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This paper investigates the effect of poly(butylene adipate-co-terephthalate) (PBAT) on the mechanical and morphological
properties of poly(lactic acid) (PLA) when the PLA is blended with 10%, 20%, and 30% PBAT and subjected to different draw
ratios (DRs), followed by annealing at a fixed length. Results indicate that PBAT functions more as a strengthening agent than a
toughening agent when the blend is drawn. Furthermore, both undrawn and most drawn samples exhibit higher crystallinity and
lower cold crystallization temperatures (T..) (in proportion to PBAT ratio) compared to the unblended material, with crystallinity
equilibrating at the highest measured draw ratio (DR) of 4, as determined by differential scanning calorimetry (DSC). The
crystallinity of the annealed samples equilibrates at 45%—47%, demonstrating the effectiveness of heat treatment at the cold
crystallization temperatures of the samples, as measured by DSC, which decreases with increasing DR. However, X-ray diffraction
(XRD) results show that heat treatment at the original T, specific to the undrawn PLA, results in higher crystal orientation.

Keywords: biopolymer; drawing; orientation; poly (butylene adipate-co-terephthalate) blend; poly(lactic acid); poly(lactic acid) blend

1. Introduction

Nowadays, the most frequent materials that surround us are
different kinds of plastics, regardless of whether the product is
for long-term use or short-term use. Due to the low prices of
the neat materials, their low processing cost, and their versatil-
ity, polymer production per annum has increased for decades,
except in 2020, when there was a constancy (at 380 Mt), due to
the COVID-19 pandemic. However, plastic waste increased
sharply due to protective measures such as masks and gloves
or single-use plastic bags. This increasing amount of plastic
worldwide is causing more and more infrastructural problems
with waste [1, 2]. Landfills only offer a short-term solution,
which is now untenable. Incinerators can be a solution, with
precise regulation and filters, but they produce carbon dioxide.
Recycling seemed the most promising way. Unfortunately,

compared with the price of fresh, first-cycle plastic prices, recy-
cling is an expensive and complicated procedure (collecting,
transferring, selecting, and cleaning), which, without regula-
tion, is only an opportunity [3, 4]. Reuse and recycling both
occur in the circular economy, meaning we would rather repair
a used product or make a new product from the material by
mechanical or chemical recycling than dispose of them [5].
After bio-based and biologically degradable thermoplastics
appeared with rationally low cost and wide availability, it is
clear, that this could be the best material group to fit in the
circular economy. As thermoplastics, they could also be
recycled in the same way as petroleum-based plastics, but being
biodegradable means it could also be composted, degrading to
only natural traces [6, 7].

In the late ’80s, Cargill Inc. started a project to make poly
(lactic acid) (PLA) from renewable resources. They developed a
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key process to make high molecular weight PLA from starch.
Earlier, even if the PLA was known and used in medical appli-
cations (surgery), it was too expensive to hit the market to be
used as a material for simpler products. The project was suc-
cessful, and in 2001, they managed to produce 140,000 metric
tons of PLA per year and this amount continued to increase [8].
As a bio-based and biodegradable polymer, it can be easily
adjusted to the circular economy. PLA is a thermoplastic, ali-
phatic polyester built up from the two stereoisomers of lactic
acid (D- and L-lactic acid) as a copolymer. The ratio of these
two units determines the properties of the polymer. If the
polymer is built up from only one isomer, it is isotactic. The
available PLAs in the market contain approximately0.5%—15%
D-lactic acid. The lower the D-lactic acid content, the higher
the crystalline ratio, but over approximately 10%, the PLA is
totally amorphous. The glass transition temperature (T,) of
PLA is about 50°C-60°C, and the melting temperature (T,,)
is 135°C-180°C, depending on the ratio of the lactic acids. The
lower the D-lactic acid content, the higher the Ty and T,,. On
the other hand, PLA has a tensile strength of around
45-60 MPa, a tensile modulus of around 3500-4000 MPa,
and elongation at a break of around 3%—6% [9, 10]. From
the above properties, it is clear that the most significant appli-
cation drawbacks are the low Ty, the low heat deflection tem-
perature (HDT), and the low elongation at break. The HDT
can be increased with a higher crystalline ratio, which could be
obtained by annealing after processing or during processing by
using nucleating agents along with in-mold crystallization
[11-13]. An increasing number of papers focusing on orienting
PLA highlighted that drawing PLA films between the glass
transition temperature and the cold crystallization temperature
(Teo) can increase the T, of the polymer [14, 15]. To reach
higher elongation at break, one can also use the benefits of
orientation, as it also enhances elongation and thus, toughness.
Another way to reach higher elongation at break is to blend
PLA with other inherently tough polymers or plasticizers, like
natural rubber (NR), poly (butylene adipate terephthalate)
(PBAT), poly (butylene succinate) (PBS), etc., but they could
also affect the kinetics of crystallization [16-22]. A combina-
tion of blending and orientation of PLA and PBAT was inves-
tigated by Zhang et al. [19]. They found that forming oriented
molecular chains of PLA is hard when PBAT content is above
30%, but below that, they sSuccessfully reinforced and tough-
ened PLA with a drawing speed of 25 mm/min and a draw ratio
(DR) of 4 at a temperature of 80°C. Due to the lack of citations
about PLA/PBAT blends and also the lack of examination of
the drawing parameters, such as DR, the main purpose of this
article is to investigate the effect of the different draw ratios
(DRs) on the distinct mixing ratios of PLA/PBAT blends.

