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31 Abstract:

34 The study deals with the effects of forming morphological structures in immiscible polymer
36 blends, where polyethylene terephthalate and polystyrene were mixed with high density
38 polyethylene. While tracking phase inversion the composition ratio was altered with small
increments by volume. The results revealed that the mold shrinkage depends significantly
43 from the dispersed phase. Due to the heterogeneity and lack of adhesion between the phases
45 tensile strength differed from the linear mixing role, particularly in case of polyethylene
47 matrix. Depending on which component formed the continuous phase of the blends major

49 differences were detectable during flammability test.

Keywords: phase inversion; immiscible polymer blend; shrinkage; tensile properties, burning

55 properties.

58 1. Introduction
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Blending two or more immiscible polymers is an effective method to achieve novel
polymeric materials, where tailoring the properties of the plastics can give a wide range of
physical and mechanical properties for the end-use utilization [1-4]. The developing
morphology in immiscible binary polymer blend can be classified into disperse/matrix or co-
continuous structures, where the maximum co-continuity of the blends means the
concentration of phase inversion [5,6]. Since the entropy of mixing is decreasing by the long
polymer chains, mixing polymers resulted in most cases heterogeneous, immiscible polymer
blends with high interfacial tension because the Gibbs free energy change is positive [7,8].
The forming morphology depends on the composition ratio and properties of the components,
where the deformation of dispersed droplet can be described by the viscosity ratio (1), the
capillarity number (x) and the reduced time (r') during the dynamic process of droplet break-

up and coalescence [6,9].

To achieve the suitable engineering properties of polymer blends the key factor is to control
the forming morphology which determines the brittle-tough transition [10] and other physical
properties, like mold shrinkage [11-13] and burning characteristics [14]. However, predicting
the microstructure of blends is difficult as polymers are non-Newtonian materials and
complex flow field exists during the processing [15,16]. Utilizing the properties of plastics
and the applied processing parameters several semi-empirical models were established to
predict the phase inversion of polymer blends [17-22]. Most of them are based on Jordhamo

equation [23] differing in constants only (Eq. (1)):

@1 _ . (M1
@, ! (77(]7)2) + G )

where @; is the viscosity of component i, #; is the viscosity of component i as a function of
shear rate (y) and C,, C, and C; are the fitting constants depending on the investigated blends.

Nowadays modelling with Cahn-Hilliard equations with Navier—Stokes formulation [24] or

URL: http://mc.http://mc.manuscriptcentr%nl.com/lpte E-mail: munmaya@gmail.com

Page 2 of 34



Page 3 of 34

©CoO~NOUTA,WNPE

Polymer-Plastics Technology and Engineering

Phase inversion in PET/HDPE and PS/HDPE blends

utilizing coarse-grained molecular dynamics method [25] are other possibilities to estimate

the forming morphology.

Polyethylene terephthalate (PET), polystyrene (PS) and high density polyethylene (HDPE)
are among the most commonly used low-cost plastics in industry field, which are used in
packaging and other short life cycle everyday products [26-28]. The utilization of their
mixture is also increasing as multi-layer food packaging and toy products moreover they are
often mixed in waste stream. The mentioned plastics are the common example of miscibility
problems; however, in terms of technology application the blends could be well useable.
Therefore, research is focused on achieving the best physical and mechanical properties in
PS/PE [29-32] and PET/PE [33-36] blends changing the composition and the processing
conditions [37,38] as well using suitable additives to enhance the interaction between phases
[39-45]. The brittle-tough transition can be very sharp in polymer blends so toughening PS
with PE can be profitable [46,47], the lower impact resistance and notch sensitivity of PET
can be counteracted by adding tough polymers [48] or blending PET bottles with its HDPE
caps decreasing the separation cost during recycling [49]. Because of social expects and
regulations, it is also essential to explore all the physical and mechanical properties of these

blends to promote polymer waste recycling without increasing the costs dramatically.

