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ARTICLE INFO ABSTRACT

Keywords: During melt-processing, the molecular weight of poly(ethylene terephthalate) PET, being prone to hydrolytic

Poly(et'hylene terephthalate) degradation, decreases proportionally with its initial moisture content. Therefore, to avoid undesired deterio-

Eecyd}“g ration of the physical and mechanical properties, PET granules or recyclates are generally dried (the residual
Xtrusion

moisture must be generally lower than 500 ppm) just prior to melt-processing. In this research, in contrast to the
general practice, PET granules with increasing moisture content in the range of 30-3520 ppm, as conditioned in a
climate chamber, were melt blended with a constant amount (13%) of ethylene-butyl acrylate-glycidyl meth-
acrylate (EBA-GMA) type reactive terpolymer by twin screw extrusion. It was found that moisture boosts the
reactive toughening process, and consequently, the notched Izod impact strength increases by up to 600%.
Notched impact strength higher than 50 kJ/m? was reached only by using PET with optimal (1710 ppm)
moisture level instead of fully dried granules, as starting material. It is also noteworthy that the tensile strength
and stiffness of the blends showed little variation over the examined moisture content range. Scanning electron
microscopic analyses show that the size of the dispersed phase decreases continuously with the increasing initial
moisture content of PET, which is explained by the increasingly effective interfacial compatibilisation with the
terpolymer. Compatibilisation reactions are accelerated by the low-molecular-weight PET chains of increased
reactivity that are formed in situ in the presence of moisture during melt-processing. The observed phenomenon
can be advantageously utilized for upgrading recycling technology.

Degradation
Reactive toughening, Impact behaviour

1. Introduction 280°C [14]. Hydrolytic degradation may occur just above the glass
transition temperature (Tg) [15], but the rate of chain cleavage is

During thermomechanical processing of poly(ethylene tere- enhanced with increasing temperature and humidity. At higher moisture

phthalate) (PET), degradation unavoidably occurs, which leads to a
decrease in the molecular weight of the polymer [1-3]. It is especially
relevant for recycling, which is a clearly recognized work to do [4-7].
Despite careful sorting and cleaning, even the selectively collected
plastic waste may suffer from deterioration due to the stress of reproc-
essing [8,9].

The degree of degradation is affected by the technical parameters of
reprocessing: temperature; processing rate (e.g. extruder type, screw
speed); residence time; contaminants (e.g. poly(vinyl chloride) (PVC),
adhesive residues); the initial molecular weight; initial carboxyl end
group content; and the moisture content of the material [10-13]. The
latter is usually controlled by pre-drying of the PET, as even a water
content of 50 ppm causes detectable degradation when processed at
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contents, hydrolytic degradation (Fig. 1) is almost exclusively respon-
sible for the decrease in molecular weight, while the contribution of
thermal and thermo-oxidative degradation is negligible [14].

The highly amorphous PET can be considered as a pseudo-ductile
polymer, which during deformation tends to fail by yielding, accom-
panied with high crack initiation energy (high unnotched toughness)
and low crack propagation energy (low notched toughness) [17]. The
brittle/ductile behavior of polymer glasses is controlled by two chain
parameters: “entanglement density” and “characteristic ratio” of the
chain, which is a measure of the intrinsic flexibility and rigidity of a
coiled chain. Supertoughness can only be obtained when the molecular
weight is at least seven times the entanglement molecular weight (M,),
which can be defined as the molecular weight of an entanglement strand
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Fig. 1. Schematic hydrolysis reaction responsible for the reduction of molec-
ular weight during the reprocessing of PET [16].

between two adjacent entanglement junctions along a chain [18]. For
PET, there are several data in the literature for M, between 1170-1630
g/mol [19-21]. Martinez et al. [22] characterized the ductility of PET
samples of different average molecular weights based on their elonga-
tion at break values. They found that this characteristic decreased
abruptly at the viscosity molecular weight My = 8300 g/mol (intrinsic
viscosity IV = 0.37 dl/g), this is below the critical level needed to
maintain an entanglement network in the solid state. Wu et al. [23]
showed a drastic drop in impact strength at the IV value of 0.65 dl/g for
PET processed with different technologies.