2. Experimental

2.1. Materials and Processing. The extrusion grade PLA type
4032D with a D-lactide content of 1.4% was purchased from
Natureworks (Minnetonka, MN) (the D-lactide content was
provided by the manufacturer). The PBAT (ecoFlex F Blend
1200) was purchased from BASF (Ludwigshafen, Germany).
Prior to processing, we mixed PLA and PBAT pellets in the
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ratio of 90/10, 80/20, and 70/30, then dried the mixtures in a
hot air drier at 80°C for 8 h to remove moisture, before we
compounded the blends from the mixture with twin screw
extruder (LabTech LTE 26-44) to make filaments, then pellets.
The extruder was equipped with a 26 mm diameter screw with
an L/D ratio of 44, and zone temperatures were set to 190°C,
190°C, 185°C, 185°C, 185°C, 180°C, 180°C, 180°C, 175°C,
175°C, and 175°C (from die to hopper). Screw rotation speed
was 20 1/min. The 0.5 mm thick sheets were made with a
Labtech LCR 300 film sheet extruder (screw diameter 25 mm,
L/D =30) equipped with a slit die set to a slit distance of
0.8 mm. The temperature of the chill roll was set to 60°C,
and the pulling speed was 0.9 m/min. The extrusion tempera-
tures were 190°C, 185°C, 180°C, 175°C, and 175°C (from die
to hopper) and screw rotation speed was 54 1/min. After extru-
sion, dumbbell-shaped specimens were cut from the sheets for
drawing. After orientation, we cooled the dumbbell-shaped
samples down to ambient temperature fast to avoid relaxation.
To also avoid the effects of physical aging in mechanical prop-
erties, we waited 3 days before further tests after the orientation
and heat treatments. We performed the heat treatments in the
heat chamber, with the sample fixed to a frame longitudinally,
to avoid shrinkage of the samples.

2.2. Methods. We drew the samples with a Zwick Z250 univer-
sal testing machine (Ulm, Germany) equipped with a Zwick BZ
005/TN2S force-measuring cell with a force limit of 5kN. The
machine was equipped with a heat chamber. Drawing temper-
ature was set to 70°C, and for the first drawing, we waited for
1 h for the chamber to heat up and then waited 3 min after each
specimen we took in to warm up. Grip-to-grip separation was
set to 20 mm, and the cross-head speed was 144 mm/min, so
the Hencky strain rate was 0.12 1/s. The final DRs) were 1, 1.5,
2, 3, and 4. Five independent tests were carried out for each
parameter set.

Scanning Electron Microscopy (SEM) were carried out
with a JEOL JSM 6380LA from (Jeol Ltd., Japan, Tokyo) after
the samples were broken cryogenically in liquid nitrogen par-
allel to the extrusion and drawing direction and coated with a
gold layer.

