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Abstract

During research, injection moulded samples were prepared from recycled poly(ethylene-
terephthalate) granulate, and their mechanical properties were investigated as a function of time.
To understand the changes in mechanical properties, both morphology of injection moulded
samples and recycled granulates were investigated. A three-phase morphological model was
applied for the evaluation of morphological properties while mechanical properties were
determined by tensile and impact tests. Relationship was found between morphological and
mechanical characteristics as a function of time elapsed since production. Crystalline ratio,
tensile strength, and modulus of injection moulded specimens increased while impact strength

decreased in the four weeks after production.

1. Introduction

Nowadays PET is classified as commercial plastic. Its main application area is packaging (of
mineral water and soft drinks) besides fiber production. Most products are used only once,
hence have a short life cycle. Due to increasing usage and by stricter environmental regulations
recycled PET (RPET) is a secondary raw material available in large amount. Its main

application field is textile industry, while usage as packaging material either purely or as a
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component of a mixture is also more and more significant. RPET is also present in other fields
(such as sheets, technical parts) only in small amounts (Welle, 2011). Different blends of
recycled PET, such as PET/HDPE (Dobrovszky and Ronkay, 2015), PET/PP (Tao et al., 2007),
and their composites (Lei et al., 2009) are popular research topics due to other polymers found
in the waste. Several investigations were carried out also on its applicability as matrix material
in nanocomposites (Meri et al., 2014; Zare, 2013). RPET application possibilities are also
researched in the construction industry in more fields: as additive in asphalt (Moghaddam et
al., 2015), in concrete (Choi et al., 2009) and in mortar (Ge et al., 2014) since it modifies not
only mechanical properties but also density, and as a base material in flame retardant
facing/insulation elements. Application as base material of injection moulded products has
serious significance in the future since it is one of the most frequently used polymer processing
technologies. Several investigations have been carried out in this field (Torres et al., 2000;
Lopez et al., 2014) but there are still less known and less explained phenomena and based on
their deeper understanding application areas of recycled PET can be extended.

Considering processing of recycled PET and the properties of products made of it the largest
problem is small molecular weight, partly due to the molecular weight of the initial material
(bottle grindings) and partly due to the effect of degradation during processing (Paci and
Mantia, 1999; Assadi et al., 2004). The material can be subject to serious degradation in
recycling processes due to heat, shearing and its moisture content. Due to the decrease in
molecular weight the impact strength (toughness) of the product can decrease dramatically and
that limits applicability to a great extent (Badia et al., 2012).

In case of recycled PET applied as a secondary base material it is essential to improve
mechanical (strength, impact strength) and other properties (such as flame resistance, gas
tightness) that influence its usage. As a result, new application areas are revealed (injection

moulded interior parts for automotive applications, such as car-door handle or covers, mass-



produced goods, such as food or storage containers) besides the already existing ones.
Degradation during re-processing can be compensated with chain extension additives that
create chemical bonds among the molecular chains of molten PET and therefore increase
molecular length (Incarnato et al., 2000; Karayannidis et al., 2000; Raffa et al., 2012). Since
crystallization rate of PET is low, large cycle time is necessary for crystalline structure to be
formed during injection moulding. If nucleating agents are applied more crystalline nuclei are
formed in the material, therefore crystallization takes place more quickly, a more even, finer
crystalline structure is formed in the product and therefore mechanical properties may improve
(Hao et al., 2012). Similarly to other polymers, application of PET as reinforcing material in
composites is also widespread because with its application significant property changes can be
achieved. The strength and modulus of the base material can be improved significantly with
different fiber reinforcements (such as glass, carbon or natural fibers) (Pegoretti and Penati,
2004).

