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Abstract

Polylactic acid (PLA) is a widely used biopolymer and is currently produced on
a global scale. However, PLA has low melt strength, which limits its application.
Poly(butylene adipate-co-terephthalate) (PBAT) is a fully biodegradable polymer
and one of the most attractive polymers for hardening PLA. As PLA and PBAT are
immiscible, they need to be compatibilized to improve the properties of the blend.
In this context, the compatibilization of PLA/PBAT blends was investigated through
an irradiation process. PLA was previously irradiated, at different absorbed doses,
in a cobalt-60 source to assess the compatibility of its blends with PBAT. Differ-
ential scanning calorimetry showed a reduction in the glass transition, cold crystal-
lization and melting temperatures, and a second melting peak was observed after
polymer irradiation. Also, X-ray diffraction analyses revealed a slight increase in the
crystalline fraction. Thermogravimetric analysis showed that as the absorbed dose
increased, the thermal stability of PLA decreased. Fourier-transform infrared spec-
troscopy shows bands attributed to oxidized terminations of polymer chains with
carbonyls attributed to the effect of irradiation exposure. For samples irradiated
above 100 kGy, an increase in tensile strength and tensile modulus can be observed
as the dose increases. Rheological measurements showed a decrease in the complex
viscosity of irradiated PLA with increasing absorbed dose. The surface of the poly-
mer blend with PLA irradiated with gamma rays at 150 kGy appears to be more
homogeneous according to scanning electron analysis. The polymer blend with
150 kGy irradiated PLA showed improved interaction between the components.
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Introduction

Polylactic acid (PLA) is a bio-based and biocompostable polymer derived from
renewable resources. It is considered a viable alternative to synthetic polymers in a
variety of packaging materials used for food and medical applications [1, 2]. PLA is
a versatile polyester, but due to its brittleness, it is blended with other polymers to
improve its performance in many applications [3]. PLA is a material characterized
by high stiffness and low flexibility, and when blended with poly(butylene adipate-
co-terephthalate) (PBAT), which has high processability and flexibility, the resulting
blends can exhibit high performance, suitable for various applications [4].

PBAT is a biodegradable aliphatic-aromatic polyester produced from fossil
sources. PBAT contains terephthalic acid, adipic acid and 1,4-butanediol mono-
mers in its structure. The aromatic fraction (terephthalate group) presents excellent
mechanical properties, while the aliphatic chains (butylene adipate group) promote
its degradation [5, 6]. However, PLA/PBAT blends exhibit poor interfacial adhesion
and macro-phase separation, making them immiscible [7]. Several studies evalu-
ate the compatibility of PLA/PBAT blend with the use of different compatibilizing
agents, which show satisfactory results in terms of mechanical properties [8—13].

In addition to using chemical compatibilizers, high-energy radiation, such as
gamma rays and electron beams (e-beam), is gaining much interest as it can increase
interfacial compatibility via interaction and recombination of macromolecular radi-
cals [14—17]. This occurs because exposure to irradiation produces bond cleavages
and free radicals that promote molecular reactions and interactions between polymer
chains at the blend interfaces [18, 19]. Unlike general polyolefin macromolecular
chain structures such as polypropylene and polyethylene, PLA chains tend to scis-
sion rather than branch or crosslink under high-energy irradiation due to the lack
of methylene groups in the chains [20]. Figure 1 illustrates the gamma-irradiation
compatibilization mechanism of PLA/PBAT blend.

In this work, the compatibility of the PLA/PBAT blend was investigated. PLA
was irradiated in a multipurpose irradiator with a Cobalt-60 source at different
absorbed doses, with the aim of improving interfacial compatibility through interac-
tion and recombination of macromolecular radicals generated during radiation expo-
sure. Mechanical tests, thermal analyses, rheological analysis, DRX and FTIR were
performed to assess compatibility.

Materials and methods
Materials
PLA Ingeo® biopolymer 3D850 (density of 1.24 g/cm?, melting temperature of

165-180 °C, melt flow rate of 7-9 g/10 min (210 °C/2.16 kg), relative viscosity of
4.0, D-lactic acid content of 0.5% [21], molecular weight of 113.4 +2.7 kg/mol [22])

@ Springer



Polymer Bulletin (2024) 81:14875-14902 14877

+ —
Melt blending
PLA PBAT
Y -ray N
— + —
Irradiation J Melt blending
PLA PLA irradiated PBAT

More compatibilization

Fig. 1 Illustration of the compatibilization mechanism by gamma irradiation of PLA in PLA/PBAT
blends

was purchased from NatureWorks LLC (Minnetonka, MN, USA). PBAT Ecoflex®
C1200 F (density of 1.25-1.27 g/cm?®, melting temperature of 110-120 °C, melt
flow rate of 2.7-4.9 g/10 min (190 °C/2.16 kg)) was obtained from BASF (Florham
Park, NJ, USA). Irganox® 1010 was purchased from Easy Quimica LTDA (Mogi
das Cruzes, SP, Brazil).