We measured thermal and crystallization properties by
differential scanning calorimetry (DSC) with device from TA
Instruments (Q2000). The 4-6 mg samples were tested in
50 mL/min nitrogen purge gas from 0 to 200°C, with a heating
rate of 5°C/min, modulated with £1°C/min. We determined
the glass transition temperature (Ty), cold crystallization tem-
perature (1), the enthalpy of cold crystallization (AH,.) and
melting (AH,,), and melting temperature (T,,). Crystallinity
was calculated with Equation (1):

AH,, — AH
=_m “ . 100 (%)(1).

X, = e

where X (%) is the calculated crystallinity, AH,, (J/g) and
AH,. (J/g) are the enthalpy of fusion and the enthalpy of cold
crystallization, respectively, while AH¢ (J/g) is the enthalpy of

tusion for 100% crystalline PLA (93.0]/g) and o is the ratio of
the other phase.
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TasLE 1: Grip-to-grip separations and test speeds of the different draw ratios.
Drawing ratio Grlp-.to-grlp Test spezed
separation (mm) (mm/min)
DR1 20 2
DR1.5 35 2
DR2 45 5
DR3 65 5
DR4 85 5

Note: DRI means that the sample was not drawn at all. DR1.5 means a drawing ratio of 1.5. DR2 means a drawing ratio of 2. DR3 means a drawing ratio of 3.

DR4 means a drawing ratio of 4.

Figure 1: SEM images of the samples containing 10%—30% PBAT undrawn and with a draw ratio of 2 and 4.

From the DSC results, we selected the annealing tempera-
tures for the different blends to be the same as their T.. tem-
peratures, then half of the samples were annealed with a fixed
length, and the other half were tensile tested without heat
treatment.

X-Ray diffraction (XRD) was performed with an X’Pert Pro
MPD device from PANalytical (Almelo, Netherlands). The
patterns were obtained from 5° to 40° (20). The type of the
detector was X’celerator. Radiation was Cu Ko with an Ni filter
foil (1=1.5408 A), and the sample holder was a Si single
crystal.

The tensile tests were performed on a Zwick Z005 universal
testing machine (Ulm, Germany) equipped with a 5kN force
cell. As the samples were drawn to different DRs, the sample
lengths were different, so for equal strain rates during the test,

we used different cross-head speeds, previously calibrated with
the different sample geometries. The final grip-to-grip separa-
tion and test speed for the different DRs are shown in Table 1.

3. Results and Discussion

After drawing, the longitudinal cryogenic fracture surfaces of
the samples were examined by SEM (Figure 1).

From the undrawn samples, as Deng et al. [23] also showed
in their article, the blend was co-continuous at 20% and 30%,
while at 10%, PBAT was dispersed as droplets in the PLA
matrix. At DR2, both structures deformed in the direction of
orientation. In the sample containing 10% PBAT, the droplets
and cavities were transformed into oval shapes, whsile with
20% PBAT content, the branches of the structure faced the
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Heatflow (w/g) (exo up)

-50 0 50 100 150 200
Temperature (°C)

0% PBAT DR1 —— 30% PBAT DR1
—— 10% PBAT DR1 100% PBAT DR1
—— 20% PBAT DR1

FiGure 2: DSC curves of undrawn (DR1) PLA/PBAT samples con-
taining 0%, 10%, 20%, 30%, and 100% PBAT.

TaBLe 2: The presence of o and o crystal structure forms in the
samples.

_ DR
PBAT content (in %)

1 1.5 2 3 4
0 o o o o o
10 o o o o+ o o
20 o o o o + o o
30 o o o o+ o o

drawing direction. With 30% PBAT, drawing only made the
branches thinner, as the undrawn sample preserved more of
the orientation from extrusion. At DR4, as orientation
increased, the shape of the droplets in the sample with 10%
PBAT looked like the branches in the samples containing 20%
and 30% PBAT, but with lower orientation. In the samples
containing 20% and 30% PBAT, the structures look the same
as with DR2, but the branches are thinner. However, there are
also some noticeable differences with DR4. The oriented
branches seem thinner and finer, so the PBAT may have a
greater specific surface area, which can cause changes in the
PLA’s crystalline structure.

