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Highlights
e PLA/PCL blends with different compositions are processed using melt-blending.
e The relationship between the obtained morphology and properties is reported.
e Unique thermal stability of dispersed phase improves the degradation of blends.
e G60PLA/40PCL blend shows significantly improved thermal stability and mechanical
properties.
e The results inform technologically advanced PLA-based materials for commercial

applications.

ABSTRACT: Biodegradable polylactide (PLA)/poly(€-caprolactone) (PCL) blend is a well-
studied immiscible polymer blend system; however, there is no fundamental understanding of how
the dispersed phase morphology controls the thermal stability, and the thermal and mechanical
properties of the blend systems. Addressing this research question, a series of PLA/PCL blends
were processed using melt-blending technique. The results show that the unique thermal stability

of the dispersed PCL domains prolonged the complete degradation process of PLA. Furthermore,
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altering the activation energies (E,) of PLA/PCL blends revealed that thermal stability depends not
only on the governing mechanism change during degradation process but also on the behavior of
phase-separated morphology characteristics. The presence of evenly dispersed PCL particles
within PLA matrix enhanced the crystallization rate coefficient of PLA and tailored the spherulite
morphologies by acting as a nucleating agent, thus promoting the crystallization ability of PLA
chains. Consequently, remarkable increase in elongation at break was achieved for 60PLA/40PCL
blend, with well-balance tensile modulus and tensile strength characteristics. Despite the
significant storage modulus increase of the blends at low temperatures, significant storage
modulus decrease is noted with increasing temperature, due to packing density, chain mobility
phenomenon, and unfrozen PCL molecules. The enhanced processability of PLA by ductile PCL,
with improved and balanced properties, enables the technological advancement of bio-based PLA
for a wide range of applications.

KEYWORDS: polylactide/poly(€-caprolactone) immiscible blends, thermal degradation kinetics,

crystallization behavior, material and mechanical properties

1. Introduction

In the family of bio-based biodegradable polymers, polylactide (PLA) is the most promising
sustainable substitute for conventional polymers, due to its well-balanced mechanical and
materials properties [1,2]. Consequently, there is growing interest in PLA for various eco-friendly
packaging and medical applications. However, its inherent brittleness, low impact strength and
melt strength, slow crystallization kinetics, and lower thermal stability during high temperature
processing as well as the thermal degradation kinetics characteristics all limit the use of pure PLA
for large-scale commercial applications [4—7].

In this context, blending PLA with more ductile biodegradable polymers with good thermal
degradation kinetics characteristics and the ability to create a platform to effectively nucleate PLA

have attracted significant industrial and academic research interest in order to widen its
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applications [8]. In this regard, blends of PLA with highly flexible and biodegradable polymers,
such as poly(€-caprolactone) (PCL), poly[(butylene succinate)-co-adipate] (PBSA), poly(butylene
succinate) (PBS), poly(glycolide) (PGA), etc., have been extensively investigated with the dual
objectives of addressing the brittleness of PLA and improving the inherent material properties [2,
9-16].

Among these, PCL has attracted greater interest due to its remarkable elongation at break
(>400%), low glass transition temperature, and exclusive thermal stability associated with its high
thermal degradation activation energy (E.) and crystallization characteristics when combined with
a PLA matrix [8,11,17,18]. On the other hand, the lower melting temperature, tensile modulus, and
tensile strength limit the extensive use of pure PCL. However, many studies revealed that
PLA/PCL blends show immiscibility characteristics over a range of compositions [7,19,20]. In
most cases, one component fundamentally benefits the polymer blend system by its ability to
nucleate the other component, through interface-assisted nucleation mechanism or migration of
one component to another during melt-processing. In addition, the homogeneity of droplet
spherulite morphologies also plays a key role in nucleation. On the other hand, higher loading of
either PCL or PLA component can cause droplets to coalesce, thus producing a PLA/PCL blend
with co-continuous morphology. Moreover, this relationship is associated with the viscoelastic
properties of matrices and droplet percolation [6]. This implies that crystallization kinetics,
polymer composition, and surface morphology play vital roles in controlling the properties of the
desired material as well as the interfacial tension, processing condition, and rheological properties
of the components [10]. However, prior to setting processing conditions, practically applying
polymeric materials, and in order to hypothesize the thermal recyclization of a particular
polymeric blend system, scientists/engineers must systematically understand the thermal
degradation behavior of the polymeric materials [11]. This highlights the objective of the current
study. Several studies have reported on the morphology and thermal properties of PLA/PCL blend