However, the tensile and impact properties have been widely investigated before; after a
detailed literature search it was found that research barely deals with the shrinkage and
burning characteristics of polymer blends despite these properties could be essential for
assembling and application as polymer parts. So the aim of this study is to focus on the
influence of different morphological structures on mold shrinkage and to establish
correlations between the mechanical or burning properties and the range of phase inversion in

immiscible PET/HDPE and PS/HDPE blends.
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2. Experimental
2.1. Materials

PET, PS and HDPE have been chosen to prepare blends in a content range from 0% to 100%
by volume (vol%). All plastics can be characterized by a high flowability used for injection
molding purposes. PET was NeoPET 80 (density 1.34 g/cm’, measured melt flow rate 38.4 +
5.7 g/10 min (275 °C/2.16 kg)) produced by Neogroup (Lithuania), PS was Edistir N 1840
(density 1.05 g/em’, measured melt flow rate 17.9 + 0.7 g/10 min (255 °C/2.16 kg)) provided
by Versalis S.p.A (Italy) and HDPE was Liten MB 87 (density 0.955 g/cm’, measured melt
flow rate 57.6 £ 4.6 g/10 min (255 °C/2.16 kg) and 73.7 + 6.2 (275 °C/2.16 kg)) produced by

Unipetrol RPA (Czech Republic).
2.2. Compoundation and sample preparation

PET was dried for 6 hours at 160 °C. The compoundation was carried out in a Labtech
Scientific LTE 26-44 twin screw extruder with L/D=40 ratio (PET/HDPE blends:
temperature zones 250 to 275 °C and rotation speed 40 rpm; PS/HDPE blends: temperature
zones 230 to 255 °C, rotation speed 75 rpm). Because the granulation was realized after
cooling in water bath, granules had to be dried at 80 °C for 3 hours to remove moisture. The
ISO 527-1:2012 1A samples with a 10 x 4 mm cross-section were injection molded in an
Arburg Allrounder Advance 370S 700-290, where the following parameters were set: nozzle
temperature 255+5 °C and 275+5 °C in case of PS/HDPE and PET/HDPE, respectively; mold
temperature 40 °C (PS/HDPE) and 60 °C (PET/HDPE), injection flow 30-35 cm’/s, injection
volume 42 cm’, switchover point 10-11 cm’, holding pressure 400-500 bar during 12-15 s

holding time - depending on the mixtures.

2.3. Characterization
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To study the morphological microstructures of PET/HDPE and PS/HDPE blends JEOL JSM
6380LA scanning electron microscope (SEM) was used in secondary electron imaging mode.
The injection molded samples were cryogenic fractured and coated with gold before the SEM

analysis.

The viscosities of PET, PS and HDPE were recorded in a range of shear rate from 0.01 s to
100 s using an AR2000 rheometer (TA Instruments) in plate-plate configuration. The
measurements started after 5 minutes waiting at 275 °C in case of PET; while PS was
investigated at 255 °C. The curves of shear rate — viscosity of HDPE have been plotted in
both temperatures. CEAST Modular Melt Flow Model 7027.000 was used to measure the
melt flow rate according to ISO 1133-1:2011, where the applied weight was 2.16 kg and the

same temperature was used as for blending.

The longitudinal shrinkages of the injection molded specimens in a function of time were
measured 1 minute, 1 hour, 1 day and 1 week after production with 6 repetitions. The

nominal length of the mold cavity was 172 mm.

Zwick Z020 Tester with a test speed of 20 mm/min, and 100 mm clamping distance was
applied at room temperature. The repetition number was 5 for each composition. From the
curves the tensile strength, Young’s modulus and the elongation at break were calculated
according to ISO 527-1:2012 standard. Charpy impact tests were carried out in a Ceast Resil
Impactor Junior impact test machine with 15 J hammer according to ISO 179-1:2010
standard. The distance between the supports was 62 mm, where the unnotched specimens
with 80 x 10 x 4 mm size were hit with an impact rate of 3.4 m/s. The test was repeated 6

times for each composition.

