PP [24]. Toth et al. [25] reported positive effects of
maleic-anhydride grafted polyolefins (PO-g-MA) on tensile and impact properties of PE/crumb
rubber system. HDPE-g-MA improved the mechanical properties of HDPE/chitosan
composites in the research of Quiroz-Castillo et al [26]. The improved effect of SEBS-g-MA
on impact properties has been proven in PET/HDPE blend in several studies [27-31]. It was
also mentioned by Jogi et al. [32] and Hato et al. [33] that copolymers grafted with maleic
anhydride promoted the compatibility between plastics and organoclays in nanocomposites.



Compatibilizing blends also promotes polymer waste recycling because the additive can reduce
the brittleness of the mixed plastic waste [34].

Polystyrene (PS) and high density polyethylene (HDPE) are among the most widely used low-
cost plastics [35]. PS and HDPE are frequently used in packaging and everyday products;
thereby they are often mixed together which implies that their mixed waste occurs too, although
they are incompatible with each other. Because of economic and environmental reasons these
wastes are recycled in increasing amounts [36,37]. In order to avoid the costs of the separation
process, a large number of papers have been presented on PS/PE blends to study and to improve
their common properties [38-43]. PS is a typically brittle polymer with high Young’s modulus,
while it can be characterised with low impact resistance and low elongation at break, which can
be improved using polyethylene [44]. Therefore, blending PS and HDPE is an ideal
combination to create a new material and achieve good physical or mechanical properties,
where HDPE can be characterized with high impact resistance and flexibility, while PS has
higher heat resistance and Young’s modulus [35,45].

The mentioned PS and HDPE pair is a common example of compatibilization problems.
Moreover, the necessary amount of compatibilizer is also difficult to ascertain when these
plastics are mixed together [46]. Using block copolymers as additive compatiblizers or graft
copolymers as reactive additives is a good way to enhance the properties of PS/PE blends
further [47,48]. One way is to graft PE chains onto PS with in situ Friedel-Crafts alkylation
reaction [12,15,49,50] to obtain the suitable copolymer, PE-g-PS, or use block copolymer of
polystyrene and polyethylene (PE-b-PS) [51,52]. Some research mentioned styrene-butadiene
copolymer (SB) [53] and styrene/butadiene/styrene block copolymer (SBS) [52] as a potential
additive for compatibilizing PS and PE with each other, in other papers the effectiveness of
polyether copolymer (PEC) [54], hydrogenated butadiene-polystyrene copolymers (SEB) [55]
and ethylene/styrene interpolymers [47] were also investigated. However, the most commonly
used compatibilizer for improving the miscibility of PS and PE is
styrene/ethylene/butylene/styrene block copolymer (SEBS) and its maleic anhydride grafted
type (SEBS-g-MA), with which adhesion can be improved between the phases to prepare blends
with better toughness [35,44,45,56-73].

Previously Sahnoune et al. [72] and Ha et al. [73] compared the effectiveness of SEBS and
SEBS-g-MA in PS/HDPE blends, where both copolymers showed a good compatibilizing
effect. Sahnoune et al. [72] found that PS and HDPE were immiscible with each other in a 75/25
HDPE/PS blend, where the fracture path spread in the boundary of PS and HDPE, due to the
poor interfacial adhesion between the phases. When SEBS or SEBS-g-MA was added to the
HDPE/PS blends, a significant reduction was detected in the size of dispersed PS. In addition,
the fracture path passed through PS domains, what indicated that both SEBS and SEBS-g-MA
promoted adhesion between the dispersed PS phases and the HDPE matrix. Investigation of
mechanical properties revealed that a larger amount of compatibilizer did not make a significant
change in yield strength, while Young's modulus slightly decreased. At the same time a large
improvement in Charpy impact strength was achieved. Ha et al. [73] investigated a symmetrical
50/50 composition of PS/HDPE. They also mentioned that the blend showed gross phase
separation, where the PS domain size was in a range of 8-30 um in diameter. It was found that



