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The Critical Role of Processing Sequence on the Mechanical
Properties of Reactively Compatibilized PLA/PBAT Blends:
Effect of Manufacturing Method

Sanaz Soleymani Eil Bakhtiari, Reza Salehiyan, Anu Sasi, Islam Shyha,

and Dongyang Sun*

In this study, polylactic acid (PLA)/polybutylene adipate-co-terephthalate
(PBAT)/Joncryl blends are prepared via film extrusion, compression molding,
and injection molding to investigate the effects of processing sequence and
compatibilization on interfacial interactions and final properties. Joncryl is
added at 0.5 and 1 wt.% to assess its impact on phase adhesion, crystallinity,
and mechanical performance. Results reveal that the two-step blending
process, where Joncryl is first reacted with either PLA or PBAT, results in more
uniform dispersion and enhanced interfacial interactions compared to the
single-step method. Notably, the (70/30) PLA/PBAT blend incorporating 1
wt.% Joncryl via two-step blending shows tensile strength improvements of
~6% and 15%, and elongation increases of ~491% and 335.5% for
(PLA+1J)/PBAT and (PBAT+1))/PLA, respectively. For injection-molded
samples, 0.5 wt.% Joncryl added through two-step blending improves
elongation and impact strength by ~75% and 140% in (PBAT+0.5))/PLA.

Film-extruded samples exhibit higher tensile strength than

compression-molded ones due to better phase dispersion, orientation, and
interfacial bonding enabled by slit-die extrusion and stretching. In contrast,
compression molding lacks orientation effects, resulting in lower mechanical
strength. These findings highlight the critical role of blending sequence and
processing method in tailoring biodegradable PLA/PBAT blends for improved

performance in packaging and related applications.

1. Introduction

Environmental pollution poses a serious challenge to sustain-
able development, with packaging waste in landfills contributing
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significantly to environmental harm. The
development of biodegradable polymers
from renewable sources is seen as an
effective solution to plastic waste, and their
adoption as a substitute for petroleum-
based plastics is increasingly recognized
worldwide.'™*! The problem of white
pollution caused by conventional non-
biodegradable plastics has attracted global
concern for decades.>’! In response, many
countries are now actively encouraging
the use of eco-friendly polymers. The
adoption of biodegradable polymers is
widely regarded as an effective solution
to this issue.®!l Polylactic acid (PLA)
and polybutylene adipate-co-terephthalate
(PBAT) are two of the most widely stud-
ied biodegradable polymers due to their
complementary properties. PLA, a bio-
based polyester, is characterized by its high
stiffness, strength, and biodegradability,
but suffers from inherent brittleness and
poor flexibility.>!215] In contrast, PBAT,
a synthetic aliphatic-aromatic copolyester,
exhibits excellent ductility and flexibility
but lacks sufficient mechanical strength
for high-performance applications. To over-
come these individual limitations, blending
PLA and PBAT has been explored as an effective approach to de-
veloping balanced biodegradable materials with improved me-
chanical properties, biodegradability, and processability.[*16-20]
Despite the potential of PLA/PBAT blends, the inherent immis-
cibility between PLA and PBAT due to their different polarities
and molecular structures results in poor interfacial adhesion,
leading to phase-separated morphologies with compromised me-
chanical properties.[>2122l Therefore, compatibilization strategies
have been widely investigated to enhance the interfacial inter-
action between these polymers, ensuring improved mechani-
cal performance and structural stability.[?*] Compatibilization af-
fects polymer blends through two key mechanisms: i) preventing
droplet coalescence and ii) lowering interfacial tension, both lead-
ing to reduced droplet sizes. These effects are most pronounced
when the compatibilizer is located at the interface.**?] In the
absence of compatibilizers, polymer blend properties are notably
inferior to those of the individual polymers. Common compat-
ibilization strategies include i) non-reactive approaches using
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co-solvents or copolymers, ii) reactive methods that create copoly-
mers in situ, and iii) nanofiller-assisted techniques incorporat-
ing small amounts of nanofillers. The selection of a method de-
pends on factors such as cost, performance, recyclability, and
biodegradability.[”*%®] One common route involves the use of
reactive compatibilizers, such as multifunctional chain exten-
ders, which promote in situ reactions between PLA and PBAT
to improve interfacial adhesion.!'#2731] Among these, epoxide-
based chain extenders like Joncryl have been extensively studied
for their ability to react with carboxyl (—COOH) and hydroxyl
(—OH) groups, extending polymer chains and reducing phase
separation.['62932] Research has demonstrated that incorporat-
ing various types of Joncryl ADR, such as 4468, 4368, and 4370,
into PLA/PBAT blends enhances tensile strength, elongation at
break, and impact resistance. These improvements are attributed
to better interfacial adhesion and an increase in molecular weight
due to chain extension. For example, Wang et al.l**] developed
high-strength, high-toughness PLA/PBAT (60/40) blends using
a melt-reactive blending approach. By introducing Joncryl ADR-
4370S as a compatibilizer through an in situ compatibilization
reaction, its epoxy groups and the terminal carboxyl and hy-
droxyl groups of PLA and PBAT, forming a PLA-g-PBAT copoly-
mer linking the two segments. This reaction notably reduced
the interfacial tension between the phases. They achieved en-
hanced mechanical properties across all blends.**] In another
study, Al-Ttry et al.3*] evaluated the effect of multifunctional epox-
ide (Joncry;ADR-4368) on the interfacial properties of biopoly-
mer blends based on PLA/PBAT. The results indicated a decrease
in interfacial tension in the modified/compatibilized PLA/PBAT
blend and the formation of the PLA-Joncryl-PBAT copolymer,
leading to enhanced mechanical properties.**! Arruda et al.l'0]
studied the influence of Joncryl ADR 4368 on PLA/PBAT blend
and found that for the 60 PLA blend, the addition of a chain ex-
tender resulted in a 900% increase in elongation at break com-
pared to the 60PLA blend without it. Additionally, it exhibited a
1200% increase relative to neat PLA, significantly enhancing duc-
tility. Moreover, in the 60 PLA blends containing a chain exten-
der, the dispersed phase was refined, transitioning from coarse
sheets or platelets to elongated PBAT fibrils. This morphological
transformation is likely responsible for the increased elongation
at break. Additionally, a notable enhancement in stress at break
was observed, rising from 22.3 MPa (without a chain extender)
to 34-35 MPa with its addition.['®] However, the effectiveness of
Joncryl in modifying PLA/PBAT blends is highly dependent on
processing conditions. Previous research has primarily focused
on single-step blending methods, where all components are pro-
cessed simultaneously. While this method can enhance interfa-
cial adhesion to some extent, limitations such as incomplete re-
actions and phase inhomogeneity still persist.

Recent efforts have explored two-step blending strategies as
an alternative approach to improve the dispersion and reaction
efficiency of compatibilizers in PLA/PBAT blends. The two-step
blending method involves pre-reacting Joncryl with either PLA
or PBAT before incorporating the second polymer, allowing for
better dispersion of Joncryl, molecular interaction, and controlled
compatibilization. This method is expected to lead to a more uni-
form morphology, enhanced chain extension, and improved me-
chanical performance. In this work, we investigate the impact of
blending sequence on the compatibilization efficiency of Joncryl-

Macromol. Mater. Eng. 2025, e00108 00108 (2 Of'|8)

www.mame-journal.de

Table 1. Thermal properties of the PLA and PBAT.