According to ISO 4589-2:1996 standard limiting oxygen index (LOI) was measured on

10x4x80 mm specimens with +0.5 accuracy.
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3. Results and discussion
3.1. Rheology

The viscosities of PET and HDPE measured at 275 °C are plotted in Figure 1/a, while the
viscosities of PS and HDPE measured at 255 °C are presented as a function of shear rate in
Figure 1/b. The viscosity of HDPE is smaller than PET and PS in a range of 0.1-100 s, and
the difference in viscosity is smaller between PET and HDPE (average viscosity ratio is 1.5)
than PS and HDPE (average viscosity ratio is 2.0). The obtained viscosity ratio suggests that
the range of phase inversion can shift slightly to higher PET content from 50 vol%, while in
case of PS/HDPE blends the co-continuous structure could shift on a larger scale from 50

vol% PS content according to Jordhamo’s theory (Equation 1).

Utilizing the semi-empirical equations an estimation can be given for the range of the phase
inversion of PET/HDPE (Figure 2/a) and PS/HDPE (Figure 2/b) blends. The results indicate
that above the lines PET or PS will be the continuous structure including HDPE dispersed
parts, while under the line HDPE will form the matrix. Accordingly, the phase inversion
point in both blends can be expected around 54-56 vol% of PET or PS content. Nevertheless,
major shift in phase inversion point cannot be explored at the models of Ho [17], Kitayama
[18], Steinmann [21] and Omonov [22] whether the viscosity ratios are different from the

investigated blends.

The flowabilities of blends are shown in Figure 3. Increasing the PET or PS content resulted
in a decrease of melt flow rate of the blends. However, in PET/HDPE blend in a range of 40-
60 vol% PET content a local maximum can be detected, in which region the co-continuity
can be expected by the semi-empirical models. From 70 vol% to 90 vol% PET content the
blends can be characterized by the same flowability as neat PET. In PS/HDPE blend the pure

HDPE has smaller flow rate because of the lower test temperature (255°C), after the flow rate
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steadily decreased until 60 vol% PS content, where almost the same values were measured as
at 70 vol% of PS. Subsequently, in a range of 80-90 vol% PS content the flowability of

blends was the same as neat PS.
3.2. Morphology

Figure 4 presents the range of the phase inversion of PET/HDPE blends. HDPE formed the
matrix from 10 vol% to 40 vol% PET content both in shell and core structure. At 50 vol%
PET content the microstructure of PET/HDPE blend changed to co-continuous morphology
in the shell part, while in the core PET phases remained dispersed, nevertheless, a rod-like
structure has begun to form replacing the spherical shape. The fully co-continuous structure
in the whole cross-section of PET/HDPE blend was observed at 55 vol% PET content. The
phase inversion took place rapidly since PET formed the matrix containing HDPE dispersed
phases in the shell structure at 60 vol% PET content. The disintegration of the continuous
structure of HDPE is also clearly visible in the core at same PET content. From 70 vol% to

90 vol% PET content PET formed the matrix.

Similarly, the phase inversion of PS/HDPE blend is traceable in Figure 5. Because the
measured melt flow rate of PS is considerably smaller than HDPE the range of co-continuity
has shifted to higher PS content. Up to 50 vol% PS content HDPE formed the matrix, in
which spherical and elongated rod-like PS parts can be seen at the same time. At 60 vol%
content the PS has begun to show continuity in the shell and from 70 vol% also in the core.
The phase inversion occurred rapidly again, from 80 vol% PS content PS formed the matrix

containing HDPE dispersed phase in the total cross-section of the injection molded samples.

By determining the average size of dispersed phase (Figure 6) it can be stated the average
particle size is smaller than the reverse compositions (10-20 vol%) when PET or PS formed

the dispersed structure (80-90 vol%). This phenomenon can be explained by the fact that it is
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more difficult to disperse the components with higher viscosity. In contrast the HDPE
droplets characterized by lower viscosity fragmented into small droplets more easily. 10
vol% of PET or PS in PET/HDPE or PS/HDPE blends has a dispersed morphology with a
certain amount of interface. Increasing the PET or PS content in the blends resulted in an
increase of the interfacial area, because the size of dispersed phase did not change
significantly. Based on this proposition, the highest interface area can be expected at the
maximum PET or PS content even when blends forming dispersed structures. Finally, when
the morphology structure transformed to co-continuous the interfacial area suddenly

decreased. Omonov et al. [22] reported the same phenomenon.