systems as well as their compatibilization effect by the use of polymeric compatibilizers and
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nanofillers [14, 21-24]. For example, Todo et al. [14] reported that the addition of PCL particles
to PLA/PCL blends activated PLA crystallinity, although the system still demonstrated immiscible
phenomenon. In addition, it should be mentioned that rapid crystallization rates during processing
enable faster molding cycles, thereby saving energy and reducing production times. Sivalingam
and Madras [11] investigated the thermal degradation of PCL, PLA, and PGA, which showed peak
decomposition temperatures at approximately 402, 360, and 295 °C, respectively. PCL, PGA, and
PLA were reported to degrade by both random chain scission and specific chain end scission.
Moreover, PCL exhibited more E, than PGA and PLA, at 18.5, 16.5, and 10.2 kcal mol™,
respectively. However, that study did not relate the observed thermal degradation results with
morphology and bond interaction or any other properties. Moreover, Mitchel and Hirt [25]
reported E, value of PLA at about 26.3 kcal mol™, while Mofokeng and luyt [26] reported E, value
of PCL at about 131 KJ mol™. With this rationale in mind, in the present study, prior to
investigating the role of PCL in the crystallization behavior and thermal degradation kinetics of
PLA matrix, PLA/PCL compositions were first processed using industrially favorable melt-
blending method instead of plasticization or co-polymerization, and then screened based on the
mechanical and material properties. The optimized blend composition was selected based on the
balanced thermal stability, mechanical properties, and outstanding elongation at break, while the
blend system constitutes PLA as the matrix and PCL as the minor phase. Furthermore, extensive
studies were conducted to gain a molecular-level understanding of the relationship between the
thermal degradation kinetics and morphology of the optimum PLA/PCL blend. In addition, the
roles of cooling rate on PLA/PCL crystallinity phenomenon, packing density, and polymer chain
mobility in controlling the mechanical and material properties were studied. On the basis of the
observed properties, the unique blend composition was selected for further development of high-

performance, environmentally benign PLA-based blends for packaging and related applications.



2. Experimental

2.1. Materials

Commercial-grade PLA (PLA U’Z S-17) with a D-content of approximately 1 wt% was obtained
from Toyota (Japan). The supplier specifies the following PLA characteristics: molecular weight
(Mw) 120-135 kg mol™, density (p) 1.24 g cm™, melt flow index (MFI) 15.84 g/10 min (190
°C/2.16 kg, according to the ISO 1133B standard method), glass transition temperature (Tg) 62 °C,
and melting temperature (T,) 175 °C. PCL was purchased from Sigma-Aldrich (South Africa),
with My 80 kg mol™, p 1.145 g cm™, MFI 5.57 g/10 min (190 °C/2.16 kg, according to the 1SO
1133B standard method), and T, 60 °C. Prior to use, PLA was dried at 80 °C, whereas PCL was
dried at 40 °C under vacuum for 12 h.

2.2. Processing of PLA/PCL blends

PLA/PCL blends with various weight ratios (100/0, 90/10, 80/20, 70/30, 60/40, 50/50, 40/60,
30/70, 20/80, 10/90, and 0/100 wt%) were processed via melt-mixing in a HAAKE PolyLab OS
Rheomix (Thermo Electron Co., USA) operated at a set temperature of 195 °C for 8 min with a
screw speed of 60 rpm. The resulting blends were compression-molded into various specimens
with a total residence time of 2 min at 195 °C using a Caver compression molder (Carver, USA,
model 973214A). The applied pressure was 1.2 MPa. Finally, the samples were cooled to
approximately 20 °C by passing tap water. The purely PLA and PCL samples were also processed
in the same way as used for the blends. The dog-bone-shaped compression-molded samples (3 mm
in thickness, 3.40 mm in width, and 25 mm in gauge length) were used for the tensile tests. On the
other hand, compression-molded rectangular samples with dimensions of approximately 12.40,
9.90, and 1.70 mm (length, width, thickness) were used for the dynamic properties measurements.
2.3. Characterization

X-ray diffraction (XRD) experiments on the compression-molded samples of purely PLA or PCL,

and their blends were conducted using an X'Pert PRO diffractometer (PANalytical, Netherlands)



producing Cu Ka radiation (4 = 1.54 nm). Samples were scanned at a scan step of approximately
0.026°. The generator was operated at a voltage of 45 kV and a tube current of 40 mA.

The morphologies of the blend samples were analyzed using field-emission scanning electron
microscopy (SEM) (JSM-7500, JEOL, Japan). Prior to imaging, the blend samples were freeze-
fractured in liquid nitrogen, then the fractured surface was sputter-coated with carbon, and the
sides were painted with a silver paste to reduce charging, and finally imaged at an acceleration
voltage of 3 kV. To obtain more detailed insights into the morphology, the number-average radius
(Rn) of PLA and PCL droplets for various samples was determined by imageJ software (ImagelJ

1.46r), using equation 1.

Ry = 2 (1)

n;

Here, n; is the number of dispersed droplets with a radius R; counted. The Weibull model was used
to fit the data obtained from equation 1.

The morphologies of the samples were further analyzed using a high-resolution transmission
electron microscope (JEM2100, JEOL, Japan) operated at operated at an acceleration voltage of
200 kV. Prior to analyses, the samples were prepared using a Leica (Austria) EM FC6, through
ultramicrotoming at 27 °C, cutting speed of 3 mm s, and feed rate of 90 nm, after which the
specimens were embedded into copper 300 mesh regular grid with a diamond knife.
Thermogravimetric analysis (TGA) of the samples was performed using a TG analyzer (model
Q500, TA Instruments, USA). Samples weighing approximately 10 mg were heated in platinum
pans from about 30 to 900 °C at a scan rate of 10 °C min™ under nitrogen environment (flow rate
= 20 ml min™). For each sample, the experiment was repeated at least three times, and the most
representative result is reported. To obtain a more detailed understanding of the thermal
degradation kinetics, TGA analyses were conducted at different heating rates of 5, 10, 15, and 20
°C min under nitrogen environment with a flow rate of 20 ml min™t from 30 to 650 °C. The E,

values of various samples were determined by the Kissinger method, using equation 2:



B\ _(_fx AR
In (Tm_z) - ( RTm) +In (Edm) (2)
Here, P is the heating rate in °C min™, E, is the activation energy in KJ mol™, R is the universal

gas constant (8.314 J.Mol™.K™), Ty, is the maximum degradation temperature in K, and A is the

pre-exponential factor [27—29]. The mass conversion () is determined by equation 3

_ Wo-wt
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3)
where W, is weight at initial degradation, W; is weight at time t, and W is the final weight of the
sample or reaction.