Polymer Grade MFI Tg[°C] Tm [°C]
[190 °C/2.16 kg]

PLA Luminy L130 10 g/10 min 60 175

PBAT > 99% (L-isomer) 2.7-4.9 g/10 min -30 110-120

ecoflex F Blend C1200

modified PLA/PBAT blends by comparing single-step and two-
step blending approaches. Due to the different reactivity of Jon-
cryl toward PLA and PBAT, with a higher reactivity toward PLA
because of its greater number of terminal groups,!'®! we aim to
investigate the effect of blending sequence. Specifically, we eval-
uate the impact of pre-reacting Joncryl with PLA and PBAT to
understand how this pre-compatibilization influences the final
blend morphology and properties. Through Fourier Transform
Infrared Spectroscopy (FTIR), mechanical testing, and morpho-
logical analysis, we aim to provide a comprehensive understand-
ing of how processing sequences affect the interfacial interac-
tions and final performance of the blends. By correlating spec-
troscopic findings with mechanical properties such as tensile
strength, elongation at break, and impact resistance, we assess
the effectiveness of Joncryl as a reactive compatibilizer under dif-
ferent processing conditions.

A key novelty of this study is the detailed comparison between
injection molding and film/sheets extrusion processes in influ-
encing the chemical interactions between Joncryl and PLA/PBAT
components. Injection molding typically involves shorter resi-
dence times (=60 s), potentially leading to incomplete reactions
and higher residual unreacted Joncryl. On the other hand, melt
extrusion involves longer thermal exposure (~180-190 °C) for ex-
tended durations, facilitating more complete reactions and uni-
form dispersion of the compatibilizer. By examining these differ-
ent processing methods, this study provides crucial insights into
optimizing compatibilization strategies for PLA/PBAT blends.

2. Experimental Section

2.1. Materials

PLA pellets (Luminy L130) was supplied from TotalEnergies
Corbion (The Netherlands). PBAT ecoflex F Blend C1200 was
kindly supplied by BASF Corporation (Germany). The commer-
cial grade is characterized by a density of 1.25-1.27 g cm™3 and
a melt flow index 2.7-4.9 g/10 min at 190 °C. Chain extender
was used as a functional additive Joncryl ADR 4468, supplied by
BASF (Germany). ExxonMobil low-density polyethylene (LDPE)
LD 150 BW was supplied from ExxonMobil Chemicals. Table 1
summarized the thermal properties of the polymers used in this
study. 53]

2.2. Polymer Processing
2.2.1. Film/Sheet Extrusion
For the fabrication of films and sheets via extrusion, two process-

ing approaches were utilized: the single-step approach and the
blending sequence.
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Figure 1. Single-step processing approach.

For both processing approaches, PLA and PBAT pellets were
vacuum-dried at 60 °C for ~12 h prior to use. PLA/PBAT/ Jon-
cryl ADR 4468 blend samples, with weight ratios of 70/30, and
50/50 (wt.%/wt.%), were prepared through reactive melt blend-
ing using single screw extruder. The Joncryl ADR 4468 content
was maintained at 0.5% and 1% by weight relative to the total
PLA/PBAT. The profile temperature was set at 140, 150, 160, 170,
175, 180, 190 °C with a screw speed of 14 rpm. A minimum of
five tensile test specimens were produced for each formulation.
LDPE was used as a control material to provide a performance
benchmark. LDPE was extruded using a Brabender extruder at
profile temperatures of 160, 175, 185, and 190 °C as a benchmark
sample, with a screw speed of 40 rpm, and a processing time of
5 min.

2.2.2. Single-Step Processing Approach

Initially, PLA, PBAT, and Joncryl ADR 4468 were fed into a
single-screw extruder to produce PLA/PBAT/Joncryl filaments
(Figure 1a).

The extruded filaments were subsequently converted into pel-
lets using a pelletizer (Figure 1b).

The pelletized PLA/PBAT/Joncryl blends were processed into
films using film extrusion, with a temperature profile of 180, 185,
190, and 190 °C, a screw speed of 40 rpm, and a processing time
of 5 min (Figure 1c).

The pelletized PLA/PBAT/Joncryl blends were transformed
into sheets using a hot and cold compression molding machine.
The process involved hot compression at 190 °C and 20 bar pres-
sure for 7 min, followed by cold compression at 15 bar pressure
for 5 min (Figure 1d).

2.2.3. Blending Sequence Processing Approach

Initially, PLA and Joncryl or PBAT and Joncryl were fed into the
single-screw extruder to produce PLA/ Joncryl or PBAT/Joncryl
filaments (Figure 2a).
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The extruded filaments were subsequently converted into pel-
lets using a pelletizer (Figure 2b).

For producing (PLA + Joncryl)/PBAT films, PLA/Joncryl pel-
lets and pure PBAT pellets were introduced into the film extruder.
Similarly, for (PBAT + Joncryl)/PLA films, PBAT/Joncryl pellets
and pure PLA pellets were fed into the film extruder (Figure 2c)
with a temperature profile of 180, 185, 190, and 190 °C, a screw
speed of 40 rpm, and a processing time of 5 min.

To produce (PLA + Joncryl)/PBAT compressed sheets,
PLA/Joncryl pellets and pure PBAT pellets were first fed into a
single-screw extruder to form filaments (Figure 2d), which were
then converted into pellets using a pelletizer (Figure 2e). The
resulting (PLA + Joncryl)/PBAT pellets were subsequently pro-
cessed into sheets through hot and cold compression molding
(Figure 2f). The process involved hot compression at 190 °C and
20 bar pressure for 7 min, followed by cold compression at 15 bar
pressure for 5 min. A similar process was followed to produce
(PBAT + Joncryl)/PLA compressed sheets.

2.2.4. Injection Molding

Prior to injection molding, the polymer was dried for 4 h at 60 °C
in an oven to remove any absorbed moisture. Polymer pellets
were processed with the help of injection molding using a Billion
50T injection molding machine at a mold temperature 60 °C. The
temperature profile was set to 145 to 185 °C from the feeder to
the nozzle, respectively. Joncryl was added to the blend in 0.5 and
1 wt.%. A two-step method was also employed to enhance the
distribution of Joncryl within the blend. Joncryl was pre-mixed
with PBAT to make PBAT/Joncryl before it was blended with PLA
in an injection molding process to afford the (70/30) PLA/PBAT
blends. The concentration of Joncryl was fixed at 0.5 wt.% in the
two-step method to compare with the blend prepared simulta-
neously. A minimum of five tensile and impact test specimens
were produced for each formulation. Table 2 presents the vari-
ous routes and materials utilized for preparing injection-molded
samples.
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Figure 2. Blending sequence processing approach.