Summarizing the results, the range of phase inversion occurred around 55-60 vol% of PET in
PET/HDPE blend, while in PS/HDPE between 60-70 vol% of PS. Comparing the SEM
images and the calculated values from the semi-empirical models a good correlation can be
observed in case of PET/HDPE blend, however, most of the models give inaccurate result on
the other hand in case of PS/HDPE. This means that Jordhamo’s equation can be an initial
point to estimate the phase inversion, but the disadvantage of the model is the resulted shape
and size of the dispersed phase under different flow conditions and the interaction (e.g. Flory-

Huggins solubility parameter) between the phases is not taken into account.

Figure 7 represents the mold shrinkages of PET/HDPE (Figure 7/a) and PS/HDPE (Figure
7/b) blends. After comparing the components it can be stated that HDPE had higher
shrinkage than PET and PS in a function of time. However, the measured shrinkage of blends
at different composition ratio differs from the linear mixing rule which means that the
shrinkage is not only dependent on the composition ratio but also on morphological structure.
Increasing the amount of the dispersed PET or PS phase with lower shrinkage constantly
inhibits the shrinkage of HDPE matrix until the formation of co-continuous structure,

wherein a breakpoint with larger drop of shrinkage values can be observed. The results of
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one-week shrinkage dropped from 1.11% to 0.86% in PET/HDPE blend between 60-70 vol%
of PET content, while in case of PS/HDPE the values of shrinkage reduced from 0.73% to
0.55% between the borders of phase inversion. Finally, when the phase inversion occurred,
the shrinkages of PET or PS matrix based blends were nearly the same as neat PET or PS
specimens. It can be concluded that until HDPE forms the matrix increasing the amount of
the PET or PS components with lower shrinkage inhibits more and more the shrinkage of
blends in flow direction, in contrast after the phase inversion the dispersed HDPE had no

influence on the shrinkage when it was located in PET or PS matrix.
3.3. Tensile tests

Figure 8 shows the stress-strain curves from each composition of PET/HDPE. The elongation
at break of blends containing 10-20 vol% or 80-90 vol% of PET was mostly more than 10%,
while in a symmetrical composition the blends showed brittle behavior especially at 40 vol%
of PET. Increasing the PET content in HDPE matrix did not cause any significant
improvement in tensile strength because of the weak adhesion between the phases, however,
the tensile value of PET is much better than HDPE. A huge improvement (from 20 MPa to 36
MPa) was detectable in tensile strength between 50-55 vol% of PET content due to the
formation of co-continuous structure. Once PET reached the minimum proportion to form
continuous morphology the tensile strength of the blend increased steadily. Similar trends can
be observed in PS/HDPE blend (Figure 9). PS with higher tensile strength had no influence
on the tensile strength of the blends until the matrix was formed by HDPE. Moreover,
increasing the PS content in blend resulted in a higher surface area between the phases and as
a consequence, the values of elongation at break decreased. In the range of phase inversion

(from 50 to 70 vol% PS) the tensile strength of PS/HDPE blends increased by 50%.
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The results clearly showed that tensile values do not follow the linear mixing rule, which
means the tensile strength strongly depends on the morphological structure and adhesion
between the phases. In contrast, the Young’s moduli of PET/HDPE and PS/HDPE were
increased steadily in a function of PET or PS content, therefore the modulus is more
dependent on composition ratio rather than morphological structure. The results from the