Differential scanning calorimetry (DSC) measurements of single polymer and blended samples
(weighing approximately 5.6 mg using aluminum pans) were conducted using a DSC-Q2000 (TA
Instruments, USA) within the temperature range -65 to 200 °C under a nitrogen atmosphere with a
flow rate of 25 ml-min™. The samples were tested at the same heating and cooling rate of 10
°C-min! in three consecutive scans: heating, cooling, and heating. The first heating scan erased
the previous thermal history of the samples, while the second heating scan was used to determine
the cold crystallization temperature (T¢), enthalpy of cold crystallization (AHc), T, and heat of
fusion (AHy). The cooling scan was used to determine crystallization temperature (T.) and
enthalpy of crystallization (AH;). Equation 4 was used to calculate the degree of crystallinity (Xc).
For each sample, the experiment was repeated at least three times and the most representative
result is reported. For nonisothermal crystallization kinetic studies, each sample was cooled at

various cooling rates of 5, 10, 15, and 20 °C min™ from the melt to -65 °C. As soon as cooling was

finished each sample was heated to 200 °C at heating rates of 5, 10, 15, and 20 °C min™.

% Crystallinity (x.) X 100 (4)

_ m

AHm X Wf
Where, AHp, is the specific melting enthalpy of each polymer phase in a sample, Wf is the weight
fraction of each polymer within the sample, and AH®, is the specific melting enthalpy of the 100%

crystalline PLA and PCL, which are 93 [30] and 135 [31] J g, respectively.



The morphology of the dispersed phase at the molten state, and spherulitic growth behavior of the
selected samples were studied using a polarized optical microscope (POM). Compression-molded
thin film of each sample was placed between two covering glasses, which were gently pressing
together and subjected to a Linkam hot stage (Linkam Scientific Instruments, Ltd., UK) of the
microscope. Isothermal crystallization was recorded by heating the sample to 200 °C and holding
for 5 min, then cooling to 120 °C and holding for 20 min. Again, the spherulitic behavior of neat
PCL was studied at 30 °C for 20 min.

Tensile tests were conducted using an Instron 5966 tester (Instron Engineering Corp., USA) with a
load cell of 10 kN. The tests were performed to determine the mechanical properties of the
samples under tension mode at a single strain rate of 5 mm min™ at 30 °C. The reported results are
an average of at least six independent tensile test measurements.

The dynamic mechanical properties were studied using a PerkinElImer DMA 8000 analyzer (USA)
under dual-cantilever bending mode. Analyses were conducted within the temperature range -90 to
90 °C at a heating rate of 2 °C min™. Each experiment was conducted at a constant frequency of 1
Hz with strain amplitude of 0.02%.

Melt-state dynamic rheological measurements were conducted using a Physica MCR501 (Anton
Paar, Austria) rheometer equipped with parallel plates of 25 mm diameter, results are reported in
the supporting information. Disc-shaped (thickness approximately 1.68 mm) compression-molded
samples were used, and measurements were conducted at 190 °C under nitrogen environment,
with strain amplitude of 1% and a zero gap of 1.15 mm. Steady shear measurements at increasing

strain amplitude were conducted at a fixed frequency of 1 rad s™.

3. Results and discussion
3.1. Structural and morphological characteristics of PLA/PCL blends
Detailed chemical and structural characteristics of the neat polymers and their blends can be found

in Fig. S1, Supporting Information. The XRD patterns of various samples are presented in Fig. 1.

8



The XRD pattern of neat PLA shows a diffraction peak at 20 =~ 16.35°, corresponding to 110 or
200 plane [31], whereas that of neat PCL shows two sharp diffraction peaks at 26 ~ 21.42° and =
23.73° corresponding to 110 and 200 planes, with the shoulder peak at 26 =~ 21.90° corresponding
to 111 plane [32,33]. For the PLA/PCL blends, the XRD peak related to neat PLA (26 = 16.35°)
dissipated with increasing PCL content, suggesting that the crystallization of PLA is hindered by
the higher amount of PCL. Whereas, the appearance at lower PCL content suggests that the
crystallization of PLA is activated by the presence of low PCL content. Similar phenomenon was
also reported by Mofokeng et al. [34] in poly(propylene)/low density polyethylene blend system as
well as Todo et al. [14] in PLA/PCL blend system. Importantly, 40 wt% PCL is the maximum
content required in order to possibly activate crystallization of PLA, this behavior it attributed to
the interfacial area per unit volume exposed by the PCL. On the other hand, PCL-rich blends show
prominent diffraction peaks without notable shift (20 = 21.42, 21.90, and 23.73°), which reveals
that the presence of a dispersed minor PLA phase has no apparent influence on the crystal

structure and lamellar thickness of PCL due to immiscibility factors.
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Fig. 1. XRD patterns of neat PLA, neat PCL, and various PLA/PCL blends.