2.3. Physical Characterization
2.3.1. Fourier Transform Infrared (FTIR)

The FTIR (PerkinElmer Frontier, USA) was adjusted in attenu-
ated total reflectance (ATR) mode to analyze the structural prop-
erties and characteristic peaks of PLA, PBAT, Joncryl as well as
blends with and without Joncryl. Samples were scanned at a res-
olution of 5 cm™! over a range of 400-4000 cm™!.

2.3.2. Differential Scanning Calorimetry (DSC)

In order to analyze the thermal properties of modified and
unmodified blends, DSC tests were carried out using a DSC
Q200 (TA Instrument) under a nitrogen atmosphere. Specimens
weighing between 5 and 10 mg were prepared and subjected
to a heating and cooling process from —5 to 200 °C at a heat-
ing/cooling rate of 10 °C min~!. The DSC analysis allowed the de-
termination of several thermal properties, melting temperature
(T,,), crystallization temperature (Tc), cold crystallization temper-
ature (Tcc), and the heats of melting (AH,,). Additionally, the de-

Table 2. Various routes and materials are utilized for preparing injection-
molded samples.

Route Materials

Single shot PLA

Single shot PLA/PBAT (70/30)
Single shot PLA/PBAT/ (70/30/0.5)
Single shot PLA/PBAT/) (70/30/1)
Two-Step (PBAT-))/PLA (30+0.5)/70
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gree of crystallinity of PLA, denoted as %X, was calculated using
the following equation:

HWL
— X100 (1)
AHm 0PLA

X, (%crystallinity) =
where AH? is the heat of fusion of 100% crystalline PLA, which
is reported as 93 ] g7! and ¢, is the weight fraction of PLA in
blends.[37:38]

2.3.3. Scanning Electron Microscopy (SEM)

The fractured cross-sections of the films were examined to inves-
tigate their surface morphologies using a TESCAN VEGA SEM
operated at an accelerating voltage of 10 and 20 kV. Film samples
with a thickness of 0.5-1 mm were cryo-fractured by immersing
them in liquid nitrogen for 1 min followed by rapid breaking.
Prior to SEM imaging, the fractured cross-sections were sputter-
coated with a thin layer of gold to improve surface conductivity
and image quality.

2.4. Mechanical Characterization

For tensile tests, dumbbell-shaped specimens were cut from
the compression-molded sheets, extruded films, and injection-
molded using a press cutter and tested using Zwick tensile testers
(50 and 5 kN) with computer control, following ASTM D638
for injection-molded and extruded /pressed samples, respectively.
The crosshead speed was set to 5 mm min~'. The dimensions of
the tensile test of extruded/pressed samples were 4 mm in width
and 25 mm in length, with the thickness varying for film and
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compressed samples as indicated in Figures 1 and 2. Additionally,
the injection-molded samples used for tensile testing measured
10 mm in width and 80 mm in length.

The Charpy impact strength of injection molded samples is de-
termined using a B5113 Charpy impact tester (Zwick/Roell, Ger-
many) using a 50] hammer. The specimens were produced to ad-
here to ISO179. The 3.7 mm thick square sheets were cut using
a bandsaw to produce 80 x 10 mm specimens. Sizes were con-
firmed with an analogue gauge. Five specimens were prepared
for each test, and a 2 mm, 45° notch was cut into the sample at
the midpoint using a motorized notching machine (Ray-Ran).

3. Results and Discussion

3.1. Fourier Transform Infrared (FTIR)

The FTIR spectra of PLA and PBAT, along with their Joncryl-
modified versions, reveal significant insights into the chemical
interactions and structural modifications induced by the reactive
chain extender. In both injection-molded and film-extruded sam-
ples, characteristic peaks associated with the functional groups
in PLA and PBAT provide a basis for understanding the effect
of Joncryl addition. The primary peaks of interest include the
carbonyl (C=0) stretching region (1700-1750 cm™!), the methy-
lene (—CH,) stretching region (2850-2950 cm™'), and the ester-
related C—O stretching region (1100-1300 cm~1).13]

In pure PLA, distinct peaks at ~#954 and 1264 cm™! are ob-
served, corresponding to C=C bending and C—O stretching vi-
brations in the ester groups, respectively (Figure 3a).[*] In PBAT,
the strong carbonyl peak C=C at ~1711 cm~! and C—O at 1267
cm™! represent the ester groups, while the methylene (—CH,)
rocking vibration is shown ~729 cm™! (Figure 3a’).1*] Upon
the addition of Joncryl, these peaks undergo significant modifica-
tions depending on the polymer system and processing method.
In injection-molded PLA/Joncryl samples, the peaks at 954 and
1264 cm~! disappear, indicating that Joncryl has altered the poly-
mer’s structural organization (See the arrow in Figure 3a). This
chemical interaction likely reduces the number of free ester
groups available for stretching vibrations. Similarly, the C—H
stretching region (2900-3000 cm™!) exhibits broadening and in-
tensity reduction, supporting the notion that steric hindrance and
molecular reorganization occur due to Joncryl's interaction with
PLA.I*I

In PBAT/Joncryl injection-molded samples (Figure 3a) how-
ever, no significant spectral shifts are observed, particularly in the
carbonyl (#1711 cm™!) and C—O stretching (1100-1300 cm™!)
regions. The peaks associated with the benzene rings [23%1 (720~
900 cm~!) remain unchanged, suggesting that Joncryl does not
significantly alter PBAT’s chemical structure in these conditions.
This lack of modification in PBAT is likely due to the short ther-
mal exposure during injection molding (~60 s), which may limit
the extent of reaction between Joncryl and PBAT’s functional
groups.

Conversely, in melt-extruded PBAT/Joncryl sheets, substan-
tial spectral changes are evident (Figure 3a’). The peak at 729
cm™!, linked to methylene rocking vibrations, disappears, indi-
cating a reduction in crystalline order due to chain extension
and branching.[*l The carbonyl peak at 1711 cm™! weakens
and slightly shifts, confirming the interaction of Joncryl’s epoxy
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groups with PBAT’s carboxyl and hydroxyl terminals. Addition-
ally, the disappearance of peaks at 1017-1018 cm~! and 1247-
1270 cm™! suggests significant chemical modification, likely in-
volving the formation of new ester or ether linkages. Moreover,
the intensity of peaks at ~#3000 cm™' (2851-2921 cm™') repre-
senting C—H stretching in aliphatic and aromatic portions was
decreased after melting extrusion (Figure 3b’). The increased
thermal exposure in melt extrusion (~180-190 °C for an extended
duration) facilitates a more complete reaction of Joncryl with
PBAT, reducing the presence of unreacted chain extender and
leading to enhanced molecular weight and branching.