tensile test were summarized in Table 1.
3.4. Charpy impact test

The unnotched HDPE samples did not break (Figure 10), the average Charpy impact value of
PET is 124 kJ/m?, while PS component showed brittle fracture (23 kJ/mz), similarly during
the tensile test. The Charpy impact values differ from the linear mixing rules, which proves,
that the forming morphology, particularly the dispersed phase has a great influence on impact
resistance. Higher PET or PS content in HDPE matrix increased the heterogeneity of the
blends resulting in a serious drop in impact strength due to the lack of adhesion between the
immiscible phases. From 20 vol% to 50 vol% of PET or PS content the impact values of
blends was around 7-20 kJ/m* which was lower than for the neat materials. In the range of
phase inversion, at 55-60 vol% PET content a huge improvement can be observed in Charpy
impact strength (29-33 kJ/m”) in PET/HDPE blend comparing the impact strength of blend
containing 50 vol% PET (11 kJ/m®). The PET matrix with dispersed HDPE phase resulted in
better impact strength due to the higher impact resistance of HDPE and its finer dispersion in
PET matrix. The finer dispersion resulted in an improved impact strength in blends
containing 80 vol% (66 kJ/m?) and 90 vol% (99 kJ/m?) of PET in comparison with blends
containing 20 vol% (23 kJ/m?) and 10 vol% (66 kJ/m?), respectively. The results of
PET/HDPE blends showed that the Charpy impact strength of blends strongly depends on
which plastic formed the dispersed phase and the size of the droplets is another determining

factor, however, the impact strength was lower in each blend than in the neat components due
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to the inadequate adhesion. The brittleness of PS/HDPE blends from 20 vol% to 90 vol% of
PS content can be explained by the same phenomenon thereby the impact strength of the

blends was lower than PS and HDPE.
3.5. Limiting oxygen index

Examining the limiting oxygen index (LOI) of the plastics it can be stated, that HDPE and PS
are easily flammable under normal atmospheric conditions (LOI of HDPE and PS were 18.5
and 17.5, respectively), while PET showed higher resistance against ignition (LOI=26).
When the matrix was formed by HDPE in PET/HDPE blend the LOI values were almost the
same (18.5-19.0) between 10-50 vol% of PET, the LOI values improved only when phase
inversion occurred (Figure 11). This means when PET, characterized by higher resistance
against burning, was located in the continouos HDPE matrix had no influence on burning and
nearly the same oxygen volume was enougth to ignite the specimens containing 10-50 vol%
of PET as the neat HDPE specimens. Higher LOI values were measured immediately when
PET started to form continuous structure which has steadily grown decreasing the content of
combustible HDPE in PET/HDPE blends. Regardless of PS and HDPE had almost the same
LOI values the effect of forming morhpogy structure can be visible. A small but consistent
decreasing of LOI was measured in PS/HDPE blends increasing the ratio of the more
flammable PS in PS/HDPE blend, finally from the end of phase inversion the LOI values was

the same in the range of 70-100 vol% of PS content.
4. Conclusion

In this study the influence of different morphological structures was investigated on the
properties of theology, mechanical and burning properties in two immiscible polymer blends:
PET/HDPE and PS/HDPE. Blending the components phase inversion occurred at 55-60 vol%

of PET content in the case of PET/HDPE blend, while in PS/HDPE blend between 60-70
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vol% of PS. The latter range slightly differs from the calculated values of the well-known
semi-empirical models based on Jordhamo equation. Summarizing the results it can be stated,
that the range of phase inversion has great influence on other properties of the blend and
controlling the forming morphology is crucial in order to achieve the best physical- and

mechanical properties in immiscible polymer blends.

The tensile test results showed increasing PET or PS content in the continuous HDPE phase
did not improve the tensile strength before phase inversion. This phenomenon was caused by
the lack of adhesion between the phases. It has been proven that the tensile strength differs
from the linear mixing rules and strongly depends on the forming morphological structure.
The tensile strength suddenly increased by 75% and 50% in the range of phase inversion in
PET/HDPE and PS/HDPE blends, respectively. However, the emerging morphology had only
a very slight influence on the Young’s moduli which mainly depended on the composition
ratio. The values of elongation at break were the lowest close to the range of phase inversion
because of the heterogeneity with poor adhesion. The investigation of Charpy impact tests led

to similar results.