The freeze-facture surface morphologies studies of PLA/PCL blends presented in Fig. 2 reveal
phase-separated morphology, indicating poor compatibility between PLA and PCL phases, thus
immiscible characteristics [20]. The surface morphologies of the PLA and PCL phases in various
blends were characterized using Image J software [Fig. 3(a)]. PLA droplets are smaller than those
of PCL for respective opposite compositions (e.g., 80PLA/20PCL vs. 20PLA/80PCL
compositions). In other words, PLA-rich blends show high number-average droplet size compared
to PCL-rich blends (the droplet sizes for 10, 20, 30, and 40 wt% PCL are larger than those for 10,
20, 30, and 40 wt% PLA), as clearly indicated in Fig. 3(a). However, our observations differ from
Ojijo et al. [9], who observed that PLA droplets had larger diameter than those of the respective
opposite compositions in PLA/PBSA blend systems. They reported that the observed
morphologies were due to the different volume fractions, differences in melt viscosities, and
subsequent phase separation during annealing. In this study, the morphologies result from
differences in viscosity ratio, npecL > npera, discussed latter. It is well known that it is difficult to
deform the droplets of the dispersed phase during mixing if the dispersed phase has higher
viscosity than the matrix; as a result, larger PCL droplet size occurs. Furthermore, the lower Ty, of
PCL (PCLtm < PLAT; 55.5 °C < 176.9 °C) and lower MFI value of PCL (PCLwr < PLAME; 5.57
g/10 min < 15.84 g/10 min) also influence the deformation and droplet size of the dispersed phase
during mixing. Consequently, PLA droplets tend to be small, whereas PCL droplets tend to be
large.

In addition, Fig. 3(a) shows large standard deviation (error bar) around 50, 60, and 70 wt% PLA
content, indicating the irregular droplets sizes and phase inversion around those PLA/PCL
compositions. In the case of 50PLA/50PCL, the co-continuous phase morphology behavior is
noted for both polymers, with some irregular droplet distributions accompanied by the largest error
bars [Fig. 3(a)]. However, it is not possible to detect the phase-separated morphologies by SEM
for equal components. Therefore, local TEM analyses were conducted for these morphologies. In

Fig. 3(b-d), PLA is shown as light-grey phase, and PCL as the dark phase in the form of strain-like
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structures. Two-phase separated morphology is noted for all the blends, 70PLA/30PCL,
60PLA/40PCL, and 50PLA/50PCL. The co-continuous morphology of both PLA and PCL with
few irregular strain distributions is clearly detected [Fig. 3(d)], corroborating the SEM images. It is
important to note that PCL was partially or occasionally dispersed in PLA,; this suggests that the
droplets that were observed in the SEM images are related to PCL (50PLA/50PCL composition).

This behavior, as well as the large dispersed PCL domain in the PLA-rich samples, reveals that

PCL controls the morphology development.
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Fig. 2. SEM images of various PLA/PCL blends magnified at 10 pm, x2.000.

The overall morphology of the blends indicates immiscible behavior, which strongly correlates
with the XRD patterns and Fourier-transform infrared spectroscopy (FTIR) as well as DMA
results, as a result of the governing entropy of mixing between the two polymer matrices [Fig. S1,
Supporting Information]. A slight chemical interaction (some sort of chemical interaction)
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between the two polymers is presented by FTIR spectra [Fig. S1, Supporting Information], which

concur and contributes to the development of immiscible microstructure and material properties

increase.
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Fig. 3. (a) Number-average radius of PLA and PCL droplets obtained from Fig. 2, and TEM

images of (b) 70PLA/30PCL, (c) 60PLA/40PCL, and (d) 50PLA/50PCL blends.

3.2. Thermal stability of PLA/PCL blends by TGA
Fig. 4 shows the thermogravimetric analysis (TGA) (a) and differential thermogravimetric (dATGA)
(b) curves of PLA, PCL, and their blends. Table 1 presents the thermal parameters, such as

temperature at 10% weight 10ss (T10%), Tsov%, and maximum degradation temperature (Tmax)-
12
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Fig. 4. TGA (a) and dTG (b) curves of neat PLA, PCL, and PLA/PCL blends.

Table 1. Thermal analysis parameters for neat PLA, PCL, and their blends.

Samples T109 (°C)° Tso9 (°C)° Tmax. °C)* :PLA  Trax. (°C)? :PCL
Neat PLA 335.22 #1.51 358.09 +0.12 364.15 +2.06 -

90PLA/10PCL 334.14 +1.63 358.18 +1.26 363.19 +2.46 -

80PLA/20PCL 334.14 +2.59 360.00 #2.74 361.93 +2.65 -

70PLA/30PCL 334.15 +2.26 362.13 +3.68 361.06 +3.36 380.50 #+2.12
60PLA/40PCL 336.20 +3.72 364.92 +4.28 360.53 +4.50 390.84 +1.53
50PLA/50PCL 336.29 +2.97 369.20 +1.94 358.74 +2.34 395.38 +3.62
40PLA/60PCL 340.04 +2.39 380.26 +3.62 357.26 251 398.31 +4.17
30PLA/70PCL 33790 #2.90 384.23 +3.22 349.07 +3.18 39756 +2.15
20PLA/80PCL 342.83 #1.35 390.10 #2.00 348.62 +1.55 398.51 +2.53
10PLA/90PCL 346.51 +1.76 391.91 +2.98 345.76 +1.87 398.81 +3.85
Neat PCL 368.20 +1.26 395.92 +2.00 - 398.46 +1.51

T 10%, “Tsou, and *Trax Obtained from the TGA curves at a heating rate of 10 °C min™.