both compatibilizers were efficient; however, the domain sizes were smaller in blends
containing SEBS, especially if the amount of additive was more than 10 vol%. The results of
differential scanning calorimeter (DSC) showed a slight change in the melting point of HDPE
when SEBS or SEBS-g-MA was added to the blends, because increasing the amount of grafted
copolymers in blends decreases relative crystallinity. Tensile tests showed that Young's
modulus and tensile strength decreased when compatibilizers were added to the blend, while
elongation at break of blends increased, regardless of whether SEBS or SEBS-g-MA was used.
However, it can be mentioned when a smaller amount of additive (less than 10 vol%) was used
in PS/HDPE blends, better mechanical properties were achieved with using SEBS-g-MA.

Based on the study of literature, the examination of compatibilizer adequacy requires complex
resources, which are expensive and time-consuming. During processing it is necessary to
manufacture standard specimens for the further examination of mechanical and morphological
properties, and the evaluation of experiment results takes a long time and requires great
expertise. Therefore, a new evaluation method would be desirable to verify compatibilizers for
the industrial field and for research in the area of polymer blends. The aim of the paper is to
develop a novel method which provides a quick and clear answer regarding the adequacy of
compatibilizers and determines how much additive needs to be added to polymer blends. The
novel evaluation process is presented through a separation process driven by centrifugal force,
in melted state of 50/50 vol% PS/HDPE blends containing different amounts of SEBS-g-MA.
The results and the effectiveness of the novel testing method are compared with the results of
scanning electron microscopy, rheology measurements, tensile and impact tests.

2. Experimental
2.1. Materials

PS and HDPE were used to prepare blends in 50/50 vol%, where PS was Edistir N 1840 (density
1.05 g/cm®, melt flow rate 10 g/10 min (200°C/5 kg)) provided by Versalis S.p.A and HDPE
was Liten MB 87 (density 0.955 g/cm?, melt flow rate 23 g/10 min (190°C/2.16 kg)) produced
by Unipetrol RPA. Kraton FG1901X, a type of SEBS-g-MA (density 0.908 g/cm?, melt flow
rate 22 g/10 min (230°C/5 kg), 1.4-2.0% maleic anhydride and 30% polystyrene content)
produced by Kraton Polymers was added to the blends in 9 different content ratios (0 vol%;
0.125 vol%; 0.25 vol%; 0.5 vol%; 1 vol%; 2 vol%; 4 vol%; 6 vol%:; 10 vol%). DuPont Fusabond
E100 (density 0.954 g/cm®, melt flow rate 2 g/10 min (190°C/2.16 kg) a type of maleic
anhydride grafted high density polyethylene (HDPE-g-MA) and Arkema OREVAC CA100
(density 0.905 g/cm?®, melt flow rate 10 g/10 min (230°C/0.225 kg)) a type of maleic anhydride
grafted polypropylene (PP-g-MA) were also used during the separation process in 4 vol% to
verify the adequacy of the developed novel method.

2.2. Compoundation and sample preparation

Extrusion was carried out in a Labtech Scientific LTE 26-44 twin screw extruder (temperature
zones 230 to 255°C, rotation speed 75 rpm). Granulation was realised after cooling in water



bath, therefore the 50/50 PS/HDPE granules had to be dried in an air drying oven at 60°C for 2
hours in order to remove moisture adhered to the surface.

The samples were injection moulded in an Arburg Allrounder Advance 370S 700-290, where
the following parameters were set: melt temperature 255+5°C, mould temperature 40°C,
injection flow 30 cm?/s, injection volume 46 cm?, holding pressure 300+50 bar - depending on
the mixtures, cycle time 50 s).

2.3. Characterization
2.3.1. Rheology

The viscosities of the different SEBS-g-MA-containing blends were recorded using an AR2000
rheometer (TA Instruments) in plate-plate configuration. Two 25 mm diameter parallel discs
were used to compression mould the blends for 5 minutes at 255°C.