A common method to compensate the reduction of impact strength in
the case of recycled PET is rubber toughening [24-29], which should
impart greater ductility, improved crack resistance, and higher impact
strength [30,31]. According to this method, the matrix polymer is
blended with a rubber phase, which increases the matrix polymer
yielding behaviour. At constant rubber content, the brittleness/ductility
transition depends on the size of the dispersed phase. Assuming identical
interfacial adhesion, this transition occurs at a critical rubber particle
diameter, which corresponds to a certain surface-to-surface interparticle
thickness (also termed the matrix ligament thickness). At the critical
surface-to-surface ratio, the dispersed rubber particles form an infinitive
interconnected network of stress volumes [32]. The critical
surface-to-surface ratio is related to the characteristic ratio of the chain,
so the optimum rubber phase morphology for toughening correlates
with the chain parameters of the matrix polymer phase. The value de-
pends on rate, temperature, loading mode, internal stress, and others.
For PET (taking the characteristic ratio of the chain to 4.2 [19]), the
critical matrix ligament thickness is about 0.5 um [17].

Using reactive rubbers is an effective strategy to improve interfacial
adhesion between the polymer matrix and the rubber phase [33,34].
During blending, the active groups in the reactive rubber react with the
polar groups of the thermoplastic polymer (in the case of PET with the
terminal hydroxyl or carboxyl groups) and in situ graft copolymers are
formed at the interfaces of phases [31].

During melt mixing at high (> 240°C) processing temperatures, a
crosslinking process that competes with compatibilisation may also
occur in the elastomeric phase containing glycidyl methacrylate (GMA)
[35]. Crosslinking can only begin upon contact with the matrix polymer,
as the absence of hydroxyl groups in the rubber phase alone inhibits this
process. All this has a significant effect on the morphology, as it affects
the viscosity and distribution of the elastomeric phase, and the rubber
particles become more elastic and less deformable. Consequently,
crosslinked structure induces the formation of non-spherical shape and
rough interface of the dispersed elastomeric particles.

Loyens and Groeninckx [35] investigated the effect of the molecular
weight of the PET matrix on the impact behavior of PET / (EPR /
E-GMAS) blends containing ethylene-co-propylene rubber (EPR) and a
copolymer of ethylene and 8 wt% glycidyl methacrylate (E-GMAS). The
impact strength of the blends was found to increase with the matrix
molar mass, which was explained primarily by the improved phase
morphology, i.e. decreased particle size of the rubber phase and
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decreased interparticle distance. Below the critical interparticle dis-
tance, however, the impact strength was found to be independent of the
matrix molar mass.

In our previous research study [27], we have shown that the
toughening efficiency of the ethylene-butyl acrylate
glycidyl-methacrylate (EBA-GMA) type reactive terpolymer in PET is
highly dependent on the molecular weight of the polymer matrix used.
The use of recycled PET matrix, due to the larger number of reactive
functional end groups and increased mobility of the reduced molecular
weight chains, multiplies the notched Izod impact strength compared to
that of the original PET matrix with identical EBA-GMA content.
Toughening Enhancer Interphase (TEI) was defined which is formed
from the shorter chain macromolecules of recycled PET reacted with the
EBA-GMA phase. Using materials with different molecular weights and
systematically altered EBA-GMA contents, we demonstrated that the
simultaneous compatibilisation and fragmentation of the rubber parti-
cles are of key importance in the creation of large interfaces and suc-
cessful toughening.

In the present research, we propose that the highly reactive short-
chain fraction, that is necessitated for creating the TEI and thus
achieving outstanding impact resistance at noticeably reduced
terpolymer content, can be formed in situ during melt processing
through the accelerated hydrolytic degradation of PET in the presence of
controlled amount of moisture. In this study, the effect of the initial
moisture content of PET is investigated on the compatibilisation and
crosslinking reactions taking place during melt blending of the PET/
EBA-GMA system and indirectly on the impact resistance of the ob-
tained product.

2. Materials and methods
2.1. Materials

NeoPET 80 (Neo Group, Lithuania) type PET granules with an IV of
0.80 + 0.02 dl/g were used as starting material (M,, = 27,400; M, =
10100; PDI = 2.71 as measured by gel permeation chromatography
(GPQ) [36]). The mean diameter of the spherical granules is 2.7 + 0.3
mm. The crystallinity of the used granules was 40 + 3% as measured by
differential scanning calorimetry (DSC).

Elvaloy PTW (DuPont, USA) type EBA-GMA with 5.25% GMA con-
tent and T,, = 72°C was used as a reactive toughening agent.