The shrinkage values and the burning characteristics of blends could be a determining factor
during assembly and application. The effects of phase inversion were clearly demonstrated
during the measurements. PET and PS can be characterized by lower shrinkage than HDPE
and increasing the PET or PS content in HDPE matrix resulted in a decreased shrinkage of
blends up to the range of phase inversion. Finally, when PET or PS formed the matrix
structure the dispersed HDPE had no influence on the shrinkage of blends. In contrast, the
flammability tests showed the opposite. Until HDPE formed the matrix structure the
dispersed PET had no effect on LOI values which only begun to increase when phase
inversion occurred. The LOI values of PS and HDPE were almost the same; nevertheless, the

influence of the phase inversion was also traceable in PS/HDPE blend.
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Table 1. The values of tensile strength, Young’s modulus and elongation at break of

PET/HDPE and PS/HDPE blends.

Tensile strength

Young’s modulus

Elongation at break

(MPa) (GPa) (%)
PET/HDPE | PS/HDPE PET/HDPE | PS/HDPE PET/HDPE | PS/HDPE
0/100 20.92 19.95 0.86 0.90 160.4 204.7
+0.23 +0,29 +0.19 +0.02 +49.6 +51.6
10/90 20.27 16.95 0.93 0.94 28.59 48.53
+0.17 +0.19 +0.01 +0.05 +4.97 +7.37
20/80 20.69 15.70 1.03 1.00 11.03 10.45
+0.09 +0.18 +0.01 +0.03 +0.39 +1.71
30/70 20.94 15.21 1.12 1.06 3.19 3.42
+0.5 +0.16 +0.01 +0.02 +0.41 +0.23
40/60 17.28 15.52 1.24 1.18 1.83 2.12
+0.24 +0.12 +0.02 +0.01 0.06 +0.07
50/50 20.18 16.50 1.37 1.34 2.61 1.87
+0.17 +0.19 +0.01 +0.03 +0.07 +0.03
55/45 35.73 -- 1.60 -- 4.30 --
+0.50 +0.01 +0.38
60/40 39.88 21.02 1.64 1.57 4.65 2.18
+1.18 +0.18 +0.05 +0.03 +0.66 +0.10
70/30 38.19 25.26 1.64 1.82 3.89 2.40
+0.32 +0.34 +0.15 +0.03 +0.39 +0.13
80/20 47.27 25.63 1.80 1.89 9.73 2.67
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+0.09 +0.16 +0.01 +0.03 +3.29 +0.26
90/10 50.89 28.74 1.93 2.22 2291 2.91

+1.11 +0.23 +0.02 +0.02 +7.21 +0.39
100/0 62.17 39.43 2.10 2.36 79.38 2.20

+0.57 +0.52 +0.03 +0.09 +16.32 +0.19
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Figure captions
Figure 1. Viscosity of (a) PET and HDPE at 275 °C; (b) PS and HDPE at 255 °C.

Figure 2. Calculated phase inversion in a function of shear rate by semi-empirical models: (a)

PET/HDPE; (b) PS/HDPE blend.

Figure 3. Melt flow rates of PET/HDPE (2.16 kg/275 °C) and PS/HDPE (2.16 kg/255 °C)

blend.

Figure 4. Range of phase inversion in shell and core structure of PET/HDPE blend after

injection molding at different PET content.

Figure 5. Range of phase inversion in shell and core structure of PS/HDPE blend after

injection molding at different PS content.
Figure 6. Average size of the dispersed phase: (a) PET/HDPE blend; (b) PS/HDPE blend.

Figure 7. Longitudinal shrinkages of injection molding ISO 1A specimens: (a) PET/HDPE

blend; (b) PS/HDPE blend.

Figure 8. The stress-strain curves of PET/HDPE blend at different PET content.
Figure 9. The stress-strain curves of PS/HDPE blend at different PS content.
Figure 10. Charpy impact strength of unnotched PET/HDPE and PS/HDPE blends.

Figure 11. Limiting oxygen index (LOI) values of PET/HDPE and PS/HDPE blends.
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