Sample preparation

PLA was previously irradiated in a multipurpose irradiator at the Radiation Technol-
ogy Center (CETER) at IPEN-CNEN/SP with a source of Cobalt-60, at absorbed
doses of 80, 100, 120 and 150 kGy and with an average dose rate of 3.4 kGy/h in
air atmosphere and ambient temperature of 25 + 1 °C. PLA oxidation was induced
by the use of the oxidizing atmosphere during irradiation. The chosen dosage, up
to 150 kGy, was carried out in a similar way to a previous study [8]. PLA/PBAT
blends were prepared in different proportions (Table 1). Irganox 1010 was used as
an antioxidant agent. The PLA/PBAT blends (50/50 wt%/wt%) were prepared in a
Haake Rheomex model 332p co-rotational twin-screw extruder with a screw diam-
eter of 16 mm and L/D ratio = 25 from Thermo Scientific. Extrusion was carried out
with all 6 zones at a temperature of 145 °C and screw rotation speed of 80 rpm and
4 % feed. The material was cooled to room temperature and subjected to continuous
granulation process in a pelletizer. To make the test specimens, the samples were
then produced in an injection molding machine model III.16.AX from AX Plésticos
Magquinas Técnicas Ltda., with a screw diameter of 16 mm and a length of 384 mm,
dosing delay of 0.50 s, screw withdrawal speed of 56 %, screw turning speed of 95
%, cooling of 5 s, filling of 7.5 s, temperature of zones 1-4, of 110, 180, 150 and
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Table 1 Composition of PLA/PBAT specimens

Nomenclature PLA (wt%) PBAT (wt%) Irganox (wt%) Absorbed
dose
(kGy)
PLA 100 - - 0
PLA8O 100 - - 80
PLA100 100 - - 100
PLA120 100 - - 120
PLA150 100 - - 150
PBAT - 100 - 0
PLA/PBAT 49.85 49.85 0.3 0
PLASO/PBAT 49.85 49.85 0.3 80
PLA100/PBAT 49.85 49.85 0.3 100
PLA120/PBAT 49.85 49.85 0.3 120
PLA150/PBAT 49.85 49.85 0.3 150

30 °C, respectively, using a steel mold according to ASTM D638-14 [23] for type IV
sample). No post-radiation oxidation was considered as the PLA was immediately
processed at 145 °C to prepare the samples, and this was sufficient to eliminate pos-
sible residual radicals.

Characterizations
Differential scanning calorimetry (DSC)

The thermal behavior was evaluated according to ASTM D3418-12 [24] standard in
three stages using Mettler Toledo equipment model DSC 822e with an atmosphere
of N, at 20 mL/min. First, the samples were subjected to a heating rate of 10 °C/
min up to 170 °C, then it was cooled to -30 °C at 10 °C/min, thus removing the
thermal history from the sample. It was kept at this temperature for 5 min, and then,
the samples were heated again to 170 °C at 10 °C/min. Therefore, it was possible to
obtain the glass transition temperature (7,), cold crystallization temperature (7.),
cold crystallization enthalpy (AH_.), melting temperature (7,,), melting enthalpy
(AH,), hot crystallization temperature (T}.) and hot crystallization enthalpy (AH;)
for each sample. The degree of crystallinity (Xcpge) of the samples was determined
using Eq. 1.

AH_ —-AH. 100
X

X = o —
Dsc = ” (1)

m

where AH, is the melting enthalpy, AH,, the cold crystallization enthalpy, AH®
is the melting enthalpy for the 100% crystalline material (equivalent to 114 J/g for
PBAT and 93 J/g for PLA) [25], and w is the mass fraction of PLA or PBAT in the
blend.
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The expected behavior of a blend of two polymers, PBAT and PLA, if they were
perfectly compatible at the molecular level can be predicted by Fox Eq. (2) [26]. It is
a mathematical relationship used to predict the glass transition temperature (7g) of
such polymer blends. Fox equation considers the individual 7gs of neat components
(PBAT and PLA) and their weight fractions (x) in the mixture to predict a single 7'g
for the blend. If PBAT and PLA were miscible, the Fox equation predicts a shift in
the overall Tg of the blend relative to the individual 7gs of PBAT and PLA. This
shift in Tg reflects the influence of both polymers on the molecular mobility within
the blend, ultimately affecting its physical properties.