2.2. Methods

2.2.1. Sample preparation

The moisture content of the PET granule was set using a C-70/350
(CTS, Germany) climate chamber with different residence times at 23°C
/ 80% relative humidity (RH). Prior to the procedure, the granules were
dried at 160°C to equilibrium water content (approx. 30 ppm). PET
granules with set moisture content were then compounded with a con-
stant 13% EBA-GMA ratio. Namely, based on our previous study [27], at
this EBA-GMA content, the notched Izod impact strength of original PET
(IV = 0.80 dl/g) is 10 kJ/m? while that of 13% EBA-GMA containing
recycled PET (IV = 0.56 dl/g) already exceeds 40 kJ/m2. For com-
pounding, Labtech 26-44 (Labtech Engineering, Thailand) twin screw
extruder with a screw diameter of 26 mm and an L/D ratio of 48 was
used, with zone temperatures between 245-260°C and a rotor speed of
50 rpm. The extrusions were carried out in air atmosphere. After
extrusion, the materials were granulated to cylindrical shape: D = 2.0 +
0.5 mm; L = 3.5 + 0.5 mm.

For the mechanical tests, dumbbell specimens according to ISO 527-
2 1A were injection moulded from the compounded materials using a 50
MEtII (Mitsubishi, Japan) electric injection moulding machine. Zone
temperatures varied from 255°C to 270°C, and mould temperature was
60°C. Injection speed was 90 mm/s, holding pressure was 50 MPa, and
back pressure was 10 MPa. All the compounded materials were dried at
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160°C for 4 hours before injection moulding.

2.2.2. Characterisation methods

The moisture content of the PET granules was determined by a
HydroTracer FLV (Aboni, Germany) type moisture meter. The apparatus
measures the absolute water content; during heating the sample to
200°C, the evaporating gaseous water reacts with the calcium hydride
reagent in the reactor of the instrument to form hydrogen, from the
concentration of which, after compensated by the humidity of the air,
the water content can be determined.

The Melt Flow Index (MFI) measurement was performed by LMI
4000 (Dynisco, USA) device with 260°C / 1.2 kg parameters.

IV measurements were carried out according to the ASTM D4603
standard; the IV was calculated by the Billmeyer equation. The IV
values of the PET materials were determined using an RPV-1 (PSL
Rheotek, USA) automatic solution viscometer. The measurements were
done at 30°C in a 60/40 weight mixture of phenol/tetrachloroethane
solvent with a concentration of 0.5 g/dl.

Scanning electron microscopic (SEM) images were obtained using
EVO MA 10 instrument (Zeiss, Germany) at an accelerating voltage of 25
kV on specimens. For this, injection moulded specimens were cut,
embedded in epoxy resin, polished, and after that, the embedded spec-
imens were immersed in toluene (Molar Chemicals, Hungary) for 4
hours at room temperature to dissolve the EBA-GMA phases. For SEM
analysis 5 nm gold coating was applied.

Izod impact tests were carried out by a 5113.10.01 type (Zwick,
Germany) impact tester at room temperature. Pendulum energy was 5.4
J. Tests were performed according to ISO 179-1 standard using notched
specimens.

Tensile strength and modulus were determined by an L3369 (Instron,
USA) universal machine according to ISO 527-2 standard. Tensile
modulus of elasticity was determined between 0.05% and 0.25% rela-
tive elongation at 1 mm/min crosshead speed, using a video exten-
someter. Tensile strength test was carried out at 10 mm/min crosshead
speed.

The glass transition temperature of EBA-GMA was determined by a
TSC II (Setaram, France) equipment using thermally stimulated depo-
larization current (TSDC) technique. This method is suitable for inves-
tigating molecular mobilities with high sensitivity thus well applicable
to examine small relaxations in materials containing one or more com-
ponents [37,38]. During all measurements, the sample was polarized at
0°C (Tp) with 300 V (Up) polarization voltage for 5 minutes (t,). Then a
cooling step followed with a 10°C/min (r.) cooling rate to the -80°C
freezing temperature (Tp) while the electric field was still present. The
holding time at Ty was 1 minute (ty) and the polarization was turned off
in this step. In the next step, a 5°C/min heating rate was used to reach
the final temperature (Tf = 0°C) while the depolarization current was
recorded in the function of the temperature.

The crystallinity of the samples was determined using a DSC131 EVO
(Setaram, France) DSC device. The DSC measurements were performed
in nitrogen atmosphere with a flow rate of 50 ml/min, heat-cool cycles
were applied between 0-300°C, at 10°C/min heating and cooling rates.
The weight of the examined samples was between 10-15 mg. Crystal-
linity percentage (y.) of PET was calculated according to Eq. (1), where
AHp, is the melting enthalpy, AH,. is the cold crystallization enthalpy,
AHY, is the melting enthalpy of a perfect PET crystal equal to 140.1 J/g
[39] and ®gpa.gma is the mass ratio of EBA-GMA additive.