After SEM, we performed DSC. The undrawn PLA/PBAT
blend samples DSC curves, containing 0%, 10%, 20%, 30%, and
100% PBAT are shown in Figure 2.

Figure 3 shows the DSC curves of the samples containing
10% PBAT, but drawn to different DRs.

The tendency of the other samples DSC curves with the
same DR, but different PBAT content are similar, so the differ-
ences will be shown in diagrams for better description. How-
ever, as Figure 3 shows, drawing increases the glass transition
temperature, lowers the cold crystallization temperature, and
around the crystal melting temperature, there are some inter-
esting parts, showing that different DRs produce different
internal crystalline structures in PLA. These results are sum-
marized in Table 2.
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Heatflow (w/g) (exo up)

2.5 o

-3 T T T | —
-50 0 50 100 150 200

Temperature (°C)

—— 10% PBAT DR1
--- 10% PBAT DR1.5
--= 10% PBAT DR2

- --- 10% PBAT DR3
10% PBAT DR4

FiGure 3: DSC curves of samples containing 10% PBAT drawn with
different draw ratios.
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1
b
S | ¢
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=° i =
i
1
55 80
ey :\:;
50 T T T T T T : 70
1 1.5 2 2.5 3 3.5 4

Draw ratio (-)

—o— 20% PBAT
—o— 30% PBAT

—e— Neat PLA
o 10% PBAT

FIGURE 4: Glass transition and cold crystallization temperature of the
drawn, nonannealed samples as a function of draw ratio.

In the table, blue color means the sample had a crystal
perfection peak before crystal melting, suggesting the o crystal
form, while white means there was no perfection. It seems that
PBAT (independently of the amount) in the range of 10% to
30%, and with DR3, results in both o and o stable forms with
no perfection in all the samples, while the sample that does not
contain PBAT still only has the nonstable o’ form. DR4 pro-
duced stable a crystals in all the samples.

As Figure 4 shows, the glass transition temperature of the
nonannealed samples (T,) in this mixing range (0-30 m%
PBAT content) was not affected significantly by the PBAT,
only by the orientation. Stretching to a DR of 4, increased
the material’s T, by approximately 10°C.

The cold crystallization temperature decreases in PLA with
an increasing DR due to the higher molecular orientation, which
induces the crystallization (Figure 4). However, PBAT also low-
ers the cold crystallization temperature by accelerating the PLA’s
crystallization rate [16]. These two phenomena appear
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50
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Draw ratio (-)

-®- Neat PLA
®- 10% PBAT

-®-20% PBAT
-®- 30% PBAT

FIGURE 5: PLA’s crystalline ratio of the nonannealed drawn samples
as a function of draw ratio.
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w
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T
1 1.5 2 2.5 3 3.5 4
Draw ratio (=)

-@- Neat PLA O 10% PBAT annealed
~O- Neat PLA annealed -@- 30% PBAT
®- 10% PBAT O 30% PBAT annealed

FiGure 6: Glass transition temperature of the drawn, heat-treated
samples as a function of draw ratio.

simultaneously in the blended and oriented samples, but with an
increasing DR, the difference disappears. It is because cold crys-
tallization temperature has a lower limit, the glass transition
temperature, which increases due to orientation, and these two
temperatures meet around 70°C (Figure 3 bottom curve).

Similar to the cold crystallization temperature of the sam-
ples (Figure 4), the lower the T, is, the higher the crystalline
fraction is. With the highestDR, the crystalline fractions also
equilibrated (Figure 5).

Through annealing the samples for 10 min at their T,
obtained from the DSC results of the nonannealed samples,
the T, can be further increased. A higher PBAT content
resulted in a higher T,, and at the highest DR, 4, the glass
transition temperature of the blended samples with heat treat-
ment reached 77°C-78°C (Figure 6), and the cold crystalliza-
tion peak disappeared (Figure 7).