2.3.2. Morphology

JEOL JSM 6380LA scanning electron microscope (SEM) was used at an acceleration voltage
of 15 kV in secondary electron imaging mode to study the morphological structures of the
blends after 45 s gold coating.

2.3.3. Mechanical tests

Tensile tests were performed on a Zwick Z020 Tester (test speed 20 mm/min, clamping distance
100 mm) at room temperature, and were repeated 5 times for each composition. The cross
section of the injection moulded specimens was 10x4 mm, according to standard ISO 527.

Charpy impact tests were carried out in a Ceast Resil Impactor Junior impact test machine (15
J hammer, impact rate 3.4 m/s, distance between supports 62 mm), and were repeated 6 times
for each composition of the unnotched samples, the size of which were 80x10x4 mm (according
to ISO 179-1).

2.3.4. Novel separating method

Fig. 1 shows the second generation, own constructed horizontal separator, in which the
separation of the compatibilized blends occurs in melted state due to centrifugal force. The
principles of the separation equipment have been described in our previous studies [74,75].
Briefly, the three separation tanks spin together with the shaft, which is rotated with an AC
motor. Therefore, shear forces are small under steady state condition. The separation of blends
is caused by three apparent forces: centrifugal force, Coriolis-force and Euler-force, where the
latter can be negligible. Eq. (1) shows the force difference between the particle and medium,
from where the higher density droplet migrates outward to the denser medium. The separation
force depends on the density of the particle and the applied spinning speed, in 1D case at small
Reynolds number (Re < 1), where the particle and the medium have different densities.

AFcf = (Pa — Pm) " Va “Aep = (Pa — Pm) 'Va'r'(z'n'nc,m/60)2 (1)



where AF is difference of the apparent centrifugal force between the particle and medium,
which promotes the migration of the droplet because of density difference; acris the centripetal
acceleration; r is the distance between the axis of rotation and the particle; ncmis the rotational
speed of the equipment in rpm; pm is the density of the lower density medium, from where the
droplet migrate; pa and Va are the density and the volume of particle a, respectively.

Owing to the influence of the centrifugal and Coriolis force, the higher density of the molten
droplet can migrate towards the outer side of the melt, while phases with smaller density move
towards the inner side, nearby the shaft during the spinning phase of the separation process.
Since centripetal acceleration is significantly higher than the acceleration of gravity the
influence of the latter can be neglected. The effectiveness of separation strongly depends on the
applied melting temperature and the size of particles also has an effect.

The blends used in the separation process were compounded in the same way as in the other
investigations. The total weight of each blend, with different SEBS-g-MA contents was 50 g.
The separator, in which the blends were also situated, was heated in a furnace, where heating
time was 60 minutes for every sample at 300°C in order to achieve the fully melted state of
blends. After heating 20 minutes of spinning at 2000 min rotational speed followed at the same
temperature. Finally, the shape of the samples was fixed inside the separator by air cooling, also
during spinning.

2.3.5. Verification of separation results by optical microscopy

An Olympus BX 51M optical microscope was used (10x objective) to determine the
effectiveness of disc separation at different compatibilizer contents. Stuers LaboPol-5
automatic polishing machine was used to prepare the samples to 5 pm accuracy.

2.3.6. Verification of separation purity by Fourier transform-infrared spectroscopy

To verify the success of PS/HDPE blend separation without compatibilizer Fourier transform-
infrared spectroscopy (FTIR) was utilised. To prepare the spectra of the samples an attenuated
total reflection (ATR) setup placed in a Bruker Tensor 27 spectrometer was used with a spectral
resolution of 1 cm™ in the range from 600 cm™ to 4000 cm™.