AH,, — AH,

1o (%) = ——m 2 100% €Y
AH, (1 = $upa_cua)

3. Results
3.1. Effect of moisture content on PET degradation during processing

The equilibrium moisture content of the used PET granules stored at
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23 +1°C / 50 + 5% RH was measured to be 2200 ppm. The moisture
uptake of PET granules, pre-dried at 160°C to equilibrium water content
(27 ppm), when placed in a climatic chamber set to 23°C / 80% RH is
shown in Fig. 2 as a function of logarithmically plotted time. Four
Parameter Logistic (4PL) curves (Eq. 2) can be fitted to the measuring
points (R2 = 0.997):

MCy — MC,
. Cuc]’
|:1 + (Wc.so) :|

where MC (t) is the moisture content at a given time point; MCyp = 30
ppm is the moisture content at zero time, MC,, = 13360 ppm is the
moisture content at theoretical infinite time, ¢t [min] is exposure time;
tyc, 50 = 87 272 min is the inflection point (i.e. the point on the S-shaped
curve halfway between MCjy and MC,,) and Cysc = 0.47 is the Hill’s slope
of the curve (i.e. this is related to the steepness of the curve at point tsp).

It can be seen in Fig. 2 that after about one week (i.e. 10000 min) of
exposure, the water uptake of the round PET granules reaches 3520
ppm. Samples were taken at six time points within this period; namely
after 0, 2, 7, 24, 54 and 168 hours of exposure, and then these PET
granules, differing in initial moisture content, were used in extrusion
processes. It is noteworthy that the extrusions were carried out in air
atmosphere. If oxygen would have been excluded, besides degradation
due to thermal, hydrolytic and mechanical effects, chain extension
accompanied with noticeable molecular weight increase would have
also occurred [40]. The degree of degradation that occurred during
processing was examined by performing MFI and IV measurements on
the obtained extrudates.

In Table 1, the IV and MFI values of the PET grades, differing in
initial moisture content ranging between 30 and 3520 ppm, are pre-
sented, as measured after melt extrusion using identical processing pa-
rameters. It can be seen that moisture content of 570 ppm already
reduces the IV of extruded PET drastically, from 0.69 dl/g to 0.56 dl/g;
and accordingly, a noticeable increase of the MFI (from 21 g/10 min to
40 g/10 min) can be measured. Such a degree of degradation results
already in a significant property loss. The relationship between the two
values can be described by Eq. (3) (R? = 0.966).

MC (t) = MCy, (2

IVsoc = —0.167-In(MFLgy 1 21) + 1.154 dl /g (3)

The change in the IV value of the PET after extrusion as a function of
its initial moisture content is plotted in Fig. 3. An exponential rela-
tionship can be fitted to the data according to Eq. (4) (R? = 0.968). The
shape of the resulting curve (Fig. 3) is in good agreement with the
literature [13].

IV (MC) =041 % +0.284l / g% B0 ImC 4

where MC [ppm] is the initial moisture content.

Based on the obtained exponential relationship, it can be established
that the rate of chain cleavage during processing is greatly enhanced by
increasing moisture content.
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Fig. 2. Moisture uptake of PET granules at 23°C / 80% RH.
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Table 1
IV and MFI values of PET grades after melt extrusion with increasing initial
moisture content.

Exposure time at 23°C / 80% Moisture content 1V [g/ MFI [g/10
RH [h] [ppm] di] min]
0 30 0.69 21
2 570 0.56 40
7 970 0.53 47
24 1710 0.50 47
54 2310 0.46 58
168 3520 0.41 63
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Fig. 3. Effect of initial moisture content on the IV value of extruded PET.

3.2. Mechanical properties of the toughened blends

In our previous research, a major effect of the molecular weight of
the used PET grade was evinced on the toughening efficiency of the EBA-
GMA type reactive terpolymer [27]. As a continuation of this research,
in this study, the in situ hydrolytic degradation triggered evolution of
compatibilisation reactions and elastomer crosslinking is investigated.
For this purpose, six grades of PET, differing in initial moisture contents
ranging between 30 and 3520 ppm, were used for melt blending with a
constant 13% ratio of EBA-GMA. The static and dynamic mechanical
performance of the blends obtained this way were examined while the
related changes in the morphological, structural, and rheological prop-
erties were comprehensively explored.