1 _ x(PBAT) + x(PLA)

- = 2
T, T PBAT) = T,(PLA) @)

Thermogravimetric analysis (TGA)

Thermogravimetry analyses were evaluated according to ASTM E1131-20 [27] in
a Mettler Toledo thermobalance, TGA/DSC 3 +model, using heating rate of 10 °C/
min to a temperature of 600 °C, with nitrogen atmosphere at 50 ml/min and open
alumina crucible. Therefore, it was possible to obtain the temperature of onset
decomposition, temperature of 5% of weight loss, temperature of 50% of weight loss
and the residue at 600 °C (Tpees 59 T509 and Regec, T€spectively).

nset’

Attenuated total reflection Fourier-transform infrared spectroscopy (ATR-FTIR)

The functional groups present in the samples were identified using PerkinElmer/
Spectrum 65 with the UATR accessory Diamond/ZnSe crystal (3 Reflection). The
scanning range was 4000-600 cm™ at resolution of 4 cm™! with 16 accumulations.

Tensile tests

The tensile behavior of the samples was evaluated according to ASTM D638-14
[23] standard, using universal testing equipment EMIC DL 3000, with a cross-head
speed of 50 mm/min speed, a load cell of 20 kN, at a temperature of 25+5 °C and
relative humidity of 50% + 5%.

X-ray diffraction analysis (XRD)

The degree of crystallinity and peak sizes were evaluated with Bruker D2 PHASER
diffractometer, using CuKa monochromatic radiation (1 = 1.54184 A), a voltage
of 30 kV, and current of 10 mA. The diffraction data were obtained in the angular
range 20 = 5-60° and sweep speed of 0.05°/s. The crystallinity index (Xcygp) wWas
measured as the ratio between the crystalline area and the total area, according to
Equation 3:
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Ac
Xexrp = A FA, x 100 3)
where Ac is the area of the crystalline phase, and Aa is the area of the amorphous
phase. All calculations were performed using Fityk software, and the peaks were
deconvoluted using Gaussian function for the amorphous halo and Voigt function
for the crystalline peaks.

Rheological properties

The rheological properties of PLA and PLA/PBAT blends with and without pre-
vious irradiation were evaluated in the molten state using a rheometer Physica
MCR301 from Anton-Paar with a parallel-plate (d=25 mm) geometry. Specimens
were loaded between parallel plates and melted at 170 °C. The PLA samples were
1.0 mm in thickness, while the PLA/PBAT blends samples were in 3.0 mm. The
viscoelastic properties of the blends were determined by a dynamic frequency sweep
test. Strain (1%) and angular frequency range (150-0.1 rad/s log) were used during
testing. Complex viscosity (n*), storage modulus (G’) and loss modulus (G”) in the
molten state were obtained.

Electron paramagnetic resonance (EPR)

Preliminary electron paramagnetic resonance measurements were carried out to
verify the presence of stable radicals formed by the interaction of ionizing radia-
tion with the samples. In these preliminary measurements, the decay of the EPR
signal with time after irradiation was not studied, nor was a dose-response curve
constructed. Duplicate samples of PLA in pellet form were analyzed with doses of
0 kGy (non-irradiated), 80 kGy, 100 kGy, 120 kGy and 150 kGy. EPR measure-
ments were performed one week after the samples were removed from the irradia-
tor. For each measurement, 3 pellets of each sample were placed in a quartz tube.
These sets were also weighed; the measured mass of each set of 3 pellets was within
the range between 100 and 107 mg approximately. The analyses were performed
with a Bruker EMX PLUS RPE Spectrometer operating in the X band with HS1084
High Performance cavity using 1 scan per sample, 3.510 G center field, 200 G scan
window, 1 G modulation amplitude, 100 kHz modulation frequency, 20 dB gain,
microwave power at 0.6325 mW, frequency microwaves (X-Band) at 9.83 GHz,
without self-calibration, without rotation of the sample in the cavity. Measurements
were performed at room temperature between 20 and 25 °C and relative humidity
between 50 and 65%.

Scanning electron microscopy (SEM)
The morphology of irradiated and non-irradiated PLA/PBAT blends was analyzed

using a FEI QUANTA-FEG 250 microscope (Thermo Fisher), with an accelerating
voltage of 2.5 kV. The samples were fractured in liquid nitrogen and then coated
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with gold/palladium (5 nm). Fracture images of the blends were obtained at the
magnitude of X5.0 k.