5
50
O
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40 O : |
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30 ,//‘ : ‘ //
X . /
~ 25 i :
> 20 . ; - o
/ _ -
15 ’/,.’_____, ”N”’—V ‘
109 /’7’_ _____ ¥
5
0 . | | I I
1 1.5 2 2.5 ! - |
Draw ratio (-)
-®- Neat PLA O 10% PBAT annealed

-®- 30% PBAT
O+ 30% PBAT annealed

-0+ Neat PLA annealed
®- 10% PBAT

Figure 7: DSC curves of oriented PLA samples containing 30%
PBAT drawn to different draw ratios.

-0 —

2 -0.5 e
5 Forrm e ool N Y
° / ToTT T T e \,/“/ -
% 14 (-
Lo
E J—
% LS \\ /)
e T \ T
T ) _7 - - - - - - BENAN - - - TN »// -

-2.5 T T T T

-50 0 50 100 150 200
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-—-- 10% PBAT DR1.5 —-—- 30% PBAT DR1.5
—-= 10% PBAT DR1.5 annealed --- 30% PBAT DRI1.5 annealed
- --- 10% PBAT DR4 - --- 30% PBAT DR4

10% PBAT DR4 annealed 30% PBAT DR4 annealed

Ficure 8: Crystalline ratio of the heat-treated drawn samples as a
function of draw ratio.

The effect of annealing on the crystalline ratio was nearly
independent of the DR or PBAT content and resulted in a 45%
crystalline ratio with every parameter set (Figure 8).

Drawing, PBAT content and the heat treatment also
affected the crystalline structure (Figure 7, Table 3).

While with DR1 and DRI1.5, annealing only increased
crystallinity, and eliminated the thermal relaxation in the
DSC curves, but in the case of DR4, o also appeared after
the heat treatment, whereas the sample only contained the o
crystal form when unannealed.

XRD was also carried out to show the crystalline structures
(Figure 9).

We obtained one main peak at 16-17°, which is specific to
the o and o phase of the PLA, and a small peak around 23°,
which is specific to PBAT. The greatest intensity belongs to the
blend containing 20% PBAT, drawn to DR4. With DR2, the
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TasLE 3: The presence of a and o crystal forms in the annealed and nonannealed samples.

PBAT content (in %)

Drawing ratio

1 1.5 4
0
Original o o o
Annealed o o o + o
10
Original o o o
Annealed o o o + o
30
Original o o o
Annealed o o o+ a
20,000
18,000
16,000
14,000 4 -« - - e
;; 12,000 o :
B 10,0004 - .....................
&
£ 8000 A
= :
6000 . B T .........................
4000 -
2000 - s ......
O T : T T T T g
5 10 15 20 25 30 35 40
20 (°)
—— 10% PBAT DR1 30% PBAT DR1
--- 10% PBAT DR2 30% PBAT DR2
-+ 10% PBAT DR4 30% PBAT DR4
20% PBAT DR1 —— Neat PLA DR1
20% PBAT DR2 --- Neat PLA DR2
20% PBATDR4 - Neat PLA DR4

FiGURre 9: X-ray diffraction intensities as a function of 2@° with nonannealed samples.

peaks are low, flat, and wide; the height difference is caused
mainly by the difference in the baseline.

The sample with 20% PBAT has the highest peak at DR4,
even though all the DR4 samples have the same crystallinity as
shown by DSC. It may confirm what we suggested from the
SEM images, that this sample has enough PLA, and also a high
specific surface area on the PBAT branches, to crystallize per-
pendicularly. Therefore, even if the crystalline ratio is the same,
there can be more crystals in the same direction. Adding 10%
PBAT lowers the peak between 16° and 17° compared to the
neat PLA at DR4, due to the spherical crystallization around
the PBAT droplets. With a PBAT ratio of 30%, the surface area
of the PBAT is not higher, but the sample contains less PLA
than the sample with 20% PBAT.