3. Results and discussion
3.1. Morphology

Fig. 2 presents the morphology of the core of 50/50 PS/HDPE blends with different SEBS-g-
MA content from 0 vol% to 10 vol%, after injection moulding. As it can be seen, the
compatibilizer has a significant effect on the morphology of injection moulded blends. If
PS/HDPE blends without compatibilizer are compared with blends that conatin SEBS-g-MA,
it can be stated the compatibilizer reduces the size of the dispersed phase. Blends without SEBS-
g-MA show a wider droplet size distribution, where droplet diameter is often greater than 10
um. On the other hand a more homogeneous structure formed when 10 vol% SEBS-g-MA was



added to the PS/HDPE blend. In this composition the average size of droplets decreased by
more than half with a narrower range of droplet size. This phenomenon can be explained by the
presence of SEBS-g-MA which reduced the interfacial tension between the PS and HDPE
phases [66] due to formation of new bonds, and prevented coalescence leading to a more stable
morphology with a smaller droplet size in the dispersed phase. When SEBS-g-MA is located at
the interface between PS and HDPE, the styrene blocks of SEBS-g-MA is miscible with PS,
while the hydrogenated ethylene-butadiene blocks could form entanglements with the HDPE
phases. Previously the thermal behaviour of PS/HDPE blends was investigated, and it was
found that the compatibilizer decreased the crystallinity of HDPE [44,62,73] due to the dilution
with ethylene-butadiene segments of SEBS. Abis et al. [70] mentioned that binary PS/HDPE
blends did not show any changes in their DSC parameters, addition of 10% compatibilizer
resulted in a decrease of the crystallization and melting temperatures, which indicated the
compatibilization effect. These statements may be supported by the fact that fracture path
spread in the boundary of the phases up to 1 vol% of SEBS-g-MA (Fig. 2/a-€), while from 2
vol% of compatibilizer the fracture path passed through the PS domains (Fig 2/f-i), because of
the reaction of the components. In our study the morphology developed at different SEBS-g-
MA contents show good agreement with the results of Sahnoune et al. [72].

3.2. Rheology

The viscosities of PS, HDPE and SEBS-g-MA are presented as a function of shear rates (y) in
Fig. 3. In the range of the measured shear rate the viscosity of HDPE is nearly constant (319
Pa's at 0.1 s, 296 Pa-s at 10 s%). The viscosity of PS slightly decreased from 933 Pas to 618
Pa-s. The rheological property of SEBS-g-MA changed differently than PS and HDPE and
showed greater shear thinning behaviour (especially around 1 s shear rate). As it can be seen,
PS can be characterized by minimum two time higher viscosity in the whole range than HDPE,
assuming that HDPE forms easier the continuous structure in 50/50 vol% PS/HDPE blend
because of its higher flowability.

The influence of SEBS-g-MA on the viscosity of 50/50 PS/HDPE blends at 255°C is presented
in Fig. 4, where blends show shear thinning behaviour in the investigated range of shear rate.
Comparing the effects of the compatibilizer, it can be stated that blend without compatibilizer
shows the smallest viscosity (495 Pa-s at 0.1 s) and the incorporation of SEBS-g-MA in the
PS/HDPE blend causes an enhancement in viscosity, particularly at low shear rates. In addition,
by increasing the amount of SEBS-g-MA in the blends further growth of viscosity can be
achieved at the same shear rate, thus the highest viscosities (2192 Pa-s at 0.1 s'!) were measured
at 10 vol% SEBS-g-MA-containing PS/HDPE blends. The rheological results also show that
SEBS-g-MA is able to make interaction with PS and HDPE phases, resulting in an increase in
the viscosity of blends. Similar results were reported by Lin et al. [76] and Jafari et al. [77].

3.3. Tensile tests

Fig. 5 shows the stress-strain curves of 50/50 PS/HDPE with increasing SEBS-g-MA content
in blends. In a range of 0-1 vol% SEBS-g-MA the elongation at break of the blends was smaller
than 3%, and that reveals the brittleness of these blends. A change in the characteristics of the
curves can be observed above 2 vol% SEBS-g-MA, where the blends show a slight decrease in



tensile strength, while a huge improvement can be detected in case of elongation at break. When
10 vol% of SEBS-g-MA was added to the PS/HDPE blends, no fracture occurred before 20%
elongation. As the amount of compatibilizer increases, the blends tend to become tougher.