Results and discussion
Differential scanning calorimetry (DSC)

Differential scanning calorimetry was used to investigate the glass transition, crys-
tallization and melting characteristics of PLA, PBAT and their blends and study the
effect of the different absorbed doses of gamma irradiation. The thermal properties
obtained during the cooling and second heating scans are summarized in Table 2.
DSC curves during cooling and second heating scan are shown in Fig. 2 for PLA
samples and Fig. 3 for PLA/PBAT blends. In Fig. 2, the increase in gamma irradia-
tion led to a decrease in the glass transition temperature, cold crystallization tem-
perature and division of the melting peak. The division of the melting peak indicates
that during PLA irradiation, segments of lower molar mass were formed, and these
have the characteristic of melting earlier, and as the absorbed dose was increased,
the interval between the two melting peaks was increased. The decrease in glass
transition and the cold crystallization temperature may be due to the chain scission
that occurred as a result of the irradiation. Specifically, the decrease in Tg can be
further explained by the reduction in molecular weight of PLA chains due to scis-
sion. This decrease in molecular weight is also likely responsible for the observed
splitting of the melting peak, as lower-molecular-weight segments formed during
irradiation tend to melt at a lower temperature compared to higher-molecular-weight
chains.

Figure 3 shows that the presence of irradiated PLA appears to promote the hot
crystallization of the blends suggesting an interaction between the irradiated PLA
and PBAT that facilitates PLA crystallization. This is evidenced by the more intense
and defined crystallization peaks for the blend when compared to the neat one.
Additionally, the degree of crystallinity of the blends seems to increase slightly with
higher irradiation doses of PLA, potentially due to increased interfacial interactions.
This suggests that gamma irradiation, by affecting the amorphous phase, might indi-
rectly enhance the crystallizability in the blend.

The reduction in glass transition temperature and splitting of the melting peak
can still be observed in the blends due to irradiation-induced scission of PLA chains.
If PBAT and PLA were miscible at the molecular level, there should be a change
in glass transition temperatures [26]. However, it is important to acknowledge that
the blends do not exhibit complete miscibility at the molecular level. Fox equation
calculations for a hypothetical 50/50 miscible blend predict a single Tg at 10.98 °C.
However, the single detected Tg for the blend (56.92 °C) corresponds to a value
close to the Tg of pure PLA (63.0 °C). This indicates the presence of distinct PLA
and PBAT phases within the blend.

Despite the lack of complete miscibility, the observed decrease in 7g of the
blend upon irradiation (around 3.7 °C compared to the unirradiated blend) sug-
gests an improvement in miscibility compared to the non-irradiated system. In
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Fig.2 DSC curves for PLA with different absorbed doses of gamma irradiation: a cooling from the melt;
b second heating scan

addition to the possible decrease in Tg due to the decrease in molecular weight
during PLA irradiation, in the blend this could also be attributed to increased
interfacial interactions between the irradiated PLA chains and PBAT macromol-
ecules, leading to a more restricted mobility of the polymer chains at the inter-
face. While not fully miscible, the irradiated PLA/PBAT blends appear to exhibit
a more compatible interface compared to the non-irradiated counterparts.
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Fig.3 DSC curves for PBAT and PLA/PBAT blends with different absorbed doses of gamma irradiation:
a cooling from the melt; b second heating scan

Thermogravimetric analysis (TGA)

The thermal degradation behavior of PLA, irradiated PLA, PBAT, blends and irradi-
ated PLA/PBAT blends is reported in Fig. 4, and data are summarized in Table 3.
For PLA, increasing irradiation dose led to a slight decrease in thermal stability.
The onset temperature and 5% weight loss temperature exhibited a reduction with
increasing dose, reaching a maximum decrease of 4.4 °C and 5.2 °C, respectively, at
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Fig.4 TGA curves for: a PLA with different absorbed irradiation doses; b PLA, PBAT and PLA/PBAT
blends with different absorbed irradiation doses

the 150 kGy dose. This suggests that gamma irradiation weakens the PLA structure,
likely due to chain scission events. Interestingly, the residual mass for irradiated
PLA tended to increase slightly, with the 100 kGy dose showing the most significant
rise. This might be attributed to the formation of more stable, low-molecular-weight
fragments during chain scission at this particular dose.

For PLA/PBAT blends, a two-step degradation process is observed, with the first
stage corresponding to PLA degradation and the second stage related to PBAT deg-
radation. Similar to neat PLA, irradiation of the PLA component within the blends
resulted in a reduction of degradation temperatures for PLA (onset, 5% and 50%
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o e a0 10 T (O arel®

and their blends With d.iff‘erent PLA 3437 3273 358.8 0.0

absorbed gamma irradiation

doses PLAS8O 3433 327.5 359.8 2.1
PLA100 344.0 329.0 361.5 33
PLA120 341.7 325.7 361.2 1.6
PLA150 3393 3222 360.5 1.0
PBAT 378.9 3522 399.5 4.2
PLA/PBAT 3293 319.0 369.8 0.4
PLASO/PBAT 328.9 3143 372.3 1.5
PLA100/PBAT  328.2 309.8 373.8 42
PLAI120/PBAT 327.1 308.5 367.3 14
PLA150/PBAT  325.6 301.0 362.2 1.8

weight loss). Notably, the extent of this reduction increased with increasing irra-
diation dose. The presence of PBAT in the blends generally led to a higher average
residual mass compared to irradiated PLA alone. This is likely due to the inherently
higher thermal stability of PBAT. The blend containing PLA irradiated at 100 kGy
(PLA100/PBAT) displayed the highest residual char content (4.23%). This observa-
tion may be linked to the potential interaction between the fragmented PLA chains
(from irradiation) and the PBAT component, leading to the formation of more stable
char during degradation.