Fig. 4 shows the change in notched Izod impact strength of the 13%
EBA-GMA containing blends as a function of the initial moisture content
of the used PET, also in comparison with the performance of the cor-
responding additive-free PET grades submitted to identical extrusion
and subsequent injection moulding processes. In the examined range of
moisture content (i.e. up to 3520 ppm), the impact strength of neat PET
reduces closely linearly with moisture content, from 3.2 kJ/m? to 2.9
kJ/m?. It can be seen that the impact strength of the PET/EBA-GMA
blends is noticeably higher in the entire range of moisture content. In
the initial range, the impact strength increases slightly, from 8 to 16 kJ/
m?. Around the initial moisture content of 1710 ppm, however, this
value increases abruptly, and impact strength as high as 53 kJ/m? is

--¢--13% EBA-GMA < 0% EBA-GMA

=)
=

Se—a

Notched Izod impact strength
[kJ/m?]
~

0 1000 2000 3000 4000
Moisture content [ppm]

Fig. 4. Notched Izod impact strength of the PET/EBAGMA blends as a function
of initial moisture content of the used PET.
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reached, which means a 6-fold increase compared to the PET/EBA-GMA
blend of identical chemical composition, but produced from completely
dried PET, and a 16-fold increment compared to the additive-free PET of
identical moisture content. At higher moisture contents (above 1710
ppm) of the used PET, a decrease in impact strength can be observed,
which returns to the initial value of about 8 kJ/m? at a moisture content
of 3520 ppm.

The quasi-static mechanical properties of the extruded and injection
moulded materials were characterized by tensile testing. The tensile
strength of the additive-free PET varies around 58-60 MPa indepen-
dently of the moisture content (Fig. 5/a). In contrast, the tensile strength
of the PET/EBA-GMA blends shows an increasing tendency up to the
initial moisture content of 3140 ppm, where, compared to the fully dried
blend, an 18% increase in tensile strength (from 34 to 40 MPa) was
measured. At an initial moisture content of 3520 ppm, the tensile
strength of the PET/EBA-GMA blend decreases to 38 MPa.

The Young modulus of neat and EBA-GMA containing PET does not
change noticeably in the examined range of initial moisture content
(Fig. 5/b). The terpolymer-free PET samples have higher stiffness with
Young modulus values in the range of 2850-3100 MPa, while this value
falls in the range of 1500-1700 MPa in the case of the blends.

The strain at break of the additive-free materials decreases expo-
nentially as a function of moisture content. In the case of the blends,
however, this value remains quasi constant at a value of 140% up to the
initial moisture content of 3140 ppm, above which there is a significant
drop in this characteristic. Using PET with an initial moisture content of
3530 ppm - similar to the tensile strength — the strain at break falls back
noticeably, from 137% to 100% (Fig. 5/c). This value is, however, still
noticeably higher than those of the terpolymer-free PET materials.

3.3. Morphology of the toughened blends

SEM images taken from the cross section of the blends after the se-
lective dissolution of the EBA-GMA phase are shown in Fig. 6. It can be
observed that the characteristic size of the rubber phase decreases
continuously with the increasing initial moisture content of PET. At
identical additive content, the refinement of the particle size distribu-
tion indicates improved interfacial compatibilisation [41]. The particle
size of 50-100 pm formed at low (30-970 ppm) moisture content reduces
to 5-20 ym at 1710 ppm and even to 1-5 um when PET with an initial
moisture content of 3520 ppm is used for melt blending. Also, with
decreasing particle size as a function of initial moisture content of PET,
the shape of the dispersed phase becomes more spherical, and the size of
the dispersed particles becomes increasingly homogeneous.

3.4. Structure of the toughened blends

3.4.1. Crystalline structure of PET

The crystalline characteristics of PET can influence the evolution of
the mechanical properties of the polymer itself and its rubber toughened
blends alike [35]. Therefore, investigation of the crystalline structure of
PET is important to explore its potential relation to the changes in the
perceived impact behaviour. The crystalline structure of the
terpolymer-free and 13% EBA-GMA containing injection moulded
specimens was examined by DSC method. Table 2 shows the cold crys-
tallization enthalpy (AH..) and temperature (T,.), the crystal melting
enthalpy (AHy,) and temperature (T},), determined from the first heating
cycle, and the crystallization enthalpy (AH.) and temperature (T,),
derived from the cooling cycle of the DSC measurements, respectively.
The calculated initial crystallinity is plotted in Fig. 7.

Rapid cooling during injection moulding resulted in highly amor-
phous structure, as indicated by the large cold crystallization enthalpies
[42]. The cold crystallization temperature (T,.) of PET decreases with
increasing moisture content both in the case of the neat polymer and the
PET/EBA-GMA blends. However, PET chains in the blends acquire
enough energy to diffuse to the surface of PET crystals at lower
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Fig. 5. Change of quasi-static mechanical properties of PET/EBA-GMA blends as a function of initial moisture content of PET (a: tensile strength; b: Young modulus;
c: strain at break).