For PLA/PBAT blends, the impact of Joncryl and the pro-
cessing method is particularly pronounced. In injection-molded
PLA/PBAT/Joncryl samples (Figure 3c), the carbonyl peak (1700-
1750 cm™!) exhibits only minor changes, with a slight intensity
reduction at 0.5 wt.% Joncryl and broadening at 1 wt.%. This sug-
gests partial compatibilization, but the short processing time may
limit the full extent of the reaction. In contrast, melt-extruded
PLA/PBAT/Joncryl blends demonstrate more substantial spectral
modifications (Figure 3¢’). The carbonyl peak at 1711 cm™! sig-
nificantly weakens, and the peak at 1750 cm™! intensifies, partic-
ularly in two-step blended samples where Joncryl is pre-reacted
with PBAT before mixing with PLA (Figure 3¢’). This indicates
improved compatibilization and reduced phase separation. The
methylene C—H peaks at 2926 and 2946 cm~!, which are present
in injection-molded samples, fade in the two-step melt-extruded
blends, further supporting the hypothesis that extended thermal
processing allows for more effective reaction and molecular inte-
gration.

The disappearance of the 2850 cm™! peak and reduction of
2926-2946 cm~! peaks in two-step blends provide further evi-
dence of structural reorganization and improved phase compati-
bility (Figure 3d’). This enhanced interaction aligns with mechan-
ical findings, where two-step melt-extruded PLA/PBAT/Joncryl
blends exhibit higher elongation at break and superior strain-
hardening behavior than the simultaneously blended ones (will
be shown later). The more pronounced changes in the FTIR
spectra of melt-extruded samples confirm that the longer res-
idence time at elevated temperatures allows for greater reac-
tion efficiency, reducing residual unreacted Joncryl compared to
injection-molded samples.

The peaks observed ~2990 cm™! attributed to CH, stretching
and the deformation of terminal C—H groups, respectively,*’]
provided additional evidence of chemical interactions facilitated
by Joncryl. The FTIR analysis highlights the critical role of pro-
cessing conditions in determining the extent of Joncryl-induced
chemical modifications in PLA, PBAT, and their blends. Injec-
tion molding, with its short exposure time, results in limited re-
actions, particularly in PBAT, whereas extrusion facilitates more
extensive interactions, leading to increased molecular weight,
branching, and improved compatibility in PLA/PBAT blends.
These findings emphasize the necessity of optimizing process-
ing conditions to maximize the effectiveness of reactive compat-
ibilization strategies in biodegradable polymer systems.

The supplementary information on the FTIR results of blend
films (50/50) and (70/30), where Joncryl was incorporated either
simultaneously or sequentially via extrusion and compression
molding, is provided in the supplementary document as Figures
S1, S2 (Supporting Information), respectively.
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Figure 3. FTIR spectra of PLA, PBAT, PLA/J, PBAT/), and (70/30) PLA/PBAT blends incorporating Joncryl, added either simultaneously or sequentially.
Polymers and the blends were prepared via injection molding (a—d) and film extrusion (a’—d’).
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Figure 4. a) tensile curves, b) tensile modulus, c) tensile strength, and d) elongation at breaks of extruded PLA, PLA/J, PBAT, and PBAT/| films (Joncryl

content was 1 wt.%).

3.2. Mechanical and Morphological Properties

The mechanical performance of PLA and PBAT films, as modi-
fied by Joncryl, provides valuable insights into the effects of re-
active compatibilization on polymer chain interactions, stiffness,
and elongation behavior (Figure 4). The modulus of PLA signifi-
cantly decreases when Joncryl is introduced, as seen in Figure 4b,
where the modulus drops from above 1000 MPa in neat PLA
to ~700 MPa in PLA/Joncryl. This reduction in modulus sug-
gests that Joncryl has successfully introduced chain extension
and branching, increased molecular weight, and reduced chain
mobility, which ultimately makes the polymer less brittle. The
FTIR results confirmed the reaction between Joncryl and PLA’s
terminal hydroxyl and carboxyl groups, leading to structural mod-
ifications that promote a more flexible polymer network.

The increase in elongation at break in PLA after the addition of
Joncryl, as shown in Figure 4a,d, further supports this molecular-
level modification. The increased elongation at break, rising from
below 10% in neat PLA to nearly 20% in PLA/Joncryl, indicates
that Joncryl facilitates higher energy absorption before failure,
enhancing ductility. These findings confirm that reactive com-
patibilization through Joncryl transforms PLA from a stiff, brit-
tle material into a more flexible and stretchable polymer, making
it more suitable for applications requiring enhanced flexibility
and toughness.['%! In contrast to PLA, PBAT experiences an in-
crease in modulus after Joncryl addition, as seen in Figure 4b,
where the modulus rises from below 50 MPa in PBAT to nearly
194 MPa in PBAT/Joncryl. This increase suggests that Joncryl re-
stricts PBAT’s natural flexibility, likely through minimal chain ex-

Macromol. Mater. Eng. 2025, 00108 00108 (7 Of18)

tension and branching reactions, and mostly due to the physical
and hydrodynamic effects of the rigid Joncryl particles. The FTIR
results for PBAT/Joncryl showed subtle but significant changes
in C=0 and C—0—C stretching vibrations, indicating that while
PBAT is less reactive toward Joncryl compared to PLA, some level
of chain extension and interfacial interaction still occurs.

The reduction in elongation at break in PBAT upon Jon-
cryl addition, as seen in Figure 4d, confirms that Joncryl lim-
its PBAT’s ability to stretch, making it less flexible than neat
PBAT. While PBAT typically exhibits high elongation at break ex-
ceeding 1500%, the addition of Joncryl reduces this value signif-
icantly. This suggests that Joncryl enhances interchain interac-
tions and entanglements, limiting chain slippage under tensile
deformation and causing earlier failure. The increase in mod-
ulus, coupled with the decrease in elongation, suggests a shift
in PBAT’s mechanical behavior from an ultra-flexible material
to a more structured and slightly stiffer polymer, possibly due
to the unreacted or partially reacted hydrodynamic effect of Jon-
cryl particles. Given the contrasting effects of Joncryl on PLA and
PBAT, it was necessary to develop a blended system that exploits
the advantages of both polymers while mitigating their individ-
ual limitations. The results demonstrate that Joncryl softens PLA
while stiffening PBAT, making it possible to strategically tailor
the blend ratio and processing sequence to achieve an optimal
balance of strength, toughness, and flexibility. By blending PLA
with PBAT in the presence of Joncryl, we aimed to enhance elon-
gation at break beyond that of neat PLA, while also improving me-
chanical strength beyond that of PBAT alone. The FTIR results
of PLA/PBAT blends compatibilized with Joncryl confirmed that

© 2025 The Author(s). Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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strong interfacial interactions were achieved, further supporting
the observed mechanical improvements. The choice of sequen-
tial blending methods (PBAT+]/PLA vs PLA+]/PBAT) further in-
fluenced the performance.

The tensile properties of PLA/PBAT blends prepared via film
extrusion and compression molding reveal critical differences in-
fluenced by processing conditions and blend sequence (Figure 5).
The film-extruded samples consistently exhibit higher tensile
strength compared to their compression-molded counterparts,
which can be attributed to the enhanced phase dispersion, orien-
tation effects, and improved interfacial interactions facilitated by
the very narrow slit die extrusion and the subsequent stretching.
In contrast, compression molding of the extruded blends lacks
such orientation and corresponding strain-induced strengthen-
ing, leading to lower tensile strength. During extrusion, the poly-
mer experiences shear and elongational flow, leading to the align-
ment of polymer chains and improved dispersion of the minor
phase, such as PBAT in PLA/PBAT blends (Figure 6).