Attenuated total reflection Fourier-transform infrared spectroscopy (ATR-FTIR)

FTIR spectra for neat PLA and gamma irradiated PLA with different absorbed doses
are shown in Fig. 5. As expected, FTIR analysis shows that no new functionality is
formed or strong chemical interactions occur as a result of gamma irradiation, since
no new bands are observed. However, the spectra show that when PLA is irradi-
ated, a slight change in the band at 3295 cm™! appears, attributed to O-H stretching
and its width is attributed to intermolecular and intramolecular hydrogen bonds. The
bands at 2916 and 2850 cm™! are assigned to the symmetrical and asymmetrical
vibrational motions of the —CH groups within the PLA molecule, which the gamma
irradiation strengthens the intensity of these peaks. This change can be attributed
to the chain scission occurring simultaneously with oxidation reactions induced by
irradiation treatment that lead to the generation of additional carboxyl and hydroxyl
terminal groups in polymer chains [28], in which PLA chain promotes compatibil-
ity with PBAT in the blend. The band at 1750 cm™! is also attributed to oxidized
ends of the polymer chain with carbonyls, the C=0 stretch. The peaks detected at
1636 cm™ and 1562 cm™ can be attributed to the formation of C=C double bonds
[29-31]. These peaks likely originate from recombination reactions induced by
gamma irradiation. During irradiation, scission of existing bonds within the poly-
mer chains can occur. The subsequent recombination of these fragments may lead
to the formation of new C=C unsaturations alongside the formation of carbonyl
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Fig.5 FT-IR spectra for PLA with different absorbed gamma irradiation doses

groups (C=0) observed elsewhere in the spectrum. Furthermore, the increase of
the irradiation dose also led to a substantial increase of these C=C double bond
peaks that implies that a higher dose of gamma radiation translates to a greater
extent of chain scission and subsequent C=C bond formation through recombina-
tion processes. The bands at 1451 cm™! and 1383 cm™! correspond to C—H bending
of —-CH; groups, the asymmetric and symmetric vibration, respectively. The bands
at 1266, 1181, 1130, 1082 and 1042 cm™! all correspond to vibrational motions of
the C—O-C bond. These vibrations are complex due to the presence of various func-
tional groups bonded to the C—O—C chain. The band at 870 cm™! is related to the
presence of C—O—H groups and 757 cm™! is attributed as the wagging absorption of
a-CH; of PLA.

Figure 6 shows FTIR spectra for PBAT and PLA/PBAT blends with different
absorbed gamma irradiation doses. Assignment of some typical FTIR absorp-
tion bands for PLA and PBAT can be seen in Table 4. The spectra also showed
a small band at 3295 cm™! that is attributed to O-H stretching, bands around
2968-2858 cm™! that are assigned to the symmetrical and asymmetrical stretch
vibration of ~CH. The band at 1711 cm™! is attributed to the C=0 stretch for
PBAT, and for the blend, it is possible to observe that this band tends to become
wider due to the C=0 stretch for PLA at 1750 cm™'. The band at 1636 cm™!
attributed to the C=C stretching vibration in PLA/PBAT blends appears to
decrease in intensity with increasing irradiation dose applied to the PLA. This
could be due to various factors, such as recombination reactions, in which gamma
irradiation can induce chain scission, but it can also lead to recombination
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Fig.6 FT-IR spectra for PBAT and PLA/PBAT blends with different absorbed gamma irradiation doses

Table 4 Positions and
assignments of some FT-IR

Wavenumber (cm™")

Assignment

bands related to PLA and PBAT 3295
[8, 32-35]

2959-2850

1750
1711
1451
1383
1181
1130
1082
1042
870

757

875,730

OH stretch

—CH symmetrical and asymmetrical
stretch vibration in —-CH3

C=0 stretch (PLA)

C=0 stretch (PBAT)

—CH asymmetric vibration (PLA)
—CH symmetric vibration (PLA)
C-0O-C asymmetric stretch (PLA)
CH; in-plane rocking (PLA)
C-O-C symmetric stretch (PLA)
C—O-C stretching (PLA)

C-O stretching (PLA)

o-CHj vibration (PLA)
Out-plane =C-H of benzene ring (PBAT)

reactions between the resulting fragments, leading to the formation of other func-
tional groups (e.g., C=0 carbonyls) instead of C =C double bonds. Alternatively,
interactions between irradiated PLA chains and PBAT macromolecules might
hinder the formation or stabilization of C=C double bonds within the blend. The
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bands at 875 and 730 cm™' can be assigned as out-plane bending mode of = C-H
in benzene ring of PBAT.