If the results of tensile strength (Fig. 6/a) and Young’s modulus (Fig. 6/b) tests of the blends
are compared, the highest tensile strength (25.98+0.19 MPa) and modulus (1.54+0.04 GPa)
values were measured in blends without compatibilizer. It can be observed that the recorded
curves can be divided into two lines in both cases. The slope of the curves is steeper in absolute
terms in the range of 0-1 vol% SEBS-g-MA than between 2 and 10%, and it means that the
curves have a sharp breakpoint between 1 and 2 vol% compatibilizer content. Tensile strength
decreased by 5.5% (24.5 MPa), as the amount of compatibilizer increased to 2 vol%. In case of
the blend that contained 10% SEBS-g-MA a further decrease can be observed in tensile strength
(22.9 MPa). This value is 12% lower than in case of blends without compatibilizer. This
phenomenon can be supported by the fact that the finer morphological structure leads to a
transition from brittle to ductile fracture [78], as it can be seen in Fig. 2. The ductility of polymer
blends in most cases increases with finer phase distribution due to the smaller awakening stress
when a smaller particle cracks [35,61]. A similar trend can be followed in case of the Young's
modulus curve to what was described at tensile strength measurement, i.e. the increasing
amount of compatibilizer resulted in a decrease in Young’s modulus (1.5 GPa at 0 vol%, 1.2
GPa at 10 vol% of SEBS-g-MA). The presented tensile values are in good agreement with
previous results [44,61,63,72]. The slight decrease in tensile strength and Young's modulus was
expected because of the rubbery nature of SEBS-g-MA [73]. However, it should be mentioned
that the elongation at break of PS/HDPE blends increased significantly, when SEBS-g-MA was
added to blends.

3.4. Charpy impact test

As it can be seen in Fig. 7, a large improvement in the Charpy impact strength of PS/HDPE
blend was realized by increasing the amount of compatibilizer. Blends with 10% SEBS-g-MA
content show a nearly eight times higher impact value (73.1+11.4 kJ/m?) than blends without
compatibilizer (9.4+0.5 kJ/m?). Similarly to the results of tensile tests the curve can be
characterized by a greater slope in the range of 2-10 vol% SEBS-g-MA than at 0 to 1 vol%
SEBS-g-MA content. The slope of impact strength shows a breakpoint again between 1 and 2
vol% of compatibilizer, as it was detected during the tensile test. Comparing the results of
impact strength in pairs with independent two-sample t-test also shows that the first significant
improvement was between 1 and 2 vol% of SEBS-g-MA, from 11.5 kJ/m? to 14.0 kJ/m?. A
same improvement of impact strength of PS/HDPE blend with different SEBS-g-MA content
was reported by Sahnoune et al [72].

3.5. Investigation of compatibilizer adequacy in melted state

During the novel separation process the compounded 50/50 vol% PS/HDPE blends were the
same as in other investigations, produced with a twin screw extruder. The adequacy of
compatibilizers have been investigated in blends with different SEBS-g-MA content (0-10
vol%). The separation occurred in melted state, utilising centrifugal force. Owing to the
influence of centrifugal force, the melted PS droplets, which can be characterized with higher



density than HDPE, can migrate towards the wall of the separation tank, while HDPE phases
move towards the shaft during the spinning phase of the separation process. The separation
process can result in three different types of zones as parts of the separated disc: a pure outer
zone of PS, a pure inner zone of HDPE and a potential transition zone, wherein the two plastics
and compatibilizer SEBS-g-MA can also be found at the same time. The thickness of the formed
zones can be measured by optical microscopy, after the discs are polished. In case the PS/HDPE
blend did not contain compatibilizer, the melted phases solidified during shape-fixing and
formed two separated, pure zones in the disc with a sharp transition boundary, i.e. the outer
zone contained only PS and only HDPE was located in the inner zone (Fig. 8/a). Conversely,
when 0.5% SEBS-g-MA was added to PS/HDPE blend a large transient, compatibilized zone
formed between the neat HDPE and neat PS zone (Fig 8/c).

