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Abstract

This study evaluates the influence of processing parameters and reactive extrusion on the mechanical and thermal behavior
of PLA/PBAT (70/30, wt.%) blends. The effect of reverse mixing elements (RME) and feed rate (FR) of the extruder
were studied using a factorial design of experiments. Further, two types of blends were processed by extrusion molding:
with (AD) and without (NAD) additives. The FTIR analysis showed that PLA suffered some degree of degradation,
being this process more pronounced for NAD blends. A better interaction between the PLA and PBAT phases occurred
for reactive extrusion, inducing an improvement in the impact properties and thermal behavior. The cold crystallization
temperature of the NAD blends decreased when two RME was used. Both RME and FR parameters affected the elastic
modulus of NAD blends, while only FR affected the elastic modulus of AD blends.
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1. Introduction

Researches based on polymers from biological sources
and/or biodegradable polymeric materials have become
one of the most interesting fields of macromolecular
science and technology!!. In this context, poly(lactic
acid) (PLA) and poly(butylene adipate-co-terephthalate)
(PBAT) are biopolymers from renewable and fossil
sources, respectively, which have performance properties
comparable to those of traditional thermoplastics. PLA and
PBAT appear as favorable alternatives for application in
several segments, especially in packaging>*. PLA/PBAT
blends attract interest due to the improvements promoted
by their combinations of properties, in addition to having
a significant commercial potential®®. PLA has certain
characteristics that limit its application, such as low
toughness at room temperature and low heat deflection
temperature compared to conventional polymers. This
behavior can be balanced by blending with PBAT, which
has a high elongation at break and low elastic modulus,
with a mechanical behavior similar to a thermoplastic
elastomer, thus being considered an excellent option
for combining the characteristics of two polymers®®'°.

PLA and PBAT are polymers thermodynamically
immiscible, which can compromise their blend morphology
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and, consequently, their final performance!'!. The control
of the complex morphology of the immiscible polymeric
blends is an important factor for developing new materials.
In this context, it is also important to study the effect of
additive incorporation and the processing parameters on the
interaction improvement between the phases of immiscible
blends!"'2l.

Arruda et al.l'? studied the action of multifunctional
epoxide as a chain extender, available on the market as
Joncryl, on the mechanical behavior of PLA/PBAT blends.
They obtained an improvement in thermal stability and an
increase in complex viscosity; however, the chain extender was
not sufficient to provide greater adhesion between phases!'..
Hongdilokkul et al.!"J used di-(tert.-butyl-peroxy-isopropyl)
benzene peroxide, commercially known as Perkadox, as a
reactive agent in the PLA/PBAT blend. The results showed
improvements in the toughness properties of the blend and in
interfacial adhesion. Rigolin et al.!'" also evaluated a method
to obtain flexible blends with good interfacial adhesion.
For this purpose, PLA was grafted with maleic anhydride,
and the resulting PLA-g-MA was used as a matrix with the
addition of dicumyl peroxide. The modification generated
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low molar mass blends, but with homogeneous dispersed
phase morphology compared to the PLA/PBAT.

The extruder has at least three different types of elements
that can be changed and configured. The transport elements,
to transport the material along the length of the thread profile;
mixing elements, to favor the mixing of constituent materials
exerting direct influence on shear; and reverse elements,
with the aim of extending the residence time and favoring a
more intensive mixing!!>'%!, Processing characteristics can be
induced, from mild to severe, according to the configuration
of the screw thread and its elements, changing the extent
of physicochemical changes that influence the quality of
the product!!®718l. The inclusion of reverse elements can
widen the residence time distribution, especially at low feed
rates!'?, in addition to increasing the mixing and dispersion
of'the material in the extruder, as the geometry of the reverse
elements must ensure a more intense shear of the materiall'..
Ambrosio et al.?” studied the effects of extrusion feed rate
on the extrusion of a Polybutylene Terephthalate (PBT)/
Acrylonitrile butadiene styrene (ABS) blend. For them, the
reduction in the feed rate contributed to the reduction of
the Izod impact resistance. For Yeh et al.?!); the increase in
the extruder feed rate reduced the average residence time,
and this effect was more pronounced than the screw speed.

The novelty of the present work is the study of the
influence of processing parameters, such as the screw profile
and feed rate, on the mechanical and thermal properties of
blends based on PLA and PBAT. The processing was carried
out by non-reactive extrusion and reactive extrusion of a
PLA/PBAT composition (70/30, wt.%).