Tensile tests

The tensile mechanical properties, in terms of strength, elongation at break and
modulus for PLA, irradiated PLA, PBAT, PBAT/PLA blends and gamma irradiated
blends are shown in Figs. 7 and 8. These data are also summarized in Table 5. For
PLA, we can see that as the absorbed irradiation dose increases, tensile strength,
elongation at break and tensile modulus decrease. A minimum is reported for the
100 kGy dose. For higher doses, PLA120 and PLA150, a recovery of these proper-
ties is observed. The reduction in these properties is related to the chain scission
effect expected from exposure to gamma irradiation, making PLA more brittle.
When adding PLA to PBAT, an increase in tensile strength and tensile mod-
ulus and a reduction in elongation at break are observed, as expected for this
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blend. The tensile strength and tensile modulus also exhibited the lowest values
for PLA100/PBAT and a recovery trend when increasing the irradiation dose up
to PLA150/PBAT. The improvement in tensile strength properties and decrease in
elongation at break are attributed to increased compatibility between the two par-
ent polymers in the blend. This increased compatibility results from the exposure
of PLA to ionizing radiation, which induces compatibilization by free radicals,
improving dispersion and adhesion of the blend phases [8, 13]. Therefore, PLA
irradiated at higher doses exhibits greater compatibility with PBAT.
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Fig.9 XRD patterns for: a PLA and gamma irradiated PLA; b PBAT and PLA/PBAT blends with differ-

ent absorbed irradiation doses
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X-ray diffraction analysis (XRD)

X-ray diffraction of neat PLA, irradiated PLA, PBAT/PLA blend and gamma irradi-
ated blends is shown in Fig. 9. PLA samples are amorphous and characterized by
a broad amorphous bump located around 16°. As the absorbed gamma irradiation
dose increases, a weak crystalline peak appears at 29.5°. A weak crystalline frac-
tion can develop in irradiated samples because of the higher mobility of amorphous
chains as evidenced from DSC analysis. The results are collected in Table 2. The
increase in crystalline fraction was also evidenced from DSC analysis, in which the
Xc value of the gamma irradiated blend tends to present a higher value than for the
non-irradiated blend.

Higher doses of radiation can induce an increase in the degree of crystallinity
because chain scission can also act to reduce intramolecular stress in the amorphous
region, thus increasing chain mobility. The increase in mobility allows some mole-
cules to crystallize because the crystalline state is a stable thermodynamic state [36].
These chain scissions should favor the compatibility of the blend.

Rheological behavior

It is well established that small amounts of branching, scission and crosslinking can
alter the rheological properties of a polymer, and it is these reactions that can occur
during the irradiation process. Scission reactions reduce the molecular weight of
the polymer, resulting in lower values in the Newtonian plateau region of dynamic
viscosity, while crosslinking reactions increase the molecular weight and degree of
branching of the irradiated polymer [37]. The complex viscosity (n*), storage modu-
lus (G") and loss modulus (G") of PLA samples and PLA/PBAT blends with differ-
ent absorbed irradiation doses are compared in Figs. 10 and 11. For PLA samples
(Fig. 10), the influence of gamma irradiation on PLA samples reveals that their vis-
cosity decreases. The complex viscosity of PLA decreases sharply up to 150 kGy
compared to other doses. The complex viscosity of irradiated PLA drops across the
entire frequency range compared to neat PLA, while their Newtonian zone ranges
are approximately the same, indicating that only a decrease in molecular weight
occurs due to chain scission during gamma irradiation in the presence of oxygen.

The storage modulus and loss modulus correspond to the energy stored and con-
sumed during the deformation process. Higher doses of gamma irradiation lead to
a reduction in storage modulus lower than that of neat PLA, suggesting the occur-
rence of chain scission. The same behavior is observed in the reduction in loss mod-
ulus. This chain scission behavior indicates that there is a possibility of increased
compatibility, since scission leaves several "openings" for new bonds, promoting
compatibilization.