Such elongational traces can be seen from the SEM images
of the cryo-fractured cross-section of the sheets. This enhances
tensile strength and elongation, particularly in the machine di-
rection. Additionally, the rapid cooling in extrusion results in
finer, more uniform crystallization, which contributes to im-
proved stiffness and ductility. In contrast, compression molding
involves longer static heating and pressing (12 min), leading to
a more random molecular arrangement and potential phase sep-
aration, reducing mechanical performance. Extruded films are
also denser and less prone to defects such as voids, which are
common in compression-molded samples due to trapped air.

The blend ratio plays a significant role in determining me-
chanical properties, with (70/30) PLA/PBAT blend demonstrat-
ing superior tensile strength (30.9 + 1.17 MPa) compared to its
(50/50) counterparts (23.72 + 2.1 MPa). This trend aligns with
the inherent stiffness of PLA, which dominates the mechanical
response as its proportion increases.!'?! The (50/50) blends, being
more PBAT-rich, exhibit lower tensile strength but greater flex-
ibility, indicating that the mechanical balance of these blends is
largely dictated by the polymer composition. Similar trends have
been reported in other works where increasing PBAT content had
negatively affected tensile strength.3>#491 The addition of Jon-
cryl to these blends leads to a noticeable improvement in tensile
strength, as evidenced in both processing methods.33! Morpho-
logical changes upon Joncryl addition can be seen in Figures 7
and 8. It is seen in (70/30) series, blends show drastic changes
from large, elongated inclusions (Figure 8a) into smaller inclu-
sions in (Figure 8b,c) indicating some level of compatibilization.
At 1 wt.% Joncryl (Figures 7c and 8e), the morphology shows fur-
ther refinement, with a smoother interface and fewer voids, sug-
gesting that the chain extension reaction has improved interfa-
cial interaction.l*®) The more continuous and fibrous morphology
seen in the (50/50) blends aligns well with the observed increase
in elongation at break.

These enhancements are similar to those reported
previously.**>!] In the current study, tensile strength increases
~15% and 67% when 1% Joncryl is simultaneously added to
the (70/30) PLA/PBAT film and hot-pressed blends, respec-
tively (statistically significant p < 0.05 according to ANOVA)
(Figure 5d’). This enhancement is ~38% and ~65% in (50/50)
PLA/PBAT film and hot-pressed blends, respectively (statistically
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significant p < 0.05 according to ANOVA) (Figure 5d). Elonga-
tion at break, however, exhibits two different fashions. In film
extruded blends, it showed 84% and 22% decrease in (70/30)
(Figure 5€’) and (50/50) (Figure Se) series, respectively, upon
simultaneously 1 wt.% Joncryl addition. In contrast, in com-
pressed blends, it increased by ~488% and ~1000% in (70/30)
and (50/50) PLA/PBAT series after 1% of Joncryl, respectively. In
comparison, only ~#3% enhancement was observed when 0.75%
Joncryl ADR-4370S was simultaneously blended with (70/30)
PLA/PBAT blend in the work of Wang et al.[**]

These findings suggest that Joncryl, when introduced under
the high-shear and high-orientation conditions of film extrusion,
enhances interfacial adhesion and chain interactions but also
stiffens the material, limiting chain mobility.

In film-extruded blends, polymer chains are highly oriented
due to the shear and elongational forces experienced during pro-
cessing. This is evident from the SEM images (Figures 7a and 8a).
This alignment, particularly in PBAT-rich domains, allows for
greater initial extensibility compared to compression-molded
samples, where polymer chains remain in a more randomly dis-
tributed state. However, Joncryl addition restricts molecular mo-
bility due to chain extension and enhanced PLA-PBAT interac-
tions, reducing elongation at break. It is clearly seen in SEM
images how morphology is gradually changed from elongated
structures in neat blends into densely populated droplet-like mor-
phologies in Joncryl modified blends (Figures 7b,c and 8b,c).
Even though elongation decreases, the pre-existing orientation
in film-extruded samples ensures that their extensibility remains
higher than that of compression-molded counterparts.

In contrast, compression-molded samples lack significant
polymer chain alignment, leading to a lower initial elongation
at break. However, with the addition of Joncryl, the improved
interfacial adhesion, increased molecular weight, and potential
branching mechanisms allow for a greater dissipation of stress
during deformation, leading to a progressive increase in elon-
gation at break. This effect is more pronounced in PBAT-rich
(50/50) blends, where the inherent ductility of PBAT contributes
more significantly to overall strain capacity.

The effect of blend sequence is particularly striking in the ten-
sile strength and elongation at break of the (70/30) PLA/PBAT
extruded films results (Figure 5d’,¢’). The two-step blends, where
Joncryl is pre-reacted with either PLA or PBAT before final
blending, show the highest tensile strength values, especially in
the film-extruded samples. This suggests that pre-modification
of one polymer phase facilitates better dispersion of Joncryl,
hence more efficient molecular interactions and enhances com-
patibilization, resulting in a more integrated polymer network.
The (PBAT+1J)/PLA blends exhibit the highest tensile strength
among all compositions, confirming that sequential compatibi-
lization effectively reduces phase separation and enables better
stress transfer across the interface. It is shown that the highest
tensile strength (40.82 + 5.98 MPa) was obtained when 1 wt.%
Joncryl was pre-mixed with PBAT in (70/30) (PBAT+1])/PLA ex-
truded film, compared to its simultaneously blended counterpart,
PLA/PBAT/1], which exhibited values of 35.4 + 2.52 MPa respec-
tively (Figure 5d’). The elongation at break of this blend (70/30)
(PBAT+1]J)/PLA film also exhibited a #335% increase from its
simultaneously blended counterpart (PLA/PBAT/1]) (Figure 5¢’).
This is while in (70/30) (PLA+1])/PBAT the increase is ~#491%

© 2025 The Author(s). Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 5. Tensile properties of extruded films and compressed (a—e) (50/50) and (a'-e’) (70/30) PLA/PBAT blends incorporated with Joncryl with their

sequential blending correspondence.
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Figure 7. SEM images of the cross-section of cryo-fractured a) (50/50) extruded film simultaneously blended with b) 0.5 wt.% and c) 1 wt. % Joncryl.
d,e) representing the sequence blends where Joncryl is pre-blended with either (d) PLA and (e) PBAT. Scale bars are 10 um in all images.
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Figure 8. SEM images of the cross-section of cryo-fractured a) (70/30) extruded film simultaneously blended with b) 0.5 wt.% and c) 1 wt. % Joncryl.
d,e) representing the sequence blends where Joncryl is pre-blended with either (d) PLA and (e) PBAT. Scale bars are 10 um in all images.