Heat treatment caused a rapid rise in the peaks, and also one
more peak appeared at 28.7°, which is specific to the a phase of
the PLA (Figure 10). With neat PLA and with 30% PBAT, the
pattern was the same: the peak was higher when the DRwas 2, not
4. The main reason is that the heat treatment was applied at

different temperatures, as DSC showed (Figure 4). After anneal-
ing at the same temperatures, the peaks were totally temperature-
dependent and not DR—dependent in the case of the blends, but
the peak of the neat PLA sample drawn to DR4 and annealed at
95°C did not reach the peak of the DR2 sample annealed at 95°C,
but still higher than the peak of the DR4 sample (Figure 11).

This suggests that the decreasing cold crystallization peak
temperature seen in the DSC curves is at least partly induced by
shrinkage that starts above the glass transition temperature and
induces crystallization. However, when the samples are heat-
treated, fixing the sample longitudinally prevents this shrinkage
in the fixing frame, so XRD shows higher peaks at 95°C. Never-
theless, the DR2 samples annealed at 95°C did not have a higher
crystalline fraction than the DR4 samples annealed at 75°C.

The tensile tests showed the effects of drawing and the
increasing PBAT content on the mechanical properties of the
PLA blend samples (Figures 12 and 13). Stress—strain curves
show how the effects of the above were different, and later will
be described in more detail.
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FiGure 10: X-ray diffraction intensities as a function of 20° with nonannealed and annealed samples.

In the tensile tests of the samples, the oriented samples
showed increasing yield strength with increasing DR, com-
pared with the undrawn samples (Figure 14). Up to DR3,
only the samples with 10% and 20% PBAT had higher yield
strength than neat PLA when drawn, but an increase in PBAT
content lowered yield stress.

Unfortunately, heat treatment decreased the yield stress in
all samples, and this decrease also depended on the PBAT ratio
(Figure 14). An increase in PBAT content lowered the yield
stress, and the higher the DR was, the higher the drop was.

The tensile strength of the samples also increased with the
DR (Figure 15). Without drawing, PBAT in the PLA lowered the
PLA’s tensile strength from approximately 55 to 33—40 MPa.
The strength of the undrawn and DR1.5 samples that contain
PBAT were lower than the samples without PBAT. But above
DR1.5, the samples with 10% and 20% PBAT had higher
strength than the neat PLA samples with the same DR. The
strength of PLA with 30% PBAT was still sligthly under that
of the neat PLA. At DR4, the tensile strength of 30% PBAT was
similar to that of the other samples, and at that DR, the tensile
strengths of the blends were higher than that of the neat PLA.

Annealing only increased tensile strength in the sample
with 30% PBAT at DR2 and DR3, and in neat PLA over
DR2. In other cases, heat treatment did not increase, and in
some cases, slightly decreased strength.

The most interesting results are the strain at break values.
Originally, PBAT is used for toughening PLA, and when the
samples were not drawn, the PBAT increased the strain of our
samples significantly (and decreased tensile strength), but after
drawing the samples, the difference between the neat PLA and
the blended samples considerably decreased, therefore it seems
that drawing strengthens of the PLA-PBAT blends, rather than
toughens them (Figure 16).

Interestingly, heat treatment further increased elongation
at break in the case of DR3 and 4, and the presence of PBAT
boosted that phenomenon, while under DR2, heat treatment
made the samples more rigid. The decrement of the strain at
break at DR2 and under that depended on the mixing ratio.
Smaller PBAT content resulted in a greater decrease.

The work of rupture calculated from the tensile tests
(Figure 17) indicate that the most rigid blend from the drawn
and not annealed samples were the samples containing 30%
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FiGure 11: X-ray diffraction intensities as a function of 20° with nonannealed and annealed samples in the range of 15°~18° with both heat-

treating (HT) temperatures for every sample.