2. Materials and Methods

2.1 Materials

The biopolymers PLA Ingeo™ 2003 from NatureWorks
LLC (data sheet value of melt flow index: 6 g.10min™' at
2.26kg/210°C, test result value of melt flow index: 6.24 +
0.54 g.10min™! at 2.26kg/210°C, Mw: 206,239 g/mol, and
polydispersity index:1.7) and PBAT Ecoflex® FBX 7011 from
BASF (melt flow index: 2.7 —4.9 g.10min™ at 2.26kg/190°C)
were purchased from Oeko Bioplasticos. Maleic anhydride
(MA) grade STBH9257 and dicumyl peroxide (DCP) grade
Retilox 40 SAP, both used as additives for reactive extrusion,
were purchased in local market.

2.2 Design of experiments (DOE)

The effects of the reverse mixture elements (RME)
and the feed rate (FR) in the properties of the PLA/PBAT
(70/30, wt.%) blends were assessed using the Simple
Factorial 2% design of experiment (DOE). Table 1 shows
the experimental matrix and respective actual values of
RME and FR. This DOE investigation was applied for two
conditions of processing: non-reactive and reactive extrusion,
which were coded as NAD (the additives MA and DCP were
not used) and AD (the additives MA and DCP were used).
The experimental code used for the blend identification is
X/Y-W where X and Y are the actual values of RME and FR
(Table 1), and W can assume the code “AD” or “NAD” for
reactive and non-reactive extrusion, respectively. For AD
blends the amount of MA and DCP were, respectively,
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Table 1. DOE matrix of Simple Factorial 22

Code level
RME FR
-1 -1
-1 1
1 -1
1 1 5.2 kg.h'!
0 0 3.9 kg.h!

Note: Center point (RME:0 and FR:0): three replicates for NAD and
two replicates for AD.

Actual value
RME FR
2.5 kg.h!
5.2 kg.h!
2.5 kg.h'!

— NN O O

1.0 and 2.0 phr (parts per hundred of resin) in relation to
PLA, which corresponds to 1.0 and 1.9 wt%, respectively.
Additionally, pristine polymers PLA and PBAT were also
processed under RME/FR conditions of 0/2.5 (PLA-0/2.5 and
PBAT-0/2.5) and 2/5.2 (PLA-2/5.2 and PBAT-2/5.2) to be
used as references of comparison to the blends.

The response variables were impact resistance (IR),
elastic modulus (EM), yield stress (YS), temperature at
maximum degradation rate (T ), cold crystallization
temperature (T ), cold crystallization enthalpy (AH ), melting
temperatures (Tm, and Tm,), melting enthalpy (AH,), and
degree of crystallinity (yc).

The DOE analysis was performed using Statistics
v.10 software at the 95% confidence level (p-values <
0.05), and the results were presented in this study as Pareto
Charts and graphics of means. The Pareto chart is a bar
graphic that displays the contribution of the factors and/
or their interactions in a decrease order of importance, and
contains a line related to the p-value of 0.05. Any effect
and/interaction that extends this reference line affects the
response variable.

2.3 Blends preparation

Before the extrusion process, PLA and PBAT were
dried in a forced-air oven at 60°C for 20h. The blends and
pristine polymers were processed using a Tecktril DCT-
20 co-rotating twin screw extruder (L/D: 36 and D:20 mm)
with screw speed of 200 rpm, and temperature profile of 90
/180/190/190/190/200/200/200/190°C.

After extrusion, the materials were pelletized. The test
specimens were prepared by injection molding in the
Arburg machine model 270S with a temperature profile
of 200/200/190/180/180°C, 1500 bar injection pressure,
molding temperature of 30°C, and cooling time of 30s.
Similar to extrusion, the PLA/PBAT blends and PLA and
PBAT were dried in a forced-air oven at 60°C for 20h before
being submitted to the injection. The screw profiles used
are described in Figure 1.

2.4 Characterizations

Infrared spectra (FTIR) were recorded on a PerkinElmer
spectrometer, model Spectrum One, working in the
attenuated total reflectance (ATR) mode, in a range of
4000-515 cm™'. The absorbance height ratios were
measured using the baseline 1910 — 810 cm™. The impact
resistance (IR) was evaluated with Izod impact test (ASTM
D256). The specimens were subjected to the impact of a
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Figure 1. Screw profiles used. Zones: 1-9.