compared to PLA/PBAT/1]. This is reflected in the SEM im-
ages (Figure 8d,e) as well, where the morphology of the blends
prepared via sequential addition is drastically changed to highly
populated elongated structures without voids. Moreover, it is
seen that sequential blending can offer blends with substan-
tially smaller error bars in elongation at breaks when com-
pared to those of simultaneously blended, indicating a more uni-
form blend can be achieved (Figure 5¢’). The elongation results
also confirm the strong influence of blend ratio, with (50/50)
PLA/PBAT blends consistently exhibiting higher ductility than
(70/30) blends, as expected given the inherently flexible nature
of PBAT. It is interesting to note that by solely manipulating
the processing sequence in the reactive blending of (70/30/1)
PLA/PBAT/] film, the elongation at break can reach 431.94 +
4.56% in (PLA+1% ]) PBAT, compared to that of the (50/50)
PLA/PBAT blend (611 + 136%) considering that PBAT content
is lower in (70/30). Additionally, the strength is substantially im-
proved, indicating that blends with enhanced properties can be
tailored at lower PBAT content when the reactive compatibilizer
is introduced in a sequential mode. It is reinforcing the idea that
Joncryl's compatibilization effect is more pronounced when it is
first reacted with one of the polymer phases.[33] The two-step
preparation method proved to be significantly more effective than
the single-step process for the PLA/PBAT/Joncryl blend, as ev-
idenced by the enhanced mechanical properties achieved. The
improved dispersion of Joncryl in the polymer matrix likely pro-
moted stronger interactions between the components, leading to
better phase adhesion and, consequently, enhanced mechanical

Macromol. Mater. Eng. 2025, 00108 00108 (11 0f18)

performance. A more detailed comparison between the mechan-
ical performance of (70/30) and (50/50) PLA/PBAT blends is pre-
sented in Figure S3 (Supporting Information), where the results
are also benchmarked against LDPE films. LDPE was selected as
a reference material due to its extensive use in flexible film appli-
cations, particularly in packaging, where a balance of strength,
flexibility, and processability is required.

The tensile modulus data show that both (70/30) and
(50/50) PLA/PBAT blends significantly outperform LDPE, re-
flecting the inherent stiffness of PLA. Among the blends,
the sequentially processed formulations, (PLA+1J)/PBAT and
(PBAT+1])/PLA, exhibit improved strength compared to the
conventional PLA/PBAT blend, indicating that controlled com-
patibilization effectively enhances phase interaction and molec-
ular reinforcement. The tensile strength results demonstrate
the advantage of sequentially blended formulations, where
(PLA+1])/PBAT and (PBAT+1])/PLA (70/30) exhibited ~173%
and ~198% higher strength than LDPE, respectively, (Figure S3c,
Supporting Information) making them excellent candidates for
applications where high mechanical integrity is required. A sum-
mary of the tensile properties of (70/30) and (50/50) blend series,
prepared via film extrusion and compression molding, is pro-
vided in Tables S1 and S2 (Supporting Information), respectively.

In contrast, LDPE films maintain higher elongation at break,
with values that are ~56% and 111% higher than (PLA+1])/PBAT
and (PBAT+1]J)/PLA (70/30) blends, respectively (Figure S3d,
Supporting Information). While this highlights LDPE’s superior
flexibility, the sequentially blended PLA/PBAT films offer a sig-
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nificantly better trade-off between strength and elongation. The
ability to achieve a reasonable elongation while simultaneously
enhancing tensile strength makes these modified PLA/PBAT
blends highly competitive for biodegradable film applications,
where mechanical robustness, processability, and environmental
sustainability must be balanced.

These results provide a significant breakthrough in under-
standing the role of processing and blending sequence in tai-
loring the mechanical properties of PLA/PBAT blends. The film
extrusion process clearly outperforms compression molding in
producing blends with superior strength and flexibility, high-
lighting the importance of processing conditions in achieving
optimal phase dispersion and interfacial adhesion. More im-
portantly, the sequential (two-step) blending method emerges
as a highly effective strategy for maximizing both strength and
elongation, offering a refined approach to compatibilization that
minimizes phase separation and enhances overall mechanical
performance. The PLA+1J/PBAT blend, in particular, demon-
strates the most balanced combination of high tensile strength
and exceptional elongation, establishing a new standard for
reactive compatibilization in biodegradable polymer systems.
These findings have profound implications for the develop-
ment of PLA/PBAT blends for flexible film applications, where
achieving a balance between strength and ductility is critical for
functionality and durability.

Building on the insights gained from the film-extruded blends,
the next focus will be on the mechanical performance and mor-
phological characteristics of injection-molded (70/30) PLA/PBAT
blends modified with 0.5 and 1 wt.% Joncryl. The decision to em-
phasize this composition, rather than the (50/50) blends, stems
from the goal of achieving the most efficient compatibilization
while maintaining a lower PBAT content to balance mechani-
cal strength and flexibility. However, rather than revisiting the
PLA+]/PBAT formulation, which previously showed the most
striking results in terms of both strength and elongation, the fo-
cus shifts toward (PBAT+])/PLA for this stage of the study. This
shift is driven by both practical and industrial considerations, en-
suring that the proposed formulation aligns with large-scale pro-
cessing constraints.

One critical factor influencing this decision is the thermal sta-
bility of PLA, which is more prone to degradation under multiple
processing steps compared to PBAT. In a two-step blending ap-
proach, where one component is pre-mixed with Joncryl before
final blending, pre-dispersing PBAT with Joncryl before mixing
it with PLA offers a significant advantage by mitigating PLA’s
degradation risk during the second processing step. This strat-
egy not only preserves the structural integrity of PLA but also
provides a more industrially relevant approach where polymer
degradation must be minimized in repeated processing cycles.
Additionally, FTIR results from earlier sections suggested that
Joncryl exhibits a higher reactivity toward PLA than PBAT, indi-
cating that a progressive reaction mechanism could be exploited
in this blend sequence.

The tensile results and SEM analysis of PLA/PBAT blends
with Joncryl reveal significant improvements in mechanical per-
formance and blend morphology, particularly with the two-step
blending process. While the modulus and strength of the blends
remain unchanged (Figure 9b,d), the stress at break and elon-
gation at break show remarkable enhancements of 71% and
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75%, respectively (Figure 9c,e) compared to the simultaneously
blended PLA/PBAT/0.5]. The addition of Joncryl improves the
stress at break, with the two-step method showing the most sig-
nificant increase due to the enhanced compatibilization and in-
terfacial interaction between PLA and PBAT. This improvement
can be attributed to the pre-dispersion of Joncryl with PBAT,
which ensures a more cohesive structure and better stress distri-
bution. The elongation at break is significantly enhanced across
all Joncryl-modified blends, with the two-step method demon-
strating exceptional ductility and strain hardening behavior. This
strain hardening indicates that the material exhibits increasing
resistance to deformation under tensile loading, reflecting im-
proved energy dissipation and toughness.[1®! A summary of the
tensile properties of the (70/30) blend series, prepared via injec-
tion molding, is presented in Table S3 (Supporting Information).