The current study aligns with previous investigations on the rheological prop-
erties of electron beam irradiated PLA [38]. According to the principles of linear
viscoelastic theory, the observed decrease in viscosity of irradiated PLA samples
suggests a transformation toward linear chain structures with narrower molecular
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Fig. 10 Rheological properties
for PLA samples with different
absorbed irradiation doses: a
complex viscosity; b loss Modu-
lus; ¢ storage modulus
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Fig. 11 Rheological proper-
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weight distributions. This aligns with the established understanding that gamma
irradiation primarily induces chain scission reactions within PLA. These scission
events are responsible for the significant decrease in viscosity observed. However,
the observed decrease in storage modulus at low oscillation frequencies suggests an
additional effect beyond simple chain scission. This behavior may indicate the for-
mation of long-chain branching (LCB) within the PLA at higher gamma irradiation
doses (up to 100 kGy). LCB structures can act as physical crosslinks, potentially
contributing to a network formation within the irradiated PLA. This potential for
LCB formation alongside scission highlights the complexity of the chain rearrange-
ment processes triggered by gamma irradiation in PLA.

A change in the Newtonian behavior of the storage modulus at high frequencies
of PLA irradiated at 100 and slightly at 120 kGy was observed. This suggests that
chain scission events, prevalent at higher irradiation doses, weaken the PLA struc-
ture. As the test frequency increases, the applied shear stress also increases. The
irradiated PLA with more chain scission (100 kGy) could not withstand this higher
stress, resulting in a greater reduction in storage modulus compared to the 120 kGy
sample. This observation aligns with the trend of reduced mechanical properties
observed more pronounced for the 100 kGy dose compared to 120 kGy, indicating a
correlation between chain scission and diminished structural integrity.

For PLA/PBAT blends (Fig. 11), gamma irradiation results in a decrease in vis-
cosity. However, all irradiated blends exhibit a similar behavior, which almost inde-
pendent of the absorbed dose, only differentiating from the non-irradiated blend.
The irradiated PLA/PBAT blends show more pronounced shear thinning behavior
and altered Newtonian behavior in the intermediate frequency region. Therefore,
when using irradiated PLA, the complex viscosity of the blends decreases. This
observation may be due to the irradiation reaction that increases the interaction
and entanglement capacity of PLA and PBAT chains by reacting with two chains
and increasing the compatibility between PLA matrix and PBAT domains. In the
PLA/PBAT blends, only the blend containing PLA irradiated at 100 kGy (PLA100)
exhibited a significant decrease in viscosity and a deviation from Newtonian behav-
ior at high frequencies in the storage modulus. This behavior mirrors the observa-
tions for neat PLA irradiated at 100 kGy, suggesting that the chain scission events
and the consequent decrease in stress resistance primarily affect the PLA component
within the blend at this specific irradiation dose.

Gamma irradiation appears to exert a complex influence on PLA/PBAT blends,
potentially leading to two contrasting effects. Firstly, the irradiation process can
promote interface modification. This is evidenced by observations in the following
SEM analyses such as improved homogeneity and enhanced chain mobility within
the blends, as suggested by thermal analysis results. These factors can contribute to
enhanced compatibility between PLA and PBAT. Secondly, however, gamma irra-
diation can also induce chain scission within the polymer chains, particularly in the
PLA phase. This chain scission leads to a decrease in the overall molecular weight
of the irradiated material. Consequently, a reduction in viscosity can be expected.
While improved chain mobility within the blend might initially suggest better
mechanical properties, excessive chain scission can ultimately lead to a decrease in
mechanical performance due to the loss of material strength and integrity. Therefore,
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the overall impact of gamma irradiation on the properties of PLA/PBAT blends
likely depends on a balance between these two opposing effects. At lower irradiation
doses, the benefits of interface modification might outweigh the detrimental effects
of chain scission. However, at higher doses, excessive chain scission can become
dominant, resulting in a decrease in mechanical properties.

Electron paramagnetic resonance (EPR)

No EPR signal was observed in the non-irradiated sample. Figure 12 shows the EPR
signals for irradiated samples. Values were normalized to 1 g of PLA. According
to Babanalbandi et al. [39], the EPR signal for gamma irradiated PLA is composed
of at least 3 radicals, 2 of which being more stable for measurements at room tem-
perature. Radical (1) CH; is predominant, forming a quartet. Radical (2), not very
expressive in the samples, is also composed of the methyl radical, forming a doublet
of quartets. The distance between the main peaks was estimated to be 2.3 mT, which
is the hyperfine coupling constant for the radical (1)-CHj;. For radical (2) a spectrum
simulation study would be necessary, the coupling constants for the doublet and the
quartet being 1 mT and 2.1 mT, respectively, different from the values reported in
the literature. More studies at low temperatures can be conducted to improve the
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Fig. 13 Average response of the two samples for absorbed doses of 80, 100, 120 and 150 kGy

interpretation of the spectra. Regarding the generation of radicals as a result of the
accumulated dose, a possible saturation for higher doses is observed in Fig. 13.