2 J pendulum at an angle of 90°, on CEAST equipment,
model Resil Impactor. Tensile properties were determined
by the Universal Testing Machine, model EMIC DL3000,
according to ASTM D638, with a speed of 5 mm.min'.
Thermogravimetric Analysis (TGA) was conducted in
a Q500 analyzer, TA Instruments, under an atmosphere
of N, from 30 to 700°C, and heating rate of 20°C.min"".
From each thermogram, it was read the temperature at the
maximum mass loss rate (Tmax). The effect of the process
parameters on the crystallization behavior of the blends
was evaluated using a DSC Analyzer, model 2910 MDSC,
heating the samples in nitrogen atmosphere from 40 to
210°C at 5°C.min"". This protocol was set to investigate
the effect of the process parameters on the crystallization
of the polymers. The crystallinity of pristine PLA and the
PLA presented in the blends were determined by Equation
1, and the crystallinity of pristine PBAT was determined
using Equation 2.

AHf — AHc
=100x—2——— 1
X rva . wPLA*93 M
where y,, , is the crystallinity degree of PLA, w,  is the PLA

content, AHf is the melting enthalpy of PLA in J.g"! and AHc
is the cold crystallization enthalpy of PLA in J.g' 1132223,

=100x

AHF
Hppy =1005570 @
where x,,, . is crystallinity degree of PBAT, AHfis the melting
enthalpy of PBAT in J.g"' and AHc is the cold crystallization
enthalpy of PBAT in J.g'l!3223]. The morphology of the
blends was observed using a scanning electron microscope
(SEM), model JEOL JSM-6510. The standard dumbbell
test specimens (Type 1, ASTM D638) were cryogenically
fractured in the “neck region” to allow observing the disperse
phase in the transverse and parallel directions in relation to
the length of the sample (Lo), based on the Standard ASTM
D638. Then, the cryofractured surface were sputter-coated
with gold before analysis.
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3. Results and Discussions

3.1 SEM micrographs

Figure 2 presents the images from SEM taken in the
fractured surface of PLA/PBAT blends. As expected, both
the NAD and AD blends show phase-separated morphology
typical of immiscible polymers!”#.

Analyzing the images of the NAD blends (Figure 2a-j),
one observes that the dispersed phase of PBAT has a fibrillar
form oriented with the parallel direction, although some
droplets and circular cavities are also visible. On the other
side, the dispersed phase of all AD blends presents the droplet
shape in the parallel and transverse directions (Figure 2k-t).
Additionally, both RME and FR factors did not affect the
morphologies of the disperse phase of the AD and NAD
blends. Similar droplet morphology with dimensions around
0.3 — 0.5 mm for PLA/PLA-g-MA/PBAT was reported by
Rigolin et al.l"!), that is, lower than that observed in this study.

3.2 Fourier-transform infrared spectroscopy (FT-IR)

FT-IR analysis was used to investigate whether the
addition of MA and DCP for reactive extrusion and/or
FR and RME have generated, or not, some occurrence
of degradation in PLA/PBAT blends. Figure 3 presents a
comparison among the spectra of the PLA/PBAT blends,
and the PLA and PBAT without processing (coded “pellet”).

The most important bands that characterize sample
“PLA pellet” are at around 1752 cm™ (carbonyl elongation
vibration C-0), 1453 cm™ (CH, asymmetric bending
vibration), 1182, and 1090 cm! (symmetrical elongation of
C-0-C), and 872 cm™* (C-COOQO stretching)*?"). Further,
there are two bands at around 2800-3000 cm™! relating to
the symmetric stretching vibration of the axial CH groups
in saturated hydrocarbons!"*?. The presence of the bands
around 3298 cm™ (O-H)?" and 1636 cm™ (H-O-H)'"*! can be
associate with the presence of moisture in the “PLA pellet”
sample. For sample “PBAT pellet,” the most relevant bands
are located at the regions 727 cm!, 1712 cm™, and 2960 cm!,
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Figure 2. SEM images of PLA/PBAT blends at 8000x of magnification (2 pm) taken in the transverse and parallel melt flow directions
of: (a-b) 0/2.5-NAD, (c-d) 0/5.2-NAD, (e-f) 2/2.5-NAD, (g-h) 2/5.2-NAD, (i-j) 1/3.9-NAD, (k-1) 0/2.5-AD, (m-n) 0/5.2-AD, (0-p) 2/2.5-

AD, (q-r) 2/5.2-AD, and (s-t) 1/3.9-AD.

which are assigned, respectively, to the vibration in the CH
plane of the benzene ring??*!, C—O stretch vibration®® and
CH stretching in the aliphatic and aromatic portions*.