In case of recycled PET processing morphological structure formed in the product is essential
since it determines the mechanical properties. This structure can be examined by using several
methods (Hsiao et al., 2013), the most significant among which are optical (Viana et al., 2004)
and electron microscopy (Badia et al., 2012), differential scanning calorimetry (DSC) (Hamonic
et al., 2014), X-ray diffraction (Alvarez et al., 2004; Gowd et al., 2004) and infrared
examination (Karagiannidis et al., 2008). Recently PET is investigated by using a three-phase
morphological model, in which two amorphous phases are defined besides the crystalline
fraction (CRF): mobile amorphous fraction (MAF) and rigid amorphous fraction (RAF)
(Wunderlich, 2003; Rastogi et al., 2004). MAF is the conventional amorphous part, the same
as the amorphous phase of a two-phase morphological model. RAF is located on the boundary
of crystalline parts and is composed of molecule chains that can be found both in the crystalline

and the amorphous parts. The segments of these chains that are next to crystallites are hindered



in their movement, which can has a significant effect on mechanical properties (Badia et al.,
2012; Androsch, 2008).

The aim of research was to investigate the mechanical properties of recycled PET samples as
well as their change as a function of time. The properties were examined in the four weeks after
production. This time interval is longer than that of usual aging experiments, but shorter than
that of long-time behavior (creep, relaxation) experiments. Samples were injection moulded
from recycled poly(ethylene-terephthalate) granulate. To understand the changes in mechanical
properties, both the morphology of injection moulded samples and recycled granulates were
investigated. Relationship between the morphological and mechanical properties of injection
moulded products and their change as a function of time elapsed since production was also
examined. Deeper understanding of the change of mechanical properties and their correlation
with the morphology as a function of time elapsed after production can help us to produce

higher quality products from recycled PET.

2. Experimental

2.1 Materials

NeoPET 80 (Neo Group, Lithuania) granulates the intrinsic viscosity (IV) of which was 0.8 dl/g
were used in the experiments. To model the recycled material regranulates were extruded
without drying from the original material, and this way a shorter molecule chain, degraded
material was obtained (hereinafter referred to as RPET), the IV value of which was 0.61+0.01
dl/g. Compared to the commercial recycled material (flakes or pellets) these regranulates are
free of contamination, and the IV values are in the same range. To explain the morphology of

injection moulded products regranulates with IV value 0.52+0.01 dl/g were also manufactured



(by extrusion two times) besides RPET, the IV of which was nearly equal to the IV of the

injection moulded samples (0.54+0.01 dl/g).

2.2 Injection Moulding and Sample Preparation

Regranulates were dried in a Heraeus UT20 air circulation drying oven at 160 °C for 6 hours
before injection moulding. 80 mm x 80 mm x 2 mm plaque mouldings were injection moulded
in an Arburg Allrounder Advance 370S 700-290 machine. Melt temperature was 280 °C, mould
temperature was 60 °C, and injection rate was 45 cm®/s. The specimens were cut to 10 mm wide

slices parallel to the flow direction for morphological and mechanical examinations.

2.3 Characterization

The intrinsic viscosity of the base material and the specimens was determined using a computer
controlled PSL Rheotek automatic solution viscometer equipped with optical sensor. Phenol-
tetrachloroethane mixture in the ratio of 60:40% was applied as solvent, concentration was
0.5 g/dl, and examination temperature was 30 °C. The morphological characteristics of RPET
regranulates and injection moulded specimens were determined with a DSC device type
Setaram DSC131 EVO. One heating phase was applied during the measurement between 20
and 290 °C, at 10 °C/min heating rate. The weight of examined samples was between 6 and 8
mg. The material structures were characterized with the three-phase model during the

examinations. Crystalline fraction (CRF) was calculated using equation (1):

Ah, — Y Ah,
S =T 100%, (1)

m

CRF =

where CRF is crystalline fraction in the sample [%], 4him is the specific heat of melting
referenced to sample mass [J/g], 4hcc is the specific heat of cold crystallization referenced to

sample mass [J/g], Ahn® is the heat of fusion of 100% crystalline PET (140.1 J/g) (Badia et al.,



2012). The amount of mobile amorphous fraction (MAF) was determined based on the specific

heat change measured during glass transition using equation (2):

Ac,

0
P

MAF = 100%, (2)

where MAF is mobile amorphous fraction in the sample [%], A4cp is the specific heat change
measured during glass transition [J/(g°C)], Acy’ is the specific heat change of totally amorphous
PET measured during glass transition (0.405 J/(g°C)) (Badia et al., 2012). Rigid amorphous

fraction (RAF) was determined using equation (3):