Fig. 6. SEM images of the polished crosssection of PET/EBA-GMA blends with constant EBA-GMA ratio but varying initial moisture content a: 30 ppm; b: 970 ppm; c:
1710 ppm; d: 2330 ppm; e: 3520 ppm.

temperatures during heating up, so T, decreases compared to neat PET, enhances the mobility of the chains and favors the ordering of the

especially in the case of blends with a low (< 2310 ppm) initial moisture polymer segments with short chains [43]. These results are in agreement

content. with the measurements of Badia et al. [44], where the IV value of the
It can be observed in Fig. 7 that with increasing initial moisture original PET was reduced to less than 0.5 dl/g by repeated extrusion

content, the crystalline proportion increases by following a similar trend steps, during which the crystalline proportion increased by 3%.

in both cases. It is therefore assumed that in both cases the increasing The crystallinity of PET is also affected by the terpolymer. It seems to

crystalline ratio is associated with the decreasing molecular weight of decrease in the presence of the terpolymer, but increases as a result of

PET due to the increasing degree of hydrolytic degradation, which interfacial layer modification. Nevertheless, T, shows an increase in the
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Table 2
Results of DSC measurements.
EBA- Moisture Tee AHee  Tm AH,, T. AH,
GMA content [°C] [J/gl [°C] [J/ [°C] [J/
content [ppm] gl gl
[%]
0 30 134.1 -25.6 2529 36.7 189.9 -35.3
970 131.2 -26.4 254.0 39.6 192.1 -35.5
1710 131.2 -25.9 254.5 39.2 191.2 -36.2
2310 130.1 -25.3 255.4 39.0 191.7 -36.4
3520 125.8 -24.4 255.0 39.8 192.7 -37.8
13 30 132.0 -19.6 253.7 28.3 180.6 -30.2
970 126.4 -17.1 254.4 29.9 181.9 -31.0
1710 125.6 -18.4 254.7 32.9 182.7 -31.6
2310 125.6 -20.2 255.4 36.0 184.6 -32.2
3520 122.1 -21.3 255.5 36.0 190.4 -33.2

-8 -0%EBA-GMA —@—13% EBA-GMA

Initial crystallinity [%]

0 1000 2000 3000 4000

Moisture content [ppm]

Fig. 7. Initial crystallinity of the injection moulded specimens with and
without EBA-GMA at different moisture contents.

effect of moisture content (Table 2), and this value is slightly higher for
the blends than for the additive-free materials. The higher T,, value in-
dicates larger crystallite size [45].

3.4.2. Molecular structure (crosslinking) of the rubber phase

The degree of crosslinking of the EBA-GMA terpolymer in the PET/
EBA-GMA blends was assessed by accurate measurement of T by
TSDC method. This method is more sensitive than DSC to characterize
the dispersed phase being present in a small proportion [46]. Fig. 8
shows that the T, of EBA-GMA shows a decreasing tendency as a function
of the initial moisture content of PET used for blending. The T, values
measured for the PET/EBA-GMA blends of initial moisture contents
higher than 1710 ppm are below -50.0°C. It is noteworthy that these T
values are closely identical with the T, of the neat (uncrosslinked)
EBA-GMA (-50.8 + 0.2°C).
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Fig. 8. Glass transition temperature of the rubbery phase of PET/EBA-GMA
blends as a function of initial moisture content of the used PET.
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3.5. Rheology of the toughened blends

In the case of the EBA-GMA containing blends, IV measurements
could not be performed due to the changed solubility, so the viscosity of
the blends was characterised only by their MFI value.

The MFI values of the PET/EBA-GMA blends were measured by using
the same parameters as in the case of the terpolymer-free PET extrudates
(Table 1). Under these conditions, an MFI value of 24 g / 10 min was
determined for the EBA-GMA additive. It can be seen in Table 3, that the
MFI values of the 13% EBA-GMA containing PET blends, in most cases,
fall below this value.

In Fig. 9, the relative MFI values of 13% EBA/GMA containing blends
to that of the corresponding additive-free PET are plotted as a function
of moisture content. It can be seen that at lower inital moisture contents
(<1000 ppm) the MFI values of the PET/EBA-GMA blends are only
about one-twelfth of the those of the corresponding elastomer-free PET
materials. The relative MFI values then start to increase from a moisture
content of 1000 ppm and reach about 50% of the flowability of the
additive-free PET at 3520 ppm.