It is observed that NAD and AD blends present all
the aforementioned bands of the PBAT and PLA pellet
samples, except the bands at around 3298 cm™ and 1636 cm
!. This means that the bands of OH groups (around the
3500 cm™)?7 associated with the degradation of PLA
by mechanism hydroxyl groups?®! were not identified.
Additionally, the band characteristic of the ester carbonyl
group (1751 cm™) did not shift to the region of the acid
carbonyl group (around 1756 cm™)1?’\. This result indicates
that PLA did not suffer hydrolysis degradation, which
is an expected behavior, since both the PLA and PBAT
were dried in an air circulation oven for moisture removal
before being processed. However, PLA can suffer thermo-
mechanical and thermo-oxidative degradation caused by
high temperature and shear in the oxygen presence during
the extrusion process. Since this degradation process

4/11

breaks the polymer chain, producing more ester group,
it can be investigated by the absorbance height ratios
related to carbonyl groups®, that is, 1752 cm™! (C=0
stretching), 1182 cm™ (C-O stretching), and 1090 cm™* (C-O
stretching) in relation to the band of CH, deformation
at 1453 cm™ (Figure 4). Using “PLA pellet” data as a
reference, the comparison shown in Figure 4 indicates
that both PLA processed (PLA-0/2.5 and PLA-2/5.2)
and PLA into the NAD and AD blends suffered thermo-
mechanical and/or thermo-oxidative degradations, being
this process more pronounced for the blends produced by
non-reactive extrusion. It is important to highlight that
this comparison is just a qualitative way to evaluate the
occurrence of the degradation process.

Unlike other studies®'»?, the characteristic bands of
MA corresponding to the stretch of C = O in the ranges
of 1830 — 1800 cm™ and 1775 — 1740 cm™ ! were not
identified. One reason is the overlapping of the bands (region
at1775—1740 cm™) and/or the lower intensity of the band at
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Figure 3. FT-IR spectra for: (a) PLA pellet, PLA-2/5.2, and PLA-0/2.5, (b) PBAT pellet, PBAT-2/5.2, (c) 2/5.2-NAD, 0/5.2-NAD,
2/2.5-NAD, 0/2.5-NAD, and (d) 2/5.2-AD, 0/5.2-AD, 2/2.5-AD, 0/2.5-AD.

around 1830 — 1800 cm! due to the small content of maleic BAIT52/A1453  @AT1I82/A1453  DA1090/A1453
anhydride (1.0 wt.%) in the AD blends. 2 °
1 &

3.3 Thermal properties by TGA =,

Table 2 shows the values of temperature at the maximum % s
degradation rate (T, ) for AD and NAD blends, PLA and 2
PBAT processed under 0/2.5 and 2/5.2 conditions, and -§ 2
PLA and PBAT pellet. To better illustrate this thermal _§ 1
property, Figure 5 shows the comparison of the DTG curves < .
of PLA-0/2.5, PBAT-0/2.5, 0/2.5-AD, and 0/2.5-NAD O 1 D S D S O 0. &
(Figure 5a) and PLA-2/5.2, PBAT-2/5.2, 2/5.2-AD, and SO Sttt (S
2/5.2-NAD (Figure 5b). SN ST R

Using T value of “PLA and PBAT pellet” as a reference Figure 4. Comparison of the absorbance height ratio among the
(Table 3), one observes a reduction of the T _values just for PLA/PBAT blends produced from reactive (AD blends) and non-
the PLA—0/2.5 and PLA-2/5.2, being the values of processed reactive extrusion (NAD blends), PLA-0/2.5, PLA-2/5.2, and
PBAT remained the same as the PBAT pellet one. Furthermore, PLA-pellet.