It is noted that neat PLA shows a single degradation step at about 364 °C, whereas neat PCL
shows a single degradation step at about 398 °C [20], as clearly visible in Fig 4(b). The PLA/PCL
blends show two well-defined degradation steps, and the extent weight loss and degradation steps
correspond to the respective content of each polymer within the blends. This confirms the
immiscibility of the two polymers that was earlier defined as two-phase separated morphology
[Fig. 2 and 3]. It was expected that blending PLA with PCL would increase the thermal stability of
their blends throughout the tested temperature range, but this was not the case. Slight thermal

stability reduction is noted at Ty for 90PLA/10PCL, 80PLA/20PCL, and 70PLA/30PCL
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compositions contrary to that of neat PLA (Table 1). The reduction is attributed to thermal energy
transfer between the PLA matrix and PCL dispersed droplets phase. Interestingly, higher PCL
content increases the thermal stability at Tig for 60PLA/40PCL, 50PLA/50PCL, 40PLA/60PCL,
30PLA/70PCL, 20PLA/80PCL, and 90PLA/10PCL blends. Thermal stability increase is noted for
all blends at Tsg, (Table 1), relative to neat PLA. This is attributed to the higher thermally stable
PCL component. . The optimum thermal stability was shown by 60PLA/40PCL, examining the
PLA-rich blends at both T1g9 and Tsoe. As expected, dilution factors led to lower thermal stability
of all the blends, compared with that of neat PCL. Briefly, less thermally stable PLA degrades
sooner and develops voids; as a result, PCL began to degrade at the edges of those voids. The
imaginary holes were observed from SEM images as PLA droplets in PCL-rich blends; however,
in TGA analyses they are recognized as degradation gases such as carboxyl groups, the hydroxyl
end of polymer chains.

On the other hand, it is notable that the thermal degradation at Tmax of both polymers in the blends
decreases with increasing content of the other polymer. As a result, the degradation temperatures
of the blends were not between those of the neat polymers [Fig 4(b) and Table 1]. Mofokeng and
Luyt [26] postulated similar degradation behavior based on neat PLA/PCL blends. In addition, the
dTGA curves less intensive peaks from neat PLA to 10PLA/90PCL, and from neat PCL to
90PLA/10PCL, indicating the content of each polymer in the blends.

To support the above findings and obtain more insights into the thermal degradation of PLA/PCL
counterparts, thermal degradation kinetics studies were carried out. TGA Kinetic curves are
reported in the supporting information [Fig. S2, Supporting Information]. According to the
Kissinger method, the plot of - In(8/Tx?) versus /Ty, x 10° should be a straight line, therefore the
E. can be evaluated from the slope, which is the minimum energy required to initiate the thermal
degradation process [27-29]. Fig. 5 shows the - In(8/T»?) versus 1/Ty % 10° linear plots of neat
PLA, PCL, 60PLA/40PCL, 50PLA/50PCL, and 40PLA/60PCL blends, and the E, values are
summarized in Table 2. As shown in Fig. 5, the Kissinger equation appears feasible for validation,
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providing relatively smooth fitting of the points to a straight line with acceptable R* values. In
addition, it is notable that thermal degradation increases with heating rate in all the samples [Fig.
S2(a-e), Supporting Information]. For the E, profiles, neat PLA exhibits lower E, value relative to
that of neat PCL, at 134.58 and 155.17 KJ mol™, respectively. This concurs with the high thermal
stability of neat PCL resulting from its longer chain length, repeating units attached with well-
spaced ‘= O’ functionalities. The E, obtained for both PLA and PCL components were as good as
to other E, values reported in the literature for PLA and PCL, which are noted around 26.3 kcal
mol™ (110.11 KJ mol™) and 131 KJ mol™, respectively [25,26]. The high degree of E, values
suggest that the process was reaction limited rather than being diffusion limited [25]. The
PLA/PCL blends are characterized by two E, profiles, resulting from the immiscibility
phenomenon. Briefly, E,; is associated with the first-step degradation of the PLA component
(Tm1), whereas E., is associated with the second-step degradation of the PCL component (Tp.). It
is notable that the introduction of PCL into PLA increased the E,; profiles of 60PLA/40PCL and
40PLA/60PCL blends but not the S0PLA/50PCL composition. This suggests that the governing
mechanism changes during the degradation process due to variation of thermally sensitive PLA
counterparts within the blends, resulting in low chemical regularity of whole chains and chain
interactions [11]. The significant decrement of E.; profiles for the SOPLA/S0PCL blend suggests
poor morphological factors, such as interfacial interaction of the equivalent thermodynamically
immiscible components, as indicated by the error bars for larger droplets [Fig. 3(a)]. Adding PCL
to the blend gradually increases the E., profiles (Table 2). In addition, it is noted that, overall, E; is
mainly controlled by PCL component, resulting from morphological aspects as discussed in
section 3.1. The linear increase of E, characteristics is suppressed by the thermodynamically
immiscibility factors resulting from insignificant chemical interaction between the PLA and PCL
components [Fig. S1, Supporting Information]. This implies that interaction and morphology play
vital roles in the transfer of thermal degradation properties. Moreover, omax Of neat PLA, PCL, and