The result of the separation process was supported by FTIR measurements. The FTIR spectra
from the outer and inner zones of the samples were compared with the FTIR spectra of the
reference PS and HDPE, in order to verify the purity of the separated zones (Fig. 8/b). The
samples were taken from the two different zones of the separated 50/50 PS/HDPE disc without
SEBS-g-MA. The sampling from 50/50 PS/HDPE disc with 0.5% SEBS-g-MA occurred from
the outer, the transition and the inner zone too (Fig. 8/d). HDPE can be characterized with three
sets of peaks as a result of C-H and C-C absorption. Peak set in a range of 2800-3000 cm*
correspond to C-H stretch bond, where the higher wave number (2917 cm™) is the asymmetric
stretch bond of CHy, while the lower peak (2848 cm™) belongs to the symmetric stretch bond
of CHa. A strong bending was detected in the range of 1460-1470 cm™ which corresponds to
CH: groups, too. The peak centred at 719 cm™ is the rocking of the methylene group of HDPE.
The differences of peaks in PS can be explained by the presence of the aromatic ring. The
aromatic C-H stretching vibration of PS is clearly visible in the range from 3083 to 3025 cm™.
Peaks at 2922 cm™ and 2853 cm™ correspond to aliphatic C-H stretching of the backbone chain.
The peak of 1601 cm™ is strong and independent, corresponding to the aromatic C-C stretching
bond, while peaks of 1493 cm™ and 1451 cm™ correspond to both the aromatic and the backbone
chain. The out-of-plane C-H bends of the aromatic ring of PS are intense in the range of 753-
694 cm. If the spectra of the reference materials and the samples of different zones from the
separated 50/50 PS/HDPE disc without SEBS-g-MA are compared, it can be stated
undoubtedly, that the outer zone is pure PS and the inner zone consists of HDPE without
detectable contamination. In the other case, the characteristic peaks of PS and HDPE also can
be found in spectra of the sample from transition zone of disc with 0.5% SEBS-g-MA. The
obtained results from FTIR test show full agreement with the spectroscopic studies (Fig. 9).

The evaluation of the discs after separation revealed, that if blends did not contain
compatibilizer or the presence of SEBS-g-MA was low, the separation of PS and HDPE was
successful. However, increasing the amount of SEBS-g-MA from 0 vol% to 0.5 vol% resulted
in continuous increase in the thickness of transition compatibilized zone. This phenomenon can
be explained by the compatibilizing effects of SEBS-g-MA between the phases of PS and
HDPE (Fig. 9). If 0.125 vol% SEBS-g-MA was added to blends the thickness of transition zone
increases to 2746 um from the initial thickness of 282 um, measured at 0 vol% of SEBS-g-MA.
If the presence of the compatibilizer was 0.25 vol% in PS/HDPE blend the thickness of



homogeneous PS and HDPE phases decreased further, particularly in case of PS; whereas the
transition compatibilized zone was the thickest (6096 um), almost as thick as the total thickness
of two homogeneous PS (1711 um) and HDPE (4794 um) zones, as it can be seen on the surface
of the disc. At 0.5 vol% SEBS-g-MA the thickness of the PS zone is close to 1 mm. When the
amount of the compatibilizer was increased further up to 1 vol% the homogeneous PS zone
disappeared, only a thin (857 um) HDPE zone formed besides a thick heterogeneous,
compatibilized zone. Finally, only a compatibilized zone formed in the total cross-section of
the disc at 2 vol% SEBS-g-MA, and that has become more homogeneous as the amount of
SEBS-g-MA increased.