The superior mechanical properties observed in the two-step
blend are strongly supported by SEM analysis conducted after
sample rupture under both tensile and impact loads (Figure 10).
The SEM image shows a uniform and cohesive morphology, with
no evidence of large voids or phase separation (Figure 10d’), in-
dicating excellent dispersion and interaction between the PLA
and PBAT phases. The morphology of the impact fractured sur-
faces exhibits a gradual transition from a nodular to a fibrillar
form, as observed in the simultaneous and two-step blends. In
the simultaneous blend, the fracture surfaces are more nodu-
lar, which is indicative of a more brittle failure. However, in the
two-step blends, the fracture morphology shifts toward a fibrillar
structure, suggesting increased ductility. The presence of elon-
gated fibrils in the fracture surface is characteristic of a mate-
rial undergoing plastic deformation before failure, highlighting
the improved energy absorption and the flexible nature of the
sample. This change in morphology is a clear indication of en-
hanced toughness due to the improved interfacial adhesion and
blend compatibility. A similar trend of morphology change from
droplet to fibrillar form has been observed and confirmed in other
studies.[333946]

3.3. Thermal Properties

The DSC results reveal important insights into how the
addition of Joncryl and different blending sequences influ-
ence the crystallization and melting behavior of (70/30) and
(50/50) PLA/PBAT extruded blends as well as (70/30) injec-
tion molded blends (Figures 11 and 12). The heating and cool-
ing scans provide a detailed understanding of how compatibi-
lization affects the molecular arrangement, phase interactions,
and thermal transitions in these biodegradable polymer sys-
tems. The glass transition temperature (T,) of PLA remains
largely unchanged across all samples, suggesting that the pres-
ence of Joncryl does not significantly influence the segmen-
tal mobility of the polymer chains at this temperature range.
Tables 3 and 4 show the thermal properties of (70/30) and
(50/50) PLA/PBAT extruded films, respectively. while Table 5
shows the thermal properties of the (70/30) injection molded
blends.

The cooling scans provide further confirmation of the impact
of Joncryl and the blending sequence on the crystallization behav-
ior. The T. shifts to lower values upon Joncryl addition, suggest-
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Figure 9. a) tensile curves, b) tensile modulus, c) stress at break, d) tensile strength, e) elongation at breaks, and f) impact strength of injection molded

(70/30) PLA/PBAT blends.

ing that the compatibilization process delays the onset of crys-
tallization, making it less efficient. Similar observations were re-
ported, where the addition of chain extenders lowered the T. of
such blends, suggesting that crystallization became more diffi-
cult due to the higher molecular weight of the blends with chain
extenders.l>>>3l This shift to lower crystallization temperatures
is even more pronounced in the two-step blending sequences,
reinforcing the idea that modifying the polymer chains before
final blending creates a more hindered crystallization process.
In the (50/50) PLA/PBAT series, the neat blend exhibits a T, of
82.05 °C, while in (PLA+]J)/PBAT, T, decreases to 71.50 °C, and in
(PBAT+])/PLA, Tc shifts to 73.56 °C. This downward shift con-
firms that Joncryl disrupts the crystallization process by modi-
fying the polymer structure, increasing molecular weight, and
reducing the ability of PLA chains to reorganize into crystalline

Macromol. Mater. Eng. 2025, 00108 00108 (13 0‘F18)

domains.[*233] This aligns well with our previous study, where the
T. of PBAT and PBAT]/] shifted to higher temperatures, by more
than 10 degrees, after six injection cycles, indicating that degra-
dation and reduced molecular weight were responsible for these
shifts.>*] In contrast, the current work shows hindered crystal-
lization.

A similar trend is observed in the (70/30) PLA/PBAT se-
ries, where the crystallization temperature also decreases upon
Joncryl addition. The degree of T. suppression is greater in
(PBAT+])/PLA compared to (PLA+])/PBAT, further indicating
that the sequence of compatibilization plays a role in how the
molecular structure evolves. These results confirm that pre-
dispersing Joncryl with PBAT introduces a greater level of struc-
tural hindrance than pre-reacting it with PLA, leading to a more
pronounced suppression of crystallization.
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Figure 10. SEM images of the cross-section of impact fractured (a—d) and tensile fractured (a'—d’) injection molded blends. The scale bars represent

10 um in Figure (a—d) and 50 um in Figure (a'-d’).
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Figure 11. DSC thermograms of extruded films (a,b) (50/50) and (a’,b’) (70/30). (a,a’) are showing the heating and (b, b’) the cooling scans at a rate of

10 °C min~".

The DSC results, when considered alongside FTIR, mechan-
ical, and SEM data, reveal a more comprehensive understand-
ing of how sequential blending impacts the crystallization be-
havior of PLA/PBAT/Joncryl blends. While the (70/30) sequential
blends, particularly (PLA+1])/PBAT film and (PBAT+0.5 J)/PLA
injection molded blend, show a decrease in PLA crystallinity, this
does not contradict the findings that these blends exhibit bet-
ter phase interaction, improved elongation at break, while main-
taining the tensile strength. Instead, it reinforces the idea that
effective compatibilization alters the molecular architecture in a
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Figure 12. DSC thermograms of the injection molded (70/30) PLA/PBAT
blends.
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way that enhances mechanical properties while suppressing crys-
tallinity.

Despite the decrease in crystallinity in sequentially blended
(70/30) formulations, their mechanical properties, particularly
strength, improved in the extruded films. This phenomenon can
be explained by the role of crystallinity in mechanical behavior.
High crystallinity in PLA often correlates with higher stiffness
but increased brittleness, whereas a reduction in crystallinity typ-
ically leads to increased chain mobility, better energy dissipation,
and enhanced elongation at break. Therefore, while PLA crystal-
lization is somewhat restricted in the (PLA+1])/PBAT film and
(PBAT+0.5 J)/PLA injection molded, this does not negatively im-
pact its performance but rather facilitates a more ductile, tougher
material with improved mechanical properties.

This stands in contrast to the (50/50) PLA/PBAT blends, where
crystallinity gradually increased in sequential blending. In these
blends, the presence of a higher PBAT fraction provides more
molecular flexibility, allowing PLA chains to still crystallize ef-
fectively despite compatibilization. The sequential process in the
(50/50) blends enables PLA to retain better crystallization abil-
ity, which is reflected in the increase in the degree of crystallinity
(¥%) in (PBAT+1])/PLA. The shift in T, to lower values in se-
quentially blended (70/30) formulations also aligns with these
observations. The fact that sequentially blended (70/30) samples
perform better mechanically despite reduced crystallinity con-
firms that the key factor driving performance is improved inter-
facial adhesion and phase integration rather than crystallization
itself.

Taken together, the findings illustrate that effective compati-
bilization, as evidenced by FTIR peak shifts, improved mechan-
ical performance, and refined SEM morphologies, is not nec-
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Table 3. Thermal properties of (70/30) PLA/PBAT blends.
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Blend T [°C] T [°C] Apiec /g Apm /g T [°C] T [°C] x%
PLA/PBAT (70/30) 60.66 96.22 4.15 31.07 95.64 172.76 41.35
PLA/PBAT/0.5 | 60.60 97.19 11.43 40.98 96.30 172.68 45.39
PLA/PBAT/1) 59.57 96.72 9.27 40.28 96.16 172.71 47.63
(PLA+1))/PBAT 62.22 97.06 7.55 30.46 92.93 173.10 35.19
(PBAT+1))/PLA 61.03 96.30 16.16 41.44 77.20 173.11 38.83
Table 4. Thermal properties of (50/50) PLA/PBAT blends.