a reduction in the T values of NAD and AD blends was

also observed, being this reduction more pronounced than

the one of processed PLA. This shift of T _ for lower values

of temperature corroborates the finds of the FTIR analysis, 3.4 Thermal properties by DSC

which indicated that PLA suffered some degradation process,
being this process seemingly more pronounced for the PLA/
PBAT blend produced by non-reactive extrusion. This result
is interesting since it suggests a better thermal resistance of the
PLA/PBAT blend produced from reactive extrusion. According The analysis of curves in Figure 6 shows that the
to the literature?, blends with better phase interaction tend curve of PLA pellet did not exhibit a peak related to cold
to show higher thermal stability. Regarding the effect of the crystallization, while the PLA-0/2.5 and PLA-2/5.2 do due
extrusion process parameters, the analysis of DOE for AD and to a thermal history of processing. Different to PLA pellet,
NAD blends resulted that both RME and FR did not cause any both PLA and PLA-2/5.2 showed an endothermic transition
influence on the Tmax since all p-values were higher than 0.05. characterized by a bimodal melting peak that occurs due to

Figures 6 and 7 show the DSC curves for the pristine
polymers and blends, respectively. The thermal properties
obtained from the DSC analysis are shown in Table 3.
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Table 2. Temperature at maximum degradation rate (T __ ) of the PLA/PBAT blends produced from non-reactive extrusion (NAD blends)
and reactive (AD blends), PLA and PBAT processed under 0/2.5 and 2/5.2 conditions, and PLA and PBAT pellets.

Sample code T, (O Sample code T,..(CO) Sample code T, (O
PLA-0/2.5 383 0/2.5-NAD 365 0/2.5-AD 369
PBAT-0/2.5 419
2/2.5-NAD 0/5.2-NAD 350 0/5.2-AD 373
347 2/2.5-AD 369
PLA-2/5.2 384 2/5.2-NAD 359 2/5.2-AD 362
PBAT-0/2.5 420
1/3.9-NAD 362+5 1/3.9-AD 365+4
PLA pellet 391
PBAT pellet 420
PLA-2/5.2
383 383
a PLA-0/2.5 b
420 362 419
PBAT-0/2.5 PBAT-2/5.2
o 365 o
L 0/2.5 L2 ;
g & :
% % 2/5.2-NAD /".fv“ )
- 369 _ i
$ 0/2.5-AD 2 !
2 2 i
1 P
i} o}
[a] [a]
0 ..‘,..,..,0..."."1....'.‘..‘
200 300 400 500 200 300 200 500

Temperature (°C)

Temperature °C)

Figure 5. DTG curves comparison of PLA, PBAT, PLA/PBAT blends produced from non-reactive extrusion (NAD blends) and reactive

(AD blends) under (a) 0/2.5 condition and (b) under 2/5.2 condition.

the heterogeneity of the crystal formation***). No significant
differences were observed for any of the PBAT sample.
In fact, one can observe in Table 3 that PLA-0/2.5 and PLA-
2/5.2 showed a reduction in c, while that PBAT-0/2.5 and
PBAT-2/5.2 did not, compared to the yc values of PLA pellet
and PBAT pellet, respectively.

In contrast to the PBAT-0/2.5 and PBAT-2/5.2 (Figure 6),
apeculiar result is observed in the DSC curves of the blends
(Figure 7a, b), that is, the disappearance of the peak referring
to the melting of PBAT crystals, which that should have
occurred at temperatures around 125°C (Figure 4). This
result indicates that the PBAT phase is in the amorphous
state. One reason that can explain this find is that the lower
chain flexibility of PLA can hinder the mobility of PBAT
chains, making it difficult to crystallize!'*). The comparison
of the values of xc of PLA (Table 3) shows that both NAD
and AD blends presented lower yc than PLA pellet and
slightly lower than PBAT-0/2.5 and PBAT-2/5.2, which
suggests that the presence of the PBAT phase disturbs the
PLA to crystalize!?32,

The analysis of the experiment for NAD blends, for
all properties presented in Table 3, resulted that only the
cold crystallization temperature (T ) was affected by the
extrusion process parameters. Figure 8 shows the Pareto
Chart and the Graphic of means for T  obtained from the
design of experiment.

6/11

Heat flow (W/g)

BAT pellet

PBAT-2/5.2

\ i PBAT-0/2.5
R/’P\

50 100 150 200
Temperature (°C)

Figure 6. DSC curves of PLA pellet, PBAT pellet, PLA-0/2.5,
PLA-2/5.2, PBAT-0/2.5, and PBAT-2/5.2.

It is observed that RME had a slight effect (p-value:
0.039) on the T property, that is, the use of two reverse
mixture elements contributes to reducing the T of the
blends. Furthermore, one can observe that exists a trend
of reduction in the T  values of NAD blends compared
with the PLA—0/2.5 and PLA-2/5.2, as well as AD blends.