As the optical microscope images of the discs are summarized in one diagram, the change in
the ratio of phase thickness as a function of SEBS-g-MA content is shown in Fig. 10. Based on
the separation experiments it can be stated that from 2 vol% of SEBS-g-MA is an effective
compatibilizer in PS/HDPE blends, as in the range of 2 to 10 vol% SEBS-g-MA content it was
not possible to separate the two phases from each other. This is presumably due to the fact that
introducing SEBS-g-MA to PS/HDPE blend leads to a finer particle size distribution up to 2%
SEBS-g-MA (Fig. 2). Above 4% compatibilizer, the average diameter of the dispersed phase
was nearly the same (Fig. 2/g-i). When PS/HDPE blend did not contain SEBS-g-MA a
coarsened morphology developed and the separation occurred at high purity. Adding small
amount of SEBS-g-MA to PS/HDPE blend resulted in smaller droplets, on which lower
centrifugal force acts. Because of the lower centrifugal force and the entanglements between
the phases only a partial separation occurred between 0.125% and 1% SEBS-g-MA content.
From 2% compatibilizer content the polymer blend system started homogeneous due to higher
concentration of SEBS-g-MA, and the size of droplets reached a critical value, where the
separation did not take place between the phases because of the small awakening forces and the
entanglements between the phases.

If the results of the separation process are compared with the results of tensile tests and Charpy
impact tests a high degree of similarity can be detected. The characteristics of stress-strain
curves were also changed between 1-2% SEBS-g-MA content, while the Charpy impact
strength was starting to significantly increase from 2% compatibilizer. In case of 1 vol% SEBS-
g-MA only a compatibilized zone can be found in the outer zone instead of pure PS but pure
HDPE could be recovered in small amount. When SEBS-g-MA content was raised up to 2 vol%
the pure HDPE zone vanished and in total cross-section of the disc only a heterogeneous,
compatibilized zone formed, what means that PS and HDPE plastics have not been able to be
recovered above 2 vol% SEBS-g-MA after separation. These results indicate the
compatibilizing effect of SEBS-g-MA from 2% content. Of course it should be noted, if the
main target is to achieve a tougher blend, further amount of compatibilizer is necessary to add
to PS/HDPE blend.

3.6. Verification of the novel evaluation method in melted state

Two other compatibilizers, HDPE-g-MA and PP-g-MA were also investigated in order to verify
the adequacy of SEBS-g-MA with the novel separation method. Taking into account the results
of investigation of SEBS-g-MA (where the compatibilization was successful above 2 vol%
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content), the amount of additive was doubled: in one case 4 vol% of HDPE-g-MA, in the other
case 4 vol% of PP-g-MA was added to PS/HDPE blends in the stage of compoundation in a
twin-screw extruder, using the same processing parameters. The separation results of these
blends with higher HDPE-g-MA or PP-g-MA content show that separation occurred between
the phases of PS and HDPE (Fig. 11). In both cases a sharp transition boundary can be seen and
it can be assumed that the additives can be found in the zone of HDPE. However, it should be
mentioned that detecting parts of HDPE-g-MA is more difficult (Fig. 11/a), than detecting PP-
g-MA (Fig. 11/b) in HDPE. Since the additives of HDPE-g-MA and PP-g-MA do not contain
blocks or groups which can establish interaction with PS, the separation successfully occurred
in these two cases, as in the case of 50/50 PS/HDPE blends without compatibilizer (Fig. 9).

4. Conclusion

In this study a novel separation method was developed in order to determine the minimum
required amount of SEBS-g-MA to achieve good compatibilization between PS and HDPE
phases, compared with the results of the most commonly used evaluation methods. The results
show that SEBS-g-MA has a significant effect on the rheology, morphology and mechanical
properties, furthermore also on the separability of 50/50 PS/HDPE blends. During the rheology
experiment a consistent increase in viscosity was detected in the inspected range of shear rates,
when compatibilizer was added to blends. If the amount of SEBS-g-MA increased, a finer
morphology has developed, and at 1 vol% compatibilizer content the average droplet size
decreased compared to the size distribution of the PS/HDPE blend without SEBS-g-MA,;
although in many cases the droplet sizes were larger than 5 to 10 um in diameter, the adhesion
with the matrix was weak. As a result of adding 2 vol% SEBS-g-MA to the blend the loose
boundaries between the phases disappeared with a further droplet size decrease.