their blends corresponding to Tm: and T reactions at 15 °C min™ are summarized in Table 2.
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PLA exhibits high amax relative to neat PCL, indicating that PLA degrades faster than PCL; hence,

lower E, is noted for neat PLA. For the blends, the amax relating to PLA is higher than that of PCL

(e.g., 60PLA/40PCL, 0max1 = 0.60 and omaxz = 0.49). The presence of two different amax Values

reveals that PLA/PCL blends degrade in two steps that follow two different mechanisms and

order.
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Table 2. Thermal analysis parameters for neat PLA, PCL, and their blends.

Samples Ea (KIMol™)?  Ep (KImol™)? omaa Ol
Neat PLA 134.58 - 0.69 -

60PLA/40PCL 167.10 120.34 0.60 0.49
50PLA/50PCL 118.67 177.76 0.65 0.54
40PLA/60PCL 156.34 187.01 0.65 0.54
Neat PCL - 155.17 - 0.61

¥PLA Eg profiles from first step; "PCL E,, profiles from second step.

3.3 Melting, crystallization, nonisothermal crystallization kinetics, and spherulitic growth
behavior

Fig. 6 shows the cooling (a) and heating (b) curves of neat PLA, PCL, and their various blends
obtained from DSC. The T, Tr, Te., and AH values obtained from Fig. 6 are summarized in Table
3, while Ty is not discussed here due to insufficient rate (10 °C min™?) and some overlay
characteristics. Neat PLA is characterized by a relatively broad T. peak at high temperature
profiles (101.47 °C), while neat PCL is characterized by a sharp crystallization peak at low
temperature profiles (27.23 °C). The sharp peak observed in the low-temperature region suggests
closely-packed thin-lamellar of PCL, while the broad peak observed in the high-temperature
region related to the formation of thick lamellar of PLA. Blending PLA with PCL changed their
inherent crystallization behaviors [Fig. 6(a) and Table 3]. The T, peak of the PCL phase shifted to
the lower-temperature profiles, particularly at lower PCL content, whereas the T, peak of the PLA
phase disappeared at lower PLA contents. This implies that the melted PCL particles cover the tiny
PLA droplets due to dilution factor. The disappearance of the PLA peak concurs with the XRD
diffraction patterns at low PLA content. PLA exhibits less intense T peak at about 95 °C. The
peak position is slightly affected upon blending with PCL. Furthermore, the intensity varies with
PLA-related T, intensity and PCL content within PLA/PCL blends. Both T, peaks of PLA and
PCL phases are not significantly affected, which is attributed to the degree of immiscibility
between PLA and PCL. However, AHp displayed extensively change that was directly
proportional to the neat polymer component content. It is notable in Table 3 that the degree of

crystallinity of PCL gradually decreases with increasing PLA content, while the crystallinity of
17



PLA increases slightly with increasing PCL content to some extent. Clearly, high PCL content
significantly decreases the crystallinity of PLA, 20PLA/80PCI, and 10PLA/90PLA blends (Table
3). This means that the large nucleus induced by PCL molecules inhibits the mobility of PLA
chains. As a result, chain rearrangement is limited, so T, delay and low X are noted. Therefore, it
is concluded that the incorporation of low PCL content is sufficient to activate the crystallization
of PLA. Todo et al. [14] also suggested the possibility of activating PLA crystallization by
introducing PCL. Furthermore, similar T, and X. behaviors were previously reported by

Derakhshandeh et al. [35], particularly for PLA/PCL blends.

—+—Neat PLA —=—40PLA/60PCL —a— Neat PLA —=—0PLA/60PCL
—=—90PLA/10PCL —=—90PLA/10PCL
——20PLA/80PCL ——20PLA/80PCL
o 7OPLA/QPCL |, ——10P] A9QP . o TOPLA/SOPCL,  —— 10PLA/SOPCL
——60PLA/40PCL (@) —e—60PLA/40PCL (b)
22N,
I A
] i _—‘Mﬁ{_"_ls_\\l_._\r__
= —
‘: A

Heat flow / W.g'1 (exo up)
0 f
Heat flow / w.g™* (exo up)

i v
. | = = -~ 7 =
o —F— = e 3 . — s’N ‘\/__
_ — —"7/\—12—12— (Teo)
5 0 50 100 150 0 50 100 150
Temperature / °C Temperature / °C

Fig. 6. DSC (a) cooling and (b) second heating curves of neat PLA, PCL, and their blends.
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Table 3. DSC data obtained from cooling and second heating curves.