RAF =100% — MAF —CRF, ©)
where RAF is rigid amorphous fraction in the sample [%], MAF is mobile amorphous fraction
in the sample [%], CRF is crystalline fraction in the sample [%]. DSC examinations were
carried out on slices cut from the skin and core part of injection moulded specimens. Slices
were cut using cutting machine Leica RM 2125RT. When skin was examined, the slices were
cut from the edge — 0.05 mm from the edge — of the specimen cross section, in case of the core,
the middle 0.05 mm was used in the specimen cross section. Strength and modulus were
determined on an Instron 3369 universal machine. Tensile modulus of elasticity was determined
between 0.05% and 0.25% relative elongation at 1 mm/min crosshead speed, using a video
extensometer. Tensile strength was determined at 10 mm/min crosshead speed. 5 specimens
were tested in case of all measurements. Impact strength was determined by Izod impact tests
on notched specimens using a 2.75 J hammer, at room temperature. 10 specimens were tested
in case of all measurements. Morphological and mechanical properties of granulates and
specimens were examined in the four weeks after production. The samples were stored in

vacuum cabinet at 25 °C under vacuum after production.

3. Results and Discussion



3.2 Morphology of Granulates

DSC examinations were carried out in order to track the morphology change of one time and
two times extruded granulates. Figure 1 shows the change of crystalline, rigid amorphous and
mobile amorphous fractions of once extruded granulates in the examined period. Crystalline
fraction fluctuated around 6%, RAF values deviated around 27%, MAF values fluctuated
around 67% in the four weeks after manufacturing.

Figure 2 shows the change of CRF, RAF and MAF of two times extruded granulates in the four
weeks after manufacturing. Similarly to one time extruded samples, the CRF, RAF and MAF
also fluctuated around a mean value that can be considered as a constant in case of all samples.
CRF was always around 8%, RAF values deviated around 26%, MAF values deviated around
66%. Based on these results it can be stated that no morphological change took place after

production in case of regranulates with different IV values.

3.2 Morphology of Injection Moulded Samples

After regranulates were examined, specimens were injection moulded from one time extruded
RPET, both morphological and mechanical properties were investigated as a function of time
elapsed since manufacturing. The IV of specimens after injection moulding was 0.54+0.01 dl/g.
Figure 3 shows the morphological properties and their change as a function of time elapsed
since manufacturing of the core part of specimens.

Significant changes can be observed in the structure of the core part of the specimens in the
four weeks after manufacturing. CRF increased from 6% to 10%, while RAF decreased by 14%,
and MAF increased by 10%.

If the rigid amorphous fraction is assumed to be between the folding surfaces of the crystallites
and the mobile amorphous regions (Androsch, 2008), the results refer to a post crystallization

process that took place after manufacturing, i.e. rigid amorphous chain parts increased



crystalline size, and therefore crystalline fraction as well (Figure 4). Increase of crystalline size
is confirmed by DSC curves. The offset temperature of melting peaks increased in the four
weeks after manufacturing (Figure 5), and that refers to larger crystallites (Ehrenstein, 2004).
During chain rearrangement process, secondary bonds may break (e. g. since chains approach
a state of equilibrium), and parallel with this new bonds may form. If the amount of the broken
secondary bonds is higher than that of the formed bonds in the interphase of the rigid and mobile
amorphous fractions, it can increase the mobile amorphous fraction as well (Figure 6).

Figure 7 reveals the morphological properties of the skin part in specimens and their change as
a function of time elapsed since manufacturing. CRF increased from 5% to 10%, RAF
decreased by 6%, while MAF increased to a small extent, by 1%. RAF-CRF rearrangement
(increase in crystallinity) can also be experienced here, however it is smaller than in case of the
core part, and the change of mobile amorphous fraction was also not significant. The reason for
this difference can be that the core part of samples was thicker than the skin part resulting in a
slower cooling rate and longer crystallization time, hence initial crystallinity was larger and
more perfect crystalline parts could form in the material, and that could hinder post
crystallization process.

Morphological examination results of granulates and specimens reveal that post crystallization
of samples is not related to the structure of the base material since crystalline fraction of
granulates with different 1V did not change in the four weeks after manufacturing. The reason
for the significant increase in case of injection moulded samples is the morphological structure
formed during processing that is influenced by the technological parameters (such as shearing

— orientation; temperatures, wall thickness, cooling time — crystallization) significantly.