4. Discussion

Our experimental results reveal that the initial moisture content of
PET significantly influences the impact strength of PET/EBA-GMA
blends prepared by extrusion. In the case of PET/EBA-GMA blends of
13% EBA-GMA content, a 6-fold increase in notched Izod impact
strength was achieved only by setting the initial moisture content of the
used PET granule to 1710 ppm, which seems to be around the optimal
value in this respect. It is also noteworthy that without conditioning, the
equilibrium moisture uptake (2200 ppm) of PET granules stored at 23 +
1°C / 50 + 5 % RH is very close to this optimum value.

The noticeable change in the notched impact resistance of PET/EBA-
GMA blends as a function of the initial moisture content of PET is a
consequence of the evolution of the compatibilisation and crosslinking
reactions during processing according to the following explanation.

4.1. Low moisture content (< 1000 ppm) - significant terpolymer
crosslinking

Without moisture, high molecular weight PET chains with fewer
functional end groups and limited molecular mobility are present, which
limit the reaction with the epoxide function of the reactive toughener. As
a result, the EBA-GMA terpolymer becomes more susceptible to cross-
linking, leading to a greater and less deformable dispersed phase, as
found on the SEM images of the PET/EBA-GMA blend prepared by
starting from fully dried PET granules (Fig. 6/a). At this minimal
moisture content of 30 ppm, the dispersed rubber particles are large (50-
100 pm). During failure, the formation of crazes is the dominant process,
and a typical brittle fracture surface can be observed after impact testing
(Fig. 10/a).

The presence of uncompatibilised elastomer restricts the movement
of the PET molecular chains and hence decreases the crystallization
temperature (T.) of PET compared to additive-free PET, especially in the
case of blends with a low initial moisture content, where the degree of

Table 3
MFI values of PET with 13% EBA-GMA content after melt-extrusion with
increasing initial moisture content.

Exposure time at 23°C / 80% RH Moisture content MFI [g/10
[h] [ppm] min]

0 30 2

2 570 3

7 970 4

24 1710 8

54 2310 19

168 3520 31
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Fig. 9. Relative MFI of the blends to that of the corresponding additive-free
PET as a function of initial moisture content.

compatibility is not yet high (Table 2). These conclusions are in agree-
ment with the results of Zhang et al. [45] who also found restricted
movement of PET molecules accompanied with decreased T, in the
presence of SEBS or SEBS-g-MA, however, T, of PET in the compatibi-
lised blends was found to be noticeably higher than that of PET in the
uncompatibilised blend.

The degree of crosslinking of the EBA-GMA phase was monitored by
examining the glass transition temperature of the elastomer. TSDC re-
sults revealed that crosslinking level of the PET/EBA-GMA blends is the
highest when fully dried PET is used (Fig. 8).

The relative MFI value of PET / EBA-GMA blends (i.e. relative to that
of the corresponding additive-free PET materials with the same initial
moisture content) decreases to the greatest extent (by more than 90%) at
low moisture contents (Fig. 9). This can also be explained by the pres-
ence of large, crosslinked rubber phases that reduce the flowability of
the material [47,48].

4.2. Increased moisture content (1000— 3200 ppm) - effective
compatibilisation

SEM images (Fig. 6) show that the average size of the dispersed
rubber phase decreases as a function of increasing initial moisture
content in the system resulting in a smaller interparticle distance. When
the ligament thickness drops below a critical value, the dispersed rubber
particles form an infinitive interconnected network of stress volumes,
causing the impact strength to increase exponentially. The critical lig-
ament thickness is not a fixed value but depends on testing conditions
and the molecular chain length of the matrix. At a moisture content of
1710 ppm, the average ligament thickness noticeably decreased
compared to blends of lower initial moisture content (Fig. 6). The cor-
responding ductile fracture surface indicates a strong shear-yielding

10 pm
>
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(Fig. 10/b), according to which this ligament thickness is already
below the critical value, taking into account the molecular weight of the
PET matrix.

The reduction in the size of the dispersed rubber phase is due to the
increasingly efficient compatibilisation reaction between the shorter
PET molecules, being increasingly reactive with reducing chain length,
and EBA-GMA. During thermomechanical processing, the length of the
PET chains decreases in situ, in proportion to the moisture content being
present in the system, enabling the formation of an increasingly effective
TEI layer which is of key importance in achieving increased impact
strength at reduced terpolymer content [26]. Thus, our findings suggest
that shorter PET molecular chains aid in compatibilisation, in contrast to
previous assumptions that assumed increasing extent of crosslinking
reactions when the PET molar mass is reduced [32]. As a result of
enhanced compatibilisation, the distribution of the EBA-GMA phase in
PET is refined.