Morphological analysis

SEM micrographs of fractured surfaces of PLA/PBAT blends are shown in Fig. 14.
As expected, for PLA/PBAT blend obtained from non-irradiated PLA, both domains
are clearly observed. PLA and PBAT are immiscible polymers, their blends dem-
onstrated a coarse phase separation with PLA, the continuous phase (matrix) and
PBAT as the dispersed phase since PLA has higher viscosity under processing con-
ditions than PBAT [34]. When using irradiated PLA, it is observed that the miscibil-
ity increases from PLA100kGy, for which the fracture surfaces of the blend shows a
homogeneous distribution of PBAT in the PLA matrix. Gamma irradiation promotes
the compatibility between PLA and PBAT, when using PLA subjected to absorbed
doses higher than 100 kGy.

The increased compatibility between the two components of the blend with-
out any compatibilizer can be induced by chemical changes due to chain scission
and degradation under gamma irradiation of PLA. With the formation of methyl
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Fig. 14 SEM images showing the morphology of PLA/PBAT blends with different absorbed irradiation
doses

group radicals, as shown by EPR analysis, the blending process by extrusion
involving heat promotes radical combinations between PLA radicals and PBAT.

Gamma irradiation appears to promote interface modification within PLA/
PBAT blends, leading to increased homogeneity and enhanced chain mobility.
This is evidenced by the DSC analysis, where both cold crystallization tem-
perature (Tcc) and hot crystallization temperature (Thc) shifted to lower val-
ues with increasing irradiation dose. This suggests faster crystallization kinet-
ics due to the improved interfacial interactions. Furthermore, the reduction in
glass transition temperature (Tg) for irradiated blends aligns with the enhanced
chain mobility. However, the mechanical response exhibits a complex interplay.
While increased chain mobility might suggest improved elongation at break, this
behavior was only observed for the 80 kGy dose. Higher irradiation doses likely
lead to excessive chain scission, resulting in brittleness and a decrease in elon-
gation at break for blends irradiated at doses exceeding 80 kGy. These findings
are similar to those reported in a previous study [11], where the addition of a
compatibilizer toluenediphenyl diisocyanate (TDI) also facilitated faster crystal-
lization and decreased Tg in PLA/PBAT blends. The study attributed this behav-
ior to increased free volume and enhanced chain mobility due to the presence
of the plasticizer Triethyl citrate (TEC). The observed reduction in Tg was even
more pronounced in their compatibilized blends, suggesting a synergistic effect
of both plasticization and improved compatibility between PLA and PBAT. This
suggests that gamma irradiation, while not acting as a traditional compatibi-
lizer, may create a similar effect by promoting improved interfacial interactions
between PLA and PBAT.
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Conclusion

In the present study, the effect of gamma irradiation of PLA under different
absorbed doses of a Cobalt-60 source on the mechanical, rheological, thermal
and morphological properties of PLA/PBAT blends was investigated. It was
found that the mechanical properties of the samples are highly dependent on
the absorbed irradiation dose, and despite the reduction in tensile strength when
applying irradiation, the absorbed dose of 150 kGy shows a tendency to recover
the initial strength. TGA analysis shows that as the absorbed gamma irradiation
dose increases, the thermal stability of the material reduces. A small increase
of the crystalline fraction was evidenced by DSC and XRD analyses. Rheo-
logical measurements showed a decrease in the complex viscosity of irradiated
PLA when increasing the absorbed dose, indicating that a decrease in molecular
weight occurs due to chain scission when using irradiated PLA. Therefore, PLA
irradiation induces chain scission, and this scission improves the compatibility
when blended with PBAT. SEM analysis reveals that gamma irradiation of PLA
promotes the homogeneity of PLA/PBAT blends, indicating greater compatibility
for the blends subjected to higher absorbed doses of 100 and 120 kGy. FTIR anal-
ysis shows that irradiation also contributes to more defined bands between 2750
and 3200 cm™!, attributed to the chain scission occurring simultaneously with
the oxidation reactions induced by radiation. In addition, C—O-C group stretch-
ing (1078-1110 cm™') indicates possible reactions of PLA radicals with PBAT
macrochains. Further study of radicals decay should be carried out to broaden the
discussion of the reactions between PLA radicals and PBAT.

The potential compatibilization of PLA/PBAT blends when using gamma
irradiated PLA with the addition of a filler for mechanical improvement will be
investigated in future studies. Currently, there is a growing intention to obtain
composites with nanocellulose for greater efficiency of mechanical properties
and sustainability of using cellulosic fillers. Therefore, since the modifications
obtained by radiation are favorable to interfacial adhesion, the properties should
be improved.
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