Samples Te (°C) AHc. (J.97) T, (°C)® AH. J.g)?*  Tn(°C)° AHn 3.0D* X (%)
Neat PLA 9587 +0.12 149 +0.15  101.47%0.16 3140136 17691 0.0l 5526 +0.32  50.42
mave. o eas lmbnk daau wsds Hild e
wme.  wawm ez Basn anis whak kbiD L3
woove.  mmion mee BB Mama eouid o i S
GOPLAVAOPCL 9607 015 6112027 (30 308) 22902098 5613 2007 1723 5017 3101
SOPLAJSOPCL 653 0128 418 £105 700 001 spoiatdy 5653 011 2508 5082 3708
40PLAJSOPCL 5874020 4092083 0eii0a  gisea07l 565 k007 3208 2023 3960
SOPLAJTOPCL 9350 2001 7.00 033 00 016 iasos2ce  Sods 013 3667 5106  40.62
AUALAUSURCIE GLED S0 BELEAD o os ol bads coe AaeD ele) el
10PLA/9OPCL 9263 3063 218 #011 g0 oo to074030 G644 1023 5403 3055 4501

Neat PCL - - 27.23 +0.06  64.03 +2.43 5548 #0.02 62.63 +1.64  46.39

*Top values within the blocks represent PLA temperature profiles; whereas bottom values represent PCL temperature profiles.



The effect of cooling rate on the crystallization rates of PLA-based blends was studied at 5, 10, 15,
and 20 °C min™ and the curves are presented in Fig. S3 (Supporting Information). It is noted that
the T peak related to neat PLA and PCL decreases with faster cooling rates. The same behavior is
noted in the blends. This suggests that at lower cooling rates there is sufficient time to overcome
the nucleation barrier, so high T, is observed [36]. Slowing the cooling rate increases the nuclei
density of the blends. This concurs with the absence of T, peak at slower cooling rates [Fig. S4,
Supporting Information]. In addition, the activation of PLA crystallization was explored through
crystallization rate coefficient (CRC) adapted from Liu et al. [36]. The CRCs were measured from
the slope of the nonisothermal crystallization plots of various cooling rates versus T [Fig. S3,
Supporting Information]. The linear plots of nonisothermal crystallization kinetics are shown in
Fig. 7, and the CRCs are summarized in Table 4. Neat PLA has lower CRC than neat PCL.
Interestingly, the CRCs of the blends are higher than that of the neat PLA, due to the introduction
of neat PCL with high CRC. Fundamentally, higher CRC indicates faster crystallization [36].
Therefore, the enhanced CRCs of the blends confirm the activation of PLA crystallization by

introduction of PCL. Importantly, the optimum CRC is archived at 60PLA/40PCL.

25 L L L 25 .
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Fig. 7. Linear plots of nonisothermal crystallization kinetics of PLA-based blends.
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Table 4. CRC data obtained from nonisothermal cooling process [Fig. S3, Supporting

Information].

Samples R? value Slope CRC (h™)
Neat PLA 0.98 -1.07 64.00
60PLA/40PCL 0.98 -1.19 71.17
50PLA/50PCL 0.99 -1.17 70.32
40PLA/60PCL 0.97 -1.10 66.01
Neat PCL 0.99 -2.18 130.84

Fig. 8 shows the nucleation effect of the PCL particles, and spherulite evolution during the melt
crystallization of PLA in the blends as examined by local POM, first isothermally crystallized at
120 °C for PLA (for all selected samples) and further isothermally crystallized at 30 °C for neat
PCL. In Fig. 8(a), neat PLA lacks nucleation sites relative to the blends, which is attributed to its
inherent slow crystallization rate indicated by lower CRC relative to that of the neat PCL and the
blends (Table 4). No spherulites are observed for neat PCL, due to its lower Ty, profiles (at 5 min,
isothermally crystallized 120 °C). In the blends [Fig. 8(c — €)], PLA spherulites start to grow along
the edges of molten PCL, which acts as a nucleation site for PLA crystals. In addition, the
PLA/PCL blends have a higher number of nucleation sites compared to neat PLA and hence a
faster crystallization rate. After 20 min isothermal crystallization at 120 °C, neat PLA exhibits
significantly large spherulites, whereas no spherulites were observed for neat PCL at 120 °C, since
it was still in its melt state. However, very small and more densely packed crystallites were
observed at 30 °C [Fig. 8(b™)]. This corroborates the lower T, and T, profiles shown in the DSC
section [Fig. 6, Table 3]. The PLA/PCL blends exhibit significantly smaller spherulites relative to
neat PLA. This indicates that the PCL particles dispersed into the PLA matrix act as a nucleating
agent for PLA crystallization. This is evident by the increase in the number of nuclei, thus the
formation of small spherulites, which corroborates the CRC (Table 4) [37]. Furthermore, the
addition of more PCL particles enhanced spherulites border line, indicating that the characteristic

was content-dependent.
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After 5 min at 120 °C

Do 0€ Y& UIW (T PPV

After 20 min at 120 °C

Fig. 8. POM images taken during isothermal melt-crystallization at 120 °C after 5 min: (a) neat
PLA, (b) neat PCL, (c) 60PLA/40PCL, (d) 50PLA/50PCL, (e) 40PLA/60PCL; and further at 120
°C after 20 min: (a’) neat PLA, (b’) neat PCL, (¢’) 60PLA/40PCL, (d’) SOPLA/50PCL, (e’)