Polimeros, 32(3), e2022033, 2022
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Table 3. Test results of ch, AHC, Tm,, Tm, AH, and yc.

Samples Code T, J.g" AH_(J.g") Tm, (°C) Tm, (°C) AH, (J.g") x¢ PBAT (%) x¢ PLA (%)
PLA pellet - - 155 - 28 - 30
PBAT pellet - - 123 - 11 10 -
PLA-0/2.5 100 18 148 157 22 - 6
PLA-2/5.2 101 20 149 157 24 - 6
PBAT-0/2.5 - - 121 - 11 10 -
PBAT-2/5.2 - - 125 - 11 10 -
0/2.5-NAD 99 13 146 153 16 - 5
0/5.2-NAD 96 12 145 152 15 - 3
2/2.5-NAD 86 12 134 142 15 - 5
2/5.2-NAD 94 12 142 150 15 - 5
1/3.9-NAD 94+6 12 +1 142 £5 149 £5 15+1 - 4+1
0/2.5-AD 98 15 145 155 18 - 3
0/5.2-AD 98 14 145 155 17 - 5
2/2.5-AD 96 14 143 154 17 - 5
2/5.2-AD 100 15 145 156 17 - 3
1/3.9-AD 98 +2 15 +1 145+1 155 +1 17+1 - 4+1

Legend: T : cold crystallization temperature; AHc: cold crystallization enthalpy; Tm, and Tm.,: first and second temperatures of the bimodal
melting peak of PLA; AHf: melting enthalpy; and yc: degree of crystallinity.

0/2.5-NAD 0/5.2-AD
0/5.2-NAD B ;’54-"-;-'3-'5')
3 , z 0/2.5:A0
£ v-—/ 2/2.5-NAD »
= 9
o —
= 2/5.2-NAD &
w . (]
% 2 o
a b
e —— 11—
0 100 150 50 100 150
Temperature (°C) Temperature (°C)

Figure 7. DSC curves for PLA/PBAT blends produced from (a) non-reactive extrusion (NAD blends) and (b) reactive extrusion (AD blends).

RME| p-value=0.039

RMEx p-value = 3.60 ]

- I
f il

80

FR

FR p-v%lue =2.33
p=0.05 0 RME 2

Figure 8. Pareto’s chart and Plot of Means for Tcc of NAD blends generated from the analysis of experiment.

70

% FRS.2
60 @ FR2.5

Tcc (°C) - NAD blends
8

According to literaturel®®), the exothermic crystallization temperature rise. Therefore, based on this finding, one can
peak during heating occurs due to the reorganization of infer that the high shear generated by the use of the two
amorphous into crystalline domains, caused by the increase RME produced a “arrange” of polymer chains that facilitated
in flexibility and macromolecular mobility generated by the their movement. Regarding AD blends, the analysis of the
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experiment resulted that both RME and FR did not affect
none of the thermal properties shown in Table 3 since all
p-values were higher than 0.05.

3.5 Mechanical properties

Table 4 presents the experimental data of impact resistance
(IR), initiation (IE) and crack propagation (PE) energies,
elastic modulus (EM), and yield stress (YS).

The PLA/PBAT unmodified blends (NAD blends) showed
higher standard deviation of all properties, as can be seen in
the comparisons between 1/3.9-NAD and 1/3.9-AD blends.
This tendency of higher variability of NAD blends can be
attributed to the fact that the immiscibility of PLA and PBAT
leads to the production of non-uniform morphology!'*..

Regarding the Izod impact test, as expected, the blends
of the two groups had a much higher IR values than the value
of pristine PLA, showing the role of the PBAT to improve
the toughness. One can observe that the AD blends presented
higher values of IR than the NAD ones. The same behavior
was found for IE and PE. Further, one can observe that the
energies to initiate the crack are always higher than the
propagation values regardless the group of blends. All the
previous results indicated that the blends compatibilized by

reactive extrusion showed a higher toughness behavior. This
result suggests that a better interaction between the phases of
PLA and PBAT occurred during reactive extrusion. The better
toughness behaviour of AD blends was the opposite of the
reported by Rigolin et al.l''. With respect to the effect of
RME and FR on the toughness behavior of the two groups
of blends, the analysis of experiment resulted in p-value
higher 0.05, meaning that the two factors did not lead to
significant changes in the IR, IE, and PE properties.