Blend T, [°Cl T [°C] Apec J/g Apm /g Ta [°q T [°C] x%
PLA/PBAT (50/50) 61.01 97.26 3.63 20.28 82.05 172.77 35.81
PLA/PBAT/0.5 ) 60.49 98.76 14.90 23.23 76.10 173.10 17.91
PLA/PBAT/1) 59.17 99.87 14.40 30.73 76.65 172.23 35.12
(PLA+1))/PBAT 61.33 97.00 8.60 27.03 71.50 173.22 39.63
(PBAT+1))/PLA 61.80 97.94 11.34 28.97 73.56 174.50 37.91

essarily correlated with increased crystallinity. In fact, in PLA-
rich blends like (70/30), excessive crystallinity can lead to em-
brittlement, while controlled reduction in crystallinity due to
compatibilization results in superior ductility and toughness.
This provides a major breakthrough in understanding the bal-
ance between crystallization, compatibilization, and mechan-
ical properties, particularly in biodegradable polymer blends
where processing conditions significantly influence final ma-
terial behavior. Ultimately, the results demonstrate that effec-
tive compatibilization via sequential blending can override the
negative effects of reduced crystallinity by enhancing phase ad-
hesion, stress distribution, and overall toughness. Meanwhile,
in (50/50) blends, where PLA crystallization is less restricted,
sequential blending enhances crystallinity, further supporting
that the impact of compatibilization is composition dependent.
These results highlight the need for tailored compatibiliza-
tion strategies based on blend composition, ensuring that both
structural and mechanical properties are optimized for specific
applications.

It is worth mentioning that the decrease in crystallinity not
only enhances elongation and toughness but also improves envi-
ronmental performance. In biodegradable polymers, lower crys-
tallinity facilitates enzymatic attack and microbial degradation,
as amorphous regions are more accessible. It is well established
that amorphous regions degrade more readily than crystalline
domains due to their higher susceptibility to enzymatic attack
and hydrolytic degradation, making this formulation particularly
promising for biodegradable packaging and sustainable polymer
applications.>>! The restricted crystallization observed in this
blend suggests a higher proportion of amorphous regions, which

could facilitate faster water diffusion and enzymatic penetration,
thereby enhancing the overall biodegradation rate. This can be
the scope of a future study to correlate the blending strategies
with biodegradability.

The findings from injection molding elucidate the structural
advantages of sequence-controlled compatibilization in thicker
parts, where orientation effects influence performance, while
highlighting why hot-pressed blends may not achieve optimal re-
sults due to their lack of shear-induced alignment (e.g., trays, lids,
or containers). This holistic approach provides valuable insights
into how PLA/PBAT blends can be engineered for both flexible
film applications and rigid components, ensuring that the mate-
rial remains viable across a range of industrial and commercial
uses.

4. Conclusion

This study systematically investigated the impact of processing
sequence and manufacturing methods on the mechanical, mor-
phological, and thermal properties of PLA/PBAT blends modi-
fied with Joncryl. Various processing techniques, including film
extrusion, compression molding, and injection molding, were
employed to evaluate the compatibilization efficiency of Joncryl
under different conditions. The two-step blending approach, in
which Joncryl was pre-reacted with either PLA or PBAT before
final blending, demonstrated superior dispersion and interfa-
cial adhesion compared to the single-step method. These results
highlight the critical role of the processing approach in tailor-
ing the properties of biodegradable polymer blends for high-
performance applications.

Table 5. Thermal properties of the injection molded (70/30) PLA/PBAT bends.

Blend Tee [°€] Anec)/g Arm /g T [°C] x%
PLA 89.22 26.99 56.58 174.50 31.78
PLA/PBAT (70/30) 95.91 18.38 43.34 175.16 33.30
PLA/PBAT/0.5 | 97.94 23.72 4931 177.14 39.27
PLA/PBAT/1| 89.95 21.64 47.46 175.40 39.63
(PBAT+0.5)) /PLA 89.00 15.37 30.23 175.03 22.81
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Table 6. Summary of mechanical properties and packaging recommendations for PLA/PBAT-based blends processed via film extrusion and injection

molding at a 70/30 blend ratio.

Blend Manufacturing method

Property summary

Recommendation for use in packaging

PLA/PBAT/1j (70/30) Film Extrusion
(PLA+1))/PBAT (70/30)

(PBAT+1))/PLA (70/30)

Film Extrusion
Film Extrusion
elongation

(PBAT+0.5))/PLA
(70/30)

Injection molding

High modulus and strength, low elongation
Good balance of stiffness, strength, and flexibility

Balanced properties, very strong & moderate

Strong, very tough, and high elongation

Suitable for semi-rigid packaging (trays, lids).

Best for flexible food packaging applications.

Suitable for semi-rigid packaging requiring
durability.

Best for rigid packaging applications (e.g.,
cutlery, containers).

The two-step blending method significantly improved inter-
facial adhesion and mechanical performance, particularly in
(PLA+1])/PBAT and (PBAT+1])/PLA blends. Tensile strength of
(70/30) blends increased by ~#15% and 67% in extruded films
and hot-pressed blends, respectively, upon simultaneous blend-
ing with 1 wt.% Joncryl.

The film-extruded samples exhibited superior mechanical
properties due to shear-induced molecular orientation and
improved phase dispersion. In contrast, compression-molded
blends showed lower tensile strength, modulus, and elongation
at break than the extruded films.

The tensile strength results demonstrate the advantage of
sequentially blended formulations, where (PLA+1])/PBAT and
(PBAT+1])/PLA (70/30) exhibited ~173% and ~198% higher
strength than LDPE, respectively.

Injection-molded samples demonstrated enhanced impact re-
sistance and elongation at break. The (PBAT+])/PLA blend
showed a 75% and 140% increase in elongation at break and im-
pact strength compared to simultaneously blended counterparts.

SEM analysis demonstrated that two-step blended samples
had refined phase morphology with fewer voids, contributing to
improved stress distribution and mechanical integrity.

DSC analysis revealed that sequential blending led to a de-
crease in PLA crystallinity, resulting in enhanced flexibility. The
T. decreased more significantly in (PBAT+]J)/PLA blends, con-
firming a greater level of structural hindrance due to effective
compatibilization.

The findings of this study provide a strong foundation for the
development of advanced biodegradable polymer blends with op-
timized mechanical and thermal properties. The improved phase
dispersion and interfacial adhesion achieved through sequential
blending can be further explored in large-scale applications such
as flexible packaging and agricultural films. Table 6 shows an
overview of mechanical properties and packaging recommenda-
tions for PLA/PBAT blends (70/30 ratio) processed through film
extrusion and injection molding. Additionally, the impact of pro-
cessing history on long-term biodegradability and recyclability
warrants further investigation. Future research could focus on
extending these compatibilization strategies to other biopolymer
systems and exploring the potential of sustainable additives to
further enhance performance and environmental impact.
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