3.3 Mechanical Properties



Mechanical properties also changed significantly in the four weeks after manufacturing besides
morphological properties. In the four weeks after manufacturing, tensile strength increased
from 49 MPa to 56 MPa, and modulus increased from 1860 MPa to 1990 MPa (Figure 8).
Strength increase can be traced back to two phenomena. First of all, to crystalline fraction
increase as a result of which several organized parts are formed, the mechanical properties of
which are better than that of amorphous parts; another reason can be the structure change of
amorphous parts, which can be similar to orientation effect. This structure change can be caused
by the rearrangement of the amorphous segments due to the RAF-MAF (and indirectly due to
the RAF-CRF) transformation, or the aging effect of the MAF. The modulus increase after
production can be traced back to post crystallization, and within that MAF structure change can
cause the experienced increase.

Figure 9 shows the impact strength change of specimens as a function of time. The impact
strength of specimens decreased from 3.5 kJ/m? to 2.8 kJ/m? in the four weeks after
manufacturing. There are more reasons for this decrease: one is the increase of crystalline
fraction and the size of crystalline parts that result in larger crystallites with larger boundary
surfaces and with smaller distance among them, and this way crack propagation path may

decrease.

4. Conclusions

Change of mechanical properties after manufacturing in case of products made of recycled PET
cannot be determined unambiguously in advance. In order to be able to manufacture adequate
products these properties have to be known as precisely as possible. During research, both
morphological and mechanical properties of regranulates with different IV values and injection
moulded specimens and their change as a function of time elapsed since manufacturing were

examined.



In case of injection moulded products a significant crystalline fraction increase was experienced
in the four weeks after manufacturing both in the core and skin parts of the sample. In case of
regranulates, this was not the case, therefore post crystallization of injection moulded specimens
is not traced back to the 1V value of the base material but to the processing parameters (such as
shears, cooling rates), i.e. material structural properties (such as core-skin structure, orientation)
formed during production.

During post crystallization the rigid amorphous fraction of samples decreased, the quantity of
mobile amorphous phase increased both in the core and skin parts. The rigid amorphous fraction
increased the size of crystalline parts. Through molecule chain rearrangement secondary bonds
broke, and new bonds were also formed and mobile amorphous fraction increased in the core
part of the samples. During this process not only crystallinity but also the structure of mobile
amorphous parts could change.

Morphology results are also reflected in the change of mechanical properties. The tensile
strength and tensile modulus of elasticity of injection moulded samples increased in the four
weeks after production. This can be explained by the increase of crystallinity and the orientation
of the mobile amorphous fraction. Impact strength decreased significantly after manufacturing
and that is related to the increase in the size of crystalline parts (shorter crack propagation path)
and to the change of the mobile amorphous structure in the samples (smaller mobility, smaller
energy absorbing capability).

Based on the results it can be concluded that significant changes of mechanical and
morphological properties of recycled PET are caused by technological parameters, not by the
IV value of regranulates. Understanding changes of mechanical properties of injection moulded
samples and finding the correlation with morphology, and their change as a function of time

elapsed after production can help us to control the properties of injection moulded samples.
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Figure 1. Crystalline, mobile amorphous and rigid amorphous fractions of granulates with

IVV=0.61 dl/g as a function time elapsed since manufacturing
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Figure 2. Crystalline, mobile amorphous and rigid amorphous fractions of granulates with V=

0.52 dl/g as a function time elapsed since manufacturing
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Figure 3. Morphology of core part in specimens as a function time elapsed since manufacturing
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Figure 4. Process of post crystallization
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Figure 5. Offset point of DSC melting peaks as a function time elapsed since manufacturing
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Figure 6. RAF-CRF and RAF-MAF rearrangement during the post-crystallization process
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Figure 7. Morphology of skin part in specimens as a function time elapsed since manufacturing
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Figure 8. Tensile strength and modulus of specimens as a function time elapsed since

manufacturing
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Figure 9. Impact strength (lzod, notched) of specimens as a function time elapsed since

manufacturing
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