Inrelation to tensile properties, although there is a tendency
for reduction of Y'S values for AD blends compared to NAD
ones, the same behavior was not seen for stiffness, given
that the difference in EM’s values between the two groups
was not so significant. Being precise, changes between the
two groups were observed only for experiments 0/2.5 and
1/3.9, that is, the EM of 0/2.5-NAD was 10% higher than
the value of 0/2.5—AD, while the EM of 1/3.9-NAD blend
was 6% lower than the value of 1/3.9-AD. This find is
the opposite of Rigolin et al.'! study, which reported a
decrease in elastic modulus for the blends produced by
reactive extrusion.

Figure 9 shows the Pareto Chart and the Graphic of means
for EM property obtained from the design of experiment.

Table 4. Mechanical Properties of PLA, PBAT and PLA/PBAT blends.

Code IR (J/m) IE (J,10%) PE (J,10%) EM (MPa) YS (MPa)
PLA (0/2.5) 27+2 7810 15+3 1895 + 122 5841
PLA (2/5.2) 26+ 5 73+ 16 15+3 1852+ 122 56+ 1
PBAT (0/2.5) Specimens did not break 54+9 6+0
PBAT (2/5.2) Specimens did not break 54+3 6+0
0/2.5-NAD 70 207 25 1788 40
0/5.2 -NAD 88 277 20 1538 38
2/2.5-NAD 93 279 20 1602 39
2/5.2-NAD 90 276 24 1583 38
1/3.9-NAD 73+ 11 229 +38 17+7 1535+4 3941
0/2.5-AD 108 327 27 1610 35
0/5.2—-AD 100 295 32 1542 35
2/2.5-AD 108 333 27 1603 35
2/5.2-AD 110 330 22 1550 34
1/3.9-AD 95+2 296+ 4 21+3 1624 £ 1 34+1

7 a g™ b
RME x X 3 :::
FR p-value = 0.M‘ i -
£ o 7
RME p-value =‘ 0.003 = I + RME 0
=" i) = RME 2
p=0.05 it 25 FR 52
c |8 d
FR p-value = 0.@ 2 o
RME x s«' -
FR p-value = 0.059 é”m
w0
RME] p-value = 0.60 E G e XM 0
E . SE = RME 2
p=0.05 25 FR 5

Figure 9. Elastic Modulus (EM) of NAD blends: (a)Pareto Chart and (b) Plot of means, and AD blends: (c) Pareto Chart and (d) Plot
of means.
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It is observed in the Pareto Chart (Figure 9a) that both
RME and FR parameters and the interaction between them
was significant for the NAD blend group (p-values are
higher than 0.05). According to the means plot (Figure 9b),
EM decreases and FR increases, but this reduction is more
pronounced when there are no reverse mixture elements
(Figure 9b — blue, RME: -1, actual value of 0) on the
extruder profile. Alternatively, the Pareto Chart of AD blends
(Figure 9c) shows that only FR influenced the EM property,
producing a decrease in it as the factor level increased
(Figure 9d). This result reveals how effective the reactive
extrusion was since the AD blends were less susceptible to
the effect of process parameters. One reason that explains
this result is the fact that the addition of MA and DCP led
to a greater interaction between PLA and PBAT phases,
which was responsible for the higher stability of the melt
morphology during processing. In contrast with EM, the
analysis of experiment revealed that FR and RME, as well
as their interaction, did not affect the YS for both AD and
NAD blends (p-values > 0.05). Previous findings related to
Izod impact and tensile properties mean that, depending on
the processing conditions, PLA and PBAT compatibilized
blends in the reactive extrusion can lead to the production
of materials with higher toughness, simultaneously, without
significantly lost its stiffness behavior.

4. Conclusions

This study revealed that a better interaction between
the PLA and PBAT phases occurred by reactive extrusion.
The FTIR and TGA analysis showed that pristine polymers
and their blends suffered a slight thermo-mechanical and
thermo-oxidative degradation that does not compromise the
mechanical properties. An increase in the impact behavior
of the blends was observed, without significantly lost in the
rigidity behavior. The feed rate (FR) and reverse mixture
elements (RME) affected the EM property for NAD blends,
while only FR affected the AD blends. According to the
thermal properties of the DSC, the AD blends were also
more resistant and less sensitive to changes in processing.
The T of the NAD blend decreased as the number of
reverse mixing elements increased and this behavior did
not repeat for AD blends. It can be concluded that blends
produced by reactive extrusion presented better mechanical
and thermal behavior.
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