40PLA/60PCL; and at 30 °C after 20 min: (b’’) neat PCL only.
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3.4. Dynamic mechanical properties

Fig. 9(a) presents the storage modulus (E’) curves of neat PLA, PCL, and their blends, while the
tan delta curves are presented in Fig. 9(b) and (b’). The T4 profiles for neat PLA and PCL are
observable at about 67 °C and -42 °C. Similar Ty profiles were previously observed by Lopez-
Rodriguez et al. [38]. In the blends, two distinguishable T, peaks are observable within the same
region as that of their respective neat polymers, clearly indicating immiscibility between the two
polymers. The increasing and decreasing of the tan delta peak intensity reflect the blend
compositions. E’ curves are divided into four regions (I-1V). Region (1) is below the T4 of both
polymers, and is therefore denoted as a glassy region. Along region (I), the molecules of both
polymers are frozen and chain mobility is limited due to low internal energy. Therefore, both
polymers show relatively high E’ at region (I) compared that at high temperatures or other regions
along the test. Furthermore, neat PCL exhibits high E’ (E'pc. > E’pLa) relative to neat PLA in
region (I) due to its high packing density and semi-crystalline nature. Region (ll) is a cross-over
region in which both PCL and PLA are still below their T. E’ of PCL significantly decreases with
increasing temperature, since it is very close to its Ty. Therefore, chain relaxation is improved as a
result of the orientation of lamellar structures due to temperature sensitivity. A slight decrease in
E’ is seen for neat PLA, since its chain mobility is still limited due to its high T4. Region (1) is
denoted as PCL Tg, while region (1V) is denoted as PLA Ty, clearly shown in Fig. 9(b), in which
PCL is in a rubbery state. Along these regions (111 and V), neat PCL exhibits lower E’ relative to
neat PLA due to the chain relaxation phenomena and unfrozen molecules. In comparison,
molecules are still frozen, thus having low internal energy which limits the movement of PLA
chains below its Tg; hence, PLA is brittle at room temperatures. In the PLA/PCL blends, stiffness,
toughness, and flexibility are dependent on the contents of the constituent polymers, since the

blends are an immiscible system of more ductile and brittle polymer.
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Fig. 9. DMA storage modulus (a) and tan delta (b) curves of neat PLA, neat PCL, and their
blends.

3.5. Tensile properties

From Fig. 10, high tensile modulus, high tensile strength, and low elongation at break are observed
for neat PLA, which is attributed to its glassy state around room temperature related to its high Ty
of 67 °C [Fig. 9] as well as its large spherulites and short repeating units. A low tensile modulus is
observed for neat PCL, because of its low Ty of -42 °C the internal energy is sufficient to allow
chain mobility [Fig. 9], so high level of deformation around room temperatures is possible. In the
blends, tensile modulus and tensile strength reduction is noted with higher PCL content. However,
the inherent PCL ductility benefits the blends by systematically increasing the system’s elongation
at break. In addition, the system indicates two-phase separated morphology throughout; the strong
phase separation is observable in rich PCL blends by not following the mixing line rule. Briefly,
all of the blends exhibited immiscibility and none followed the mixing rule [Fig. 10(b)].
Importantly, the composition of the 60PLA/40PCL blend is relatively similar to the mixing line
with inherent properties of both polymers, thus balancing the properties, being concurrently tough
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and fairly flexible. This is attributed to significantly small spherulites relative to neat PLA, and
fairly dispersed spherulites morphology as well as undefined borderline [39]. The perfect
borderline significantly influences the elongation at break; however, it negatively affects the
tensile modulus and strength characteristics as a result of immiscible behavior. In addition,
significantly large spherulites led to brittle behavior of the polymeric materials (neat PLA) [39],

while tiny spherulites led to ductile behavior. These findings on tensile properties concur with the

DMA results.
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Fig. 10. Stress-strain curves and inset POM images (a), tensile modulus (b), tensile strength (c),

and elongation at break (d) of the PLA/PCL blends as a function of PCL content.
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4. Conclusions

Blending thermodynamically immiscible PLA and PCL reduced the onset temperature of both
polymers, but increased the complete thermal degradation of PLA, indicating the role of highly
thermally stable polymer component and activation energies driven by the morphology factors.
Neat PLA exhibited lower activation energy than PCL; however, the addition of PCL fine-tuned
the activation energy of the blends. CRCs indicated that the addition of PCL particles activated the
poor crystallization of PLA resulting from low mobility of PLA chains due to brittle, short
repeating units and lack sufficient nucleators. Rheological data revealed that PLA/PCL blends
exhibited higher melt elasticity and viscosity relative to that of neat PLA. Interestingly, the
60PLA/40PCL blend showed ideal composition, with intermediate stiffness, strength, remarkably
increased elongation at break for PLA-rich blends, thermal stability, and activation energy balance,
significant nucleation sites for effective PLA spherulites growth rate, and unique CRC profile.
These findings may not only contribute to the development of environmentally friendly, high-
performance PLA/PCL blends, but also to the fundamentals of polymer science for the future
design of cold and hot polymeric packaging materials, refrigerators, and water drinking flasks.
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Supporting information is available from the authors.
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