180

—— 30% PBAT DR1
- === 30% PBAT DR2
"""""" 30% PBAT DR4
===+ 30% PBAT DR2 annealed 75°C
== == 30% PBAT DR2 annealed 85°C
=swsss 30% PBAT DR4 annealed 75°C
= + - 30% PBAT DR4 annealed 95°C
— Neat PLA DR1
= === Neat PLA DR2

+ Neat PLA DR4
== =+ Neat PLA DR2 annealed 75°C
= = Neat PLA DR2 annealed 95°C
s=sseess Neat PLA DR4 annealed 75°C
= ++ Neat PLA DR4 annealed 95°C

160

100 150 200
Strain (%)

—— Neat PLA DR1 20% PBAT DR1

-- Neat PLA DR1.5 20% PBAT DR1.5
== Neat PLA DR2 20% PBAT DR2
--- Neat PLA DR3 20% PBAT DR3
-+ Neat PLA DR4 20% PBAT DR4
—— 10% PBAT DR1 —— 30% PBAT DR1

-- 10% PBAT DR1.5 --- 30% PBAT DRI1.5
-=-- 10% PBAT DR2 -~ 30% PBAT DR2
= 10% PBAT DR3 -+ 30% PBAT DR3
10% PBAT DR4 30% PBAT DR4

FIGURE

12: Stress—strain curves of the nonannealed samples.
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FIGURE 13: Stress—strain curves of the nonannealed and annealed samples separated by the PBAT content.

PBAT, with DRs of 1.5, 2 and 3. On the other hand, this blend’s
work of rupture changed the least as a function of DR. The
effect of annealing on the work of rupture was similar to its
effect on strain at break; at DR3 and 4, it further increased
toughness, but in inverse proportion to PBAT content.

4. Conclusion

In this article, we investigated the effect of PBAT content (10%,
20%, and 30%), orientation above the glass transition tempera-
ture (70°C, no drawing and a DR of 1.5, 2, 3, and 4), and heat
treatment (at the cold crystallization temperature) on the
mechanical and morphological properties of a PLA film with
low D-lactide (1.4%) content. At 20% and 30% PBAT content,

the phase structure was co-continuous, and drawing aligned
the structure in the direction of drawing. With 10% PBAT, even
though the structure was ,,droplets in the matrix”, the structure
was so oriented at the highest DR, 4, that it looked co-continu-
ous. DSC showed that drawing decreased the cold crystalliza-
tion temperature, increased crystallinity and changed the
crystalline structure. At the highest DR, crystal perfection dis-
appeared before melting, resulting in a more oriented and
ordered crystal structure. Adding PBAT to PLA further
increased the crystallinity at every DR, except at the highest,
4, but slightly decreased T,,. The addition of PBAT also affected
the crystalline structure. At DR3, @ and o appeared in the same
sample. When the samples were annealed, the glass transition
temperatures of the blends increased, mainly at the highest
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FIGURE 14: Yield stress of the nonannealed and annealed samples as
a function of the draw ratio.
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FiGure 15: Tensile strength of the nonannealed and annealed sam-
ples as a function of draw ratio.

DRs, to approximately 76°C-78°C. Independently of the DR
and PBAT content, crystallinity increased to 45%—47% after
annealing. XRD curves showed the o and o phase of PLA at
20 =16-17°, with the highest peak belonging to the most
drawn 20% PBAT-containing samples. This peak may be due
to the fact that the 20% PBAT sample had a co-continuous
structure, similarly to the 30% PBAT sample, but the 20%
PBAT sample had more PLA that could crystallize, therefore
the peak was higher. In the case of the annealed samples, all the
peaks around 20 = 16°-17° got higher, but the DR2 samples
were higher than the DR4 samples due to the difference in the
heat treatment temperature. All samples were annealed at T,
characteristic of the DR. T, is 95°C when the sample is
undrawn but is reduced as a result of drawing. However, we
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FIGURE 17: Work of rupture of the nonannealed and annealed sam-
ples as a function of draw ratio.

also annealed all drawn samples at 95°C as well. As a result of
annealing at 95°C, the T of the undrawn sample, the peaks
became higher and sharper in all cases. Consequently, the ori-
entation of the crystals was higher when annealed at the cold
crystallization temperature of the neat, undrawn PLA, but the
same crystalline ratio can be achieved with the lower tempera-
ture, with a more relaxed structure. PBAT behaved more like a
strengthening agent than a toughening agent when the samples
were oriented. However, with heat treatment, the toughness of
the samples was also further increased when drawn at higher
DRs than DR2.

Data Availability Statement

Data are available upon request.
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