After the evaluation of mechanical test results a sharp breakpoint was observed in the curves of
tensile strength and Young’s modulus between 1 and 2 vol% SEBS-g-MA content. Similarly,
a breakpoint was observed in the curve of Charpy impact strength, where a significant
improvement occurred above 2 vol% compatibilizer and the curve of impact strength became
steeper. The most commonly used mechanical tests collectively showed that above 2 vol%
SEBS-g-MA the compatibilizer begins to cause measurable changes in the behaviour of blends,
extending its influence on the morphology and mechanical properties of PS/HDPE blends.

The results of the novel separation process show that the PS and HDPE phases of blends, which
were previously compounded in twin-screw extruder, could be at least partially separate from
each other, when blends contained 0 to 1 vol% SEBS-g-MA. From 2 to 10 vol% compatibilizer
content, SEBS-g-MA prevents the separation of PS and HDPE phases because of the lower
centrifugal force due to the smaller droplet size distribution and entanglements between the
phases. It has been proven that the results of the novel evaluation method based on separation
are in good agreement with the results of the mechanical tests. The investigations show that
SEBS-g-MA is an effective compatibilizer when at least 2 vol% is added to the PS/HDPE blend.
Other additives (HDPE-g-MA and PP-g-MA), which did not contain suitable groups to make
interactions and bonds between PS and HDPE, were also investigated in order to verify the
adequacy of the novel separation method. In these cases the separation was achieved by a sharp
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boundary among the pure PS and pure HDPE phases, similarly to the case when the blend did
not contain compatibilizer. The results lead to the conclusion that the novel separation method,
where the blends are investigated in melted state, and that uses centrifugal force can be suitable
for predicting the adequacy of compatibilizer in polymer blends.
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Fig. 1. The own constructed horizontal separator: (1) bearing housing; (2) welded frame; (3)
soluble coupling; (4) shaft of 18 mm diameter; (5) three separation tanks of 82,5 mm outer
diameter; (6) clamping anchors; (7) connection to AC motor
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Fig. 2. Fracture surface of 50/50 PS/HDPE with different SEBS-g-MA-content, after injection
moulding: (a) 0% SEBS-g-MA,; (b) 0.125% SEBS-g-MA; (c) 0.25% SEBS-g-MA; (d) 0.5%
SEBS-g-MA; (e) 1% SEBS-g-MA; (f) 2% SEBS-g-MA; (g) 4% SEBS-g-MA; (h) 6% SEBS-
g-MA; (i) 10% SEBS-g-MA
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Fig. 5. The stress-strain curves of 50/50 PS/HDPE with different SEBS-g-MA content
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Fig. 6. (a) Tensile strength and (b) Young’s modulus of 50/50 PS/HDPE blends as a function
of SEBS-g-MA content
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Fig. 7. Charpy impact strength of unnotched 50/50 PS/HDPE blends, as a function of SEBS-g-
MA content
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Fig. 8. Separating results of 50/50 PS/HDPE blend without and with 0.5% SEBS-g-MA: (a)
separated disc with two pure zones, where the dashed line shows the sharp transition zone
between PS and HDPE; (b) FTIR spectra of the reference PS and HDPE materials, compared
with the samples from the inner and outer zones from disc without SEBS-g-MA; (c) separated
disc with transition zones between PS and HDPE; (d) FTIR spectra of the reference PS and
HDPE materials, compared with the samples from the inner, transition and outer zones from
disc with 0.5% SEBS-g-MA
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Fig. 9. Results of the separation process with the novel test method driven by centrifugal force
in melted state, in 50/50 PS/HDPE blends with different SEBS-g-MA contents, where the arrow
shows the thickness of the transition compatibilized zone
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Fig. 10. Thickness of PS, HDPE and the compatibilized zone as a function of SEBS-g-MA
content, after the novel separation test method
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Fig. 11. Results of the separation process with the novel test method driven by centrifugal force
in melted state, at 50/50 PS/HDPE blends: (a) 4 vol% HDPE-g-MA; (b) 4 vol% PP-g-MA
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