Crystallization temperature (T.) of PET in the PET/EBA-GMA blends
was found to increase with increasing moisture content, approaching the
T, of the elastomer-free PET, also indicating better compatibility
(Table 2). This is because the reaction of PET with EBA-GMA promotes
the enrichment of PET on the interface and the orderly arrangement of
PET chains facilitates the crystallization process during cooling [45]. In
parallel, with the improvement of the compatibility of PET with the
dispersed EBA-GMA phase, the motion of PET chains became less
restricted, which is revealed by the decreasing T, values.

Ty of the elastomer gradually decreases with increasing moisture
content being present in the system (Fig. 8); at initial moisture contents
above 1710 ppm even approaching that of the neat (uncrosslinked)
terpolymer, indicating decreasing degree of crosslinking in the EBA-
GMA phase. This result suggests more effective compatibilisation re-
actions for the blends which contain PET chains of reduced molecular
weight, formed as a result of in situ hydrolytic degradation of the poly-
ester during processing.

Since improved compatibilisation due to increasing moisture content
results in a smaller dispersed particle size, which is less restrictive of
flowability, the relative MFI value of the blends increases (Fig. 9).

4.3. High moisture content (> 3200 ppm) - effective compatibilisation,
but insufficient molecular entanglement

Above an initial moisture content of 1710 ppm, a decrease in impact
strength of the PET/EBA-GMA blends can be observed, although the
particle refinement of the dispersed rubber phase continues and thus the
ligament thickness also decreases (at least up to the examined moisture
content of 3520 ppm). At a moisture content of 3520 ppm, the distri-
bution of EBA-GMA is the finest, with average particle size and ligament

Fig. 10. SEM images of the fracture surface of PET/EBA-GMA blends with constant EBA-GMA ratio but varying initial moisture content a: 30 ppm; b: 1710 ppm; c:

3520 ppm.
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thickness in the submicron range (Fig. 6/e). However, the fracture
surface of these blends is brittle (Fig. 10/c) due to the significant
reduction in the molecular chain length of high moisture containing
PET, which causes the critical ligament thickness to shift. Furthermore,
small rubber parts are less prone to cavitation, thus inhibiting the
development of shear-yielding [49,47].

When during melt-processing too much water is present in the sys-
tem, the molecular weight of PET decreases to such an extent that the
molecular entanglement density falls below the critical value, so that a
well-distributed and reactively bonded rubber cannot compensate for
the brittle behavior of the matrix material. This decrease occurs at an IV
of 0.42 dl/g, which is close to the limit of maintaining an entanglement
network mentioned in the literature [22]. This is also supported by the
reduction in the tensile strength and elongation at break of the blends
manufactured from PET with high initial moisture content.

The shorter chains are easier to arrange into crystals. Brittleness may
be also the consequence of the higher crystallinity. But the prominent
impact strength cannot be traced back to crystallinity reasons, since the
initial crystallinity of the terpolymer-free material was found to change
in a similar way as that of the blends (Fig. 7).

Ty of EBA-GMA further decreases above the moisture content of 1710
ppm, as measured by TSDC method (Fig. 8), which is related to the
increasingly effective compatibilisation reactions and minimized cross-
linking of the rubber phase.

5. Conclusions

Based on the present research study, a significant paradigm shift is
proposed from the former view that moisture clearly reduces the impact
strength of PET-based blends during processing.

It was found that the highly reactive short-chain fraction of PET, that
is necessitated for creating the TEI and thus to achieve outstanding
impact resistance at noticeably reduced terpolymer content, can be
formed in situ during melt-processing through the accelerated hydrolytic
degradation of PET in the presence of moisture. As a result, more than 6-
fold increase of notched impact strength can be achieved only by
“adding some water” to the system or by simply omitting the conven-
tionally performed drying step. By utilizing this phenomenon, high
impact resistant PET blends (notch Izod impact strength of 50 kJ/m?)
accompanied with prominent tensile characteristics (tensile strength: 40
MPa, Young modulus: 1500 MPa, strain at break: 140%) can be manu-
factured at noticeably (even by 50%) reduced elastomer content and
simplified technology. The possibility of omitting the drying step means
a further noticeable reduction of the production costs. This phenomenon
can also give a driving force for the upgrading recycling of post-
consumer PET.

The evinced outstanding increase of the notched impact resistance is
found to be related to the intensified PET/EBA-GMA compatibilisation
reactions and suppressed crosslinking of the rubber phase.

It is claimed that the efficiency of reactive modifiers in various
polymeric systems can be effectively increased by the targeted uti-
lisation of the increased reactivity of low-molecular-weight polymer
fractions, whether from waste [27] or formed in situ during melt pro-
cessing. The related PCT patent application is pending [50].
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